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Abstract

CCRI-Section lll (neutron measurements) conducteghigue key comparison of neutron
fluence measurements in mono-energetic neutrodsfigh contrast to former comparisons,
here the fluence measurements were performed hatlparticipants' instruments in the same
neutron fields at the PTB accelerator facility. &evlaboratories —the CIAE (China),
IRMM (EC), NMIJ (Japan), NIST (USA), NPL (UK), PT@ermany) and the
VNIIM (Russia) - employed their primary standarference methods or transfer instruments
carefully calibrated against their primary standartd determine the fluence of 0.144 MeV,
1.2 MeV, 5.0 MeV and 14.8 MeV neutrons and repodabration coefficients for a selected
neutron monitor and each neutron energy with ailddtauncertainty budget for the
measurements.

The key comparison reference values (KCRV) wenalliy evaluated as the weighted
mean values of the neutron fluence at 1 m distdrma the target in vacuum per neutron
monitor count. The uncertainties of each KCRV amednto about 1%. The degree of
equivalence (DoE), defined as the deviation ofrtsilt reported by the laboratories for each
energy from the corresponding KCRV, and the assedi@xpanded uncertainty are also
reported. The deviations between the results oflalsoratories each with the corresponding
expanded uncertainties complete the documentafitrealegrees of equivalence.
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1. Introduction

Mono-energetic neutron fields are often requireddtermine the energy-dependent response
of neutron sensitive devices in order to confirnpexxmentally at least at certain energies the
generally more detailed calculations. The Inteoral Standards Organisation (ISO)
recommends a series of neutron fields well suitedttie purpose [1] and various national
metrology laboratories offer calibration services these fields. According to the CIPM
Mutual Recognition Arrangement (MRA), signed in Qmr 1999 [2], these calibrations will
be accepted world-wide, when the laboratories lestablished a quality management system
conforming to ISO standard 17025 [3]. This includagoport of the specifications of
‘calibration measurement capabilities’ (CMC) putdi in Appendix C of the key comparison
data base (KCDB) on the BIPM web-page by meansitefnational key or supplementary
comparisons organised by consultative committe€d®M or by technical committees of the
regional metrology organisations. These comparesarcises should be carried out within
certain time intervals, usually not longer thany®@rs, and the results of these comparisons
shall be documented in Appendix B of the KCDB shayihe degree of equivalence of the
participating laboratories for the particular seevinvestigated.

Section llIl (neutron measurements) of the CongsuiaCommittee for lonising Radiation
(CCRI, formerly CCEMRI) regularly conducted and lenxsied international neutron fluence
measurement comparisons in mono-energetic neutrtols {4 - 11]. Concerning comparisons
in mono-energetic neutron fields with energies leetv0.144 MeV and 14.8 MeV the last
agreed report has, however, been published in 1890(see Table 1.1). Hence, new
international comparisons are urgently needed is émergy range and CCRI-Section Il
agreed on a unique comparison exercise.

In all former comparison exercises, the labora®were requested to produce the neutron
field and to specify the (spectral) fluence witkitiprimary standard reference instruments or
calibration methods. A comparison was then perfariog circulating a transfer instrument
for which the energy dependent response had tcetegrdined, or by distributing reference
material to be activated in the well characterield. The advantage of this procedure is that
production, specification and application of theutnen fields are part of the comparison
exercise. In the case of circulating active transfetruments, such as moderating spheres or
fission counters, the sequential use of these dsvit the participating laboratories, and the
regular function tests by the pilot laboratory etween resulted in a rather long time period
for performing the measurements, followed by a @rable time needed for the evaluation
of the reported data and for obtaining the agre¢mieall participants on the results obtained.
Only in the case, where activation foils were distired could the measurements be carried
out simultaneously in all participating laboratsrend then analysed at the pilot laboratory. In
any case the transfer procedure in general com#ib@a non-negligible fraction to the
uncertainty budget for the key comparison referenedue. Moreover, very recently



CCRI (ll) could not agree on a final report withet evaluation of a comparison performed
with two Bonner spheres because the recommendeéguoes for calibrating the response of
these transfer instruments for 2.5 MeV and 14.6 Me\trons exhibited discrepancies which
could not be solved or explained [9, 11].

Table 1.1.CC(EM)RI neutron fluence measurement key compasisince 1973 (only ISO-energies
0.144, 1.2, 5.0 and 14.8 MeV considered). Pilobfatories have been underlined.

Comparison Neutron _ Participating Reference Date of
CCRI(IIN)-* Energy  Transfer Monitor Laboratories** Date of Measure
| MeV public. ments
115 R . CIAE, NMIJ,
K32.In 0.144 In-activation foil NPL. PTB, NRC [7] 1987 1984/85

K32.U235 0.144  ?*U-fission chamber NMIJ_(AERE [8] 1990  1983/86
none 1.2

K36.In 5.0 "9n-activation foil  IRMM, NPL, PTB [6] 1984 1981
23%- and®*U- NMIJ, IRMM,
K36.U 5.0 fission chambers PTB, (AERB [8]1990 1984/88
BIPM, NMIJ,
K37.Fe 14.8 *Fe-activation foil ~ VNIIM, IRMM,  [4] 1980  1973/78
NPL, PTB
BIPM, NMIJ,
K37.U238 148 238-fission chamber VNIIM, IRMM,  [4] 1980  1973/78
NPL
BIPM, BARC,
Nb- and Zr-activation CIAE, NMIJ, IRK,
K37.Nb 14.8 foils IRMM. NPL. [5] 1984 1981
PTB, NIST
BIPM, NMIJ,
K37.U 14.8 238 )-fission chamber IRMM, NPL, [8] 1990  1984/88
PTB, (AERB
2.5” and 9.5” Bonner BIPM, IRMM,
P32.BS 14.8 spheres NPL PTB [9] 1991  1986/90

* gpecification according to KCDB App. B of BIPM Wwpage (seéttp://www.bipm.org
**former ETL and CBNM, now NMIJ/AIST and IRMM, reectively. Although not a
member of CCRI, AERE participated as the pilot labary.

In order to overcome these problems and to cdweentire energy range from 0.144 MeV
to 14.8 MeV in one exercise, Section Il of CCRremy on a completely different concept.
The PTB as the pilot laboratory offered to use rtheadiation facility to produce mono-
energetic neutron fields and the laboratories wegelested to determine the neutron fluence
at agreed conditions (see protocol). The calibnataztor of a neutron monitor which should



serve as the transfer instrument for comparisorthef fluence measurements had to be
determined. Seven laboratories - CIAE/China, IRMBI/E NIST/USA, NMIJ/Japan,
NPL/UK, PTB/Germany and VNIIM/Russia - agreed eitteeemploy their primary standard
instruments or, when the instrument or the methodldc not be moved to PTB, transfer
instruments best suited for the purpose and cadiiren the laboratory such that the fluence
measurement at PTB was directly traceable to timagoy standard instrument or method
used at home.

This report describes in detail the neutron fiedasl their specifications, the monitoring
during the fluence measurements, the fluence mewmsnt reference devices or methods
employed by the participants in the framework @ tomparison exercise, and the evaluation
of the results reported together with detailed wagety budgets. Finally there follows a
discussion of the key comparison reference valuekthe degree of equivalence for the
investigated neutron fields and those laboratdréesng reported results.

2. Neutron Fields: Production, Specification and Maitoring

The mono-energetic neutron fields were producedhat accelerator facility of the PTB
[12, 13], using the 3.75 MV Van de Graaff lineacaerator and the nuclear reactions listed
in Table 2.1. The measurements were performed large experimental hall - 30 m wide,
24 m deep and 14 m high (Fig. 2.1). The targebstned in the centre of the hall and the
desired neutrons are emitted in the forward dioectO degrees). In this way, undesired
background due to neutron inscattering from thecete walls and the low mass supports is
kept relatively low. Nevertheless, the readings thu¢hese room-return and air-inscattered
neutrons were subtracted, if necessary and posd&iplan additional measurement with an
appropriate shadow cone inserted between the tangkthe fluence measuring device.

Table 2.1. Properties of the neutron fields (projectile egerd,> with an uncertainty of 2 keV;
neutron energy E.>.,c and widthAE, calculated with the TARGET code; the mean neugneargy
<E>exp Measured witfHe- or NE213-spectrometer with uncertaidBy,).

Reaction €,> Target Backing E\>cac AE, <Er>exp O week
| MeV | MeV /MeV [ MeV [ MeV
Li(p,n)Be 1.946 LiOH Al 0.144 0.019 0.1435 0.007 1
Li(p,n)'Be 1.947 LiOH Al 0.145 0.020 0.1441 0.007 2
T(p.nHe 2.050 Ti(T) Ag 1.2 0.091 1.205 0.020 1/2
D(d,nHe 2.300 D-gas Au 5.0 0.200 5.000 0.030 1/2

T(d,nfHe 0242 Ti(T) Al 14.8 0.431 14.820 0.070  1/2
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Figure 2.1. PTB experimental hall, 30 m wide, 24 m deep andnlligh, for calibration with
monoenergetic neutrons at low room return neutrack@round. (B =beam line; T =neutron
producing target; S = four swivel arms with movabletector supports; NM, PLCHe = neutron
monitors). The neutron monitor at forward direct{d!M at 17.5 degrees) was to be calibrated and the
four swivel arms with supports for the fluence mesrgy devices were used by the participants.

Provided that the target properties do not chamigie time, and either the beam profile
does not change during the irradiation, or theeiatgyer is uniform in terms of neutron
production, the neutron yield should be proportiottathe beam charge on the target.
Irradiations were performed in open geometry andoua neutron monitors positioned in
forward (NM) and backward (PLC aritle) directions were used for checking the stabdity
the neutron production. Ratios of the different ntmnrates and the beam charge then
indicate any significant distortion of the neutfmoduction. Any influence of the monitor rate
by inscattering from the devices inserted at O elegji.e. fluence measuring devices and
shadow cones, or even partial shadowing will beeokesi and can be corrected for (see
chapter 4.2). The NM-monitor in the forward directiwas finally selected as the transfer
monitor for comparison of the fluence measuremenhisll participants since it had the best
counting statistics for all reactions investigated.

The properties of the desired neutron field, mean neutron energy and energy width
(FWHM) of the uncollided neutrons, are chiefly deteed by the energy of the projectile
which is well defined with a calibrated NMR withihe 90 degrees bending magnet [14] and
by the target parameters specified by the manufctlihe T-loaded Ti-targets are regularly



used at PTB and the properties are carefully inyaigtd taking advantage of tof-spectrometry
with ns-pulsed ion beams. Since fresh Li-targetgeha be produced on purpose, the target
thickness must be determined during the evaporaiiooess. When using a deuterium gas
target, the pressure, even if precisely determwiéid a calibrated gauge, can only be taken as
an estimate for the target thickness because thetiee pressure depends on the local heating
by the beam current actually used. Hence, everptbduct of beam charge and indicated
pressure is not expected to be a good monitor ¢xXoeghort term normalisation at stable
beam conditions.

In any case it is advisable, to determine the mmeautron energy at O degrees and, if
possible, the energy width in order to confirm theasic assumptions. For this purpose PTB
employed a®He-filled proportional counter (0.144 MeV, 1.2 MeMhd an NE213 liquid
scintillator (5.0 MeV and 14.8 MeV) both well spgeil to measure the neutron energies with
reasonable uncertainties (see Table 2.1). On tlss baf the parameters confirmed by
spectrometry, the spectral fluence of the desiregtron field was then calculated with the
TARGET code [15] and also the spectral fluence efitrons scattered from the target
assembly into the detector. When the gas targetused the spectral fluence was calculated
with the SINENA code [16] for the uncollided neutsoonly, because the contribution of
target scattered neutrons can be regarded to iigibeg(<1%, depends on the distance). All
relevant calculations were provided to the paréinig for interpretation of their fluence
measurements and for the calculation of the camioh due to target-scattered neutrons (as
far as necessary), because this fraction cannotddtermined experimentally. These
corrections, however, require well established gypelependent response functions for the
instruments employed.

3. Neutron Fluence Measurement Devices of the Laboraties

The participants in this comparison were asked dterthine the neutron fluence in the
forward direction (0 degrees) at any distance updtm well suited for the particular
measuring device employed in the fields with défgrneutron energies. Section Ill of CCRI
recommended that the primary standard instrumert us the laboratory is employed
whenever possible. In cases where the primaryumsnt is not portable, or the standard
method used in the laboratory not applicable at ,RTB participants were free to choose an
appropriate transfer instrument, which, howevegusth have been calibrated such that the
fluence measurements in the framework of this carspa exercise were directly traceable to
the primary standards of the laboratory. From thesasurements the fluence at 1 m distance
in vacuumj,.e. corrected for air-outscattering, had to be deriaed the ratio to the count rate
of the selected monitor should be determined. Baklgh all relevant monitor data and



carefully evaluated correction factors were proditie all participants by the pilot laboratory.
The key comparison reference value was then ealdat this ratio.

The instruments used by the participants aredigieTables 3.1 and 3.2. In the following
only the major characteristics will be discussediaw of the most important contributions to
the uncertainty budgets. Details may be found & réports of the participants and related
papers cited therein.

Table 3.1.Transfer instruments used by CIAE, IRMM and NIST dine traceability to their primary
national standards

Neutron Transfer monitor used by the Traceability to

Laboratory energy laboratories primary standards Remarks
| MeV
CIAE 0.144 RPPE:, 250 hPa pure hydrogertimary standards Gas filling at
at20° C based orw,,cross PTB
12 RPPC, 600 hPa pure propan&ection from Gas filling at
: at 20° C ENDF/B-VI PTB
50 RP in Si-detector,
) POlyetherne I’adia'[Ol’ H_Content Of the
RPT with SipE)- and Csl ~ PE rﬁqiator by
14.8 (Er) detectors, Polyethylene "W€!9NING
radiator
IRMM 1.2 RPT, 0.747 mg/cfrtristearin Response based on
5.0 RPT, 5.466 mg/chiristearin OnpCroSs section
from ENDF/B-1V,
H-content of
RPT, 43.75 mg/ch radiators by
14.8 L
polyethylene weighing and
chemical analysis
NIST 0.144 23%U-fission chamber, Response based on
' 93.18% enr., Cd-shielded  o.scross section  Abundancies
1.2 same from ENDF{B-VI pf other
and calibration isotopes well
5.0 same with 2°Cf-source  specified for
(traceable to corrections

14.8 same Mn-bath of NIST)




Table 3.2.Transfer instruments used by NMIJ/AIST, NPL, VNIidhd PTB and the traceability to
their national primary standards

Neutron Transfer monitor used by the Traceability to

Laboratory energy laboratories primary standards Remarks
| MeV
NMIJ/ 0.144 "Li(p,n)-neutron  3.5” PE-BS not
AIST ' field and RPPC  analysed
PE-moderator sphere (BS), D(d,n)-neutron
5.0 24.13 cm (9.5”) in diameter, fielcj and RPT 3He-PC
W|th 3He-PC (Spg) as Centl’a| En_spectrometer
thermal neutron detector T(d,n)-neutron data not
14.8 field and analysed
AP-method
NPL 0.144 De Pangher long counter withMin-bath calibrated MCNP-
1.2 BF;s-PC as thermal neutron radionuclide calculated
50 detector neutron sources response
T(d,n)-neutron evaluated cross
14.8  *'Al-activation foil field and coctions
AP-method

VNIIM 0.144 Mn- and water-bath

1.2 PE-moderator sphere, 15 cm calibrated neutron cajculated
5.0 in diameter, 1 mm Cd-shield, SOUrces response
cylindrical *He-PC function

D(d,n)- and T(d,n)-

14.8 fileds, AP-method
PTR 0.144 RPPC (965 hPa hydrogen + Hydrogen content
35 hPa methane) from pressure
gauge and active
1.2 RPPC (600 hPa propane) ~ volume related to response based
lengthgauge ON O Cross
: section from
RPT (two PC + Si-det.)
5.0 10.086 mg/crhtristearine and H-content of ENDF/B-IV

30 kPa CQ radiator by
weighing at IRMM
14.8 same




3.1.D.I. Mendeleyev Institute for Metrology (VN)IM7]

Since the associated particle (AP) method, emplogte®NIIM as the primary standard
reference method to determine the fluence of 2.¥ ided 14.8 MeV neutrons, could not be
transferred to PTB, the laboratory decided to $petie energy dependent response of a
moderator detector by means of Monte Carlo calmriatnormalised by calibrations with two
mono-energetic and various radionuclide source raest In this way, the fluence
measurements with the transfer neutron monitor warpeable to the primary standards of the
laboratory, namely the AP-method and the Mn-baddus determine the emission rate of the
neutron sources. The response of the polyethyleademator, 150 mm in diameter and
covered by 1 mm Cd, is rather high, in particular heutron energies around 500 keV,
because the central thermal neutron detector @wammous cylindrical proportional counter
filled with 710 kP&He-gas.

Although all experimental calibrations confirmduktcalculated response in the energy
range of interest to better than 2%, the standaogmainty of the response was estimated to
be between 2.5% and 5% increasing with energy idm4 MeV to 14.8 MeV (see App. B.1
and the VNIIM-report [17]). This conservative esdita is possibly a result of the fact that the
response decreases by almost a factor of ten ®retiergies up to 14.8 MeV such that
corrections for target-scattered neutrons becongifeiant. However, all additional
experimental and methodological uncertainties vestamated to be negligible such that the
uncertainties reported for the fluence measurememie dominated by the uncertainty
estimated for the response at the desired neutrenge.

3.2. National Metrology Institute of Japan (NMIJ5A1)[18]

The primary standard instruments and methods usddM& (former ETL) for reference in
neutron fluence measurements were also not poraaoldNMIJ finally decided to specify two
moderator detectors (Bonner Spheres) as transfeiruments. The response of two
polyethylene spheres, 24.13cm (9.5") and 8.89 &%") in diameter with spherical
®He-proportional counters in the centre (Centroniodet SP9) were simulated with the
MCNP code. The calibration measurements at NMIkwerformed exactly in the same way
as the comparison measurements at PTB. The desisrdies were produced using the same
reactions and the spectral fluence of the desiremlliided neutrons and of those neutrons
scattered from the target assembly into the dateatoe calculated in a very similar way as at
PTB with the TARGET code but using a home-made &wdrlo code [19]. Unfortunately, a
T-loaded Titarget could not be used at NMIJ foe throduction of 1.2 MeV needed to
establish the traceability to the primary standasfrument used to determine the fluence of
1.2 MeV neutrons. Hence, the measurements perforbyedNMIJ in the course of the
comparison exercise could not be adequately ardhlyse
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In case of 0.144 MeV neutrons, the fluence is mnegks at NMIJ with a proportional
counter filled with 955.5 kPa hydrogen and an adunexof 34.7 hPa methane. The simulated
response functions [20] well reproduce the measpugke height spectra and the uncertainty
of 2.4% chiefly results from uncertainties of the rscattering cross section and of the
calculational model, i.e the uncertainty of thesséve volume filled with hydrogen.

A single silicon detector is used to measure 5 Mebbil protons from a polyethylene
radiator. While the simulation of the response fiomccontributed, conservatively estimated,
with only 1.5% and the hydrogen content of the atati could be specified with an
uncertainty of 1%, the dominant contribution to tbaecertainty budget resulted from
uncertainties in the stopping power of the recodtens [21] in the radiator (2%). Again, the
uncertainty evaluated for the fluence determinatrPTB is almost the same as for the
calibration at NMIJ.

Finally, the associated particle method was agpbecalibrate the moderator detector with
14.8 MeV neutrons [22]. The rather low uncertaioftyhis calibration was essentially kept for
the measurements at PTB.

For details of the uncertainty budgets see AppeBd (and the NMIJ-report [18]).

Since the corrections for the low-energy room-retaeutrons were much higher for the
3.5" than for the 9.5" Bonner sphere, only theelatlevice was finally used as transfer
instrument. The uncertainties evaluated for thébcation of the PTB monitor were only
slightly higher than the uncertainties achievedtha response of the transfer detector in the
very similar fields at the NMIJ. Hence, the uncetha budgets for the primary standard
instruments and methods dominate the uncertaintgdts of the fluence measurements at
PTB.

3.3.Institute of Reference Materials and Measurgsm@RMM)[23]

A proton recoil telescope was introduced at the NRlormer CBNM) almost 30 years ago
as the primary standard reference instrument f@mtleasurement of the fluence of neutrons
in the energy range from 1 MeV to 20 MeV. The LdarAos type instrument consists of two
pill-box proportional counters filled with GQand Ar (or Kr) in front of a Si-surface barrier
detector thick enough to stop 5 MeV recoil protdng, not 14.8 MeV protons. Material and
thickness of the radiator in front of this detectelescope were selected to optimise the
efficiency for the neutrons to be measured ancetiergy distribution of recoil protons to be
analysed. The efficiency, first calculated by tlesigner of the instrument about 40 years ago
[24], has been recalculated with a formalism pinglcs 20 years later [25]. Uncertainties of
the internal and external geometry determined wéhbrated length meters, the hydrogen
content of the radiators determined by weighing eheémical analysis, the differential n-p
cross section from an internationally acceptedwatald data base, the procedure of analysing
the recolil proton peak and the background andlfirte counting statistics contribute with
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similar weights to the uncertainties evaluatediierfluence measurement at PTB (2.6 - 2.7%,
see for details Appendix B.3 and the IRMM-repof])2

Since an RPT cannot be applied for fluence measamts of 0.144 MeV neutrons and the
hydrogen proportional counter [26], employed innfer comparison exercises by and at
IRMM, was not available for this purpose, IRMM dit participate in the comparison
exercise at the lowest neutron energy.

3.4. China Institute of Atomic Energy (CIAR)]

The CIAE employed the primary standard referencgruments normally used for the
neutron energies investigated in the frameworkif key comparison.

A proportional counter filled with hydrogen or pame was used to measure the fluence of
mono-energetic neutrons with energies 0.144 Me\l.@rMeV, respectively. The response
function is calculated with the MCWALL code takingo account n-p scattering in the gas
and wall effects at the surface of the active vaJg@8]. In- and outscattering of neutrons by
the detector assembly are corrected separately bgnsn of MC-simulations. Major
contributions to the uncertainty budget come witbmparable fractions from the
determination of the active gas volume and the dwyein content, the evaluated total n-p
scattering cross section, the comparison of caledland measured responses, the various
corrections to be made and the counting statisiicsotal, a 2% uncertainty resulted for the
fluence measurements (see App. B.4 and the CIABHEpT7]).

Different recoil proton detectors were employedi&ermine the fluence of 5.0 MeV and
14.8 MeV neutrons. In the case of 5 MeV neutrores rikcoil protons from a polyethylene
radiator are simply measured in a Si-surface lradatector, while for the measurements in
the 14.8 MeV neutron field coincidence measuremehtsthin Si detectoAE-signal) and a
Csl crystal Er-signal) are carried out in order to reduce thekgemund normally caused by
the high energy neutrons in a single detector. dffieiency is calculated with a home-made
code on the basis of an analytical approach. Theentminty budget is dominated by
uncertainties of the inner and outer geometry patara and the evaluated differential n-p
scattering cross section relevant for the calauhatif the efficiency. Contributions due to the
counting statistics, the analysing procedure amdvirious corrections are negligibly small.
The uncertainties of the hydrogen content of trtkatars and of the differential n-p cross
section, however, seem to be underestimated ancs$iiiing uncertainties of about 2% may
therefore be a bit too optimistic.

3.5. National Institute for Standards and Techngl@§IST)[29]

NIST employed &*U-fission chamber in all neutron fields. The rathenge and massive
construction is completely shielded with 1 mm Cdoier to reduce the reading due to
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thermalized room-return neutrons. For shadow coreasmrements at 1 m distance the
readings still amounted to up to 10.7% chiefly emudy neutron inscattering from the
massive outer support of the detector. The U-lageenriched to 93.15% only, but the
abundancies of other isotopes are specified swthctirrections could be reliably calculated
on the basis of evaluated cross sections.

The relative energy dependent neutron detectiiniexfcy is simply determined by the
fission cross section which can be taken from etalli data files with uncertainties less than
1% [30]. The efficiency of the fission chamber veatibrated in absolute scale by means of a
252Cf-neutron source which was calibrated in the NM¥T-bath and is in this way traceable to
the emission rate of the NIST#1 primary standardBB@n)-neutron source. Also the
procedure of subtracting the contribution of nemgrgcattered from the massive support into
the fission layer was checked with tféCf-source and an appropriate shadow cone. The
comprehensive MCNP-simulations were supported ia Way. Nevertheless, the largest
fraction of the total uncertainties evaluated foe fluence measurements at PTB resulted
from these experimental problems with the referansgument (see Appendix B.5 and the
NIST-report [29]).

3.6. National Physics Laboratory (NP[31]

Two different long counters are normally used al.N® determine the fluence of neutrons
with energies up to 5 MeV. Owing to the lower sirel weight, the De Pangher long counter
[32] was moved to PTB. The much lower neutron deiacefficiency compared with the
McTaggart type long counter which is the more comiywaused NPL primary standard
instrument was, however, not a real disadvantagegte the reasonable neutron yield of the
fields produced at PTB.

Very recently, the neutron response and the efeatentre of the long counter were
calculated using the MCNP code and re-calibratéugual radio-nuclide sources available at
NPL [33]. The emission rates of the radio-nuclig&itnon sources were calibrated in the NPL
Mn-bath with uncertainties less than 1% and tHative spectral fluence was taken from
evaluations or own measurements. Since measurenvengscarried out at various distances
in order to support the analysing procedure, thepamrse to room-return neutrons had
carefully to be subtracted. To be as close as Iplest the procedures applied at home, NPL
also used their own shadow cones.

The associated particle method used at NPL wigh1fbO kV accelerator to specify the
T(d,n)-neutron field [34] could not be transferrétiénce, it was decided to use activation foils
for the fluence measurement at 14.8 MeV. Tracdghdi the primary standard method is well
established with highest accuracy for the activatib®°Fe- or?’Al-foils. Owing to the longer
half-life and the necessity to transport the atgslafoil from PTB to NPL for analysis,
Al-foils were selected, and to increase the stasisbiccuracy two foils were simultaneously
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irradiated back-to-back. For the first time, thendocounter was also employed in the

14.8 MeV field for fluence measurements. Although tesults were in excellent agreement
with the activation measurements, only the activatiata were reported for the comparison.
However, the consistency of the results for 14.8/Meeutrons strongly supported the

decision, to use the new specifications of the BregRer long counter for reference instead of
the old response [35] used in all former comparierercise (for details of the uncertainty

budgets see App. B.6 and the NPL-report [31]).

3.7. Physikalisch-Technische Bundesanstalt (HBB])

PTB employed the primary standard instruments whigre already used in all former
comparison exercises. The specifications, measumsmend the analysing procedures are
essentially unchanged, while the uncertainty buslgetve been re-investigated by applying
the GUM-workbench [37] code (see Appendix B.7 drelRTB-report [36]).

The active volume of the recoil proton proportionaunter [38] is well defined by the
cylindrical outer cathode and guard tubes partiailyrounding the central anode wire.
Different fillings are used for the two energiesarder to optimise the ratio of neutron to
photon response such that the photon response beuddiminated by an appropriate lower
pulse height threshold. The response functiommuksited with the MCWALL code [27] (also
applied by CIAE) taking into account wall effectalyp A linear relationship of measured
pulse height to the recoil proton energy depositethe active volume is assumed (and was
experimentally confirmed). The response functionserew calculated for the TARGET
calculated spectra including the target-scattemdrons. Neutron in- and outscattering at the
detector assembly were checked to cancel out. Butran fluence at the centre of the
detector was then obtained from the fit of the $ated to the measured pulse height spectra.
The uncertainty budget (2.1%) takes into accouatutiicertainties of the internal and external
geometry, the total n-p scattering cross sectiod, aith largest fraction, the quality of the
calculated response function (degree of agreemenshape) and the fitting procedure
(variation with the threshold and statistics).

The recoil proton telescope [39] used for the mheitation of the fluence of 5.0 MeV and
14.8 MeV neutrons is almost identical with the egstemployed by IRMM. The tristearin
radiator was prepared at IRMM by evaporation onSsan@m thick Ta-backing. The hydrogen
content of the homogeneous layer (10.085 m§/&a mm in diameter) was calculated from
the weight determined at IRMM and the chemical falamto 12.445% in weight with an
uncertainty of 0.03%. A chemical analysis at IRM&&ulted in 12.4% with an uncertainty of
0.7%. The efficiency is calculated on the basishef inner geometrical parameters and the
formulae derived by the inventor [24]. The majoachions of the uncertainty (about 2/3)
come from the uncertainties of the inner and ogemetry (small distance between target
and RPT) and the evaluated differential n-p saatjecross sections. Counting statistics and
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the procedure applied to evaluate the net peakenbntontribute another 1/3 of the
uncertainty evaluated for the reported neutronnibee

4. Measurements

The experiments were carried out within two weekdlarch 2001. The accelerator was run
24 hours a day and the four different neutron fielcere realised at least once per week.
During the f' week four participants shared the four swivel amith movable supports for
their devices. 24 hours of beamtime were sufficientup to four participants to perform the
neutron fluence measurements at each neutron enéhgysame sequence of experiments
was then performed in the second week with therqthgicipants.

PTB participated in both campaigns and measurechéutron fluence at each energy at
least four times in order to demonstrate the repetmlity of the neutron fields from week to
week. The stability of the neutron production wegularly checked during one day with three
neutron monitors and the beam charge.

4.1. Mean Neutron Energy and Spectral Fluences

The projectile energies from the Van de Graaff kresor were selected to obtain the desired
mean neutron energy for given target parametemnRimulations with the TARGET- and
SINENA-code the expected mean neutron eneffgy>sc was calculated from the spectral
fluence of uncollided neutrons (see Table 2.1)th&t beginning of each campaign the pilot
laboratory checked the predictions using fie-spectrometer at 70 cm or the NE213-
scintillation spectrometer fixed at 629.5 cm innfroof the target. The measured neutron
energies E>eyp also listed in Table 2.1, well confirmed the pe#idns within the
experimental uncertainties of 0.5 to 1.2%.

On the basis of the actual target and project@deimeters and for the geometry of the
detector-systems used (distance and size) therapdittence of the desired uncollided
neutrons@,; and the target scattered neutrabg were calculated with the TARGET code,
normalised to unit fluenc&,. .When the gas target was employed only the spditesmce of
uncollided neutrons was calculated with the SINENAde. All relevant spectra were
provided to the participants [40] for correctiontbéir fluence measurements. One example
for each neutron energy is shown in Fig. 4.1.
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Figure 4.1. Spectral neutron fluencé, (blue) composed of uncollided neutro#s. (green) and
neutrons scattered from the target assembly itantbasurement poid (red) as calculated with the
TARGET code for the 0.144 MeV (upper left), 1.2 Ma@per right) and 14.8 MeV (lower right)
neutron fields. In case of the 5.0 MeV field (loweft), the SINENA code was used considering
uncollided neutrons only, because target scattésinggligible (<1%).

4.2. Neutron Monitoring

For each measurement, a set of monitor data wasdedt in a multi-scaler (MS) file, namely
total measurement time, digitised beam chargel, ¢cotants of three neutron monitors and of a
Geiger-Mueller gamma counter. These data were tsadlculate the mean beam current
(target load), count-rates (for dead-time correx)aand the ratios of the monitor rates.

In Fig. 4.2 the ratios of the forward (NM, Fig24upper diagram) and backward (PLC,
Fig. 4.2 lower diagram) neutron monitors to therbeznarge are shown relatively normalised
to the first (or the mean of all) measurement Nof PLG, respectively, for a one day
campaign with 1.2 MeV neutrons. Both graphs show slame trend. The mean of all
measurements in free field geometrg,. with no detector or shadow cone at 0 degrees in
position, is close to one and do not scatter byentlean 0.5% confirming that in this case of
using a T-loaded Ti-target also the charge is adgownitor. In addition, the different
influence of proportional counters, moderator spleand telescopes is obvious. Inscattering
from the measurement device into the monitor igdst for the telescope close to the target,
but can be reliably corrected to free field cormhs.
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Figure 4.2. Count rates of the neutron monitors NM (upper )partd PLC (lower part) in the
1.2 MeV neutron field (1st week), normalised foriturbeam charge and relative to the first free
geometry measurement (NMor to the mean value of all free geometry meanerds (<PLG>)
indicated by a circle around the data points.

Using, however, a T-loaded Ti-Target for the pmithn of 14.8 MeV a continuous
increase of the neutron yield per projectile chabgeabout 2% has been observed in the
second week (Fig. 4.3 upper diagram). The driftlddae fitted by a linear increase. The
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diagrams provided to the participants then shovisedmonitor data corrected for a constant
yield per charge in free geometry (Fig. 4.3 lowiagdam).
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Figure 4.3. Count rates of three neutron monitors (N = NM, Par@i°He) in the 14.8 MeV field,
normalized for unity charge relative to the fingd field measurement MS#9 (a: upper part) and the
same data re-normalized to the gradient of the fied@ data indicated in the upper graph (b: lower
part).

Since the counting statistics were in all measergsbest for the monitor positioned in
forward direction chiefly due to the yield distriban of the neutron producing reaction and
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the high efficiency of the long counter type monitthe NM monitor was selected as the
transfer instrument for which the participants haddetermine a calibration coefficient C,

defined as neutron fluence at 0 degrees and 1 ta&andes in vacuum per NM count corrected
for deadtime losses and inscattering. In some dageblM monitor was partially shadowed

by large devices such as the NPL long counter N8 fission chamber or large shadow
cones inserted close to the target, such that #rgap shadowing or even reduced air-
inscattering overcompensated the expected insiceiténom this device. In these cases, the
NM rate had to be slightly increased.

The relevant tables and graphs were provided bypilot laboratory to all participants
[40]. The evaluated reference fluence had to beléd/by the NM counts recorded during the
fluence measurement and corrected with the fadigies! in the tables. While the uncertainty
of NM counting statistics was negligibly small, ancertainty of 0.5% may be considered in
the uncertainty budget for the procedure to evaltia¢ correction of the NM count, chiefly
due to the scatter of all reference values measuaride field geometry.

4.3. Fluence Measurements of the Participants

The participants were requested to determine thdrore fluence at 0 degrees and 1m
distance, corrected for air-outscattering. The a&te system, installed on one of the swivel
arms, could be moved and aligned in any desirediposat O degrees. Any distance to the
target between 9 cm for the Al-activation foils an@to 400 cm for the long counter and the
moderator detectors were realised. In all cases, dbtectors were employed at distances
larger than 100 cm, additional measurements weargedaout with appropriate PTB shadow
cones between target and detector. Only NPL used thwn shadow cones in the
arrangement usually also realised at NPL. Howeadditional measurements with similar
PTB cones exhibited no difference within countita@tistics demonstrating that the shielding
properties of NPL and PTB shadow cones were corbfsra
Measurement and analysis of the rough data follosvgeneral scheme:

1. fluence measurement in the optimal position(s)

2. determination of background due to in-scatteredroes with the recommended shadow
cone or in the case of RPT an additional measuremighout the radiator in order to
correct for reactions in the radiator backing orcase of the production of 5 MeV
neutrons also a background measurement with anyeamgiet

3. correction for dead-time losses

4. evaluation of the net count rates, spectra or atitins

5. interpretation of these results in terms of thetmgufluence at the point of measurement,
corrected for the contribution due to target scatteneutrons folding the spectral fluence
provided by the pilot laboratory with the energypdedent detector response
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calculation of the fluence of neutrons with theidbs energy for a distance of 100 cm
from the target in vacuum, i.e. corrected for aitsgattering if necessary,

relating this fluence to the corresponding NM-casucdrrected for dead-time losses and
inscattering/shadowing and, finally,

evaluation of the uncertainty budget accordingh® SO recommendation GUM [37]
and documentation as detailed as necessary favtdaation of the comparison exercise.
The measurements were carried out in sequencsted ih Table 4.1 and 4.2. The results
were then reported, partially after a revision esjad by the evaluator, by the
participants for comparison. Tables A.1 (0.144 Mé&V)A.4 (14.8 MeV) in Appendix A
contain all data finally considered in the evaloatwith the associated uncertainties.
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Table 4.1.Schedule for the key comparison in tfiewleek of the comparison at PTB

Date E, Laboratory Measuring System  Distance Angle
/ MeV /cm
PTB SHe 70 Neutron energy
RPPC (H/CH,) 116 Neutron fluence
3.5"BS; SP2-PC 1234 +*
NMIJ 9.0"BS; SP2-PC 117 +*
cyl. 3He counter 46
19.3./20.3.01 0.144
VNIIM sphirlcal moderator 100 — 200
cyl. 3He
RPPC (H/CH,) 116 Neutron fluence
PTB
*He 70 Neutron energy
PTB SHe 70 Neutron energy
RPPC (H/CH,) 116 Neutron fluence
3.5"BS; SP2-PC 200 +*
NMIJ 9.0"BS; SP2-PC 2425+ *
cyl. 3He counter 45.8
20.3./21.3.01 1.2 IRMM RPT 15, 25
VNIIM sphirlcal moderator 100 — 200
cyl. 3He
PTB RPPC (GHs) 115 Neutron fluence
SHe 70 Neutron energy
PTB RPT 39.2 Neutron fluence
NE 213 629.5 Neutron energy
3.5"BS; SP2-PC 150 +*
NMIJ 9.0" BS; SP2-PC 300 + *
cyl. 3He counter 45.8
21.3./22.3.01 5.0 IRMM RPT 15, 25, 35
VNIIM sphirlcal moderator 100 — 300
cyl. 3He
PTB NE 213 629.5 Neutron energy
RPT 39.2 Neutron fluence
PTB RPT 37.6 Neutron fluence
NE 213 629.5 Neutron energy
3.5"BS; SP2-PC 150 +*
NMIJ 9.0" BS; SP2-PC 350 +*
cyl. 3He counter 47.1
22.3./23.3.01 14.8 IRMM RPT 15, 25, 35
VNIIM sphirlcal moderator 100 — 300
cyl. 3He
PTB NE 213 629.5 Neutron energy
RPT 37.6 Neutron fluence

* Radius of the spheres
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Table 4.2.Schedule for the key comparison in téweek of the comparison at PTB

Date E, Laboratory Measuring System  Distance Angle
| MeV /cm
PTB SHe 70 Neutron energy
RPPC (H/CH,) 116 Neutron fluence
CIAE RPPC (H)
26.3/27.3.01 0.144 NIST U-fission chamber
NPL gePangher Long 150 - 250
ounter
PTB SHe 70 Neutron energy
RPPC (H/CH,) 116 Neutron fluence
PTB SHe 70 Neutron energy
RPPC (GHs) 116 Neutron fluence
CIAE RPPC (GHy) 100 - 150
23 i
97 3./28.3.01 1.2 NIST *U-fission chamber100
NPL gePangher Long 150 - 400
ounter
PTB SHe 70 Neutron energy
RPPC (GHs) 116 Neutron fluence
PTB NE 213 629.5 Neutron energy
RPT 39.2 Neutron fluence
CIAE RPT 10.5
98.3./20 3.01 5.0 NIST 23-fission chamber100
NPL gePangher Long 200 - 300
ounter
PTB RPT 39.2 Neutron fluence
NE 213 629.5 Neutron energy
PTB NE 213 629.5 Neutron energy
RPT 37.6 Neutron fluence
NPL Al-foils 9
CIAE RPT 14 - 22
29.3./30.3.01148  N|sT 83-fission chamber100/200
NPL gePangher Long 150 - 350
ounter
PTB RPT 37.6 Neutron fluence
NE 213 629.5 Neutron energy
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5. Discussion of the Results
5.1. Reproducibility of the Fields

The monitor-ratios discussed in chapter 4.2 alredgiponstrated the stability of the neutron
fields during a one day measurement campaign.derdo guarantee, that the measurements
carried out in sequence in two weeks, partiallypgdresh targets, were comparable the pilot
laboratory measured the neutron fluence at least ficmes. As can be concluded from
Tables A.1.1 to A.4.1 and Figures A.1. to A.4, thproducibility was excellent. In general,
the PTB fluence data obtained at different daystiersame neutron energy agreed to better
than 0.5% except for the 5 MeV neutrons. In cash®imeasurements with the gas target, the
scatter of the PTB fluence measurements amountathdat 2% with respect to their mean
value. No plausible explanation can be given fa timexpected behaviour.

5.2. Evaluation of the Results of all Participants

The participants were requested to report onlyresalt for each energy even if the fluence
was determined with different methods. Hence, P€Borted the weighted mean of all
measurements also taking into consideration theeladion of uncertainties. NPL analysed
the long counter measurements with the responsdidms used in all former comparison
exercises, but finally reported the data for alitnen energies up to 5 MeV obtained with the
response function based on recent comprehensive M§idulations and the re-calibration
with radio-nuclide sources although the determaratf the effective centre was not finally
solved for the new data set.
For all data, listed in Tables A.1.1 to A.4.1ehmean values were calculated, namely:

a. the unweighted mean value (u.mmhe uncertainty reflects the scatter of the dxtall
participants.

b. the weighted mean value (w.musing the reported uncertainties for weighting.thrs
procedure we neglected any correlation of the dardres although some uncertainty
budgets obviously include contributions of the saamgin. Even in the case of the
uncertainties considered for the (differential) sqattering cross sections this assumption
seems, however, to be justified, because the lalyoga partially refer to different
evaluated data sets. Concerning the specificatioth@ hydrogen content of tristearin
radiators used in the RPT of IRMM and PTB, the elation cannot clearly be deduced
from the IRMM certificates. In general, howevere thheasurement and analysing methods
are sufficiently different to support the assumptio

c. the median (meddf the results. In all cases the median agreels thig weighted mean
within the evaluated uncertainty. The median walt be discussed further.
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The mean values and the associated uncertaiméesso listed in Tables A.1.1 to A.4.1.

All data reported for one neutron energy togetivéh the associated uncertainties are
shown in Figures A.1 to A.4 in chronological ordaerd compared with the weighted mean
both in absolute and relative scale, which werallinadopted as the key comparison
reference value KCRV. The results will be discussedetail for all four energies separately
in the next sections.

5.2.1. Fluence of 0.144 MeV Neutrons
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Figure 5.1 Calibration coefficienC, determined as neutron fluence in vacuum at Oesisgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reactiofti(p,n)’Be (0.144 MeV). The weighted mean is shown as keyparison
reference value KCRV.

Fig. 5.1 shows that all data are rather closéa¢omiean value. However, the scatter of the
data, i.e. the uncertainty of u.m., is twice the uncertairf the weighted mean and
corresponds with a rather higi-value of 1.6 for the w.m.-value, indicating thather the
uncertainties were partially evaluated too optiro@dly or some methodological or
metrological problems might have been overlooked.particular, the large discrepancy
between the results of NPL and PTB must be invatdy Nevertheless, the overall
agreement is still satisfying for this energy.
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5.2.2. Fluence of 1.2 MeV Neutrons
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Figure 5.2. Calibration coefficienC, determined as neutron fluence in vacuum at Oesisgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reaction T(p°H)e (1.2 MeV). The weighted mean is shown as key paoison
reference value KCRV.

A comparison of fluence measurements of mono-@tiergeutrons was for the first time
conducted for 1.2 MeV neutrons and the reportedlt®esare essentially consistent (see
Fig. 5.2). The VNIIM-value exhibits the largest @&ion from the reference value, but the
influence on the weighted mean is rather low du¢hwo relatively large uncertainty. The
reducedy?value, however, improves from 1.7 to 0.66, if tM&IIIM result is ignored.
Nevertheless, the weighted mean of the completax dat is taken as the KCRV.
Unfortunately, the data set could not be complebedause the measurements performed by
NMIJ at PTB could not be complemented by -calibratiomeasurements at NMIJ.
Nevertheless, five different methods - RPPC (28TRLC, U-FC and BS - were successfully
employed by six laboratories. The agreement is geryd at partially low uncertainties of
about 2 % reported by the laboratories.
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5.2.3. Fluence of 5 MeV Neutrons
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Figure 5.3. Calibration coefficienC, determined as neutron fluence in vacuum at Osisgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reaction D(d*He (5.0 MeV). The weighted mean is shown as key pzoison
reference value KCRV.

In former comparison exercises, 5 MeV neutronsew@oduced with solid targetse.
D-loaded Ti-layers on Ag- or Ta-backings, and reggliadditional measurements with a pure
Ti-target (blank) in order to subtract the backgmuaue to (d,n)-reactions in the Ti-layer and
in the backing [41]. Due to self-target build-uptie backing, similar irradiation histories are
then required for both targets. The use of a gegetawvith a fresh Au-backing results in
almost mono-energetic neutron fields, because i@agas out) net spectra can be obtained
and the amount of target-scattered neutrons is meihiced (<1%) if compared with low-
mass solid targets [42]. However, the repeatednfleemeasurements of PTB exhibited a
much larger scatter of their four monitor caliboatifactors (2%) than observed for all other
energies (<0.5%). Nevertheless, the correctioriee@fNM-count rate seem to be as reliable as
for all other energies, because the free geomegigsnrements exhibit good stability, at least
for a freshly filled target.
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Taking into account all data reported for the measients at different days, the agreement
is very good with the best-value (1.06). The largest deviation from the wegghmean is
still lower than two standard deviations reportgdhe laboratories.

5.2.4. Fluence of 14.8 MeV Neutrons

The production of 14.8 MeV neutrons through the,f)dusion reaction requires only low
energy accelerators. Hence, this source is usettlwade in many research and national
metrology laboratories and the measurements shibelctfore have a sound basis for the
determination of the neutron fluence (rate). Inddedvest uncertainties are achieved, in
particular if (time correlated) associated partickeasurements can be employed as an
absolute method for determining the neutron flueddthough these methods could not be
transferred to PTB for comparison, transfer devigege calibrated without significant loss of
the achievable uncertainty.

34
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Figure 5.4. Calibration coefficienC, determined as neutron fluence in vacuum at Oegiesgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reaction T(d’He (14.8 MeV). The weighted mean without the VNIddta is shown
as key comparison reference value KCRV.
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The data reported for this widely used neutrold fehow the largest scatter of all data sets
(see Fig. 5.4) corresponding withxavalue of 7.7. The large uncertainty of the u.nchigfly
caused by the VNIIM-result which is about 30% difé tweighted mean value. The w.m. is,
however, not much influenced by this input due ke tcomparably large associated
uncertainty. Nevertheless, the w.m. value stillibith a largex®value of 2.81 even if the
obvious out-layer is completely excluded from tmalgsis. It should also be noted, that the
three results obtained with recoil proton telessope discrepant by up to 9.5% although the
uncertainties do not exceed 2.6% each. The IRMM deg slightly, but systematically higher
than the PTB results for both 5 MeV and 14.8 MeVtrans although instruments of almost
identical design were employed. The specificatidntids classical instrument should
therefore be re-investigated and, if possible, ddesised taking into account analytical
approaches as well as modern simulation technifprebe calculation of the efficiency, but
also considering relativistic kinematics, internatlly agreed and commonly accepted n-p
cross section data and a comparison of the proesdapplied to determine the hydrogen
content of the various radiators applicable. Initmial the analysis and interpretation of the
measured rough data must be critically inspectedsystematic problems which may have
been overlooked up to now. These data are veryegiaot and the comparison indicates
systematic problems. This non-satisfying resulunes and should encourage considerable
improvements.

In summary for all neutron fields:

After a critical review of the evaluation of alltdasets we come to the conclusion, that the
weighted mean values of the data sets should lmetegpas key comparison reference values
for the calibratiorcoefficientof the transfer monitor in the mono-energetic raufields (see
Appendix A and Table 7.1).

6. Degree of Equivalence

According to the CIPM MRA, the degree of equivakeDoE) must be established for each
comparison, which can provide traceability for alibzation measurement capability
announced in KCDB Appendix C by the laboratory. TheE shall be calculated as the
deviation of the value reported by the laborataont the key comparison reference value
evaluated in the framework of an internationallyceqted key comparison [43]. When
calculating the expanded uncertainky=(2) of each deviation, it must be taken into actou
that the uncertainty reported by the laboratoralso considered in the evaluation of the
weighted mean value. According to [43] the deviadi@nd the associated uncertainties are
calculated and listed in Tables A.1.2 to A.4.2.
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The degree of equivalence is shown in Figures® 4.4 for the four neutron energies for
which the fluence (rate) measurements have beepa@u.
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Figure 6.1. Degree of equivalence DoE defined as the deviatibrihe result reported by the
laboratory from the KCRV and the expanded uncegdor 144 keV neutrons (see Table A.1.2).
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Figure 6.2. Degree of equivalence DoE defined as the deviatibrihe result reported by the
laboratory from the KCRV and the expanded uncegdor 1.2 MeV neutrons (see Table A.2.2).
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Figure 6.3. Degree of equivalence DoE defined as the deviatibrihe result reported by the
laboratory from the KCRV and the expanded uncettdor 5.0 MeV neutrons (see Table A.3.2).
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Figure 6.4. Degree of equivalence DoE defined as the deviatibrihe result reported by the
laboratory from the KCRV and the expanded uncegdor 14.8 MeV neutrons (see Table A.4.2).
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7. Summary and Conclusions

The key comparison of the determination of the rftee of mono-energetic neutrons was
successfully conducted in March 2001 at the acaglerfacility of PTB in Braunschweig,
Germany. Seven laboratories authorised by theiomat metrology organizations employed
either their primary standard fluence measuringiadsy or appropriate transfer instruments
traceable to their primary standards, in order @&ednine the fluence of 0.144 MeV,
1.2 MeV, 5.0 MeV and 14.8 MeV neutrons. Only fowutron energies were selected from
the ISO recommended standards for practical reastowever, this allowed the performance
of most instruments and methods used for the eatisxgy range to be tested as far as the
systems were transportable and applicable in #madwork of this comparison exercise.

Stable monitoring and control measurements demaipst the reproducibility and the
stability of the neutron fields. Irradiations wegrerformed in open geometry and with rather
low room-return neutron background such that noi@ant uncertainty resulted from the
experimental conditions and procedures. The pabotatory provided the spectral fluence of
the desired uncollided, and therefore almost morergetic neutrons, and of the neutrons
scattered in the target assembly. The monitor datorded during the measurement
campaigns in which the laboratory participated wateo provided for correction and
interpretation of the measurements. The particgpaetermined the fluence in vacuum at a
common point of measurement, at 0 degrees andandée of one metre, related this fluence
to the properly corrected reading of a selectedtraeumonitor and evaluated a detailed
uncertainty budget.

The reported data were then evaluated. The welgheans of all data obtained for one
neutron energy served as key comparison refereakee.vThe results are summarized in
Table 7.1.

Table 7.1.Key comparison reference values KCRV, determinedvagihted mean of calibration
coefficientsC reported by the laboratories (uncertaintieskforl)

rel. uncertainty

Neutron energy KCRV of the KCRV X2V

/ MeV / cm@ | %

0.144 1.983 0.98 1.594
1.2 1.859 1.00 1.700
5.0 2.729 0.93 1.063
14.8 2.238 0.80 2.812

All results are shown in Fig. 7.1 in absolute sdalgether with the weighted mean value.
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Figure 7.1. Calibration coefficienC, determined as neutron fluence in vacuum at Oeasdsgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reactiodki(p,n)’'Be (0.144 MeV), T(p,iHe (1.2 MeV), D(d,rHe (5.0 MeV) and
T(d,nfHe (14.8 MeV). The weighted means of the agreed dats are shown as key comparison
reference values KCRV.

For 5.0 MeV neutrons the scatter of the data tesl a reduced¢’value which is
sufficiently close to 1 to indicate, that the valend their uncertainties have been correctly
estimated, while the larger scatter of the 0.144/Mend 1.2 MeV data indicate some
inconsistency of the methods used to determindltiemce with the reported uncertainties.
The largest scatter is observed for the fluencesoreanents in the 14.8 MeV neutron field.
Even if an obvious out-layer is excluded from thmalgsis, the scatter of the data is still
unacceptably high. Such a result indicates thaflttence measurement methods and/or the
evaluation of the uncertainty budget must be restigated.

The key comparison has been evaluated with thdtsesubmitted by the participants up
until November 2002. The objective of any key corngmm is to determine the capabilities of
the participating NMIs at the date of measuremamd avaluation. Except for the one
removed data set, the degree of equivalence &hgag for all other results obtained.
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8. Re-Investigations since 2003

The results obtained in the framework of this keymparison instigated some re-
investigations of the properties of the primaryngid or transfer instruments employed.

CIAE recalculated the neutron flux attenuationhia entrance window of the recoil proton
telescope with recently evaluated cross sectiofk [his revision resulted in an increase of
the 14.8 MeV neutron fluence per monitor count lpow +1.3% towards the KCRV
evaluated for this energy.

Also VNIIM recognized that old and partially wrongoss sections were taken into
account for the MC-simulation of the energy-depemdesponse of their moderator-type
transfer instrument [45]. A significant improvemavas achieved for the entire energy range
of interest and all requested calibration factorsrevrevised towards the KCRV. The
calculated responses are still in satisfying agesgnwith the experimental calibrations
performed with well calibrated radio-nuclide neutrsources such that these measurements
are still traceable to the national primary stadddor neutron energies up to 10 MeV. The
calculated 14.65 MeV response, however, cannotréeed back to the absolute fluence
measurement by means of the associated (charge&lgeanethod which is applied at VNIIM
for absolute fluence measurements for the T(dagtren. As the consequence, VNIIM
requested to remove the VNIIM-data from DoE-caltiates for this particular energy.

The situation is completely different in the caderecent evaluations of the fluence of
144 keV, 1.2 MeV and 5.0 MeV neutrons measuredhlieyNPL with their De Pangher long
counter. The MCNP-simulations of the energy-depehdasficiency and effective centre,
started already in 1996, were not completed whenatialysis of the measurements at PTB
was requested. Nevertheless, NPL reported resakgdoon the best knowledge of the
properties of their primary standard instrumenthat time. Inconsistencies of the results, in
particular concerning the calculation of the efifeetcentre, required further investigations
and resulted already in June 2003, half a year #ite evaluation, in provisionally revised
fluence values per monitor count [46]. These ingesibns were very recently finished and
published [47]. Based on these results, NPL woaldehreported slightly revised calibration
factors which all move towards the KCRYV.

Not surprisingly, the revised results based oinvestigated properties of the primary
standard or transfer instruments considerably imgsdhe data set, as shown in Figures 8.1 to
8.4, which include the additional data listed irblEs C.1 to C.4 (see Appendix C).

The improvements are obvious and remarkable, beset results cannot be used for
reference in order to support CMCs.
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Figure 8.1 Calibration coefficienC, determined as neutron fluence in vacuum at Ossisgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reactiofti(p,n)’Be (0.144 MeV), including the revised data listedTiable C.1 in
Appendix C. The key comparison reference value KGRalso shown.
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Figure 8.2 Calibration coefficienC, determined as neutron fluence in vacuum at Oedsgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reaction T(p’Hle (1.2 MeV), including the revised data listed Tiable C.2 in
Appendix C. The key comparison reference value KGRa&lso shown.
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Figure 8.3 Calibration coefficienC, determined as neutron fluence in vacuum at Oesisgand 1 m
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Figure 8.4 Calibration coefficienC, determined as neutron fluence in vacuum at Ossisgand 1 m
distance from the target per count of the NM neutnoonitor positioned at 17.5 degrees and 6 m
distance, for the reaction T(d'Rle (14.8 MeV), including the revised data listedTiable C.4 in
Appendix C. The key comparison reference value KGRa&lso shown.
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9. Appendices

9.1. Appendix A: Data Reported by the Participantd Results Evaluated for all Energies

Table A.1.1: Results for 144 keV neutron fluence measuremdne Qata until 19/11/02)

Calibration Deviation Deviatiqn
Laboratory coefficientC Abs. Uncert.Rel. Uncert.from W.m. kjkm::ezr)talnty
/ cm? / cm? / cm? / cmi?
PTB-1 1.910 0.040 2.09%
VNIIM 1.960 0.049 2.51% -0.023 0.090
NMIJ 1.984 0.047 2.38% 0.001 0.086
PTB-2 1.927 0.041 2.12%
PTB-3 1.918 0.037 1.92%
NPL 2.051 0.045 2.20% 0.068 0.081
NIST 2.190 0.160 7.30% 0.207 0.318
PTB-4 1.918 0.040 2.10%
PTB-5 1.888 0.040 2.12%
CIAE 2.010 0.042 2.10% 0.027 0.075
<PTB> (1-5) 1.913 0.038 2.01% -0.070 0.065
unweighted mean2.018 0.036 1.78%
(u.m.)
weighted mean * 1.983 0.019 0.98%
(w.m.)
median 1.997

x>-value for w.m. 1.594

* adopted as key comparison reference value KCRV
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Figure A.1. Calibration coefficienC of a neutron monitor positioned at 17.5 deg and @0 to the
target defined as the fluence of 0.144 MeV neutfoos the ‘Li(p,n)-reaction at 0 deg and 100 cm
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Table: A.1.2: Degree of equivalence for 144 keV fluence measunésne
The degree of equivalence (DoE) of each laboratdtty respect to the KCRYV is given by a pair of term

The deviatiorD; = (x, —X;) of the value reported by the laboratory i frora theighted mean value and the associated expamdedaintyU;, calculated as

U, = 2(u? -u’?)"? according to equ. 5 of procedure A in Ref. [43].
The degree of equivalence between two laboratarigiven by a pair of terms:

The differenceDij = (x —x;) between the values reported by the laboratoreslj and the expanded uncertaitity, approximated by
(u? +u?)"'* according to procedure A in [43]

U. =2
ij

Lab .
Lab i PTB VNIIM NMIJ NPL NIST CIAE
Di Ui Di | U Di | Ui Di | U Dij Ujj Dij Ujj Dij Uij
/ cm? / cm? / cm? / cm? / cm? / cm? / cmi?

PTB -0.070 | 0.065 -0.047| 0.124 1-0.071| 0.121 |-0.138| 0.118 |-0.277| 0.329 | -0.097| 0.113
VNIIM -0.023 | 0.090 0.047| 0.124 -0.024| 0.136 |-0.091| 0.133 |-0.230[ 0.335] -0.050| 0.129
NMIJ 0.001 | 0.086 0.071( 0.121] 0.024 | 0.136 -0.067| 0.130 |-0.206| 0.334 | -0.026| 0.126
NPL 0.068 | 0.081 0.138( 0.118] 0.091 | 0.133| 0.067| 0.130 -0.139| 0.332| 0.041 | 0.123
NIST 0.207 | 0.318 0.277| 0.329] 0.230 | 0.335] 0.206| 0.334 | 0.139| 0.332 0.180 | 0.331
CIAE 0.027 | 0.075 0.097| 0.113] 0.050 | 0.129] 0.026| 0.126 |-0.041| 0.123 |-0.180{ 0.331

8¢
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Table A.2.1: Results for 1.2 MeV neutron fluence measuremdimisl data until 19/11/02)

Calibration Abs. Rel. Deviation DeV|athn
Laboratory - uncertainty
coefficientC Uncert. Uncert.  from w.m. (k= 2)
/ cmi@ / cmi? / cm? / cmi?
PTB-1 1.873 0.039 2.08%
VNIIM 1.740 0.052 3.01% -0.119 0.097
IRMM 1.890 0.051 2.70% 0.031 0.095
PTB-2 1.859 0.038 2.07%
PTB-3 1.861 0.039 2.08%
NPL 1.826 0.044 2.40% -0.033 0.080
CIAE 1.915 0.036 1.90% 0.056 0.062
NIST 1.870 0.086 4.60% 0.011 0.168
PTB-4 1.863 0.039 2.07"%
<PTB> (1-4) 1.864 0.037 2.01% 0.005 0.064
unweighted 1.851 0.023 1.24%
mean (u.m.)
weighted mean 1.859 0.019 1.00%
(w.m.)
median 1.867
x%value for ~ 1.700
w.m.
w.m. (without 1.876 0.020 1.06%
VNIIM)

x>value for ~ 0.658
w.m. (without
VNIIM)

* adopted as key comparison reference value KCRV
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Figure A.2 Calibration coefficieniC of a neutron monitor positioned at 17.5 deg an@ @&t to the
target defined as the fluence of 1.2 MeV neutroosifthe T(p,n)-reaction at O deg and 100 cm digtanc
(in vacuum) per monitor count, absolute (upper) r@tative (lower) to the weighted mean.



Table: A.2.2: Degree of equivalence for 1.2 MeV fluence measurgsne
The degree of equivalence (DoE) of each laboratdtty respect to the KCRV is given by a pair of term

The deviatiorD; = (x, —X;) of the value reported by the laboratofyom the weighted mean value and the associateanebed uncertainty;, calculated as

U, =2(u? - u?)"? according to equ. 5 of procedure A in [43].
The degree of equivalence between two laborataigiven by a pair of terms:

The differenceDij = (x, —x;) between the values reported by the laboratoaeslj and the expanded uncertainty, approximated by

— 2 2\1/2 : .
Uij =2(u” +u;)" " according to procedure A in [43]

Lab j
Lab i PTB VNIIM IRMM NPL CIAE NIST
D; U; Dij Uij Dij Uij Dij Uij Dij Uij Dij Uij Dij Uij
Jem™ / cm? / cm? / cm? / cm? / cmi? / cmi?

PTB 0.005 0.064 0.124 | 0.128] -0.026| 0.126| 0.038 | 0.115] -0.051| 0.103| -0.006 | 0.187
VNIIM -0.119 0.097 -0.124 | 0.128 -0.150| 0.146] -0.086| 0.136] -0.175| 0.126] -0.130 | 0.201
IRMM 0.031 0.095 0.026 | 0.126| 0.150| 0.146 0.064 | 0.135] -0.025| 0.125] 0.020 | 0.200
NPL -0.033 0.080 -0.038 | 0.115| 0.086 | 0.136| -0.064| 0.135 -0.089( 0.114] -0.044 | 0.193
CIAE 0.056 0.062 0.051 | 0.103] 0.175| 0.126| 0.025| 0.125] 0.089 | 0.114 0.045 | 0.186
NIST 0.011 0.168 0.006 | 0.187| 0.130| 0.201| -0.020| 0.200| 0.044| 0.193| -0.045| 0.186

144
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Table A.3.1.Results for 5.0 MeV neutron fluence measuremdintsl data until 19/11/02)

torsory AL et Unn P ety
/ e / cmi? / e / cmi?

PTB-1 2.803 0.054 1.93%

VNIIM 2.694 0.108 4.01% -0.034 0.210

NMIJ 2.747 0.091 3.30% 0.019 0.175

IRMM 2.809 0.073 2.60% 0.081 0.137

PTB-2 2.807 0.057 2.04%

PTB-3 2.701 0.053 1.97%

CIAE 2.629 0.058 2.20% -0.099 0.104

NPL 2.762 0.064 2.30% 0.034 0.117

NIST 2.640 0.087 3.30% -0.088 0.166

PTB-4 2.757 0.055 1.99%

<PTB> (1-4) 2.768 0.046 1.65% 0.040 0.077

unweighted 2.721 0.024 0.88%

mean (u.m.)

weighted mean2.729 0.025 0.93%

(w.m.) *

median 2.721

x%value for ~ 1.063

w.m.

* adopted as key comparison reference value KCRV
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Figure A.3 Calibration coefficieniC of a neutron monitor positioned at 17.5 deg an@ @&t to the
target defined as the fluence of 5.0 MeV neutroosifthe D(d,n)-reaction at 0 deg and 100 cm digtanc

(in vacuum) per monitor count, absolute (upper) ratative (lower) to the weighted mean.



Table: A.3.2: Degree of equivalence for 5.0 MeV fluence measurgsne
The degree of equivalence (DoE) of each laboratdtty respect to the KCRV is given by a pair of term
The deviatiorD; = (x, —X,) of the value reported by the laboratofyom the weighted mean value and the associategnebgqul uncertaintyy;, calculated as

U, =2(u? -u?)"? according to equ. 5 of procedure A in [43].
The degree of equivalence between two laboratarigiven by a pair of terms:
The differenced; = (x —x;) between the values reported by the laboratoreslj and the expanded uncertaitity, approximated by
U, = 2(u? +u?)"? according to procedure A in [43]

Lab j
Lab i PTB VNIIM NMIJ IRMM CIAE NPL NIST
Di Ui Di | U Dij Uij Dy | Ui Dy | Uj Di | U Dij Ujj Dy | Uy
/ cmi® / cmi® / cm® / cm® / cmi® / cm® / cm® / cm®

PTB 0.040 | 0.077 0.074 | 0.235] 0.021| 0.204]-0.041| 0.173]| 0.139| 0.148| 0.006 | 0.158| 0.128 | 0.197
VNIIM | -0.034 | 0.210] |-0.074| 0.235 -0.053| 0.282]-0.115| 0.261]| 0.065| 0.245]| -0.068 | 0.251| 0.054 | 0.277
NMIJ 0.019 | 0.175](-0.021| 0.204] 0.053 | 0.282 -0.062( 0.233] 0.118]| 0.216| -0.015| 0.223]| 0.107 | 0.252
IRMM 0.081 | 0.137]] 0.041| 0.173] 0.115 | 0.261] 0.062| 0.233 0.180( 0.186] 0.047 | 0.194| 0.169 | 0.227
CIAE -0.099 | 0.1041]-0.139| 0.148] -0.065| 0.245]-0.118| 0.216]-0.180| 0.186 -0.133| 0.173] -0.011| 0.209
NPL 0.034 | 0.117]]-0.006| 0.158] 0.068 | 0.251] 0.015| 0.223]-0.047( 0.194] 0.133| 0.173 0.122 | 0.216
NIST -0.088 | 0.166|(-0.128| 0.197] -0.054 | 0.277]-0.107| 0.252]-0.169| 0.227] 0.011| 0.209]| -0.122| 0.216

144
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Table A.4.1.Results for 14.8 MeV neutron fluence measurem@mial data until 19/11/02)

Calibration Deviation Deviatiqn
Laboratory coefficientC Abs. Uncert. Rel. Uncertfrom WM. kjkm::ezr)talnty
/ cmi@ / cmi? / cmi@ / cmi?
PTB-1 2.290 0.068 2.96%
IRMM 2.370 0.062 2.60% 0.121 0.119
NMIJ 2.183 0.043 1.97% -0.066 0.078
VNIIM 3.138 0.158 5.02% 0.889 0.318
PTB-2 2.293 0.067 2.94%
PTB-3 2.297 0.067 2.92%
NPL - Foils 2.278 0.030 1.30% 0.029 0.048
CIAE 2.158 0.037 1.70% -0.091 0.065
NIST 2.180 0.089 4.10% -0.069 0.174
PTB-4 2.284 0.069 3.02%
<PTB> (1-4) 2.290 0.057 2.47% 0.041 0.108
unweighted 2.371 0.121 5.12%
mean (u.m)
weighted mean 2.249 0.018 0.79%
(w.m.)
median 2.231

x>value for  7.714
w.m.

w.m.(2)* 2.238 0.018 0.80%
(without
VNIIM)

x%value for ~ 2.812
w.m.(2)

* adopted as key comparison reference value KCRV
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Table: A.4.2: Degree of equivalence for 14.8 MeV fluence measargm
The degree of equivalence (DoE) of each laborasatty respect to the KCRYV is given by a pair of term

The deviatiorD; = (x, —x,) of the value reported by the laboratofyom the weighted mean value and the associateanebed uncertainty;, calculated as

U, =2(u’? —u?)"? according to equ. 5 of procedure A in [43].
The degree of equivalence between two laborat@igven by a pair of terms:

The differenceDij = (x — %) between the values reported by the laboratoreslj and the expanded uncertaitity, approximated by

U, = 2(u? +u?)"* according to procedure A in [43]

Lab |
Lab i PTB IRMM NMIJ NPL CIAE NIST
Di Ui Dy | Uy Dy | Uy Dy | Uy Dy | Uy Dy | Uy Dij Uii
/ e / e / e / e / e / e / e

PTB 0.052 | 0.108 -0.080f 0.168 ] 0.107| 0.143 1 0.012| 0.129] 0.132| 0.136 | 0.110 | 0.211
IRMM 0.132 | 0.119 0.080| 0.168 0.187| 0.151 | 0.092| 0.138 | 0.212| 0.144 | 0.190 | 0.217
NMIJ -0.055 | 0.078 -0.107| 0.143]-0.187| 0.151 -0.095| 0.105 | 0.025| 0.113 | 0.003 | 0.198
NPL 0.040 | 0.048 -0.012( 0.129 |-0.092| 0.138 | 0.095| 0.105 0.120| 0.095] 0.098 | 0.188
CIAE -0.080 | 0.065 -0.132| 0.136 |-0.212| 0.144 1-0.025| 0.113 |-0.120| 0.095 -0.022| 0.193
NIST -0.058 | 0.174 -0.110; 0.211 |-0.190| 0.217 |-0.003| 0.198 |-0.098| 0.188 | 0.022| 0.193

Ly
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9.2. Appendix B: Uncertainty Budgets Reported byRarticipants

B.1 Uncertainties reported by VNIIM [17]

Table B.1.1.The uncertainty budget for the neutron fluence rat

UC¢ /%
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E,/ MeV
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Ch

NM
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Table B.1.2.Calculated and experimentally determined valuedetéctors response.

Source Rexp / CNT Reaic/ cn?’
Sb-Beg,n) 3.17 3.11
Ra-Beg,n) 3.33 3.36
257t 3.27 3.23
D(d,n’He, E.=2.72 MeV 2.84 2.86
D(d,nHe, E;=2.77 MeV 2.84 2.83
Am-Be(a,n) 2.41 2.43

T(d,nf'He, E,=14.55 MeV 0.657 0.645
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B.2. Uncertainties reported by NMIJ/AIST [18]
(for details see Budget Sheets 1 to 3 in Ref. 18)

Table B.2.1 :Uncertainty budget for the calibration coeffici€hfor 0.144 MeV

ltems E, = 0.144 MeV Type of
Uncertainties / %  uncertainty
(1) Statistical uncertainty 0.52 A
(2) Various correction processes 0.95 A B
(3) Simulation process (including nuclearl_68 A B
data)
(4) Number of hydrogen atoms pertm 0.31 B
(5) Sensitive volume of proportional 1.19 B
counter
(6) Distance between source and detector  0.39 A B

Combined Standard Uncertainty / % 2.38

Table B.2.2 :Uncertainty budget for the calibration coeffici€htor 5.0 MeV

ltems E,=5.0 MeV Type of
Uncertainties / %  uncertainty
(1) Statistical uncertainty 0.91 A
(2) Various correction processes 1.07 A B
(3) Simulation process 1.52 A B
(4) Nuclear data 2.09 B
(5) Number of hydrogen atoms pertm
radiator 1.43 B
(6) Distance between source and detector  0.40 A B

Combined Standard Uncertainty / % 3.30

Table B.2.3 :Uncertainty budget for the calibration coeffici€éhfor 14.8 MeV

Items E,=14.8 MeV Type of
Uncertainties / %  uncertainty

(1) Statistical uncertainty 0.41 A

(2) Various correction processes 1.59 A B

(3) Nuclear data 0.83 B

(4) Detection efficiency of associated
particle detector (solid angle)

(5) Distance between source and detector  0.40 A, B
Combined Standard Uncertainty / % 1.97

0.57 B
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B.3. Uncertainties reported by IRMM [23]

Table B.3.1.Uncertainty budget

Relative uncertainty / %

E,= 1.2 MeV E,= 5.0 MeV E,= 14.8 MeV

Type Distance

175 mMm 275 mm 191 mm 291 mm 391 mm275 mm 375 mm

Calculation of efficiency

a) Hydrogen content ofB 1.00 1.00 1.00 1.00 1.00 1.00 1.00
radiator

b) Distance targetto B 0.17 0.11 0.18 0.12 0.09 0.11 0.08
PRT and angle of
PRT

c) Internal PRT B 1.30 1.30 1.30 1.30 1.30 1.30 1.30

geometry, including
scattering by aperture
and proportional
wires

d) Total H(n,p)n cross B 0.90 0.90 0.90 0.90 0.90 1.00 1.00
section

e) H(n,p)n angular crosB 0.05 0.05 0.17 0.17 0.17 0.60 0.60
section

f) Numerical solution oB - - - - - - -
integrals

Analysis of

measurements

g) Energy (spectral B 0.18 0.21 0.09 0.11 0.25 0.38 0.35
fluence) of incident
neutrons

h) Number of events inA 1.04 1.27 0.80 0.92 1.04 0.45 0.82
peak of measured
distribution

i) NM monitor A 0.03 0.02 0.06 0.04 0.04 0.04 0.05
normalisation

j) Choice of limits for B 0.25 0.31 0.34 0.45 0.51 0.34 0.26
the proton peak

k) Background B 1.50 1.50 1.50 1.50 1.50 1.50 1.50
subtraction

[) Dead time and pile LB <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
effects

m) In/out scattering of B
neutrons to PRT

Combined relative 2.64 2.74 2.57 2.62 2.68 2.61 2.68
uncertainty / %
Uncertainty for mean 2.7 2.6 2.6

value/ %
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B.4: Uncertainties reported by CIAE [27]

Table B.4.1Uncertainty budget for 0.144 MeV and 1.2 MeV nentfluence measurements

Iltems E,=0.144 MeV E,=1.2MeV  Type of

Uncertainties

Uncertainties uncertainty

| % | %
(1) Sensitive volume of counter 1.0 1.0 B
(2) Number of hydrogen atoms pertm 0.3 0.3 B
(3) Distance of source-to-detector 0.5 0.5 B
(4) Corrected factor 1.1 1.1 B
(5) Statistic error of the total counts 0.8 0.3 A
(6) Statistic error of the background’'s 0.3 0.1 A
counts
(7) Theoretical recoil proton spectrum 0.7 0.7 B
(8) (n,p) elastic-scattering cross sectibn0.5 0.5 B
Combined Standard Uncertainty / % 2.1 1.9

Table B.4.2Uncertainty budget for 5.0 MeV and 14.8 MeV nentfloence measurements

ltems E,= 5.0 MeV

E,=14.8 MeV Type of

Uncertainties

Uncertainties uUncertainty

| % | %
(1) (n,p) scattering cross section 0.5 0.5 B
(2) Mass of sample 0.06 0.01 A
(3) Diameter of radiator 0.24 0.3 A
(4) Distance of radiator-to-diaphragm 1.0 0.49 B
(5) Diameter of diaphragm 0.03 0.04 A
(6) Background 0.3 0.3 B
(7) Distance of radiator-to-target 1.7 1.3 B
(8) Statistic error of counts 0.46 0.5 A
(9) calculation ofn 0.1 0.1 B
(10) Corrected factor 0.02 0.12 B
Combined Standard Uncertainty / % 2.2 1.7
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B.5. Uncertainties reported by NIST [29]

Table B.5.1.Uncertainty budget summary - 144 keV comparison

Type A Type B Combined

Uncertainty Factor Uncertainty Uncertainty Uncertainty

| % [ % | %
Californium Reference Source Emission Rate 15 15
#57Cf Rotation-Averaged, Room-return-corrected ~ 0.26 0.25 0.36
Neutron Count Rate at 1 m
NM Scattering and Dead Time for 0.144 MeV (u) 0.3 0.3
FC and NM Statistical Uncertainties for 0.144 Ma¥ ( 2.86 2.86
Estimated FC-SC Interaction at 37 cm separation 9 3 3.9
Target Scattering Correction 0.5 0.5
FC Scattering Response Corrections by MC 4.2 4.2
Calculations
Cf-Spectrum-Averaged / 0.144 MeV (u) Cross 2.0 2.0
Sections
MCA Correction of SCA Data 1.1 11
Air Out-Scattering Correction and In-Scatter by SC 2.1 2.1
Combined Uncertainty 2.87 6.72 7.3

Table B.5.2.Uncertainty budget summary - 1.2 MeV comparison

Type A Type B Combined

Uncertainty Factor Uncertainty Uncertainty Uncertainty

| % | % | %
Californium Reference Source Emission Rate 15 15
#57Cf Rotation-Averaged, Room-return-corrected ~ 0.26 0.25 0.36
Neutron Count Rate at 1 m
NM Scattering and Dead Time for 1.2 MeV (u) 0.2 2 0.
FC and NM Statistical Uncertainties for 1.2 MeV (u) 1.47 1.47
Estimated FC-SC Interaction at 37 cm separation 1 3 3.1
Target Scattering Correction 0.9 0.9
FC Scattering Response Corrections by MC 0.5 0.5
Calculations
Cf-Spectrum-Averaged / 1.2 MeV (u) Cross Sections 2.0 2.0
MCA Correction of SCA Data 1.1 1.1
Air Out-Scattering Correction and In-Scatter by SC 0.9 0.9

Combined Uncertainty 1.49 4.37 4.6
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Table B.5.3.Uncertainty budget summary - 5.0 MeV comparison

Type A Type B Combined

Uncertainty Factor Uncertainty Uncertainty Uncertainty

| % | % [ %
Californium Reference Source Emission Rate 1.5 15
#57Cf Rotation-Averaged, Room-return-corrected ~ 0.26 0.25 0.36
Neutron Count Rate at 1 m
NM Scattering and Dead Time for 5.0 MeV (u) 0.7 7 0.
FC and NM Statistical Uncertainties for 5.0 MeV (u) 1.16 1.16
Target Scattering Correction 0.5 0.5
FC Scattering Response Corrections by MC 1.0 1.0
Calculations
Cf-Spectrum-Averaged / 5.0 MeV (u) Cross Sections 2.0 2.0
MCA Correction of SCA Data 1.1 11
Air Out-Scattering Correction and In-Scatter by SC 0.6 0.6
Combined Uncertainty 1.19 3.11 3.3

Table B.5.4.Uncertainty budget summary - 14.8 MeV comparison

Type A Type B Combined

Uncertainty Factor Uncertainty Uncertainty Uncertainty

| % | % | %
Californium Reference Source Emission Rate 1.5 15
#7Cf Rotation-Averaged, Room-return-corrected ~ 0.26 0.25 0.36
Neutron Count Rate at 1 m
NM Scattering and Dead Time for 14.8 MeV (u) 0.7 70
FC and NM Statistical Uncertainties for 14.8 MeVY (u 0.73 0.73
Target Scattering Correction 0.5 0.5
FC Scattering Response Corrections by MC 2.6 2.6
Calculations
Cf-Spectrum-Averaged / 14.8 MeV (u) Cross Sections 2.0 2.0
MCA Correction of SCA Data 11 11
Air Out-Scattering Correction and In-Scatter by SC 0.9 0.9

Combined Uncertainty 0.77 3.99 4.1
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B.6. Uncertainties reported by NPL [31]

The fluence is derived from the measured De Parighgrcounter data using eq.(1).

o=mr- e d D) (1)

10C° ¢
where:
M is the long counter count rate for direct neutrons
f is the target scatter correction factor,
I is the target to long counter moderator distanaamn
> is the macroscopic cross section for attenuatiorair averaged over the direct
spectrum,
r is the De Pangher effective centre, in cm, avetayer the direct spectrum,
(I +r)°
100 corrects the measured fluence to the value a{10& cm), and
£ is the efficiency of the De Pangher averaged twedirect spectrum.

If the reasonable assumption is made that in thevex equation the effect of the
uncertainty inl on €~ is negligible compared to the uncertainty in then all the input
parameters can be treated as if they occur onlg ameq. (1), and the combined variance,
uZ(®), for a fluence measurement at a single targedrtg tounter distance is givanterms
of the standard uncertainties in the individualmgiges, u(M), u(f),etc., by:

uZ(®) =(§W¢T [Wm*(M) +(%_f¢J2 w2 (f) +(g_j_’j2 w*(2) o
+@—T’j2 w2 (1) +(‘2—‘er2 [Ww2(r) +(‘2—sz [W? (&)
Inserting the values for the derivatives eq. §3jérived for the final uncertainty.
() ) () (28]
@ M @-f) f s -

2080 ) 4 2590 :(@jz
(I+r) (I+r) £

and this can be written as:
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(—UC((D))Z:(C Mj2+ c d@ 2+(c dj(—z)jz
) MM T Ty @

6 O+ om0 +[c,

where theg; values are sensitivity coefficients.

Table B.6.1. Component uncertainties for the NPL De Pangheg loounter measurements at
144 keV.

Source of uncertainty Uncertainty Sensitivity coefficient Component

Parameter symbol  Value W Expression  Valueo) UG

Uncertainties in the fluence

LONG COUMET M+ /9  0.8096  0.50% 1 1 0.50%
irect counts

jargetscatier 96 00201 10% fl(1-) 0.0206  0.21%
actor

Air attenuation s/ % 1.%10* 10% | X 0.0379 0.38%

cross section ' ' '

g_ource todetector; ;o 1996 0.2 ) 0.00992  0.20%
istance

Effective centre f/cm 208 05 2A+1) 0.00992 0.50%

value

Long counter 0 0 0

efficiency £/% 3.194 2% ! ! 20%

Combined uncertainty for the fluence = 2.1%

Uncertainties in the monitor counts

New monitor 0.2% 1 1 0.20%

statistics

New monltor 0.4% 1 1 0.40%

stability

Combined uncertainty for fluence per new monitasrdo= 2.2%

T All uncertainties are assumed to have a normdigisility distribution
* The uncertainty in the long counter direct coustmade up of components for: statistics (0.2%g),it-
scatter correction (0.2%), and the De Pangheilisyatorrection (0.4%).
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Table B.6.2.Component uncertainties for the NPL De Pangher tangnter measurements at
1.2 MeV.

Source of uncertainty Sensitivity coefficient

Uncertainty Component
Parameter Symbol  Value (u) Expression  Valueo) 4G
Uncertainties in the fluence
LONG COUMET M< /9% 06356  0.70% 1 1 0.70%
irect counts
jargetscatier  f o6 00315  10% fl(1-) 0.0325  0.33%
actor
Air attenuation s 1% 9.%10° 10% | X 0.0397 0.40%
cross section ' ' '
Sowrce 0 detecton | yem 4005 0.3 ) 0.00499  0.15%
istance
Effective centre /em  0.47 20 2A1+1) 0.00499 1.0%
value
Long counter 0 0 0
efficiency 1% 3459 2% . . =0
Combined uncertainty for the fluence = 2.4%
Uncertainties in the monitor counts
New monitor 0.2% 1 1 0.20%
statistics
New monitor 0.4% 1 1 0.40%
stability
Combined uncertainty for fluence per new monitarrdo= 2.4%

T All uncertainties are assumed to have a normalatitiby distribution
* The uncertainty in the long counter direct coustsade up of components for: statistics (0.2%g),i-
scatter correction (0.5%), and the De Pangherlgtatorrection (0.4%).
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Table B.6.3. Component uncertainties for the NPL De Pangher loognter measurements at
5.0 MeV.

Source of uncertainty Sensitivity coefficient

Uncertainty Component
Parameter Symbol  Value (u) Expression  Value) U [
Uncertainties in the fluence
'&0”9 counter i jo5 5465  0.50% 1 1 0.50%
irect counts
fTarget scatter ¢ 95 0.0 10% H(1-f) 0.0 0.0%
actor
Arattenuation o006 5105 10% P 0.0206  0.21%
Cross section ' ' '
g_ource todetector) v 3069 0.2 1) 0.00638  0.13%
istance

Effective centre ;o 6.85 1.0 2Al+1) 0.00638  0.64%
value
Long counter 0 0 o
efficiency el % 3.334 2% 1 1 2.0%
Combined uncertainty for the fluence = 2.2%
Uncertainties in the monitor counts
New monitor 0.2% 1 1 0.20%
statistics
New monitor

B 0.4% 1 1 0.80%
stability
Combined uncertainty for fluence per new monitasrdo= 2.3%

T All uncertainties are assumed to have a normdigisility distribution
* The uncertainty in the long counter direct coustsade up of components for: statistics (0.3%g),it-
scatter correction (0.2%), and the De Pangherlgtatorrection (0.4%).
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Table B.6.4.Component uncertainties for the aluminium foil si@@ments at 14.8 MeV.

Symbol Source of uncertainty y;: ue Z.rsciﬁsgug Divisor ;J'O %
Counting statistics 0.1 normal 1 0.1

Fr Flux variations 0.005 normal 1 0.005

e [3-counting efficiency 0.2 normal 1 0.2

K K-correction 0.2 normal 1 0.2

o(E) Activation cross section 0.5 normal 1 0.5

En Mean neutron energy (20 keV) 0.38 rectangulai3 0.22

m Foil mass 0.1 rectangularv3 0.06

A Decay constant 0.01 normal 1 0.01
Dead time correction 0.2 rectangulax/3 0.12
Target — foil distance (0.7 mm) 15 rectangular3 0.89

fs Target scatter factor 0.05 normal 1 0.05

u(p) Combined uncertainty Cl results ~ --- normal 1.1
New Monitor statistics 0.02 normal 1 0.02
New Monitor stability 0.6 normal 1 0.6

u(o) Combined uncertainty NM normal 13

results
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B.7 Uncertainties reported by PTB [36]

Table B.7.1.Reduced uncertainty budget for 0.144 MeV and 1.¥ Meutron fluence measurement.

ltems E,=0.144 MeV E,=1.2 MeV uncertainty

uncertainty / % uncertainty / %  divisor
(n,p) elastic cross section 0.5 0.5 1
Sensitive volume of counter 0.3 0.3 1
Number of hydrogen atoms 0.5 0.5 1
Source-detector distance 0.09 0.09 V3
Statistic of the net counts (TOTAL-BG) 0.2 0.2 1
Calculated response function 1.73 1.73 1
fraction of measured phd 1.0 1.0 V3
fraction of response function 1.0 1.0 V3
attenuation correction for iron window 0.08 0.04 1
attenuation correction for ambient air 0.06 0.06 1
Combined Standard Uncertainty / % 2.2 2.2

Table B.7.2.Reduced uncertainty budget for 5.0 MeV and 14.8 Me\tron fluence measurement.

ltems E.=5.0MeV E,=14.8 MeV uncertainty
uncertainty / % uncertainty / %  divisor
(n,p) elastic cross section 0.5 0.5 1
Mass of tristearin radiator 0.03 0.03 1
Number of hydrogen atoms 0.03 0.03 1
Source-detector distance 0.26 0.26 V3
Statistic of the net counts (TOTAL-BG) 0.8 1.7 1
lower integration boundary of peak 1.0 1.0 \3
Calculated efficiency factor 1.4 2.2 1
attenuation correction for Al window and0.3 0.3 1
Ta backini
attenuation correction for ambient air 0.03 0.03 1
Combined Standard Uncertainty / % 1.8 2.9
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9.3 Appendix C: Extended Data Sets Reported Battieipants including Results Obtained after
2003

Results reported by the laboratorigg (ith corresponding uncertaintieg)(until November
2002 andrevised data received after May 2008ed for the calculation of unweighted and
weighted mean values

Table C.1 Calibration coefficientC, determined as neutron fluence per NM monitor totor

144 keV

Table C.2 Calibration coefficientC, determined as

Lab i Ci Ui
/ cm™ / cmi?

PTB 1.913 0.038
VNIIM 1.960 0.049
NMIJ 1.984 0.047
NPL 2.051 0.045
NIST 2.190 0.160
CIAE 2.010 0.042
u.mean 2.018 0.036
w.mean 1.983 0.019
VNIIM 1.979 0.049
NPL 2.027 0.045
u.mean 2.017 0.035
w.mean 1.981 0.019

x’=1.594

x?=1.291

neutron fluence per NM monitor totor

1.2 MeV

Lab i Xi uj

/ cm™ / cmi?
PTB 1.864 0.037
VNIIM 1.740 0.052
IRMM 1.890 0.051
NPL 1.826 0.044
CIAE 1.915 0.036
NIST 1.870 0.086
u.mean 1.851 0.023
w.mean 1.859 0.019
VNIIM 1.840 0.052
NPL 1.853 0.044
u.mean 1.872 0.010
w.mean 1.876 0.019

x*=1.70

x?=0.416
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Table C.3: Calibration coefficientC, determined as neutron fluence per NM monitor tofor
5.0 MeV

Lab i Ci U
/ cm™ / cm™?

PTB 2.768 0.046
VNIIM 2.694 0.108
NMIJ 2.747 0.091
IRMM 2.809 0.073
CIAE 2.629 0.058
NPL 2.762 0.064
NIST 2.640 0.087
u.mean 2.721 0.024
w.mean 2.729 0.025
VNIIM .727 0.108
NPL 2.741 0.064
u.mean 2.723 0.023
w.mean 2.727 0.025

X*=1.063

x?=1.005

Table C.4 : Calibration coefficienC, determined asautron fluence per NM monitor count, for
14.8 MeV

Lab i Ci (0F
/ cm™ / e

PTB 2.290 0.057
IRMM 2.370 0.062
NMIJ 2.183 0.043
VNIIM 3.138 0.158
NPL 2.278 0.030
CIAE 2.158 0.037
NIST 2.180 0.089
u.mean 2.371 0.121
w.mean* 2.238 0.018
CIAE 2.186 0.037
VNIIM P.287 0.158
u.mean 2.253 0.025
w.mean** |2.246 0.018
NPL/PLC |2.237 0.059

x%=2.812

x*=1.873

* without VNIIM-result
** all data included except NPL/PLC
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