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Abstract

After more than thirty years a new key comparison of thermal neutron fluence
measurements was organized by section 11l of CCRI. The comparison was carried out by
rotating four transfer instruments among the four participants (CIAE, PTB, NMIJ and NPL).
The stability of the detectors was repeatedly verified by the pilot laboratory between the
measurements. Each of the four transfer devices had a different dependence of the fluence
response on the neutron energy. Hence the comparison was also sensitive to the knowledge of
the spectral distributions of the facilities used by the participants for their measurements. The
results of the comparison showed signs of inconsistencies which could not be resolved during
the analysis. Therefore the arithmetic mean of the results was used to calculate the key
comparison reference value.

1. Introduction

The first comparison of thermal neutron fluence measurements [AXT70] was finished in
1969 and comprised mainly so-called thermal standards. In these devices thermal neutrons are
produced by moderation of fast neutrons from a radionuclide source, or sources, inserted in a
graphite pile. The neutron fluence was always measured using the activation of gold foils.
Cadmium covers were used to subtract most of the activity produced by epithermal neutrons.

Since then, no further comparison was carried out until 2005 when a new comparison was
initiated by the Comité Consultatif de Rayonnements lonisants (CCRI(III)) of the Bureau
International de Poids et Mésure (BIPM). The kind of facilities participating in the new
comparison was more diverse, ranging from conventional thermal standards to accelerator-
based facilities, thermal columns and neutron guides installed at research reactors. Hence, the
spectral and angular distributions of the neutrons were expected to vary considerably. In
general, the spectral distributions present in the facilities deviated from a Maxwellian
characterised by a reference temperature kT = 25.3 meV and different corrections have to be
applied at each facility to account for such deviations.

It was therefore necessary that the comparison was also sensitive to the correct
characterisation of the neutron fields. This could only be achieved by sending around a
transfer device instead of each participant performing measurements at one reference facility,
as in the recent comparison of fast neutron fluence measurements [CHEQ7]. To enhance the
sensitivity to the spectral distribution even more, it was decided to actually use four transfer
devices with different energy dependences of the fluence response. Two of the instruments
had a rising and two a decreasing sensitivity with neutron energy. Hence, under ideal
conditions, the ratio of the results obtained using the instruments without and with a
moderator sphere would allow the temperature of the neutron energy distribution to be
determined.
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The fluence measurements at the participating facilities were all traceable to the
activation of thin gold foils, i.e. measurement of the '*®Au activity resulting from the
Y7 Au(n,y)*®Au reaction. The activity measurements were carried out using the 4np or the
4ntf—y counting technique. In some cases, however, additional local transfer instruments were
used for the actual fluence measurement and the fluence response of these instruments was
determined using the activation of gold foils in a separate step. This included, for example,
the use of a °Li glass scintillation detector for the fluence measurement or of calibrated - or
y-counters for the determination of the *®Au activity.

Although a larger number of national metrology institutes (NMIs) or designated institutes
(Dls) expressed their interest to participate in the comparison, the exercise was finally carried
out by only four NMls or Dls: the China Institute of Atomic Energy (CIAE), the National
Metrology Institute of Japan (NMIJ), the National Physical Laboratory (NPL) of the United
Kingdom and the Physikalisch-Technische Bundesanstalt (PTB) of Germany.

In addition, measurements were also carried out at the D.l. Mendeleyev Institute for
Metrology (VNIIM) in Russia. Unfortunately, the VNIIM was finally not able to deliver
results. These difficulties were at least partly related to customs problems with the shipping of
the circulating transfer instruments. The National Institute of Standards and Technology
(NIST) of the United States of America received the transfer instruments, but was not able to
carry out measurements due to technical problems with the thermal column of the NIST
reactor.

The comparison was organised by the PTB, but the co-ordinator was not involved in the
PTB measurements. The PTB results were delivered to the BIPM before the results of the
measurements of the other participants were received by the co-ordinator. The transfer
instruments were circulated among the participants from October 2006 until July 2010. The
last report with results was received in June 2010. Since the time of the measurements, at least
two of the facilities used for the comparison went out of service or were no longer available
for metrological use. This applies to the FRG-1 reactor at the GKSS research centre used by
the PTB and to the thermal column of the Chinese reactor used by the CIAE.

2. The Transfer Instruments

The co-ordinating laboratory provided two spherical proportional counters filled with *He
as transfer instruments. The counters were of the CENTRONIC SP9 type and had nominal
*He pressures of 20 kPa (E-detector) and 200 kPa (G-detector), respectively. In addition, a
spherical polyethylene (PE) moderator, 7.62 cm (3") in diameter, was provided to modify the
energy dependence of the response of the 20 kPa counter and the 200 kPa counter. Therefore
four transfer devices were available for the comparison exercise. The selection of the most
appropriate bare counter was made by the participants based on count rate considerations. If
possible, all four instruments were used.

The relative response r(E) = R(E)/R(Ee) for Eps=25.199 meV, as calculated using
MCNPX [X-587], is shown in fig. 1 for the two bare counters and the counters in the 3" PE
moderator. The responses R(Es) for the bare 200 kPa counter, the bare 20 kPa counter, the
200 kPa in the PE sphere and the 20 kPa counter in the PE sphere were about 3 cm?, 0.4 cm?,
1 cm?and 0.2 cm?, respectively.

The signals provided by the counters were processed by an electronic module
(AIOSAP) [ALEO06] which comprised a high-voltage supply, a pre-amplifier, a shaping
amplifier and two discriminators. This module was also provided by the co-ordinating
laboratory. One discriminator (D1) was used to separate events resulting from the *He(n,p)*H
reaction from those due to photons and electronic noise. The number N of the TTL output
pulses of D1 had to be counted by the participants to determine the response R in their neutron
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field or beam. For this purpose, a counting module had to be provided by the participants. The
proper setting of D1 had to be checked individually using a multichannel analyser (MCA)

provided by the participants.
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Fig. 1 Relative response r(E) = R(E)/R(E) for the four transfer instruments as calculated
with MCNP (left axis) for E.s = 25.119 meV. Also shown is a relative Maxwellian spectral
fluence distribution for kT = 25.3 meV (right axis). The responses for the bare counters and
the counters in moderator sphere were calculated using MCNP for a parallel beam incident
perpendicular (90°) and parallel to the symmetry axis (0°), respectively. The relative
responses of the two detectors inside the 3" polyethylene (PE) sphere were almost identical.
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The dead-time 7 introduced by D1 was measured using the pulse interval method. The
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7= (7.2 +£0.9) ps. The interval distribution was in general compliance with the assumption of
a non-extending dead-time although the measured interval distribution showed slight
deviation from the theoretical distribution around the edge.
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The dead-time correction was also checked in 2008 during an experiment at the thermal
neutron beam facility used by the PTB (see below). The count rate of the detector was varied
between about 9 x 10°s™ and 2 x 10*s™. The beam was monitored using a *He ionisation
chamber. The dead-time of the monitor was about 1 ps. Due to the low count rate, the dead-
time correction for the monitor was smaller than 0.3 %. The correction of the SP-9 count rate
was carried out assuming a non-extending dead-time z of 7.2 us. The dead-time correction
ranged between 0.5 % and 14 %. Fig. 3 shows the ratio of the corrected SP9 count rate R, to
the count rate M of the *He monitor. The data are normalised to the mean value
<Rcor/M> = 10.418 £ 0.016. With the exception of two data points, the error bars overlap with
the mean value within its uncertainty which confirms the dead-time of 7.2 ps specified in the
protocol, although there seems to be a slight systematic trend depending on the corrected rate
of the SP9 counter. However, the maximum deviation from the mean amounts to only 1.5 %.
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Fig. 3 Ratio of the corrected count rate R, = ky-(dN/dt) of the 200 kPa SP9 counter to the
monitor count rate M in a thermal neutron beam. The SP9 count rate was corrected using a
non-extendable dead-time 7 of 7.2 us (cf. eq. (3) below). The dead time correction applied to
the monitor count rate was smaller than 0.3 % at maximum.

The stability of the two ®He counters was monitored at the PTB prior to sending the
instruments to the participants and after receiving them. This stability check was carried out
by inserting the counters into the test device HANNA which consists of a paraffin moderator
equipped with an AmBe radionuclide neutron source at a distance of 20 cm from the centre of
the counter. Fig. 4 shows the relative deviation of counts rates after correction for the decay of
2'Am as a function of the measurement date. The relative type-A uncertainties of the
individual measurements are about 0.15 % and 0.06 % and the standard deviations of all
measurements are 0.46 % and 0.43 % for the 20 kPa and the 200 kPa counter, respectively.

Two tightly fitting cylindrical cadmium shields 1 mm in thickness were provided for
measuring the effect of epithermal neutrons above the cadmium threshold on the bare
counters and the counters inside the 3" PE moderator, respectively. For a cadmium foil, 1 mm
in thickness, covering a 1/v-absorber, the cadmium cutoff energy Ecq is 0.68 eV for a D,O
moderator [BEC64]. This value was used as a reference below.
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Fig. 4 Relative deviation of the count rate of the two *He counters from a reference value.
The count rates were corrected for the decay of ?**Am as a function of the measurement date.

3. Quantity to be Determined as the Key Comparison Reference Value

The participants were asked to determine the response Ry of the counters for a
homogeneous unidirectional irradiation with neutrons which have a Maxwellian fluence

distribution ®"" characterised by a temperature kT = 25.3 meV.

®260 dE — E exp _E d_E (1)
o) (kT kT ) kT
This required the relative spectral fluence (®g/®) and the fluence

Ecq
O = jcpEdE )
0

below the nominal cadmium threshold Ecq4 to be determined in the neutron beam at the same
location and under the same conditions as for the measurement with the counter.

Appropriate correction factors had to be determined if the actual irradiation conditions
deviated from the reference conditions. Most important, the spectral distribution of the actual
neutron field could have deviated from a Maxwellian with the reference temperature
parameter. The relative responses shown in fig. 1 were provided in numerical form for the
calculation of correction factors. The correction factor k; for the spectral distribution is given

by
jcb“ef) /0™ )r(E)dE
_ 0

_ 3)
f"(cpE/cp) (E)dE

where the integration over the relative spectral fluence (®g/®) of the neutron field or beam is
extended up to the nominal cadmium threshold energy Ecq at 0.68 eV. Also dead-time losses
had to be corrected for. The dead-time correction k; is

k, = . p=dN/dt 4)

for a non-extending dead-time z.
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Other correction factors could, for example, account for an inhomogeneous fluence
distribution over the sensitive area of the counter. This effect could either be corrected for
experimentally by using a scanning procedure or calculated using the Monte Carlo method.
Also the angular distribution of the spectral fluence could have required corrections if fields
were used which were not unidirectional. An MCNP model of the detector for the calculation
of correction factors was made available by the pilot laboratory on request. Correction factors
were also required if the fluence was not measured at the same position as the counter or, in
the case of inhomogeneous fields, the sensitive area of the instrument used for the fluence
measurement was different from that of the counter. In fields or beams produced by the
moderation of fast neutrons, the slowing-down part of the spectral distribution extends below
the cadmium threshold. Hence, a correction for the count rate produced by these epithermal
sub-cadmium neutrons had to be applied.

With these correction factors k; and the number of monitor counts Mg , My and My©? for
the measurement with the instrument used for the fluence measurement, the counter without
cadmium cover and with cadmium cover, the response at reference conditions is given by

v (NIM —KCON©EO M)
Rk - /M N 5
e orm,) ®

Here n > 2 denotes the number of correction factors ki. The correction factor k@ accounts for
the absorption of epithermal neutrons in the Cd shield (1 mm Cd + 1 mm Al) and had to be
calculated by the participants if this correction could not be neglected.

4. Summary of the Measurements and Analysis Procedures used by the Participating
Institutes

4.1. General Remarks

As mentioned in the introduction, the measurement and analysis procedures used by the
different participants were very diverse. This diversity made the reporting of the uncertainty
budgets more complicated than for a single step approach. This is why a complete
documentation of the uncertainty budgets is left to the individual reports of the participating
institutes which are attached to this report. Instead, this section aims only at summarising the
most important steps of each approach.

4.2. China Institute of Atomic Energy (CIAE)

The CIAE used a collimated thermal neutron beam which was extracted from a thermal
column of a 2 MW research reactor. The extraction channel had a diameter of 30 mm. The
neutron fluence at the point of reference was measured using the activation of gold foils,
20 pm and 40 pm in thickness. The contribution of epithermal neutrons was investigated
using the simultaneous irradiation of a 5 um gold foil on top of a 20 um gold foil. The
specific activities of the two foils agreed within 1 % despite the expected shielding effect of
the thinner foil, in particular in the energy region around the strong resonance at 4.9 eV.
Therefore it was concluded that the epithermal contribution could be neglected. The cadmium
ratio for the **”Au(n,y) reaction was determined in a separate measurement to be about 479 for
a cadmium cover 1 mm in thickness.

The determination of the *®®Au activities was carried out in a Nal borehole detector. The
detection efficiency of this detector was calibrated using a 5 um gold foil which had been
activated in the reactor core. The **®Au activity in this foil was measured using the 4m p—y
coincidence counting technique.

The relative spectral fluence distribution was characterised using the time-of-flight (TOF)
method with a rotating chopper and a ®He detector. For these measurements a lead collimator
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with an opening 3mm in diameter was inserted into the extraction channel. MCNP
calculations were carried out to verify that the spectral distribution was not changed by the
different ‘cuts’ in momentum space introduced by the extraction channel and the narrow
collimator. The spectral distribution measured at the CIAE facility is shown in fig. 5 together
with a fitted Maxwellian distribution. The temperature kT of this Maxwellian distribution is
25.15 meV, i.e. T = 280.3 K, but the high-energy tail of the Maxwellian exceeds the measured
distribution considerably. There was no further information on how such a non-equilibrium
distribution could have been produced by a thermal column operated at or slightly above
room temperature. The measured spectral distribution was used to calculate the spectrum-
averaged cross section & using the ENDF/B-VII cross section data for the *’Au(ny)
reaction.
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Fig. 5 Spectral distribution (black histogram) measured at the CIAE facility using the narrow
beam produced by the lead collimator insert for the extraction channel. The red solid line
shows a Maxwellian fit to this distribution. The temperature of this distribution is smaller
than that of the reference Maxwellian.

The irradiation of the transfer devices was also carried out using the collimated beam. A
scanning device was employed to simulate a homogeneous irradiation. The measurements
with the cadmium shields were, however, only carried out for instruments positioned with
their centres at the reference point. The measurements with the broad beam from the
extraction channel and the narrow collimated beam were related by additional measurements
using a **U fission ionisation chamber. The ?°U deposit had a diameter of about 20 mm, i.e.
it was suitable for a measurement of the neutron fluence in broad beam and of the total
neutron rate in the collimated beam.

4.3. National Metrology Institute of Japan (NMIJ)

In contrast to the other facilities, the NMIJ calibrated the transfer instruments inside a
thermal standard. Hence, to first order, the angular neutron distribution was an isotropic field
in a scattering medium, in contrast to the beam-like unidirectional distributions used by the
other participants. The thermal pile of the NMIJ consists of a large graphite block with a
central cavity for a high emission rate AmBe neutron source. A second channel for the
transfer instruments was created by removing graphite bricks. The instruments were
positioned at a distance of about 90 cm from the neutron source.

The spectral distribution at the irradiation position was calculated using MCNPX. It can
be described by a Maxwellian distribution with temperature kT =26.2 meV and a 1/E
slowing-down contribution.
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where ®; and @y, denote thermal and the non-thermal slowing-down fluence, respectively.
No details were given about the joining function A(E), in particular on the lower cut-off
energy. It should be noted, however, that @y, denotes the total non-thermal fluence extending
to about the 10 MeV region. The relative non-thermal fluence @ /(@ + Pop) Was 1.7 x 107,

The thermal neutron fluence rate was measured using the activation of gold foils, 2 cm in
diameter and 25 um in thickness. The foils were encapsulated in aluminium and cadmium
covers, 1 mm in thickness, and the cadmium difference method was applied to subtract the
activity resulting from the non-thermal fluence above the cadmium threshold. The activity of
198 Au was measured by 4 y-counting in a Nal(Tl) borehole detector. The detection efficiency
of this detector was determined earlier by a comparison with a measurement of the **Au
activity using the 4r B—y coincidence counting technique. The quantity specified by the gold
foil measurements is the sub-cadmium fluence @, i.e. the thermal fluence @y, plus the non-
thermal fluence below the nominal cadmium threshold Ecq = 0.68 eV. The relation between
the measured saturated **Au activity and @ was established using MCNPX, thereby
including all corrections for self-shielding, flux depression etc. No information was given on
the particular evaluation used for the °’Au(n,y) cross section. The relative uncertainty of the
calibration factor 7 relating the saturated ***Au activity to the sub-cadmium neutron fluence @
is only 0.54 %.

Measurements using the transfer devices were carried out using the cadmium difference
method to determine the response of all four possible combinations of counters and moderator
sphere. The pulse-height spectra of the counters showed a strong distortion from y-radiation
from neutron capture in cadmium when the counters were covered with the cadmium shields.
Hence higher pulse-height thresholds had to be used. The missing events were corrected for
using the shape of the undistorted spectra from the bare counters.

The measurements were analysed using MCNPX simulations of the full set-up, including
a model of the SP9 counters filled with ®He. From these calculations corrections factors were
derived to account for the distortions of the neutron field resulting from the presence of the
counters, i.e. self-shielding and flux depression. In addition, the residual spatial variation of
the neutron field over the volume of the counters was corrected for. As expected, the
corrections were largest for the 200 kPa counter inside the moderator sphere. For this
condition, a total correction for these effects of about 4.5 % was obtained.

Finally, MCNPX was used to calculate the correction factors for the difference of the
calibration field and the reference neutron field with respect to the angular and spectral
distributions. The product of the correction factors corresponds to the correction factor k;
defined in the protocol. For the bare counters a correction of about 4.7 % was found, while the
correction was only 0.5 % for the counters inside the moderator sphere.

4.4. National Physical Laboratory (NPL)

At the NPL, thermal neutrons were produced in a so-called thermal pile. This device
consists of a large graphite block in which neutrons are produced by bombarding two
beryllium targets with a deuteron beam from the 3.5 MV Van de Graaff accelerator of the
NPL. The irradiation position was situated above a hole in the graphite moderator, the so-
called ‘thermal column’, which is located roughly above one of the beryllium targets.

The neutron distribution at the irradiation position consists of a Maxwellian with
temperature parameter kT and a slowing-down component. This slowing down component has
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a spectral distribution proportional to 1/E and a lower cut-off energy Ex = ¢#kT with z = 3.68.
The parameters of the spectral distribution were determined earlier using activation foil
measurements. The following results were obtained: relative thermal fluence ®y/® = 0.9676,
KT =27.2 meV and relative epithermal fluence below Ecy ®'yn/® = 0.0324. Here @ denotes
the total fluence below the cadmium cut-off and a cadmium cut-off energy Ecq of 0.5 eV was
used, instead of 0.68 eV, as specified in the protocol.

o dE (@, )( E j ( E } dE (@, 1 dE
= =0 = lexp| —— | =+ = —A(E,,E 7
) (cp T )7k kT o In(E.,/E,) E (B, Eeo) ()

Here A(Ea,Ecq) denotes a rectangular joining function which is equal to one for Ex<E < Egqg
and vanishes outside. These distributions were also used to calculate the correction factor k;
for the effect of the deviation of the actual spectral distribution from the reference
distribution.

The fluence rate at the irradiation position is held constant using an accelerator feedback
system which includes several ionisation chambers positioned in the pile underneath and
below the targets. Two 2*U fission ionisation chambers located in the moderator closer to the
thermal column were available as additional monitors.

The monitors were calibrated by activation of two gold foils, 50 pum in thickness, one bare
and one covered with cadmium 1 mm in thickness, to subtract the activity induced by
neutrons above the cadmium cut-off energy. The fluence rate during the activation of the foil
was about an order of magnitude higher than that for the calibration of the transfer
instruments. The activity induced in the foils was measured by 4=f3 counting. The counting
efficiency of the foils was determined earlier using 4r B—y coincidence counting of foils
activated in a thermal reactor. A correction for the different spectral distributions in the
reactor and the thermal pile was applied to the bare foils. No correction was required for the
foils covered with cadmium. The **’Au(n,y) cross section was taken from the ENDF/B-VI
standards evaluation.

The ratios of the monitor readings were carefully investigated for different fluence rate
levels ranging up to that of the gold activation runs. Except for the two lowest fluence rate
levels, the ratios were independent of the fluence rate within the uncertainties. The
measurements at the lowest fluence rate level were therefore not used for the analysis and the
monitor readings of the “*U fission chambers for the second but lowest fluence rate levels
were increased by 1 % to account for the observed nonlinearity.

The transfer instruments were irradiated with and without the cadmium shields, with and
without the PE moderator and parallel and perpendicular to their symmetry axis. However,
only the four combinations requested in the protocol are analysed here. For the bare 200 kPa
counter with irradiation along the axis, a large number of measurements at different fluence
rate levels were carried out. The count rate of the counter was corrected according to eq. (3)
using a non-extendable dead-time 7 = 7.2 us. The ratio of the count rate corrected for dead-
time to the monitor rate from one of the fission chamber monitors and to one of the control
ionisation chambers is shown in fig. 6.

A residual dependence on the count rate is clearly visible, in contrast to the results shown
in fig. 3. A possible reason for this discrepancy could be the combination of the AIOSAP
module and a gate and delay generator used for interfacing to the NPL scaler cards.
Fortunately, the measurements used for deriving the final results were carried out at count
rates below 10° s, where the discrepancy amounts to about 2 %. To account for it, a variable
dead-time correction according to
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1
k, =
(1_ R-(l+p/p0)-’[)
was employed to calculate the dead-time correction factor k.

, p=dN/dt, p,=16x10"s" (8)
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Fig. 6 Monitor ratios for the 200 kPa counter as a function of the corrected count rate
measured at the NPL thermal pile. The dead-time correction was carried out using a non-
extendable dead-time of 7.2 us (cf. eq. (3) above).

4.5. Physikalisch-Technische Bundesanstalt (PTB)

The PTB used a thermal neutron beam at the research reactor FRG-1 of the GKSS
research centre in Geesthacht (Germany). The thermal neutron beam facility was installed at
the exit of a bent thermal neutron guide which made the beam virtually free of photons and
epithermal neutrons. The cadmium ratio for the activation of gold was about 3.3 x 10*. The
facility was equipped with a rotating beam chopper which enabled the relative spectral
fluence distribution to be measured using the time-of-flight (TOF) method and a °Li glass
scintillation detector. A He ionisation chamber was placed permanently in the beam and
served as a transmission monitor for the neutron rate J.

The neutron beam was defined by two quadratic apertures. The small aperture with an
area of less than 9 mm? was located close to the exit of the beam guide. The large aperture
was positioned in a distance of about 4.6 m from the small aperture and had an area of
100 mm?. The small aperture was varied in size to adjust the neutron rate and control the
dead-time corrections required for the transfer instruments. The large aperture was kept
constant during all measurements because its size influences the spectral distribution of the
neutrons. The spectral distribution was measured using the TOF method. It could be fitted
with a Maxwellian fluence distribution with kT =23 meV, but the experimental distribution
was used for the calculation of all correction factors.

The area of the neutron beam at the position of the transfer devices was 13 mm x 13 mm.
Due to the influence of the neutron guide, the spatial distribution of the neutron fluence was
inhomogeneous. Hence, the transfer instrument had to be scanned step-by-step over a larger
scanning area to simulate an homogeneous irradiation.

Prior to the measurements with the transfer instruments, the neutron rate J in the beam
was measured using the °Li Glass detector. This detector had a diameter of 76 mm to
accommodate the full neutron beam. The dead-time of the detector and the associated
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electronic modules amounted to (3.6 + 0.6) us. The energy-dependent efficiency & was
calculated according to

e=l-exp(-2317nm*- 1), A= __he (9)

J2Em c?

where 4, E and m, denote the wavelength, energy and mass of the neutron, respectively. For
the measured spectral distribution, the correction for the detection inefficiency of the °Li glass
detector amounted to 1.045 + 0.012, i.e. the detector was almost ‘black’.

Directly before the measurements carried out for the key comparison, the neutron number
per event in the 3He transmission monitor was measured using the °Li glass detector and the
activation of a gold foil. The activity of the gold foil was measured using the
4nB-y coincidence method. The ratio of measured neutron rate values Jau/Jiic was
1.001 + 0.029 which made the measurements using the °Li glass detector traceable to the
primary standard.

The measurement of the neutron rate with the °Li glass detector was used to determine the
calibration factor f=2386.5+ 7.8 of the *He transmission monitor. Using this calibration
factor, the neutron fluence was calculated from the number of monitor events and the
scanning area. In view of the large cadmium ratio no separate measurements with the transfer
instruments covered by the cadmium shields were carried out.

Corrections were applied for the deviation of the relative spectral distribution from the
Maxwellian reference distribution with kT = 25.3 meV (k;) and for dead-time losses (kz). As
mentioned above, the experimental spectral distribution was used to calculate k;. Thus, this
correction includes any contribution from epithermal neutrons. The correction k, was
calculated using an average of the dead-time corrections for the individual steps of the
scanning procedure.

The relative uncertainty of the correction factor Liyor for the detection inefficiency of the
®Li glass detector is 0.007, which is smaller than the uncertainty of the neutron rate ratio
JauldLic. From the data given in [BOEOQ4], the relative uncertainty of this ratio is calculated to
be about 0.022. Hence, it has to be concluded that the uncertainty of this ratio has to be added
quadratically to the relative uncertainties of all fluence response values R measured for the
transfer devices to make the calibration traceable to the *’Au(n,y) reference cross section.

5. Results
5.1. General remarks

The goal of a key comparison is to evaluate the performance of the participants by the
degree of equivalence (DOE), i.e. the deviation of their results from the key comparison
reference value (KCRV). In contrast to other comparison [CHEQ7] several transfer devices
are used in CCRI(I11)-K8. In this chapter the results obtained by the participants are reported
in detail. To arrive at a single final results for each participant and a single value for the
KCRV, the relative measured response values for the four combinations of detectors and
moderator were averaged for each participant. This procedure was already used in the key
comparison CCRI(111)-K1 of 24 keV neutron fluence measurements [THO10].

In key comparison usually the weighted mean is used to average results and to calculate
the KCRV. As outlined below, however, the results of the present key comparison show a
considerable spread. Procedures for the treatment of ‘outliers’ are available from the literature
[COXO07]. Nevertheless, in view of the small number of only four participants, it was not
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considered to be reasonable to discard two out of four results to formally obtain a largest
consistent subset (LCS) which can be used to calculate a KCRV.

Because smaller uncertainties were reported by the NMIJ than by the other participants,
the use the weighted mean would produce a bias towards the result with the smallest
uncertainty.

For each detector-moderator combination j (j = 1, 4), the arithmetic mean ﬁj and its
standard uncertainty u, (k = 1) was calculated from the results R;; of the n = 4 participants i
(i=1,n).

1
Rj:ﬁ- R, and ug = \/n(n 1)2( i —R; (10)

The uncertainties Uy, ~(k=1) of the deviations 6R;; =R;; —ﬁjwere calculated from the
uncertainties u;; of the results [RATOS5].

Ue,, = (1——)u +—ZuIJ (11)
The ‘quality’ of the data can be judged from a comparison of the experimental ;(2

n (R . —R.)?
zf=2—( . ) (12)

i=L Ui j

with (;(2)_1(n—1,0.05), i.e. the argument at which the ? distribution function for n-1 degrees
of freedom is equal to 0.95. For n = 4, (;(2)71(3,0.05) =7.81.

As usual for key comparisons, the deviations JR;; are reported together with the expanded
uncertainties U, =~ (k =2).

U&Ri,j - 2u5Ri‘j (13)

The relative response values x; ; =R, ;/R;and their uncertainties U, =U;/ R, were averaged

over all detector-moderator combination using the unweighted mean. This procedure accounts
for the fact, that the results for the different moderator-detector combinations have a
considerable degree of correlation. The mean relative response and its uncertainty (k = 1),

13 1g
X ==>x;andu, ==>u, , (14)
4 j=l i 4 j=]_ (]

is the final results for each participant i.

The KCRV is then defined as 1 cm?cm?. The deviation D; of participant i from the
KCRV and its expanded uncertainty (k = 2) is

D, =%-1and U, =2u, (15)



13/19

The degrees of equivalence (DOEs) D; =X —X;between participants i and j and their

expanded uncertainties (k = 2)
Up, =2,Juf +ug (16)

are reported as well.
5.2. Evaluation of the results

Tables 1.1 —1.4 contain the numerical results of the participants for the response R;; of the
transfer instruments at reference conditions together with the arithmetic means ﬁj, the

relative response values x;; and the experimental ;(jz for all four combinations of detectors

and the moderator sphere. The uncertainty indicated for FTJ. is the standard measurement
uncertainty (k = 1).

Table 1.1 Results for the E-Detector (20 kPa)

E-Detector (20 kPa): j=1

2 2 2
R;/em® | u,/em® | U /R |6R; fem Usg fem X j U,
CIAE 0.394 0.009 0.024 0.022 0.017 1.060 0.025
NMIJ 0.370 0.005 0.014 -0.001 0.013 0.997 0.014
NPL 0.347 0.010 0.029 -0.025 0.017 0.934 0.027
PTB 0.375 0.014 0.038 0.003 0.023 1.009 0.009
ﬁj 0.372 0.010 0.026
ZJZ 11.86
Table 1.2 Results for the G-Detector (200 kPa)
G-Detector (200 kPa): j =2
2 2 2
Ri‘jlcm Ui'jlcm ui'j/Ri'j 5Ri’j/Cm U5Ri1jlcm Xi,j uXi‘j
CIAE 3.260 0.078 0.024 0.176 0.139 1.057 0.025
NMIJ 3.070 0.055 0.018 -0.015 0.115 0.995 0.018
NPL 2.879 0.078 0.027 -0.206 0.139 0.933 0.025
PTB 3.129 0.115 0.037 0.045 0.183 1.014 0.037
ﬁj 3.085 0.079 0.026
ZJZ 12.19




Table 1.3 Results for the E-Detector (20 kPa) inside the PE moderator
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E-Detector (20 kPa) + 3" PE Sphere: j =3

2

2 2 2
R;/em?® | u,/em® | U /R |6R; fem Use fom Xi j Uy,
CIAE 0.262 0.007 0.025 0.035 0.011 1.155 0.029
NMIJ 0.224 0.005 0.021 -0.003 0.009 0.988 0.021
NPL 0.204 0.005 0.026 -0.023 0.010 0.900 0.024
PTB 0.217 0.008 0.035 -0.010 0.012 0.956 0.033
|§j 0.227 0.012 0.055
Z,Z 48.26
Table 1.4 Results for the G-Detector (200 kPa) inside the PE moderator
G-Detector (200 kPa) + 3" PE Sphere: j =4
2 2 2 2
Ri‘jlcm Ui'jlcm ui'j/Ri'j 5Ri’j/Cm U5Ri1jlcm Xi,j uXi‘j
CIAE 1.560 0.037 0.024 0.192 0.065 1.140 0.027
NMIJ 1.355 0.031 0.023 -0.013 0.058 0.990 0.023
NPL 1.236 0.033 0.027 -0.132 0.060 0.903 0.024
PTB 1.322 0.047 0.036 -0.046 0.077 0.966 0.035
ﬁj 1.368 0.069 0.050
ZJZ 43.43

Fig. 7 shows the relative deviations cSR”/E for all investigated combinations of

detectors and the moderator sphere. The error bars show the expanded relative uncertainties
Umjlﬁj (k= 2) while the dashed lines show the relative standard uncertainties uﬁ_lﬁj
i, ]

(k =1) of the arithmetic mean. The final combined results X, for all participants and their
uncertainties u, are shown in table 2. The deviations D; to the KCRV 1 cm?/cm?® and the
DOEs Dj; are indicated in table 3 and fig. 8.

CIAE
NMIJ
NPL
PTB

X u?
1.103 0.027
0.993 0.019
0.918 0.025
0.987 0.036

Table 2: Final combined results X; of the participants and standard uncertainties (k = Dug .
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Fig. 7 Deviations oR;; of the results from the arithmetic mean. The deviations and their
expanded uncertainties (k = 2) are normalised to the respective arithmetic means ﬁj for better
visibility only, i.e. the error bars do not include the uncertainties of the arithmetic means. The
dashed lines show the standard uncertainties (k = 1) of the arithmetic means ﬁj calculated
using eq. (10).

Table 3: Deviations D; and degrees of equivalence (DOE) Dj; between the different participants.
The expanded uncertainties (k = 2) are denoted by U; and Uj;, respectively.

Lab.j =>

Lab.i
JJ- CIAE NM1J NPL PTB

D | U Dy | Uy | by | Uy | oy |y | by |y
CIAE | 0.103 | 0.054 0.110 | 0.065 | 0.185 | 0.073 | 0.116 | 0.090
NMIJ | -0.007 | 0.038 | |-0.110 | 0.065 0.075 | 0.063 | 0.006 | 0.081
NPL | -0.082 | 0.050 | |-0.185| 0.073 | -0.075 | 0.063 -0.069 | 0.088
PTB | -0.013 | 0.072 | |-0.116 | 0.090 | -0.006 | 0.081 | 0.069 | 0.088
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Fig. 8 Deviations D; of the results from the KCRV 1cm’cm? and their expanded
uncertainties U;.

6. Discussion and Conclusions

In general, the results obtained by the PTB and the NMIJ agree reasonably well. As
demonstrated in fig. 7, the relative deviation of NPL results from the arithmetic means is
about -6.6 % and -9.8 % for the bare detectors and the detectors in the moderator,
respectively. These almost constant deviations suggest that the reason could be related to a
normalisation problem of the fluence measurement. On the other hand, the CIAE results for
the bare detectors show almost the same absolute deviation, but to the opposite side. For the
detectors in the moderator, the CIAE results are clearly deviating from the other results by
about 16 %. This suggests that there is a problem related to the correct determination of the
spectral distribution of the collimated neutron beam used to irradiate the transfer instruments.
However, the small number of results delivered in this key comparison makes all these
conclusions somewhat uncertain.

The fluence responses of the bare detectors and the detectors covered by the moderator
sphere were calculated using MCNPX [WIE12] based on the nominal *He pressures specified
by the manufacturer, i.e. 20 kPa for the E-detector and 200 kPa for the G-detector. These data
were communicated to the evaluator only after the measurements had been finished and the
reports filed at the BIPM.

Similar calculations were carried out for the 200 kPa A-detector used in the PTB Bonner
sphere spectrometer NEMUS, but for a ®He pressure of 220 kPa. For this pressure better
agreement was found between the measured and calculated fluence response of NEMUS over
the entire energy range from thermal to 20 MeV [WIE12]. The A-detector used in NEMUS
and the G-detector are similar in design and the control readings of the two detectors obtained
from the stability checks in the HANNA facility agreed within 0.5 %. Hence, it can be
concluded that the same improvement of the performance of NEMUS would also be obtained
for the G-detector used in the present comparison. Table 3 shows a comparison of the
calculated fluence response values Rn,om and Reo averaged over a Maxwellian reference

distribution with kT = 25.3 meV with the mean values R reported in tables 1.1 — 1.4.
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Table 3 Response for the spectral reference distribution with KT =253 meV. The
experimental results obtained for the G-detector in the present key comparison and the results
calculated using MCNPX for the nominal and the adjusted *He pressures are denoted by R ,
Rnom @nd Rey, respectively.

ﬁ lcm2 Rnom / sz Rcor / sz
E-det. 0.372£0.019 0.392 £ 0.010
G-det. 3.085 £ 0.158 3.013£0.151 3.108
E-det. + mod. 0.227 £ 0.025 0.252 £ 0.013
G-det. + mod. 1.368 + 0.137 1.291 £ 0.039 1.323

The sensitivity of the present key comparison to the spectral distribution can be
investigated further by calculating the ratio Rpae/Rmod OF the response at reference conditions
of the bare 200 kPa G-detector to that of the G-detector in the moderator sphere. In fig. 9 the
experimental values are compared with calculated data for spectral distributions with a
thermal component @y, with temperature KT and an epithermal sub-cadmium fluence ®gy;, cf.
eq. (6). The uncertainties indicated for the experimental values are approximate values
calculated from the budgets reported by the participants. They include the correlation between
the measured response values for the bare detector and the detector in the moderator sphere.
For an ‘ideal” measurement, i.e. with all corrections carried out correctly, the experimental
data should group around the line corresponding to @¢, =0 and the temperature
KT = 25.3 meV. The lines corresponding to ®¢, > 0 show the expected location of the data if
an undetected additional epithermal spectral contribution would have been present.

2.8 L | 1 L 1
26F > % 0.00 _
M~ 003 1
b 006 N _
g AP T M T
gE h ~ < > s
s§22}
o - N
* CIAE~ _ ~ <
L e P = < ~4
20} ™ Sy ey
18 [ " L L 1 i " L 1 " 1 " 1 i " L 1 " 1 "
20 22 24 26 28 30
KT/ meV

Fig. 9 Ratio of the response Ry, for the bare 200 kPa detector and the response Rpoq Of this
detector inside the moderator sphere. The solid and the dashed lines show the response ratios
calculated for a spectral distribution with a thermal fluence ®y, (temperature kT) and an
epithermal sub-cadmium fluence ®,;. The calculations were carried out for an effective *He
pressure of 220 kPa. The results of the key comparison (red circles) are slightly offset from
the reference temperature kT = 25.3 meV to make the error bars visible.

This analysis supports the conclusion made above. There is no evidence of problems with
the spectral distributions reported by the NPL and the PTB. Also the NMIJ result is almost
consistent with the expected value. The CIAE result, however, is clearly deviating and could
only be explained by a wrong determination of the temperature of the thermal part or by an
undetected epithermal contribution.
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The results obtained in this comparison highlight the need to control the spectral
distribution in thermal neutron beams. However, a reinvestigation of the problems
encountered in the present comparison is greatly hampered by the present unavailability of
two of the four participating facilities.
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Foreword

Key comparison for thermal neutron fluence measurements, organized by
the Section-III of the Consultative Committee for Ionizing Radiation
(CCRI), had been performed at China Institute of Atomic Energy (CIAE)
from June to August of 2007. A collimated thermal neutron beam is
available for calibrating the responses of the transfer instruments
provided by PTB as pilot laboratory. The thermal neutron field had been
characterized by means of the methods described in the report. For the
reason that the primary national standard for thermal neutron
measurements in China has not been established yet, no a documentation
of the traceability to primary national standard can be attached to the

report to submit to the organizer.



1 Basic facility

A thermal neutron field established at thermal column of a nuclear reactor
of 2MW was used to perform the comparison. A photograph of the
experimental hall is shown in Figure A.1. Neutrons are collimated by an
eduction tube to be a beam. A small collimator sometimes is inserted into
the eduction tube in order to limit the size of neutron beam spot or
neutron flux. The structure of the neutron eduction tube is sketched in
Figure B.1.

Because the neutron beam can not cover the sensitive area of the transfer
instrument, a scanning device shown in Figure A.2 was used to perform a
simulation from narrow beam radiation to broad radiation. Detectors can
be installed on the scanning device and be positioned precisely by a
theodolite, a gradienter and a distance gauge. A “He proportional counter
was used for monitoring the fluctuation of neutron fluence rate with time.
In addition, the environmental conditions in the experiment hall, such as
temperature, humidity and air pressure, can be measured by a
thermometer, a hygrometer and a barometer.

For a convenient narration in the following text, the relative experimental
coordinates are plotted in Figure C.1 and the irradiation conditions
corresponding to the measurements mentioned in the report are labeled as
two cases as follows: (1) “case 1” denotes that the small collimate is

inserted into the neutron eduction tube; (2) “case 2 denotes that the small



collimate is drawn out from the neutron eduction tube. A reference point
was set in the central line of the neutron beam and at a distance of S0mm
from the beam port. The responses of the transfer instruments were
calibrated at the reference point where the neutron fluence had been

determined.



2 Characterization of thermal neutron field

2.1 Neutron energy spectrum

Neutron energy spectrum of the thermal neutron field was determined
using the time-of-flight technique. A chopper, which is made of a piece of
Imm thick cadmium sandwiched by two pieces of 0.5mm thick stainless
steel, with two symmetrical slits of 2mm in width and 5Smm in length,
was used to obtain neutron pulses. The chopper could be driven by a
motor to be up to 3500 rotations per minute. The start signals of neutron
flight were produced by a photoelectric system and the stop signals by a
*He proportional counter. A schematic diagram of the measuring system
is shown in Figure D.1

The measurements for neutron energy spectrum were performed in “case
1” so that the edge of the chopper was able to shield the neutron beam.
Neutron flight time spectra were measured at two distances as 132.2cm
and 152.5cm. Consequently, the actual start time of neutron flight could
be calculated by the relationship between neutron flight time and neutron
flight distance to be 163.27us£5.35us. The channel width of MCA and
the linearity of TAC had been calibrated using a pulse generator to
generate the neutron start signals instead of the photoelectric system.
Figure 1 shows the measured neutron energy spectrum at the reference
point. Background spectra were subtracted from the measured spectrum,

and the corrections for the effect of air attenuation and the detection

4



efficiency of the *He counter, shown in Figure 2 and Figure 3, were

considered.
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Figure 1—Measured neutron energy spectrum and a Maxwellian fluence
distribution with the temperature parameter of KT=25.5meV
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2.2 Neutron fluence rate
The neutron fluence rate at the reference point was measured by the
activation of gold foils in “case 2”. Details of the used gold foils are

described in Table 1.

Table 1—Details of the gold foils used in the neutron fluence measurement

Number of Mass
gold foils | /mg Remarks

r 7907 The gold foil is 10mm in diameter and Sum in thickness, and was
used as a reference of the activity measurements.

” 151.19 The gold foil is 15mm in diameter and 40um in thickness, and was
used to measure the thermal neutron fluence.

34 6213 The gold foil is 14mm in diameter and 20um in thickness, and was
also used to measure the thermal neutron fluence.

44 8.05 The gold foil is 10mm in diameter and Sum in thickness, and was
used to check the effect of epithermal neutrons.

s 3175 The gold foil is 10mm in diameter and 20pum in thickness, and was
also used to check the effect of epithermal neutrons.

In order to obtain enough radioactive statistics, a “thick™ gold foil (2# or
3#) irradiated for about six hours at the reference point was used to
determine the neutron fluence. It is inevitable, however, that the “thick”
gold foil presents a lower emitting efficiency of [ rays that is of
disadvantage to the measurement of -y coincidence. And then a “thin”
gold foil (1#) irradiated for six seconds in the core of the reactor was used
as a reference of the activity measurements. In addition, the effect of the
epithermal neutrons with energy of several eV to the activation of 2# or
3# gold foil was checked by irradiating another “thick™ gold foil (5#)
covered with another “thin” gold foil (4#) on its surface toward the

neutron beam.



The activity of 1# gold foil was measured absolutely by a 4np-y

coincidence standard equipment. The spectra of y rays emitted from the

gold foils mentioned above, shown in Figure 4, were measured using a

well-type Nal spectrometer. Consequently, the activities of the gold foils

with the number 2#, 3#, 4#, and 5# could be determined by normalizing

the peak counts of 411keV vy rays emitted from each of them to those of

411keV v rays emitted from 1# gold foil.

The measured data and the results of the activities of the gold foils are

listed in Table 2 and Table 3.

counts of 7 rays

b#/1000
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Note: 1#,2#,3#,4#,5# denote the measured spectra of y rays emitted from 1#,2#,3#,4#,5# gold foils

respectively.

Figure 4—Spectra of y rays from the gold foils measured by the well-type Nal
spectrometer

Table 2—Data for the gold foils measured by the well-type Nal spectrometer

Number of Dates of Start time of Real time Live time | Net peak counts of
gold foils measurements | measurements /s /s 411keV v rays
1# 2007.08.28 9:53:18 1790.78 1500 13714671£5166
2# 2007.08.25 17:51:22 1500 1494.16 237498+629
3# 2007.08.26 20:11:42 1500 1496.86 97764+389
4# 2007.08.27 15:11:21 1500 1498.48 11905+134
S# 2007.08.27 15:45:42 1500 1497.82 47151+£269




Table 3—Results of the activities of the gold foils

. Net counts of 411keV y Relative activities . .
Number of | Normalized ] ) relative activities
. i rays corrected for at normalized time i )
gold foils | date and time . normalized to 1# gold foil
dead-time /Bq
1# 16373306 9167.504 1
2# 238426 80.21123 8.74952x107
2007.08.28 3
3# 9:53:18 97969 43.70665 4.76756x10
4# o 11917 6.51661 7.10838x10™
St 47220 25.98036 2.83396x107
. .. .. Activity
Date and time Activity Activity at ) i
Number of o ) . ) ) Dates and time at the time of
. of activity at measuring time | normalized time . o . o
gold foils of irradiation stop | irradiation stop
measurement /Bq /Bq
/Bq
2007.09.03
1# 3202.5 15692.56
14:11:48
2007.08.25 5
2# 2.73296x10
17:39:00
2007.08.26 5
3# 1.12163x10
20:06:00
2007.08.27 ,
44 1.36476x10
15:04:00
2007.08.27 .
St 5.44103x10
15:04:00

As a result, the thermal neutron fluence rate at the reference point can be

determined by Equation (1):

k kA

¢

= - —A(t~ty)
Ny =77

(D

here, k(p is the correction factor for the fluctuation of neutron fluence
rate during irradiation; k, is the correction factor for the losses of the
neutrons absorbed by gold foil; 4 is the activity of gold foil; N, is the
number of '""Au nuclei in gold foil; 0., is the spectrum-averaged
cross-section of the '*’Au(n,y) reaction”; A is the decay constant of '"*Au

nucleus; #, is the stop time of irradiation; ¢, is the start time of irradiation.

. 1 . _—
The spectrum-averaged cross-section of the '*’Au(n,y) reaction Oy CaAN



be calculated by Equation (2):

- jo ®(E)o,,.,(E)AE
Oy =

j: ®(E)dE @)

here, E is neutron energy; @(E) is the spectral neutron fluence in “case 2”;
Omy)(E) 1s the cross-sections of the 7 Au(n,y) reaction as a function of
neutron energy.

In Equation (1), the correction factors k, and k, can be calculated by

Equation (3) and Equation (4) respectively:

n
o C.eiﬂ,(tl—to)/n
B n(l —e A4 tO)/n) ; i

o eﬂ(tl—to) _1 ) n (3)

e

i=1

k

here, n is the recorded times of the counts of monitor during radiation; 4
is the decay constant of 98 Au nucleus; ¢ is the stop time of irradiation; ¢,
is the start time of irradiation; C; is the counts of monitor in i™ time

interval.

no,d

k=TT et @)

here, n; is the number density of '”’Au nuclei in gold foil; o, is the
spectrum-averaged neutron absorption cross-section of gold; d is the
thickness of gold foil.

The neutron fluence normalized a monitor count at the reference point is

listed in Table 4.



Table 4—Normalized neutron fluence at the reference point

Parameters 2# gold foil 3# gold foil
Activities of the gold foils /Bq 2.73296x10* | 1.12163x10°
Number of *’Au nuclei in the gold foils 4.62176x10% | 1.89923x10%
Spectrum-averaged Cross-section of the '’ Au(n,y) reaction /cm® 9.39324x107%
Decay constant of "**Au nucleus /s 2.97663x10° | 2.97663x10°
Irradiation time /s 21900 21660
Correction factor £, 0.9998 0.9999
Correction factor k; 1.0123 1.0058
neutron fluence rate /cm™-s™ 1.010x10° 1.013x10°
Monitor counts in irradiation time 5321391 5247337
Neutron fluence normalized to a monitor count /cm™ 4.155x107 4.180x107

By calculation, the fact that the specific activity of 5# gold foil is greater
of 1% than that of 4# gold foil, is opposite to the expected result that can
be resulted from the epithermal neutrons. The discrepancy between the
specific activities of 4# and 5# gold foils may arise from the statistic

deviations of the peak counts of 411keV vy rays.

2.3 Spatial distributions of neutron fluence
The spatial distributions of neutron fluence in the neutron beam, shown in
Figure 5, were measured by sweeping a >>°U fission chamber across the

neutron beam.

2.4 Ratio of cadmium
Ratio of cadmium of the thermal neutron field, be approximate 479, was
measured by irradiating a gold foil with and without a cadmium cover of

Imm in thickness in the neutron beam.
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3 Calibrations of responses of transfer instruments

The responses of the transfer instruments were calibrated in “case 1” in
order to obtain the appropriate count rates. Since the neutron beam can
not cover the sensitive area of the transfer instrument, a scanning
procedure was performed to simulate broad beam irradiation.

The discrimination threshold of the discriminator D1 had been checked
before the calibration. Each of the counters, in turn, was fixed on the
scanning device to perform a scanning procedure. The scanning step is
4mm for the bare counters and is 8mm for the counters with the
polythene moderator. Background neutrons were also measured by
moving the counters outside the neutron beam.

Due to very low count rate, the counters with the cadmium cover were
just operated by fixing their sensitive centers at the reference point rather
than by scanning them. The contribution of the neutrons above the
cadmium threshold was taken into account as a correction.

The pulse-height spectra of the transfer instruments are shown in Figure 6.
The data measured by the transfer instruments are listed in Table 5 and
are shown in Figure 7 by graphic representation. The original data

measured by the transfer instruments is given in a spreadsheet file.
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1 Pulse-height spectrum of the 200kPa *He counter
2 Pulse-height spectrum of the 20kPa*He counter
Figure 6—Pulse-height spectra of the transfer instruments
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1 Graph plotted with the data of the bare 200kPa *He counter

2 Graph plotted with the data of the bare 20kPa *He counter

3 Graph plotted with the data of the 200kPa *He counter with polythene moderator

4 Graph plotted with the data of the 20kPa *He counter with polythene moderator

Figure 7—Graphical representations of the data measured by the transfer
instruments



Table S—Data measured by the transfer instruments

Transfer instruments

Normalized total
counts of the detector
for the scanning

procedure ¥

Normalized counts

of the detector at the

b
reference point

Normalized counts of
the detector with the
cadmium cover at the

reference point

Bare 200kPa *He counter 428.27183 10.66916 8.2806x10™

Bare 20kPa *He counter 52.22266 1.49696 5.6602x107

200kPa “He counter with 3
45.42909 1.00564 3.4605x10

polythene moderator

20kPa *He counter with 4
7.61351 0.17491 5.0243x10

polythene moderator

a)

The normalized total counts, i.e. N, in Equation (6), were obtained by adding up the normalized
counts of the detector at each scanning point which had been corrected for dead time and had

subtracted background counts from.

b) The normalized counts, i.e. N

(00 and N, ((gg)) in Equation (15), were corrected for dead time and

subtracted background counts from.

In order to transfer the neutron fluence without the small collimator to

235 . .. .
U fission 1onization chamber, whose

that with the small collimator, a
structure is described in Annex E, was used for the purpose. Figure 8
shows the pulse-height spectra of the fission chamber with regard to the

two irradiation conditions. The data from the measurements of the fission

chamber are listed in Table 6.
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1 Pulse-height spectrum of the 2*U fission chamber in “case 2”
2 Pulse-height spectrum of the 2*U fission chamber in “case 1”

Figure 8—Pulse-height spectra of the 23U fission chamber
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235

Table 6—Data from the measurements of the “”°U fission ionization chamber

. o Counts of fission
o . Real time Live time Counts of
Irradiation conditions fragments above .
/s /s monitor
threshold
Without the small collimator 3000 2993.68 116669 745237
With the small collimator 20000 19969.74 20281 4864476

According to the comparison protocol, the response R, of the transfer
instrument, for a homogeneous unidirectional irradiation neutron field
with a Maxwellian fluence distribution characterized by the temperature
parameter kT=25.3meV, shall be determined. The response R, can be

given by Equation (5):

R, =Tk, - —KCONCD ) pg 5
ref - i (@/M¢) ( )

here, k; is correction factors, n>2 denotes the number of k; ; N is the
counts of the transfer instrument without cadmium cover; N9 is the
counts of the transfer instrument with cadmium cover; My is the counts of
monitor during the measurement of the transfer instrument without
cadmium cover; M (¥ is the counts of monitor during the measurement
of the transfer instrument with cadmium cover; £“Y is the correction
factor for the neutrons above the cadmium cut-off energy(0.68eV)
absorbed by the cadmium cover; @ is the measured neutron fluence
below the cadmium cut-off energy; M, is the counts of monitor during
the measurement of the neutron fluence.

Considering a scanning procedure to be performed and the effect of the

neutrons above the cadmium threshold as a correction, Equation (6) can

15




be simply written as:

=

R =]k - y 6)

i=l1

here, N, is the normalized total counts of the counter in a scanning

fot
procedure which had been corrected for dead time and had subtracted
background counts from; ¢ is the normalized neutron fluence of the
simulated broad beam radiation field below the cadmium cut-off energy
at the reference point.

For the scanning procedure that simulates narrow beam radiation into

broad beam radiation, ¢ can be given by Equation (7):

_ iy
$=- (7)

here, i is the number of scanning points; /; is the normalized neutron flux
below the cadmium cut-off energy at the reference point in “case 17; S is
the total scanning area, S =i-AxAy, Axis the scanning step in x
direction, Ay is the scanning step in y direction.

Then, /; can be determined with the fission chamber by Equation (8):

k .N,.F.S
[ =48 = LedVe L9, @
N, G(n,f),lMl

here, ¢, is the normalized neutron fluence below the cadmium cut-off
energy at the reference point in “case 17; §; is the cross-sectional area of
the neutron beam at the reference point in “case 17; k¢ is the correction

factors of the counts of fission fragments measured in “case 17°; N, is the



counts of fission fragments above discrimination threshold measured in
“case 17 and corrected for dead-time; F is a proportion factor of the
neutron fluence below cadmium cut-off energy to the total neutron
fluence in “case 17; N; is the number of 25U nuclei contained in the
uranium sample layer in the area of S;, N, =pS,d,» p is the number
density of U nuclei in the uranium sample layer, d; is the mean

thickness of the uranium sample layer covered by the neutron beam in

“case 17; O, 1s the spectrum-averaged cross-section of the 23 5U(n,f)
reaction in “case 1”; M, is the counts of monitor during the measurement
of fission chamber in “case 1.

Similarly, the normalized neutron flux below the cadmium cut-off energy
at the reference point in “case 2” I, can be determined with the fission
chamber by Equation (9):

B kye N, o F,S,
- 9
N,ou5.M, ®)

]2 - ¢2S2

here, ¢, is the normalized neutron fluence below the cadmium cut-off
energy at the reference point in “case 2”; S, is the area of the uranium
sample layer (in “case 2”, the uranium sample layer can be covered by the
neutron beam); k, ¢ is the correction factors of counts of fission fragments
measured in “case 2”; N,y is the counts of fission fragments above
discrimination threshold measured in “case 2” and corrected for

dead-time; F, is a proportion factor of the neutron fluence below



cadmium cut-off energy to the total neutron fluence in “case 2”; N, is the

number of *°U nuclei in the uranium sample layer, N, = pS,d,, p is the

number density of *°U nuclei in the uranium sample layer, d, is the mean
y ple lay

thickness of the uranium sample layer”; o, is the spectrum-averaged

235

cross-section of the “~°U(n,f) reaction in “case 2”; M, is the counts of

monitor during the measurement of fission chamber in “case 2”.
If the presuppositions, as (1) the neutron energy spectrum at the reference

235

point is hardly changed by the small collimator and (2) the ~"U sample

layer of the fission chamber presents a well uniformity, are tenable, i.e.,

Fi=F,, Oup1 =0un, and d;=d,, then the normalized neutron flux
below the cadmium cut-off energy at the reference in “case 1” point /;can
be obtained by dividing Equation (8) by Equation (9):

kig Ny M,
' 10
ky N, e M, (19)

]1 :¢2S2

The demonstrations for these presuppositions are described in Annex F.
Then, the response R, of the transfer instrument can be determined by

Equation (11):

n N AxAy & N AxAy k, N, M
Rref ZHki'H—:Hki' ” ) - - - (11)
i=1 11 i=1 ¢2S2 kl,le,fMZ

Where the correction factor k¢ or k, ¢ shall be a product of the correction
factors as follows: ( 1) the correction factor for the count losses of fission

fragments below discrimination threshold; (1ii) the correction factor for



the absorption of fission fragments by the **°

U sample layer and (iil) the
correction factor for the neutron scattering and absorption resulted from
the structure of the fission chamber. For the purpose of the fission
chamber used in the experiment, however, only the correction factor (1il)
1s necessary to be considered. The correction factors k¢ and k, were
calculated by the MCNP code.

Taking account of those measured results mentioned above and the
demonstration of the presupposition (1), in fact, it can be demonstrated
that the neutrons above the cadmium threshold in the thermal neutron
field are very few and can be ignored, i.c., F'|=F>=1.

The correction factor k; for the actual spectral distribution deviated from

a Maxwellian distribution with the temperature parameter £k7=25.3meV

was calculated by Equation (12) and Equation (13):

0

j (@D | D) r(E)dE

k=2
cd (12)
j (@, /| D)r(E)dE
0
OyF'E E . (_pur dE
= e -
and, o~ Gp) T (13)

here, (P /®"") is the normalized spectral fluence of a Maxwellian
distribution with the temperature parameter k<7=25.3meV; (@, /D) is the
actual normalized spectral fluence; »(E) is the relative response of the

transfer instrument.



The dead-time correction factor &, had been considered by Equation (14)

in the data processing:

k, = (14)
here, n is the count rate of the transfer instrument; 7 is the dead-time of
the transfer instrument, 7=(7.2+0.9)us.

In addition, the term of Equation (5) for the effect of the neutrons above
cadmium cut-off energy is considered as a correction factor k; that is
calculated by Equation (15):

ky =1=Nio / N (15)
here, N, is the normalized counts of the counter with the cadmium
cover when its sensitive center is positioned at the reference point; N,
is the normalized counts of the counter without the cadmium cover in the
same situation.
The data and results of the responses of the transfer instruments are listed

in Table 7 (see next page).
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Table 7—Data and results of the responses of the transfer instruments

Parameters ® and values
1) S
: 2 ) ki ko g N, ¢ N,; M, M,
Transfer 5 /em
. /ecm
instruments D)
4.167x10 1.7671 | 1.0673 | 1.0499 | 20312 | 116915 | 4864476 | 745237
A.X'Ay Rref
Neo k k
ol fem? ! ’ / em?
Bare 200kPa
3 428.27183 0.16 0.9476 0.9999 3.26
He counter
Bare 20kPa
3 52.22266 0.16 0.9387 1.0000 0.394
He counter
200kPa “He
counter with
45.42909 0.64 1.0728 0.9966 1.56
polythene
moderator
20kPa “He
counter with
7.61351 0.64 1.0726 0.9971 0.262
polythene
moderator

a) Symbols corresponding to these parameters are indicated in the Equations from (8) to (15).
b) The result is the mean value of the normalized neutron fluence measured respectively by 2# and 3#

gold foils.
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4 Evaluation of uncertainties for calibrations of responses of

transfer instruments

4.1 Mathematical model
The mathematical model for the response of the transfer instrument can

be established as follows:

Rref = ﬁkz ’ NtOtAXAy ) kZ’fN2>fM1

i=1 $.S, kN M, (16)
k k At
and ¢, = — D (17)
5 NAuG(n,y)(l_e (4 o))M@

here, ¢ is the irradiation time of the gold foil (2# or 3#); M, is the
counts of monitor during the irradiation of the gold foil (2# or 3#); the
meanings of other symbols is the same as that in Equation (1) and

Equation (11).

4.2 Origins of uncertainties
The origins of the uncertainties for the calibration of the response of the

transfer instrument are described as follows:

235

(a) Uncertainty due to the unevenness of the “°U sample layer.

(b) Uncertainty of the activity of the “thick™ gold foil (2# or 3#).
(¢) Uncertainty of the spectrum-averaged cross-section of the '’ Au(n,y)

reaction.

235

(d) Uncertainty of the area of the ~"U sample layer.

22



(e) Uncertainty of the normalized total counts of the transfer instrument.
(f) Uncertainty of the normalized counts of fission fragments.

(g) Uncertainty due to the correction factors.

(h) Others described as follows:

Values of the integral quantities, such as the spectrum-averaged
cross-sections of the >°U(n,f) and "’ Au(n,y) '**Au reactions, were found
to present a tiny difference (< 0.1%) for the change of the neutron energy
spectrum owing to the use of the small collimator. In addition, the
uncertainty due to the discrepancy of the position of detectors was
assessed to be approximately 0.07%, taking into account the result of the
spatial distribution of neutron fluence in z direction.

4.3 Evaluated results of uncertainties

The evaluated results of the uncertainties for the calibrations of responses
of the transfer instruments are given in Table 8 (see next page). The

details are described in Annex G.
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Table 8 Evaluated results of uncertainties for the calibrations of the responses of

the transfer instruments

Relative uncertainties

1%
o 2 3 3 Type of
Origins of 200kPa "He 20kPa "He .
.. . ) evaluation
uncertainties Bare 200kPa | Bare 20kPa | counter with | counter with thod
methods
He counter | *He counter polythene polythene
moderator moderator
Uncertainty due to the
unevenness of the
235 1.8 1.8 1.8 1.8 A
U sample layer of
the fission chamber
Uncertainty of the
activity of the gold 0.50 0.50 0.50 0.50 B
foils (2# or 3#)
Uncertainty of the
spectrum-averaged
) 0.44 0.44 0.44 0.44 B
cross section of the
17 Au(n,y) reaction
Uncertainty of the
area of the U 0.16 0.16 0.16 0.16 B
sample layer
Uncertainty of the
normalized total
0.84 0.85 0.85 0.90 A
counts of the transfer
instrument
Uncertainty of the
normalized counts of 0.78 0.78 0.78 0.78 A
fission fragments
Uncertainty due to the
] 0.85 0.85 0.85 0.85 B
correction factors
Relative
Combined standard 24 2.4 24 2.5
uncertainties /%
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Annex A

Basic facility

S
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neutron
collector

Figure A.1—Experimental hall

scanning

device

Fig. A.2—Scanning device
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Annex B

Neutron eduction tube of thermal column

dimensions in millimeters
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Figure B.1—Schematic diagrams of the neutron eduction tube of thermal column
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Annex C

Graphical representation of relative experimental
coordinates
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Figure C.1—schematic diagram of the relative experimental coordinates
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Annex D

Measuring system for thermal neutron energy spectrum

dimensions in millimeters
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*He proportional counter with a shield of polythene mixed with boron
*He proportional counter used as monitor

Photoelectric system
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Obverse view of the chopper

Figure D.1—Schematic diagram of the measuring system for thermal neutron
energy spectrum
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Annex E

Description of structure of **°U fission ionization chamber

The *°U fission ionization chamber is a parallel-plate type of chamber
with an outer-wall of brass. The outer-diameter of the lateral wall is
70mm and the inner-diameter is 67mm. The thickness of the bottom wall
is 0.6mm. A collector of 0.5mm thick brass and a backing of 0.35mm
thick stainless steel with a uranium sample layer are fixed in the chamber
by a ring of 0.5mm thick aluminum and three braces. The uranium
sample layer contains natural uranium of 330.6ug with 90.09%

235U, The brace is assembled with a bar of teflon covered

abundance of
with some sleeves of teflon and those of brass. These sleeves can either
insulate the collector from the wall of the fission chamber or connect the
backing with the outer-wall. The distance of collector-to-backing can be
adjusted conveniently by using the sleeves with different lengths. A

23U fission ionization chamber is shown in

schematic diagram of the
Figure E.1.
While the fission chamber is used, a mixture of argon gas of 90% and

methane of 10% flows through the chamber and the collector is biased

with a positive voltage.
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Figure E.1—Schematic diagram of the *°U fission ionization chamber
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Annex F

Demonstration of presuppositions

F.1 Influence of the small collimator on the neutron energy spectrum
In order to check the influence of the small collimator on the neutron
energy spectrum, the MCNP code was used for a calculation. Due to a
relative calculation, the initial source was described as the measured
neutron energy spectrum. The neutron spectral fluence at the reference
point was tallied while the small collimator is in the neutron eduction
tube. The result is shown in Figure F.1.
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Key
1 Solid line corresponds to the initial neutron energy spectrum; Dots correspond to the calculated
neutron energy spectrum

2 The ratios of the calculated spectral neutron fluence to the initial spectral neutron fluence

Figure F.1—Results calculated with the MCNP code for checking the influence of
the small collimator on the neutron energy spectrum

F.2 Uniformity of the **U sample layer

235

The uniformity of the “"U sample layer was measured with a 2n
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multi-wire proportional chamber. The **°

U sample layer was covered with

an aluminum foil with a hole of 4mm in diameter. By altering the position

of the hole over the >

be obtained. The data are listed in Table F.1.

U sample layer, a group of a particle counts could

Table F.1—Result of the measurement of the uniformity of the **U sample layer

Number of | Measuring time . Mean counts of a particles
L o particle counts o
positions /s at each position
1 300 13331 13584 13358 134243
2 300 13919 13994 13905 13939.3
3 300 14348 14401 14233 14327.3
4 300 13828 13942 13864 13878.0
5 300 13875 13847 13825 13849.0
6 300 13889 13897 13732 13839.3
7 300 13941 14077 13821 13946.3
8 300 13615 13754 13542 13637.0
9 300 13669 13563 13651 13627.7
10 300 13796 13616 13624 13678.7
Value averaged over the mean counts of a particles at each position 13814.7(1+0.018)
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Annex G

Evaluation of uncertainties for calibration of response of
transfer instrument

235

(a) Uncertainty due to the unevenness of the ““U sample layer

235

The uncertainty u; due to the unevenness of the ~°U sample layer can be

calculated by Equation (G.1) according to the data listed in Table F.1:

W -NY
t, =N/ Ny =— = — (G.1)

o

here, N, is the mean counts of a particles at each position of the 2y
sample layer; N, is the value averaged over the mean counts of a

particles at each position of the *°

U sample layer.
(b)Uncertainty of the activity of the “thick” gold foil
The uncertainty u, of the activity of the “thick” gold foil (2# or 3#) is
mainly derived from the relative deviation S(Ny) of the peak counts of
411keV v rays emitted by the “thick” gold foil (the relative deviation of
the peak counts of 411keV vy rays emitted by the “thin” gold foil can be
ignored) and the uncertainty u(4,) of activity of the “thin” gold foil
(1#). u, 1s calculated by Equation (G.2):

U, =[S (N,) +u’(4,) (G2)

here, S(NV,) can be obtained from the data in Table 2; u(4,) is equal

to 0.3% given by the laboratory of activity measurements at CIAE.

(c¢) Uncertainty of the spectrum-averaged cross-section of the
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197Au(n,y) reaction

The uncertainty u3 of the spectrum-averaged cross-section of the
7 Au(n,y) reaction is resulted from the energy resolution of the measured
neutron energy spectrum and the evaluated uncertainty of the
cross-section of the '”’Au(n,y) reaction from the ENDF/B-VIl database.
The uncertainty u; is evaluated as follows:

1) The resolving energy AE; at each energy of the measured neutron
energy spectrum can be calculated by Equation (G.3):

AE, =0.028E(At/ L) (G.3)
here, E, is neutron energy (eV); At is the resolving time (us) of the
measuring system which includes the components as follows: a) the
component produced by the width of the slit of the chopper (48.5us), b)
the resolving time of electronics system (~6us) and c¢) the component
resulted from the error of the actual time of the neutron start signals
(5.35us).

Then, Af can be calculated to be equal to 49.16us; L is the distance of
neutron flight (m), L = 1.3223m.

2) The cross-sections o, .. (£;) and o, .. (E;) of the 7 Au(n,y)
reaction corresponding to the energies (£, —AE;) and (E; +AE;) can
be obtained by interpolating the cross-section data from the ENDF/B-VII
database. Thus the standard deviation $(o,,,(E;)) of the cross-section

of the "Au(n,y) reaction at the energy £; can be determined by
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Equation (G4), taking into account the evaluated uncertainty u(oy,,)

of the cross-section of the '*’Au(n,y) reaction:

(0., (E,)) = Zozmes EX L 100 );ﬁ’u,ﬂ,mm (EXI-uton,)

Where u(o, ) isequal to 0.14%.
Consequently, the relative uncertainty u; is calculated by Equation (G.5)

which is deduced from Equation (2):

Uy = ;\/ S8 (&, ~E) 5o, (E) (G5)

Tuy Vit P

here, O0,,, 1s the spectrum-averaged cross-section of the 7 Au(n,y)
reaction; PD(E,)/D is the normalized spectral neutron fluence;
(E,,, —E;) is the energy intervals of the measured neutron energy
spectrum.

(d)Uncertainty of the area of the **°U sample layer

The uncertainty u, of the area of the >

U sample layer is derived from the
limits of the permissible error of the vernier caliper which was used to
measure the diameter of the U sample-made pattern. The relative

uncertainty u,4 can be calculated by Equation (G.6), taking into account an

even distribution:
ZAV
ﬁ d (G.6)

here, 4y is the limits of the permissible error of the vernier caliper,

u, =2s(d)/d =

Ay, =+0.02mm; d is the diameter of the **° Usample layer, d=15mm.
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(e) Uncertainty of the normalized total counts of the transfer
instrument

The uncertainty us of the normalized total counts of the transfer

instrument is derived from the relative statistical deviation of the total

counts of the transfer instrument and the relative statistical deviation of

the counts of monitor at each scanning point. Hence, the relative

uncertainty us can be calculated by Equation (G.7):

| 1
TN T (G.7)

tot N

here, N t'ot is the total counts of the transfer instrument; M . is the
counts of monitor at each scanning point.

(f) Uncertainty of the normalized counts of fission fragments

The uncertainty us of the normalized counts of fission fragments is
derived from the relative statistical deviations of the counts of fission
fragments and the relative statistical deviations of the counts of monitor
in the two irradiation conditions. The relative uncertainties u can be

calculated by Equation (G.8):

N
6 — ' ' G.8
N, Ny, M, M, (G8)

here, N ¢ 1s the counts of fission fragments above discrimination

1

threshold in “case 17; N 2, 1s the counts of fission fragments above

discrimination threshold in “case 2”; M, is the counts of monitor during
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the measurement of the fission chamber in “case 17; M, is the counts of
monitor during the measurement of the fission chamber in “case 2”.

(g) Uncertainty due to the correction factors

The uncertainty u; due to the correction factors in Equation (16) and
Equation (17) is attributed to the uncertainties of k¢ and k. The
contributions of other correction factors can be ignored. The uncertainties
of ki s and k¢ can be resulted from the various aspects of the calculations
performed with the MCNP program, such as the degree to which the
initial conditions simulate the actual irradiation geometry, the
uncertainties in nuclear cross-sections, the statistical uncertainties, etc.,
however, the overall uncertainty of &, ¢ or k, may be estimated to be not
greater than 10%. Therefore, the uncertainties due to the correction
factors k; s and k, ¢ can be obtained to be approximately 0.68% and 0.50%
respectively, considering the magnitude of the correction factors. And
then the relative uncertainty ucan be calculated by Equation (G.9) to be

approximately 0.85%.

uy = \Ju? (k) +u? (kyy) (G.9)
here, u(k,;) is the relative uncertainty of the correction factor kg
u(k,;) is the relative uncertainty of the correction factor k.
Conclusively, the standard uncertainty u(R. ;) of the response of the

transfer instrument is combined with the uncertainties analyzed above:

2 2 2 2 2 2 2
u(R ;) :\/ul +uy fuy Fuy Ful Fug ug (G.10)
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Report on measurements at the National Metrology Institute of Japan
for the CCRI(III)-K8 key comparison

1. Introduction

The National Metrology Institute of Japan (NMIJ) is the first participant of the
CCRI(ID-K8 key comparison for thermal neutron fluence measurements.
Measurements were made with transfer instruments in a standard thermal neutron

field from November to December 2006. The results are summarized in this report.

2. Calibration facility and characterization methods of the neutron field

The facility has a graphite pile which is a rectangular prism, 230 cm wide, 190 cm deep
and 190 cm high, consisting of graphite blocks stacked on a base iron board on a
concrete floor. It has a vertical guide hole from the top to the center for mounting
radioactive neutron sources. The neutrons from the sources are moderated and
thermalized inside the graphite pile. A standard thermal neutron field was
established by placing a 148 GBq Am-Be source at the center of the graphite pile [1].

The graphite pile also contains structures for embedding small samples such as
activation foils in addition to several guide holes for inserting small neutron detectors.
Some of the graphite blocks can be withdrawn to increase the internal space. Bulky
neutron detectors such as neutron survey meters are normally positioned outside the
pile.

The thermal neutron fluence rate is determined by gold activation using the cadmium
difference method. Normally, gold foils with diameters of 20 mm, placed in aluminum
or cadmium covers with thicknesses of 1 mm, are used. The induced activity in the
irradiated gold foil is determined by counting gamma rays (412 keV) using a well-type
NalI(T1) scintillation detector with a crystal 12.7 cm in diameter and 12.7 cm in length
and a well 2.8 cm in diameter and 5.1 cm in depth.

The detection efficiency & of the Nal detector is calibrated using irradiated gold foils
for which the induced activity has been determined by absolute measurements using
413-y coincidence counting equipment [2] to count beta rays (maximum energy of 960
keV) and gamma rays (412 keV) [3]. The 41—y equipment is fully simulated with the
EGS5 code [4] to correct for overcounting in the beta detectors due mainly to internal
conversion electrons and gamma rays.

Neutron transport in the graphite pile is simulated using the MCNPX code [5] to

obtain the coefficient used to convert the measured saturated activity to the thermal
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neutron fluence rate. In the simulation, the Am-Be source generates neutrons with the
energy distribution recommended by the International Organization for
Standardization (ISO) [6]. The MCNPX calculation also yields the spectral neutron

fluence, which is provided to customers when requested.

3. Spectral neutron fluence rate, total neutron fluence rate and traceability to primary

national standards

A graphite block was removed from the pile to allow transfer instruments to be
irradiated at a distance of 90 cm from the source as shown in Figure 1. All transfer
instruments were positioned so that the centers of their SP9 counters exactly coincided.

Two gold foils were prepared, 25 pm thick and 20 mm in diameter, in 1-mm-thick
aluminum and cadmium cases, respectively, and were irradiated separately at the same
position as the center of the SP9 counter. After irradiation, the foils were removed
from their cases and set in the well-type Nal detector to determine the count rate for
gamma rays under the saturated condition. The difference in the saturated count rate
between the aluminum and cadmium cases yielded the net saturated count rate C due
to activation by only those neutrons with energies below 0.68 eV. The net saturated
count rate C was converted to the net saturated activity 0 using the detection
efficiency & of the well-type Nal detector. This was converted using the coefficient 77
obtained by the MCNPX calculation to the net neutron fluence rate ¢’ below 0.68 eV

originally present in the void space corresponding to the gold foil under irradiation.

/

190 cm Am-Be source

VM

%' Transfer instrument

Figure 1: Irradiation setup for transfer instruments in the graphite pile.
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"9 was found to be 1.25x103 cm2st. It should

The net original neutron fluence rate ¢,

be noted that the effective neutron field that neutron detectors actually sense can differ
slightly from that shown here, since the presence of the detector itself can disturb the
surrounding field.

Figure 2 shows the spectral neutron fluence rate originally present in the void space
calculated using the MCNPX code. For neutron spectral fluence distributions in the
thermal and slowing down regions, the formula,

E E A
@E) = @ (k-l—)z exp[_ﬁj T E

has been widely used where T, @, @ and A respectively represent the neutron

temperature, the thermal neutron fluence rate, the nonthermal neutron fluence rate per
unit lethargy and the joining function [7]. The neutron spectral fluence distribution
shown in Figure 2 was fitted using this formula with T =304 K (KT =26.2 meV), ¢=
1.25%x103 cm2s! and @ =2.16 cm2s’L.

The primary standard instrument of the thermal neutron fluence rate standard at
NMIdJ is the 4m3-y coincidence counting equipment, which is used for absolute
measurement of the induced activity in gold foils irradiated in the standard thermal
neutron field. This equipment also acts as the primary standard instrument of the

radioactivity standard at NMIJ.

— local
—— Maxwellian

109K

106k

Specral fluence [cm2s' eVV!]

b Bl I Bl Bl Iy Bl By I Bb B By Bb B |
_ _ E
ol oved voomd vovmd vooed sood voved vomd svud voed oued voued vved iued

10k

v vl .....iﬁmnml PRI ERTTI . RTT MWt MARTT
LA A4

—
P
9

3

Neutron Energy [eV]

Figure 2: Spectral neutron fluence rate originally present at the
measurement location in the local neutron field calculated with the MCNPX
code. A Maxwellian spectral distribution with a temperature parameter of

25.3 meV is also shown for comparison.
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4. Measurements carried out with the transfer instruments

Each transfer instrument was connected to the AIOSAP module and operated as

directed in the protocol.

multichannel analyzer (AMPTEK MCAS8000A) and processed to obtain pulse-height
spectra. The pulse-height spectra of the transfer instruments are shown for 20 kPa in
Figure 3 and for 200 kPa in Figure 4. Each figure includes a vertical line at 15 % and
50 % of the pulse height of the main peak.

Counts per bin [a.u.]

Figure 3: Pulse-height spectra of the transfer instruments with a nominal 3He

10

pressure of 20 kPa.

Counts per bin [a.u.]

Figure 4: Pulse-height spectra of the transfer instruments with a nominal 3He

10

pressure of 200 kPa.

The unipolar signals from the AIOSAP module were fed to a
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succeeds in discriminating events induced by photons or electronic noise from those
caused by the 3He(n,p)H reaction for the transfer instruments without cadmium
shielding but fails for those with cadmium shielding. It was therefore decided not to
use the output pulses from the discriminator D1 and instead to take the summation of
counts above the 15 % threshold in the pulse-height spectra to obtain the reading N°
for the case without cadmium shielding. To obtain the value NS for the case with
cadmium shielding, counts above 50 % were summed and then multiplied by the ratio of
the no-shielding count above 15 % to that above 50 %. The multichannel analyzer
provides the real time and the live time during data acquisition. In this analysis, the
former was regarded as the reading of the neutron fluence monitor. Dead time losses

were considered by using the live time to convert the counts into the count rates.

5. Evaluation of the response of the transfer instruments

The response R, was first determined for each transfer instrument without
cadmium shielding for neutrons with energies below 0.68 eV at the measurement
position, which was defined by the ratio between N and ¢f|' where ¢ represents
the net effective neutron fluence rate sensed by the transfer instrument below 0.68 eV
and N is the net count rate of the transfer instrument under the irradiation of qa?,“ .

Transfer instruments were embedded in the MCNPX calculations based on the
configuration shown in reference [8]. The 3He pressures in the SP9 counter were
adjusted so that the calculations and the measurements agreed with regard to the ratio
of the count rate of the transfer instruments to the saturated activity in the gold foil.
The difference between the actual cadmium cut off and the present nominal threshold
energy of 0.68 eV was taken into account in addition to the attenuation of neutrons with
energies above 0.68 eV in the cadmium shield, and the total count rate for each transfer
instrument with cadmium shielding was converted into the net count rate for the
transfer instrument without cadmium shielding due to neutrons above 0.68 eV, which
was subsequently subtracted from the total count rate of the transfer instrument
without cadmium shielding to obtain n.

The net original neutron fluence rate for each transfer instrument differed slightly
from that for the gold foil since an intensity gradient was present in the fluence
distribution of the local neutron field. Since transfer instruments absorbed neutrons,
local dips were formed in the neutron field. We converted ¢ into qa?,“ by taking
into account all of these factors in the MCNPX calculation.

Finally we converted R into the response R corresponding to the reference

condition specified in the protocol, in which neutrons are irradiated homogeneously and
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Table 1: Summary of the values of R, with standard uncertainties with a

coverage factor of 1 obtained for all transfer instruments.

Detector R [em?] Uncertainty [%]
20 kPa, bare 0.3703 1.4
200 kPa, bare 3.070 1.8
20 kPa, covered 0.2242 2.1
200 kPa, covered 1.355 2.3

unidirectionally with a Maxwellian spectral distribution and a temperature parameter
KT = 25.3 meV. The local neutron field was almost omnidirectional with a spectral
distribution (see Figure 2) only slightly different from the reference condition and this
was taken into account in the MCNPX calculation in the conversion process. Table 1
summarizes the values of R and their standard uncertainties with a coverage factor

of 1 obtained for all transfer instruments.

6. Evaluation of the uncertainty budgets

The uncertainty budgets of R, R, N, ¢ are summarized for the 20 kPa and
200 kPa bare counters in Appendices 2 and 3 respectively and for the 20 kPa and 200
kPa counters covered with a polyethylene sphere in Appendices 4 and 5 respectively.
The uncertainty budgets of ¢, 0, C and £ are summarized in Appendix 6. All
uncertainties are specified as standard uncertainties with a coverage factor of 1. The

symbols used in the uncertainty budgets are listed in the nomenclature in Appendix 1.
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Appendix 1: Nomenclature of the symbols used in uncertainty budgets.

I:ief = kspec kdir I:gocal (1)

Rocal :% (2)
|
N VBN VSR VRV VSN o
L L
#F = famee feff/org fra e (4)
A =np (5)
p== ®)
£
¢ = XoscoXonaXoce X _ XameeXesXowsXesoeXonaXoooXe ©° ()
X 2As‘:,Na| X g,NaI
£ = €5€snaChal (1+ K) ®)
€5 ampy A
Quantity Unit Definition
R \ Response of each transfer instrument without cadmium
o e shielding under the reference condition.
Conversion factor for the difference in the spectral distribution
kSpec - between the local and reference conditions.
K, ) Conversion factor for the difference in the irradiating direction
between the local and reference conditions.
Response of each transfer instrument without cadmium
Rocal cm? shielding under the irradiation below 0.68 eV in the local
neutron field.
Count rate of each transfer instrument without cadmium
n g1 shielding under the irradiation below 0.68 eV in the local
neutron field.
Effective neutron fluence rate sensed by each transfer
& cm2s! | instrument without cadmium shielding below 0.68 eV in the

local neutron field.
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Dead time correction factor for each transfer instrument

Vor . . g
without cadmium shielding.
Vg Correction factor for deviation in positioning each transfer
instrument without cadmium shielding in the graphite pile.
Correction factor for deviation in setting the region of interest
v,é’o' above the 15 % threshold in the pulse-height spectrum of each
transfer instrument without cadmium shielding.
Reading of each transfer instrument without cadmium
N° shielding obtained by summing the counts above the 15 %
threshold in the pulse-height spectra.
0 Real time of measurement with each transfer instrument
tk without cadmium shielding.
cd Dead time correction factor for each transfer instrument with
Vor cadmium shielding.
V,S,iBe Decay correction factor for the Am-Be source.
V;:bi Correction factor for the attenuation of neutrons above 0.68 eV
in the cadmium shield.
Correction factor for the difference between the actual
Vé:_ 28 cadmium cut off and the present nominal threshold energy 0.68
eV.
y gd Correction factor for deviation in positioning each transfer
instrument with cadmium shielding in the graphite pile.
Correction factor for deviation in setting the region of interest
VF?S, above the 50 % threshold in the pulse-height spectrum of each
transfer instrument with cadmium shielding.
Ratio of the fraction between above the 15 % and 50 %
Vfgjso thresholds in the pulse-height spectrum of each transfer
instrument without cadmium shielding.
Reading of each transfer instrument with cadmium shielding
N obtained by summing the counts above the 50 % threshold in
the pulse-height spectra.
cd Real time of measurement with each transfer instrument with
R cadmium shielding.
f amge Decay correction factor for the Am-Be source.
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Conversion factor between the original and effective neutron

fluence rate below 0.68 eV in the local neutron field for each

femorg - transfer instrument without cadmium shielding allowing for
the dip in the fluence distribution formed by the absorption.
Conversion factor of the original neutron fluence rate below

fo ) 0.68 eV in the local neutron field for the gold foil to that for

each transfer instrument without cadmium shielding allowing

for the intensity gradient in the fluence distribution.

cm2gl

Original neutron fluence rate below 0.68 eV in the local

neutron field for the gold foil.

cm2

Original neutron fluence rate below 0.68 eV for the gold foil
required to induce unit saturated activity in the gold foil in the

local neutron field.

Saturated activity in the gold foil induced by neutrons below

0.68 eV in the local neutron field.

Count rate of the well-type Nal detector for the saturated
activity in the 25 pm gold foil irradiated in the aluminum case

with neutrons below 0.68 eV in the local neutron field.

Detection efficiency of the well-type Nal detector for the
induced activity in the 25 pm gold foil.

Al
XZS,GP

Correction factor for the induced activity in the gold foil
irradiated in the aluminum case in the local neutron field
allowing for the deviation of the actual gold foil thickness from

25 pm.

Al
XoNal

Correction factor for deviation in positioning the gold foil in the

well-type Nal detector after irradiation in the aluminum case.

Al
XJ,GP

Correction factor for deviation in positioning the gold foil in the

aluminum case in the graphite pile.

Al

Xe

Conversion factor of the count rate of the well-type Nal
detector for the activity in the gold foil irradiated in the
aluminum case expected at the end of irradiation into the

saturated value.

Al

g1

Count rate of the well-type Nal detector for the activity in the
gold foil irradiated in the aluminum case in the local neutron

field expected at the end of irradiation.
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Al
X25,Nal

Correction factor for the detection efficiency of the well-type
Nal detector allowing for the deviation of the actual thickness

of the gold foil irradiated in the aluminum case from 25 pm.

Cd
X AmBe

Decay correction factor for the Am-Be source.

Cd
X abs

Correction factor for the attenuation of neutrons above 0.68 eV

in the cadmium case.

cd
Xoes

Correction factor for the difference between the actual
cadmium cut off and the present nominal threshold energy 0.68
eV.

Cd
XZS,GP

Correction factor for the induced activity in the gold foil
irradiated in the cadmium case in the local neutron field
allowing for the deviation of the actual gold foil thickness from

25 pm.

cd
XsNal

Correction factor for deviation in positioning the gold foil in the

well-type Nal detector after irradiation in the cadmium case.

cd
Xs.cp

Correction factor for deviation in positioning the gold foil in the

cadmium case in the graphite pile.

Cd

XOO

Conversion factor of the count rate of the well-type Nal
detector for the activity in the gold foil irradiated in the
cadmium case expected at the end of irradiation into the

saturated value.

Cd

Count rate of the well-type Nal detector for the activity in the
gold foil irradiated in the cadmium case in the local neutron

field expected at the end of irradiation.

Cd
X25,Nal

Correction factor for the detection efficiency of the well-type
Nal detector allowing for the deviation of the actual thickness

of the gold foil irradiated in the cadmium case from 25 pm.

©s

Correction factor for the detection efficiency of the well-type
Nal detector allowing for the deviation of the actual thickness

of the reference gold foil from 25 pum.

eJ,Nal

Correction factor for deviation in positioning the reference gold

foil in the well-type Nal detector.

CNaI

S'l

Count rate of the well-type Nal detector for the activity in the

reference gold foil expected at the end of irradiation.

Correction factor for overcounting in the beta detectors of the
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41—y coincidence counting equipment mainly ascribed to

internal conversion electrons and gamma rays.

Correction factor for deviation in positioning the reference gold

Cs.4ary - . . . .
foil in the 4T3-y coincidence counting equipment.
Apparent activity in the reference gold foil measured with the
A s1 413~y coincidence counting equipment expected at the end of

irradiation.
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Appendix 2: Uncertainty budgets for the 20 kPa bare counter.

I:ief = kspec kdir I:iocal

Quantity | Unit Xi u(xy) ci ui(y) ui(y)/ly
kspec 1.0155 0.0007 3.647E-01 2.461E-04 0.07 %
Kyir 1.0311 0.0062 3.592E-01 2.235E-03 0.60 %
Rocal cm? 0.35368 0.00446 1.047E+00 | 4.670E-03 1.26 %
Re cm? 0.37034 0.00518 1.40 %

n

Rocal = 7
Quantity | Unit Xi u(xi) ci ui(y) ui(y)/y
n sl 440.13 2.40 8.036E-04 1.925E-03 0.54 %
{Uﬁﬁ cm2g'l 1244.4 14.2 2.842E-04 4.023E-03 1.14 %
Rocal cm? 0.35368 0.00446 1.26 %
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= VSTVgtlf)gOI N® _ V§?foqseVfb‘ch?ét’il:fs:dVé:&st?so N
R R
Quantity | Unit Xi u(xi) ci ui(y) ui(y)/ly
Vo 1.0047 0.0007 | 4.384E+02 | 2.896E-01 | 0.07%
I/g 1.0000 0.0050 4.404E+02 | 2.202E+00 0.50 %
Vo, 1.0000 0.0006 | 4.404E+02 | 2.643E-01 | 0.06 %
N° 264260 514 1.667E-03 8.568E-01 0.19%
tg s 602.80 0.01 7.306E-01 7.306E-03 0.00 %
= 1.0001 0.0000 | 3.025E-01 | 1.329E-07 | 0.00 %
v 1.0000 0.0000 | 3.025E-01 | 1.537E-10 | 0.00 %
V;st 1.0626 0.0188 2.847E-01 5.343E-03 0.00 %
Ve 0.7959 0.0612 | 3.800E-01 | 2.326E-02 | 0.01%
ng 1.0000 0.0050 3.025E-01 1.512E-03 0.00 %
= 1.0000 0.0006 | 3.025E-01 | 1.815E-04 | 0.00 %
Ve 1.2210 0.0100 | 2.477E-01 | 2.477E-03 | 0.00 %
N 10545 103 2.868E-05 2.946E-03 0.00 %
t,gd s 36002.52 0.01 8.402E-06 8.402E-08 0.00 %
n sl 440.13 2.40 0.54 %
#F = famee feff/org fra e
Quantity | Unit Xi u(xi) ci uiy) ui(y)ly
fAmge 1.0040 0.0000 1.239E+03 | 6.324E-07 0.00 %
fef-f/org 0.9850 0.0045 1.263E+03 | 5.692E+00 0.46 %
frua 1.0035 0.0010 1.240E+03 | 1.292E+00 0.10 %
/o cmZgl 1254.0 13.0 9.924E-01 | 1.290E+01 1.04 %
T e 14.2 1.14 %
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Appendix 3: Uncertainty budgets for the 200 kPa bare counter.

I:ief = kspec kdir I:iocal

Quantity | Unit Xi u(xy) ci ui(y) ui(y)/ly
kspec 1.0137 0.0014 3.028E+00 | 4.278E-03 0.14 %
Kyir 1.0326 0.0065 2.973E+00 1.941E-02 0.63 %
Rocal cm? 2.9325 0.0503 1.047E+00 | 5.270E-02 1.72 %
Re cm? 3.0697 0.0563 1.83 %
n
Rocal = P

Quantity | Unit Xi u(xi) ci ui(y) ui(y)/y
n sl 3567.6 26.0 8.220E-04 | 2.133E-02 0.73 %
{Uﬁﬁ cm2g'l 1216.6 18.9 2.410E-03 4.560E-02 1.56 %
Rocal cm? 2.9325 0.0503 1.72 %
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= VSTVgtlf)gOI N® _ VS?V/i?qseVfb‘chfét’ilgngé:&st?so N
R R
Quantity | Unit Xi u(xi) ci ui(y) ui(y)/ly
Vo 1.0415 0.0054 | 3.426E+03 | 1.834E+01| 0.51%
Vg 1.0000 0.0050 3.5668E+03 | 1.784E+01 0.50 %
Vo, 1.0000 0.0003 | 3.568E+03 | 1.070E+00 | 0.03 %
N° 713615 845 5.000E-03 | 4.224E+00 0.12 %
tg S 208.29 0.01 1.713E+01 | 1.713E-01 0.00 %
= 1.0001 0.0000 | 4.365E-01 | 1.918E-07 | 0.00 %
pel 1.0000 0.0000 | 4.366E-01 | 2.219E-10 | 0.00 %
V;:bds 1.0618 0.0185 4.112E-01 7.623E-03 0.00 %
Ve 0.8073 0.0578 | 5.407E-01 | 3.125E-02 | 0.00 %
ng 1.0000 0.0050 4.366E-01 2.183E-03 0.00 %
= 1.0000 0.0003 | 4.366E-01 | 1.310E-04 | 0.00 %
Ve 1.2170 0.0100 | 3.587E-01 | 3.587E-03 | 0.00 %
N 10545 103 4.140E-05 4.251E-03 0.00 %
t,gd s 25202.00 0.01 1.732E-05 1.732E-07 0.00 %
n sl 3567.6 26.0 0.73 %
#F = famee feff/org fra e
Quantity | Unit Xi u(xi) ci uiy) ui(y)ly
fAmge 1.0040 0.0000 1.212E+03 | 6.183E-07 0.00 %
qug 0.9629 0.0111 1.263E+03 | 1.405E+01 1.15%
frua 1.0035 0.0010 1.212E+03 | 1.263E+00 0.10 %
/o cm2s1 1254.0 13.0 9.702E-01 | 1.261E+01 | 1.04 %
B e 18.9 1.56 %
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Appendix 4: Uncertainty budgets for the 20 kPa counter covered with the polyethylene

sphere.
I:ief = kspec kdir I:iocal
Quantity | Unit Xi u(xy) ci ui(y) ui(y)/ly
kspec 0.9889 0.0077 2.267E-01 1.737E-03 0.77 %
kdir 1.0169 0.0102 2.205E-01 2.242E-03 1.00 %
Roca“ cm?2 0.22296 0.00381 1.006E+00 3.829E-03 1.71 %
Ref cm?2 0.22420 0.00477 2.13 %
n
I:iocal = E

Quantity | Unit Xi u(xi) Ci ui(y) ui(y)ly
n gl 270.18 1.48 8.252E-04 1.217E-03 0.55 %
(U?F cm2gl 1211.8 19.6 1.840E-04 3.608E-03 1.62 %
Roca| cm? 0.22296 0.00381 1.71 %
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= VSTVgtlf)gOI N® _ V§?foqseVfb‘ch?ét’il:fs:dVé:&st?so N
R R
Quantity | Unit Xi u(xi) Ci ui(y) ui(y)ly
Vo 1.0029 0.0004 | 2.745E+02 | 1.134E-01 | 0.04%
I/g 1.0000 0.0050 2.753E+02 | 1.377E+00 0.51 %
Vo, 1.0000 0.0006 | 2.753E+02 | 1.652E-01 | 0.06 %
N° 330382 575 8.333E-04 4.790E-01 0.18%
tg S 1203.51 0.01 2.288E-01 2.288E-03 0.00 %
= 1.0001 0.0000 | 5.137E+00 | 2.257E-06 | 0.00 %
v 1.0000 0.0000 | 5.138E+00 | 2.611E-09 | 0.00 %
ved 1.0354 0.0106 | 4.962E+00 | 5.267E-02 | 0.02%
Ve 0.9532 0.0140 | 5.390E+00 | 7.572E-02 | 0.03 %
ng 1.0000 0.0050 5.138E+00 | 2.569E-02 0.01 %
= 1.0000 0.0006 | 5.138E+00 | 3.083E-03 | 0.00 %
Ve 1.2190 0.0100 | 4.215E+00 | 4.215E-02 | 0.02 %
N 107618 328 4.774E-05 1.566E-02 0.01 %
t,gd s 25202.35 0.01 2.039E-04 2.039E-06 0.00 %
n sl 270.18 1.48 0.55 %
#F = famee feff/org fra e
Quantity | Unit Xi u(xi) ci uiy) ui(y)ly
fAmge 1.0040 0.0000 1.207E+03 | 6.159E-07 0.00 %
nng 0.9603 0.0119 1.262E+03 | 1.504E+01 1.24 %
frua 1.0023 0.0007 1.209E+03 | 8.369E-01 0.07 %
/o cmZgl 1254.0 13.0 9.664E-01 | 1.256E+01 1.04 %
Hoems s 19.6 1.62 %
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Appendix 5: Uncertainty budgets for the 200 kPa counter covered with the polyethylene

sphere.
I:ief = kspec kdir I:iocal
Quantity | Unit Xi u(xy) ci ui(y) ui(y)/ly
kspec 0.9896 0.0077 1.369E+00 1.049E-02 0.77 %
kdir 1.0153 0.0102 1.334E+00 1.355E-02 1.00 %
Rocal cm?2 1.3481 0.0253 1.005E+00 2.543E-02 1.88 %
Ret cm?2 1.3546 0.0307 2.26 %
n
I:iocal = E

Quantity | Unit Xi u(xi) ci uiy) ui(y)/y
n gl 1622.7 9.4 8.308E-04 7.812E-03 0.58 %
(U?F cm2gl 1203.7 21.5 1.120E-03 2.407E-02 1.79 %
Rocal cm? 1.3481 0.0253 1.88 %
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= VSTVgtlf)gOI N® _ V§?foqseVfb‘ch?ét’il:fs:dVé:&st?so N
R R
Quantity | Unit Xi u(xi) Ci ui(y) ui(y)ly
Vo 1.0190 0.0025 | 1.625E+03 | 4.034E+00 | 0.25 %
I/g 1.0000 0.0050 1.655E+03 | 8.277E+00 0.51 %
Vo, 1.0000 0.0004 | 1.655E+03 | 6.622E-01 | 0.04 %
N° 993257 997 1.667E-03 | 1.661E+00 0.10 %
tg S 611.41 0.01 2.708E+00 | 2.708E-02 0.00 %
= 1.0004 | 0.0000 | 3.271E+01 | 1.336E-03 | 0.00%
v 1.0000 0.0000 | 3.272E+01 | 0.000E+00 | 0.00 %
ved 1.0353 0.0106 | 3.160E+01 | 3.348E-01 | 0.02%
Ve 0.9551 0.0135 | 3.426E+01 | 4.612E-01 | 0.03%
ng 1.0000 0.0050 3.272E+01 | 1.636E-01 0.01 %
= 1.0000 0.0004 | 3.272E+01 | 1.309E-02 | 0.00 %
Ve 1.2150 0.0100 | 2.693E+01 | 2.693E-01 | 0.02%
N 163394 404 2.002E-04 8.094E-02 0.00 %
t,gd s 6002.31 0.01 5.451E-03 5.451E-05 0.00 %
n sl 1622.7 9.4 0.58 %
#F = famee feff/org fra e
Quantity | Unit Xi u(xi) ci ui(y) ui(y)ly
fAmge 1.0040 0.0000 1.199E+03 | 6.117E-07 0.00 %
nng 0.9538 0.0139 1.262E+03 | 1.748E+01 1.45 %
frua 1.0023 0.0007 1.201E+03 | 8.313E-01 0.07 %
/o cmZgl 1254.0 13.0 9.599E-01 | 1.247E+01 1.04 %
T e 21.5 1.79 %
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Appendix 6: Uncertainty budgets in fluence determination.

e =1P
Quantity | Unit Xi u(xi) ci ui(y) ui(y)ly
n cm2 25.952 0.139 4.832E+01 | 6.719E+00 0.54 %
P g1 48.318 0.429 2.595E+01 | 1.112E+01 0.89 %

cm2gl
@ 1254.0 13.0 1.04 %
P :E
Quantity | Unit Xi u(xy) ci ui(y) ui(y)/ly
C sl 29.420 0.183 1.642E+00 3.003E-01 0.62 %
& 0.6089 0.0039 7.935E+01 3.058E-01 0.63 %
S'l

P 48.318 0.429 0.89 %
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¢ = XescoXonaXocoXe'C" _ XomaoXabeXosaXos oo XanaXscoXe C
X25Nal X25.Nal

Quantity | Unit Xi u(xi) Ci ui(y) ui(y)ly
X2 1.0135 0.0027 | 2.938E+01 | 7.936E-02 | 0.27 %
)(QINN 1.0000 0.0020 2.977E+01 5.955E-02 0.20 %
X 1.0000 0.0050 | 2.977E+01 | 1.489E-01 | 0.51%
X" 1.8594 0.0000 | 1.601E+01 | 6.374E-05 | 0.00 %
cM sl 15.809 0.018 1.883E+00 | 3.454E-02 0.12 %
X 1.0006 0.0001 | 2.976E+01 | 3.487E-03 | 0.01%
X 1.0000 0.0000 | -3.544E-01 | 1.801E-10 | 0.00 %
X 1.0232 0.0046 | -3.463E-01 | 1.609E-03 | 0.01%
XS 0.9886 0.0023 | -3.585E-01 | 8.166E-04 | 0.00 %
X3 1.0163 0.0033 | -3.487E-01 | 1.137E-03 | 0.00 %
Xg’?\]m 1.0000 0.0020 -3.544E-01 | 7.087E-04 0.00 %
)(g,(jep 1.0000 0.0050 -3.5644E-01 | 1.772E-03 0.01 %
)(Sd 1.5561 0.0000 -2.277E-01 1.001E-06 0.00 %
ccd sl 0.2217 0.0093 -1.598E+00 | 1.481E-02 0.05 %
X 1.0009 0.0002 | -3.540E-01 | 6.526E-05 | 0.00 %

c g1
29.420 0.183 0.62 %

£ = €5E5naCnal (1+ K)
%Aw#\

Quantity | Unit Xj u(x) Ci uiy) ui(y)ly
€ 0.9989 0.0002 6.096E-01 1.383E-04 0.02 %
€ Nal 1.0000 0.0020 6.089E-01 1.218E-03 0.20 %
Qual sl 367.60 0.54 1.656E-03 8.887E-04 0.15%
K 0.0372 0.0056 5.871E-01 3.276E-03 0.54 %
€5,4mpy 1.0000 0.0020 6.089E-01 1.218E-03 0.20 %
A sl 625.47 0.61 9.735E-04 5.906E-04 0.10 %
& 0.6089 0.0039 0.63 %
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Abstract

The results of NPL’s experiments as part of the CCRI key comparison, K8, of thermal
neutron fluence measurements are presented. Two detectors were provided for the
comparison, and measurements were performed for both detectors, with and without the
polyethylene moderating sphere provided. These measurements were performed with the

detectors orientated both parallel and perpendicular to the neutron beam from the column of
the NPL thermal pile.



NPL Report IR 29

© Crown copyright 2013
Reproduced with the permission of the Controller of HMSO
and Queen's Printer for Scotland

ISSN 1754-2952

National Physical Laboratory
Hampton Road, Teddington, Middlesex, TW11 OLW

This report details the results of NPL’s participation in a CCRI key comparison of thermal

neutron fluence production and measurement. A restricted report was originally produced,

printed as NPL REPORT AIR(RES)024, and was sent to the evaluator. The results of the

comparison have now been made public so this report has been re designated as IR 29 and
published as a NOT RESTRICTED report.

Approved on behalf of the Managing Director, NPL by Bajram Zeqiri,
Knowledge Leader, Acoustics & Ionising Radiation Team,

il



NPL Report IR 29

Contents

Section Page
I IEEOAUCTION ...ttt sttt ettt et e st e e e saeeenee 1
2 The NPL thermal neutron facility .........cccecuererieniiniiieniereeeteeeee s 4
2.1 History and CONSIIUCTION ........eiiiieiiieiiieiie ettt et eebe et e s 4
2.2 IMIONIEOTIIIE ..ttt ettt ettt et s ettt e s et et e s et e e bt e sabeenbeesabeenbeesneas 5
2.3 Spectrum of the thermal column field ..........ccccooeiiiniiiiiiie, 6
3 MEASUTEIMENLS ..eueeiiuiieiiiiiieeite ettt ettt ettt ettt e bt et esat e et esateebeesaneebeesateenbeesaneenne 7
A ADALYSIS. ettt ettt et e s h e et e ht e et e sate e b e e saeas 10
4.1 Initial processing of the data............cccvveeiiiiiiiiice e 10
4.2 MONItOr SEADIIIEY....eiiiiiiiiieeie ettt et et eneees 10
4.3 The SP9 counter dead-time when using the AIOSAP electronics..........cccceeeuveennee. 12
4.4  Data at demand levels 0f 0.3 OF LOWET .......cocueviiriiiiiiiiiirieieeeee e 15
4.5 Background in the SPO COUNLETS .......ccccuiieiiiiieiiiecieeee e e 16
4.6 Calibration of the MONILOTS ......cc.eeiiiiiiiiiieiieeeet e 17
4.7 Measurements for the various configurations............cceeeeereeeeeeriveesieeesiee e 18
4.7.1 200 kPa SP9, parallel to the beam, no polyethylene moderator sphere........... 20
4.7.2 200 kPa SP9, perpendicular to the beam, no polyethylene moderator sphere.20
4.7.3 SP9 20 kPa parallel to the beam no polyethylene moderator sphere............... 21
4.7.4 SP9 20 kPa perpendicular to the beam no polyethylene moderator sphere.....21
4.7.5 SP9 200 kPa parallel to the beam with polyethylene moderator sphere.......... 22
4.7.6 SP9 200 kPa perpendicular to the beam with polyethylene moderator sphere 23
4.7.7 SP9 20 kPa parallel to the beam with polyethylene moderator sphere............ 23
4.7.8 SP9 20 kPa perpendicular to the beam with polyethylene moderator sphere..24
4.8 Summary of the analysis........ccceiiiiiiiiiiiee e 24
S RESUILS ..ttt et st e e b e snaeeneens 25
5.1 Correction for the results in a Maxwellian distribution with k7' =25.3 meV .......... 25
5.2 FINALTESUILS ...eotiiiiiiieie ettt s 27
53 UNCETEAINEICS ...ttt ettt ettt et e st e et e st e e bt e sateesbeesnbeeseesneeenneans 29
0 CONCIUSIONS ..ttt ettt ettt ettt et ettt et e sat e et esaee et eesabeenbeesabeenbeesaseenseesnneenseans 30
APPENAIX Az PTOtOCOL ...ooiiiiiiiiiieeieeee ettt ettt e be e e e e et e easeeaeeennas 33
Appendix B: Printout of Westcott fluence analysis..........ccoeeeeriienieniiienieniieieeieeee e, 46

il



NPL Report IR 29

Figures Page
Figure 1. Side-on schematic view of the NPL thermal pile.........ccccccoveviiiiiiiieciiiecie e, 4
Figure 2. Arrangement of the two beryllium targets and the tantalum plate. ..............ccceeenneen. 5

Figure 3. Mounting arrangements for the SP9 counters. Upper picture: SP9 counter bare
and parallel to the neutron beam, lower picture SP9 counter in moderator and
inside cadmium sleeve mounted perpendicular to the neutron beam. ..................... 8

Figure 4. Ratios of monitor readings as a function of demand level for all the
measurements performed. The dotted horizontal lines indicate mean values
for these ratios over the range of demand values from 0.5 to 10.........c..ccceeeueeeee. 11

Figure 5. Variation of the ratio M/D with time from the first measurement......................... 12

Figure 6. Variation of the counts, N, per unit monitor reading, M¢c, My or D, as a
function of demand for the 200 kPa SP9 counter mounted vertically free in
air. The three sets of data are all normalised to unity for the measurement at a

demand Of 1.0......ooiiiiiiiii e 13
Figure 7. As for Figure 6 but with a variable dead-time.............ccceoeeviniieniniiniiniciccnes 14
Figure 8. Variation of 200 kPa SP9 counts per unit demand with demand level ................... 16

Figure 9. Comparison of the NPL sub-cadmium fluence spectrum with a room-
temperature Maxwellian peak. Also illustrated are the response functions
used to calculate the correction factors k;. Note that the response functions
have been normalised to unity at 25.3 MeV......ccccecviiviiiiiiiiecieece e 27

v



Tables

Table 1.

Table 2.

Table 3.

Table 4.
Table 5.
Table 6.

Table 7.
Table 8.
Table 9.
Table 10.

Table 11.
Table 12.

Table 13.

Table 14.

Table 15.

Table 16.

Table 17.

NPL Report IR 29

Page
Demand levels used for the various measurements with the AIOSAP
ClECLTOMICS ...ttt ettt ettt et e et e b e s et e e bt e sabeenbeesabe e beesabeenbee e 9
Ratio of results for SP9 counts, N, per unit monitor, M, for measurements at a
demand of 0.3 to the corresponding results for a demand greater than 0.3. .......... 15
Values for the fluence rates during the monitor calibration and the fluence per
unit monitor for the three MONItOrs.........ceeviiiiiiiiiiiiiieeee e 17
Earlier FCc calibrations with gold foils at a reference height of 1.6 m................... 18
Results for 200 kPa SP9, parallel to the beam, no polyethylene moderator............. 20
Results for 200 kPa SP9, perpendicular to the beam, no polyethylene
TNOAETATOT. 1.ttt ettt et e b e et e bt e et e e bt e eabeebeesateenbeesanas 21
Results for 20 kPa SP9, parallel to the beam, no polyethylene moderator............... 21

Results for 20 kPa SP9, perpendicular to the beam, no polyethylene moderator.....22
Results for 200 kPa SP9, parallel to the beam, with polyethylene moderator.......... 22

Results for 200 kPa SP9, perpendicular to the beam, with polyethylene
INOAETALOT. ...ttt ettt b et e b e sae e bt et e sb et et e saeebesanesbeenneas 23
Results for 20 kPa SP9, parallel to the beam, with polyethylene moderator........... 23

Results for 20 kPa SP9, perpendicular to the beam, with polyethylene
INOAETALOT. ...eitiiiiiieieet ettt ettt ettt e ae st sb et et s et eaee bt enneas 24

Factors k; used to correct measured responses to those expected in a pure
room-temperature Maxwellian distribution ...........ccceeeevieeiiieeeciee e 26

Final results for the responses of the SP9 counters in the eight different
configurations measured. The uncertainties are explained in section 5.3.............. 28

Ratios of count rates, Rxpr values, for irradiation perpendicular to the beam to
those for irradiation parallel to the beam. ............cccoeeevieriiiiiiiniieicieeeee e 28

The ratio of a bare SP9 detector response to that of the corresponding counter
in the polyethylene moderating sphere for the responses, Rxpr, as determined
in the NPL thermal column fleld. ..........oooiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaaees 29

Uncertainty components and combined uncertainties. Note all quoted values

are standard uncertainties (o =1) providing a confidence level of
aApProxXimately 67% (A=1). wooeiiieieeiieeeee e 31






NPL Report IR 29

1 INTRODUCTION

This report details the NPL contribution to CCRI key comparison, K8, of thermal neutron
calibration capabilities. There is no standard technique that is used by national metrology
institutes (NMIs) for producing thermal neutron calibration fields. They can be reactor-based
systems, or can be based on a neutron source, or sources, in a moderating assembly. The
neutron source can be either a radionuclide source, or on accelerator-driven one. Probably
because of the diversity of the facilities, this is the first CCRI thermal neutron comparison to
have been organised.

The comparison involved circulating two SP9 spherical *He proportional counters as thermal
neutron detectors — see the protocol at Appendix A. These have response functions which
decrease with a roughly 1/v dependence on energy over the thermal region, where v is the
neutron velocity. They differed in gas pressure and hence sensitivity; one, serial no. 8§8916-
104, contained 200 kPa of the gas and the other, serial no. 9313-111, only 20 kPa. This
allowed measurements to be made over a wide range of different neutron fluence rates, up to
roughly 10° cm™ s™', although this range does not extend to the fluences typically found in, or
close to, the core of a reactor. In addition a 7.62 cm (3") diameter polyethylene moderating
sphere was made available. Either of the SP9 counters could be positioned at the centre of
this sphere to provide a neutron detector with a very different response function for thermal
neutrons, in fact one that increases with energy over the thermal region. The motivation for
using of this combination of instruments was to obtain information on the neutron spectra at
the various participating laboratories. Basically, the ratio of the responses of the bare and
moderated instruments gives an indication of the mean energy of the thermal distribution.

The detectors were circulated to the participating labs together with a set of battery-operated
electronics and the protocol. This explained how to use the equipment, and also detailed the
quantity to be reported. This quantity is simply the response of the devices in terms of counts
per unit fluence; however, the results need to be corrected to the response which would be
obtained in a particular thermal neutron distribution. This approach was necessary so that
results from the various laboratories with different thermal neutron fields could be compared.

Thermal neutron fluences are commonly measured using thin activation foils. These are
usually irradiated both bare and under a thermal neutron absorbing cadmium cover to derive
information about the ratio of the neutron fluence rate above and below the cadmium cut-off
energy, which is about 0.5 eV for 1 mm of cadmium. This is the approach adopted at NPL
and the foils used are 0.05 mm thick gold. Without detailed information about the thermal
neutron spectrum, obtained for example using a mechanical chopper device, the interpretation
of activation measurements involves making various assumptions about the spectrometric and
directional characteristics of the field.

Thermal fluences derived from activation measurements are normally quoted using the
convention of Westcott er al."). This assumes that the neutron spectrum can be described in
terms of a thermal Maxwellian peak and a 1/E slowing down component, and the approach is
applicable when using foils of materials such as gold which have a cross section which
essentially varies inversely as the neutron velocity, i.e. “obeys the 1/v law”. The directional
characteristics need to be known to derive some of the parameters used in the analysis with
this convention. Fluence distributions tend to be either isotropic or approximate to beam
geometry. For the present measurements the thermal neutron field was essentially a beam.
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In the Westcott convention, the quantity derived is the product of a neutron density, n, and a
particular velocity, v, =2200 ms". This is a measure of the fluence rate, although not a
precise one because the velocity v, is not the correct average velocity of the neutrons. The
reason for using the Westcott approach is that the exact spectrum in most thermal neutron
fields is not known, but the use of this convention allows measurements, e.g. of cross
sections, to be compared without confusion.

When foil irradiations are performed with and without a cadmium cover a number of
different Westcott fluence rates can be derived. In order to determine true fluence rates
information is needed on the average velocity of the neutrons, and for this a value is required
for the effective temperature, 7, of the Maxwellian distribution. (The peak energy of the
Maxwellian distribution is at k7, where & is the Boltzmann constant.) With this information
the true fluence rates can be derived. Information on the estimation of the temperature of the
NPL thermal column field is given in section 2.3. (The Maxwellian temperature is in fact
required even to derive nv, but the result is not very sensitive to the exact value of 7.)

In activation foil measurements the thermal fluence rates are derived from the saturated
activity induced in the foils, The expressions relating the saturated activity of the bare foil,
Dy, and of the cadmium covered foil, Dy(Cd), to the Westcott fluence rates can be found in
various references™¥, and are given below for the most commonly used fluence rates.

- _ 1 (D,-Dy(Cd).F) R )
e No,g (R-1)

1 (D, -D,(Cd).F)

thy=n,v, =—- 2
W) =y, = o @)
4r
e Y
&y (11 E) =n,,,vy = nv, —ny, v, “4)
¢ (L/E)y=n'",,v,=n,v,—n,V, (5)
Where:
Dy is the total fluence rate in the Westcott convention,
G; is the thermal neutron self-shielding factor, (it depends on the directional
characteristics of the field),
N number of gold atoms per mg of foil,
o) cross section for 2200 m s™ neutrons,
F is a correction factor for attenuation of epi-cadmium neutrons in cadmium,
g is a measure of the departure of the cross section from a 1/v dependence in

the Maxwellian region (it has a slight dependence on the Maxwellian
temperature 7),
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R 1s the cadmium ratio for an ideal 1/v detector, which can be derived from
the cadmium ratio, R., = D,/ D,(Cd), measured for the activation foil,

@, (th) is the sub-cadmium-cut-off fluence rate, sometimes called simply the
thermal fluence, in the Westcott convention,

Ny, is the neutron density in the sub-cadmium-cut-off region,

@, (M) is the Maxwellian fluence rate in the Westcott convention,

Ay is the neutron density in the Maxwellian distribution,

r is a measure of the relative intensity of the epithermal component,
(expressions for 7 can be found in references 2 and 3),

Y7 defines the lower limit, £ 4, of the 1/E component, E,=ukT,

¢,(1/E) 1s the total 1/E neutron fluence rate in the Westcott convention,

n e is the total neutron density in the 1/E distribution,

¢',(1/E) 1s the 1/E neutron fluence rate, in the Westcott convention, in the region
between £, and the cadmium cut-off energy E,, and

n'y is the neutron density in the 1/E distribution in the region between E,

and the cadmium cut-off energy £, .

If the value for the effective temperature, 7, of the Maxwellian is known, a value for, v,,, the
mean velocity for the Maxwellian distribution can be derived®™:

. 1/2
Yu _| AT (6)
Vo 1,

T is 293.6 K, i.e. the temperature corresponding to the velocity v, .

where:

The 1/E component is assumed to extend from some lower energy limit £, up to the

maximum energy in the spectrum. The average velocity v, can be calculated from:

‘_}I/E — ln(Emax /EA) (7)
W 2B B -E,! ]
where:
Eox is the maximum energy of the 1/E component.

If E,u is set to the cadmium cut-off energy, E,, the value derived for v,,,/v,, indicated
here by v',,, /v, , is for the 1/E fluence below this energy, i.e. in the thermal region. Thus v

is available for both components of the fluence below this energy, and the true sub-cadmium-
cut-off fluence rate ¢(¢h) can be derived from:

el !
\% \%
— 5 — by ' =5 _ M 1 1/E
P(th) =n, v, =n, v, +n', V', =n,v,- N LRV N (8)
0 0
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If the SP9 detectors for the comparison exercise are irradiated in the thermal column field
both bare and with a cadmium cover, and the thermal neutron count rate is determined by
subtracting the under cadmium counts from the bare counts, then the fluence which produced
these counts is given by eq. (8) .

2 THE NPL THERMAL NEUTRON FACILITY

2.1 History and construction

Thermal neutron fluence standards have been available at NPL since the facility, commonly
known as the thermal pile, was set up in the late 1960s by Ryves and Paul®. The pile consists
of a large graphite block within which fast neutrons are produced by bombarding two beryllium
targets, located on either side of a central irradiation cavity, with deuterons from the NPL
3.5MV Van de Graaff accelerator. The graphite moderates these neutrons producing a well
thermalized field at the bottom of the cavity. Figure 1 shows a schematic view of the pile.

SP9 detector

The AIOSAP \ ‘

module e 1.6 m
< reference
\ i position
o I
O% 88

Thermal

column
Graphite . Central | " A/
moderator irradiation : : Wax
block cavity \‘. I shielding
! |
I i
\ | |
! i
X i i
I ] i
' | !
1 ] I
| P
D | O D
n 10
i I
el i -
Semi-circular 1 [ . o
beryllium target ] 1?\ Fission | Semi-circular Semi-circular

.g—chamber | beryllium target tantalum plate

—monitors (
_..,{_.M-D <_ D%uet:r:’?n

Boronated
concrete
plinth

lonisation chambers used for
control of servo system

Figure 1. Side-on schematic view of the NPL thermal pile.

The arrangement of the targets as two semi-circular plates, in combination with a semi-
circular tantalum ‘dump’ plate just outside the pile, see Figure 2, allows accurate control of
the neutron production. The system, described in detail in reference 5, is designed to provide
a stable neutron fluence rate at the bottom of the central irradiation cavity, and this fluence
rate is controlled by an ionisation chamber situated immediately below the cavity. A servo-
system compares the voltage developed by the ion chamber current with a pre-set reference
voltage. The fluence rate is then kept constant at a level determined by the reference voltage.
Historically this is referred to as the ‘demand level’. Provided the incident deuteron beam
intensity remains reasonably constant the servo-system maintains a thermal neutron fluence rate



NPL Report IR 29

that varies by <t 0.2% over a period of several hours. This is achieved by using steering plates
to either move the deuteron beam further onto the tantalum, to reduce the fluence rate, or
further onto the beryllium targets, to increase the rate. In this way the system maintains a
constant fluence in the cavity regardless of small changes in the total beam current from the
Van de Graaff. Two additional ion chambers, situated to the left and right of the central
chamber, provide signals to steer the beam vertically between the beryllium targets to keep
the yield from the two targets equal and thus minimise the fluence gradient across the floor of
the cavity. This cavity is designed for irradiating devices to relatively high neutron fluences,
up to 10’ cm™ s, Devices such as SP9 counters are, however, more easily irradiated in the
field of the thermal column shown to the left of the cavity in Figure 1.

Tantalum

Deuteron beam
direction

Targets viewed
from deuteron
beam direction

Tantalum
plate

Lower beryllium
target

Upper beryllium
target
Figure 2. Arrangement of the two beryllium targets and the tantalum plate.

The column consists of a larger diameter hole, also in the top of the pile, but situated so that it
is almost over one of the beryllium targets. A stainless steel tube, cadmium-lined on its
curved surface, but not on its base, is placed in the hole. The tube is available in sections and
can be adjusted in half metre steps, from 1 m to 3 m. When the tube is 1.5 m long or more it
can be evacuated to reduce attenuation of the thermal beam. The neutron beam emerging
from this tube is reasonably uniform. Over a horizontal circular area of about 10 cm diameter
the decrease in fluence from the centre to the extremity of this area is < 1%. For a horizontal
circular area of 30 cm diameter the fluence at the extremity is about 6% less than that at the
centre. The intensity falls off as the height increases, and the maximum thermal fluence rate
achievable at a height of 1 m is about 4 x 10* cm™ s'. Experience has shown that, the control
system, although designed to maintain an accurately constant fluence rate at the bottom of the
central cavity, also maintains a very constant fluence rate in the beam of the column. The
location of the SP9 detectors in the beam of the column during the comparison measurements is
shown in Figure 1.

2.2 Monitoring

During the SP9 counter measurements the neutron fluence was continuously monitored by
two Centronic, pulsed *°U fission chambers. One is permanently positioned in the graphite
between the bottom of the thermal column and the beryllium target (FCc, type
FC4A/100/U235) and the other at a fixed position to one side of the central irradiation cavity
(FCqu , type FC4B/20/U235) approximately 60 cm from the axis of the thermal column®.

* Two fission chambers are shown close to the central cavity in Figure 1. FCy is the upper one of these two.
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These monitors were calibrated in terms of the neutron fluence rate at a reference position,
1.6 m above the base of the thermal column, using the gold foil activation technique. The
1.6 m position was chosen so that the required fluence rates could easily be achieved whilst
keeping dead time corrections for the SP9 counters reasonably low.

Calibration of the monitors was performed mid-way through the measurements with the SP9
counters. A pair of gold foils, both 1 cm® in area and weighing approximately 96 mg, were
irradiated, one foil being enclosed in a 1 mm thick cadmium metal box in order to enable the
epi-thermal neutron correction to be determined. The foils were mounted on a low mass jig
that positioned each foil on a horizontal plane about 4 cm from the central axis of the thermal
column at the same height as the SP9 counters were positioned. They were sufficiently far
apart that scatter between the foils was negligible.

The foils were 4nf3-counted in shielded, low-background, proportional counters. The observed
count rates were corrected for counter background, dead-time, decay during counting, and for
non-saturation during the irradiation. The quantity derived for each foil was the saturated 3
count rate per mg of gold. Foil activities were then derived using B-counting efficiencies
determined by 4nfp-y coincidence counting following irradiation of the foils in the GLEEP
reactor at Harwell®. The measured p-counting efficiency for the bare gold foils was corrected
for the effects of different irradiating spectra at GLEEP and NPL by a correction factor derived
from the measured ratios of the activities of the bare and cadmium-covered foils (the cadmium
ratios). The counting efficiency of the cadmium-covered foils did not require this correction.

Thermal neutron fluence rates were calculated according to the convention of Westcott et
al V. A value of (98.69 + 0.28) barn, taken from the evaluation of Carlson ez al.®, was used
for the gold activation cross section, oy. Appendix B shows the printout of the FORTRAN
program which was used to derive the various fluence values from the saturated
disintegration rates measured for the bare and cadmium covered foils.

2.3 Spectrum of the thermal column field

Two approaches have been used to derive information about the neutron spectrum in the field
of the NPL thermal column. One for the fluence above the cadmium cut off energy, and
another for the region below this energy.

The epithermal component of the column spectrum consists of primary neutrons which have
not been moderated to thermal energies. These neutrons are produced within the pile from the
d-Be reaction, and to a lesser extent, from the d-D reaction and from the action of the deuteron
beam on contaminants deposited on the beryllium targets and the tantalum plate. All these
reactions contribute to the neutron field, but the ratio of the thermal component to the fast and
epithermal component will vary slightly depending on the deuteron beam conditions (energy)
and the cleanliness of the vacuum system, targets and tantalum plate. This component has been
measured using Bonner spheres. The measurements'” revealed a relatively flat, 1/E, spectrum
extending from the thermal region to a maximum energy of about 8 MeV. Although the
higher energy fluence is only about 24% of the thermal fluence, the dose equivalent due to
the fast component is more than a factor of two greater than that due to the thermal neutrons.

A second approach was used to derive information about the sub-cadmium part of the
spectrum. When analysed using the Westcott convention measurements with gold foils, with
and without cadmium cover, provide information on the relative fluences in the Maxwellian
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peak and in the 1/E component of the spectrum. By using an empirical relationship the
effective temperature of the Maxwellian peak can also be determined from these
measurements®. This approach is described in NPL Report DQL RN008", however, since
that report was written it has been realised that the effective temperature varies somewhat
with height in the column. The most recent measurements give a value of 22.6 °C for 7-T,, at
the height of 1.6 m where the present measurements were made, where 7T is the effective
temperature of the Maxwellian distribution and 7,, is the physical temperature of the
moderator. This is measured using a thermometer set inside the pile.

3 MEASUREMENTS

The measurements for the comparison were carried out in the second half of February, 2007.

A battery-powered electronics module was supplied for the measurements, the AIOSAP (All-
in-one Spectrometry Processor) which consisted of a high voltage supply, analogue pulse
processing, and discrimination units. This module was mounted as close as practical to the
thermal neutron beam so that the special cables and sockets supplied could be used to
optimise the pulse processing — see Figure 3 lower.

The SP9 counter was connected to the unit with all the settings made as directed in Appendix
1. The high voltage control was slowly increased and then ‘locked” when the appropriate
value was indicated in the LED display. On several occasions it was noticed that the voltage
would slowly increase for about an hour after the initial ‘power on’ after which it would
remain constant at which point the voltage would be reduced to the correct operating value.
The increase was as much as 10 volts on one occasion. For this reason the AIOSAP and high
voltage were switched on at least two hours prior to the measurements. The discriminator
output from the AIOSAP was then connected, via a 30 m 50Q cable, to an NPL width/delay
unit. This unit produces output pulses of a suitable width and height to trigger the scaler card
used to record the counts during the measurements. The width of a pulse from this unit is
unaffected by the input pulse width and it was set to 6.4 us for the present measurements.

The electronics for both fission chamber monitors consisted of a high voltage unit, a
preamplifier, a main amplifier, a single channel analyser to set a discriminator level above the
noise, and a width/delay unit to provide a suitable pulse for counting the events in a scaler.
For the column fission chamber short pulse shaping times were used and the dead-time
(5.0 £ 0.5 ps) was defined by the width of the pulse from the width/delay unit. For the fission
chamber near the central cavity longer pulse shaping times were used in the main amplifier.
The pulse from the width/delay unit was set to 10.2 ps, however, subsequent investigation
showed that, because of the longer shaping time constants, the overall dead-time per pulse
was greater than 10.2 us and the value used for performing corrections was 11.5+ 1.0 ps.
Before and after any measurements were carried out the ratio of the dead-time corrected
fission chamber monitor count rates was compared with previous measurements to check the
stability of the monitors.

A locating jig was attached to the top of the thermal column; see Figure 3, which provided a
reference plane enabling accurate positioning of the sensitive volume of the bare SP9
counters in all orientations used, and in moderator/cadmium shield assemblies. Sets of pillars
of different lengths were used to support the jig so that for every configuration and assembly
combination the centre of the sensitive volume was at the reference height of 1.6 m.
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Figure 3. Mounting arrangements for the SP9 counters. Upper picture: SP9 counter bare and
parallel to the neutron beam, lower picture SP9 counter in moderator and inside cadmium
sleeve mounted perpendicular to the neutron beam.

During all the measurements with the SP9 counter, data were collected via a PC scaler card
which recorded: the counts from a precision pulse generator running at 10 Hz, the counts
from the SP9 detector, and the counts from the two fission chambers. A measurement
consisted of a number of cycles, usually five, each cycle run for 1000 counts from the 10 Hz
pulser, i.e. for 100 s. In this way estimates of the statistical uncertainties could be derived
from the standard deviation of the cycles as well as from the assumption that Poisson
statistics apply. For the measurements with gold foils the counts from the two fission
counters were recorded for 100 s cycles throughout the measurement providing information
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which could be used to correct for any non-uniformity of the irradiation over the period of the
measurement.

Table 1 lists the demand levels used for the various measurements performed with the
AIOSAP electronics. The levels were chosen to optimise the count rate and in some instances
to obtain information about the consistency of the SP9 count rate per unit monitor with
demand.

Table 1. Demand levels used for the various measurements with the AIOSAP electronics.

Configuration Demand level(s)
200 kPa SP9 parallel to the beam 0.1 t0 10.0
no polyethylene moderator
200 kPa SP9 perpendicular to the beam
0.3
no polyethylene moderator
20 kPa SP9 parallel to the beam 0.3 and 3.0
no polyethylene moderator
20 kPa SP9 perpendicular to the beam 0.3 and 3.0
no polyethylene moderator
200 kPa SP9 parallel to the beam 0.5
with polyethylene moderator '
200 kPa SP9 perpendicular to the beam 0.5
with polyethylene moderator '
20 kPa SP9 parallel to the beam 3.0
with polyethylene moderator '
20 kPa SP9 perpendicular to the beam 3.0

with polyethylene moderator

Measurements for all the configurations in Table I were performed with and without
cadmium cover. For the under-cadmium measurements the SP9 counter was attached to an
aluminium base unit and the cover fitted — see Appendix 1. This base unit did not appear to
have a cadmium layer, and it was thought that with the SP9 counter perpendicular to the
beam there might be a path for thermal neutrons through the base. For this reason an
additional cadmium disc was made with a hole at the centre for the SP9 stem and this was
fitted on the base unit so that it was on the inside of the final enclosure. However,
measurements with and without this disc were consistent within the uncertainties indicating
that there was no significant pathway for thermal neutrons through the base.

In addition to collecting data with the AIOSAP electronics some measurements were also
performed with conventional NIM electronics units belonging to NPL. The electronics chain
consisted of:

High voltage unit (Tenelec TC953),

Pre-amplifier (Ortec 142PC),

Main amplifier (Ortec571),

Timing Single Channel Analyser (Ortec 551),

NPL width/delay unit (width of output pulse set to 6.4us)
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The data from these measurements have not been included in the final results for NPL’s
contribution to this comparison, but have simply been used as a check that results obtained
with the AIOSAP unit are consistent with what would be obtained with the sort of electronics
NPL would normally use for this type of measurement.

4 ANALYSIS

4.1 |Initial processing of the data

As a first step in analysing the data all the scaler counts were transferred to an Excel
workbook where dead-time corrections were performed for the counts from the SP9 counter
and for the counts from the fission chambers. Ratios of the dead-time corrected individual
SP9 counts, N, to those for the two fission chambers were calculated. The fission chamber
counts are designated M for the column fission chamber, FC¢, and My for the chamber close
to the access hole, FCy. Means, standard deviations and values for the standard error of the
mean were then calculated for the number of cycles involved in each measurement, i.e. mean
values were obtained for N, Mc, My, N/Mc, and N/My. The demand level, D, is constant for a
measurement so a value for N/D is easily derived. The approach of calculating N/M¢ and
N/Mp values for individual cycles and then deriving a mean of these ratios was taken because
any variation in the fluence rate during the cycles will result in variations in the individual N,
M, and My values, but should not affect the ratios. There was, however, little or no
indication of variation of the fluence over the majority of the measurements. The above
analysis was performed for all configurations of the SP9 counters and moderating sphere, and
also for these configurations enclosed in the appropriate cadmium cover provided.

4.2 Monitor stability

To obtain a value for the fluence response of the SP9 detector, for example from the mean
ratio for N/Mc, requires a calibration of the fission counter monitor in terms of neutron
fluence per fission chamber count Mc. This is obtained from the gold foil measurement.
Because this measurement is made at one particular time, and for one particular demand
level, it is essential that the monitors are stable. To check the performance of the monitors
their ratios were investigated both as a function of demand level and of time. Figure 4 shows
the ratios of My/Mc, M/D, and My/D as a function of demand. In all cases the uncertainties
in the ratios increase as the demand increases because of the uncertainty in the dead-time
correction. All the ratios are for measurements with an SP9 counter, except for one of the
measurements at a demand of 10 which was that for the irradiation of the gold foils. Note that
the majority of measurements were made for demand levels in the range 0.3 to 3.

The ratio My/Mc is constant within the uncertainties over the range of demand levels,
indicating that these two monitors agree very well with each other. There is even an
indication that the assigned uncertainties, due mainly to statistics at low demand level and the
uncertainty in the dead-time correction at higher demand levels, might be a little large in view
of the level of agreement.

For the ratio M/D the values are reasonably constant except for the one at the lowest demand
value of 0.1 where there is a clear suggestion that either M is too low or D is too high. There
is some indication that this problem may also be present in the data for the next highest
demand level of 0.3. Overall, the results for this ratio when viewed for all demand levels,
suggest that the uncertainties may be slightly underestimated, but in view of the fact that the

10
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plot of the data for My/M( indicates the opposite, i.e. that the fission chamber uncertainties
may be slightly overestimated, no changes were made to the uncertainties in M/D.
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Figure 4. Ratios of monitor readings as a function of demand level for all the measurements
performed. The dotted horizontal lines indicate mean values for these ratios over the range of
demand values from 0.5 to 10.

The bottom plot in Figure 4 shows the data for My/D. These are similar to those for Mc/D,
indicating a constant value for demand levels between 0.5 and 10, but with indications that
either My is too low or D is too high below a demand of 0.5.

From the data in Figure 4 it can be concluded that all three monitors perform well over the
range of demands from 0.5 to 10, and that any one could be chosen. The consistency of
Mp/Mc over the entire range of demand levels would indicate that the low values for M/D
and My/D for demands below 0.5 are due to problems with the demand as a monitor in this

11



NPL Report IR 29

region, however, further data on this issue is available from the variation of the results for the
SP9 counters with demand and this is discussed in section 4.3.

In Figure 5 the data for M/D are shown, for all demand levels used, as a function of time
covering the whole period of the measurements. This figure highlights the consistency of this
ratio for demand levels of 0.5 and above and the fact that there is definitely a problem with
one of the monitors for the lowest demand level, i.e. 0.1. Except for a couple of data points,
the results for data taken at a demand of 0.3 indicate that there may also be a problem with
one of the monitors at this demand level. The value of M/D is roughly 2% lower for this
demand than the average for higher demands. There is no indication of variation of the
monitor ratios over the period of the measurements. The data for My/D provides similar
evidence of the stability of the monitors with time.

47000 T y T y T y T y T T y T
[}
46000 -} %5 = Demand % ] g i
= 0.1 T
. 03 1

i 0.5

45000 — % E

44000 - 0 } -

M_/D
2000~ WN -

1
® * @ v A

43000 —— T T T T T T T T

Days

Figure 5. Variation of the ratio M/D with time from the first measurement.

4.3 The SP9 counter dead-time when using the AIOSAP electronics

If all corrections that need to be applied to the SP9 counts and to the monitor readings have
been applied and are correct, then the quantity ‘SP9 counts per unit monitor reading’ should
be constant for all demand levels for a particular SP9 counter configuration. Figure 6 shows
this ratio for the three monitors for a series of measurements which were taken over a range
of demand levels for a fixed SP9 counter configuration (bare detector mounted parallel to the
neutron beam). Dead-time corrections to the SP9 counts were applied assuming a dead-time
per pulse from the AIOSAP unit of 7.2 = 0.9 us as specified in the protocol. The conventional
equation for a non-extending dead time, eq. (9), was used to relate the corrected counts N to
the measured counts N’ via the measured count rate R’ (equal to N' divided by the
measurement time 7), and the dead-time per pulse 7.

12
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= L' )
(1-R"7)

The rather large uncertainties at the higher demand levels are a result of the large dead-time

corrections applied to the SP9 counts (42% for a demand of 10). This correction is common

to all three sets of data, i.e. they are correlated. This explains why the results for the different

monitors agree better than would be expected from a simple consideration of the error bars.
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Figure 6. Variation of the counts, N, per unit monitor reading, M¢, My or D, as a function of
demand for the 200 kPa SP9 counter mounted vertically free in air. The three sets of data are
all normalised to unity for the measurement at a demand of 1.0.

In spite of the rather large uncertainties at higher demand levels, resulting from the
uncertainty in the dead-time, it is clear that the data are not consistent, and the indications are
that the dead-time of 7.2 us is not applicable, certainly not at the higher demand levels. A
check using a double pulser, where the time between pulses could be varied over a range of
several us, indicated that the specified dead-time of 7.2 pus was correct at low count rates. The
two-source method was then used to measure the dead-time at higher count rates, similar to
those seen at the higher demand levels. Values were obtained which were larger than 7.2 ps.
For a combined rate from the two sources that was similar to that at a demand of 10 the dead-
time was measured as 8.8 ps. For lower rates the dead time was smaller, but still greater than
7.2 us. The indications are thus that the dead-time may be rate dependent. Because the two
source method uses readings at different count rates to derive the dead-time, its results cannot
be relied upon if the dead-time is truly rate dependent, but it does give a clear indication that
the dead-time was not 7.2 ps at the higher rates.

It is possible that the dead-time is extending rather than non-extending. An expression
relating measured counts to the true number of events which occurred can be written for the

13
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T

case of extending dead-time, but it involves the term e where R is the true count rate
which is unknown. Allowance was therefore made for the apparently varying dead-time using
eq. (10)below:

= N'
(1-R“(1+RYR,)-7)

(10)

where Ry is a constant adjusted manually to make the values of the SP9 counts/monitor
constant over the range of demand values used in the measurements. The results are shown in
Figure 7.
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Figure 7. As for Figure 6 but with a variable dead-time.

The optimum value for Ry was found to be 16000 s™ which resulted in a dead-time of 9.2 us
for a demand of 10 where the SP9 count rate was about 32,000 s7. For a demand of 0.5 the
dead-time was still 7.2 ps. It can be seen that, for this value of Ry, the ratios of the SP9 counts
to the various monitor readings are all consistent, within the uncertainties, over the range of
demands from 0.5 to 10. This approach has no underlying physical justification. It simply
provides a way of performing dead-time corrections which ensure that the ratios of SP9
counts per unit monitor reading have the correct properties as a function of demand level. The
assumption of a fixed dead-time of 9.2 us gave much better overall consistency of the SP9
counts per unit monitor values than a dead-time of 7.2 ps, but not as good consistency as the
varying dead-time approach. No reason for the problem with the dead-time of the AIOSAP
electronics has yet been discovered. It is possible that it was a result of the combination of
the AIOSAP with the width/delay unit used to provide input to the scaler system. Luckily the
effect on the final results for the response values is small since the vast majority of the
measurements were made at low demand levels where the dead-time corrections are small.
To allow for the inexact knowledge of the dead-time an uncertainty of +1 us was assigned.

14
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4.4 Data at demand levels of 0.3 or lower

At a demand of 0.1 the ratios of the SP9 counts to the three monitors are inconsistent with the
values at higher demand levels, and in view of the problems identified at this demand level
when ratios of monitor readings were compared, the single measurement at this demand was
not included in the final results.

The data for a demand of 0.3 in Figure 5 and Figure 7, suggest that there may also be a slight
problem with the monitoring at this demand level. To investigate this matter results for SP9
counts per unit monitor taken for a demand of 0.3 were compared with data taken at higher
demand levels wherever such data were available for a particular detector configuration.
Results are shown in Table 2.

Table 2. Ratio of results for SP9 counts, N, per unit monitor, M, for measurements at a
demand of 0.3 to the corresponding results for a demand greater than 0.3.

(N/M)p=03/(N/M)p>0.3

Configuration FCe FCyy Demand
200 kPa SP9 bare vertical 1.017 1.014 1.001
20 kPa SP9 bare vertical 1.020 1.029 1.007
20 kPa SP9 bare horizontal 1.015 1.019 0.991
Mean value = 1.017 1.021 1.000
Correction factor = 0.991 0.989 1.000
Uncertainty in correction factor = 0.009 0.010 0.009

It appears from Table 2 that (N/M)p-o3 is roughly 2% higher than (N/M)p>¢3 for both fission
counters, but the ratio (N/M)p-o3/(N/M)po 3 is unity within the uncertainties, which are of the
order of 1%, when the demand is the monitor. This is a slightly surprising result as both
fission chambers would be expected to act as very stable monitors when the fluence rate is
changed, whereas the demand value itself is simply a setting for the electronics which
controls the overall operation of the thermal pile. Nevertheless, the data point to small
problems with the fission chambers at low levels and a correction factor was applied so that
the results for N/M at a demand of 0.3 were decreased by half the difference between the
measured value for (N/M)p-o3/(N/M)p>o3 and the value expected for a perfect monitor, i.e.
unity. The implications that M¢ and My are low at a demand of 0.3, and are low by roughly
the same amount, explains the data for this demand level as shown in Figure 4.

For the cases where the fission chambers were used as monitors uncertainties were assigned
to the correction factors which were large enough to cover both the measured value for the
ratio and the ‘perfect monitor’ situation, i.e. a ratio of 1.0. From the data for the demand as
monitor it appears that the demand is a good monitor right down to a level of 0.3. The
correction factor was therefore unity; however, an uncertainty component was included to
cover any possible problems with the demand as monitor and was set to cover the range ratios
shown in Table 2.
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4.5 Background in the SP9 counters

A check of the background count rates in the two SP9 counters with all neutron-producing
equipment switched off revealed an almost zero rate, which was completely negligible
compared to the count rates recorded during the measurements. However, with the
accelerator beam present in the thermal pile there is the possibility of a neutron background
in the room which is not due to deuterons striking the neutron-producing targets in the pile,
and which is thus not accurately monitored by the demand level and the fission chambers.
One possible mechanism would be from neutron production at the tantalum stop situated
where the beam enters the pile, see Figure 1. There must be some deuteron build-up on the
tantalum with time. This room background is very difficult to measure, and may vary with
the beam current settings. If such a background exists it is likely to be most evident at low
count rates in the SP9, and so to investigate its presence the data for the SP9 counts per unit
demand have been plotted against demand, see Figure 8. This is essentially the same data as
plotted in Figure 7, except that, for clarity, the error bars show only the statistical
uncertainties with no contribution for uncertainty in the dead-time.
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Figure 8. Variation of 200 kPa SP9 counts per unit demand with demand level.

With no background correction the ratio SP9/demand increases as the demand decreases. By
applying a background subtraction it was possible to make the ratio reasonably constant as a
function of demand. The actual background value was obtained by varying it until the ratio
was constant. The effect of this background is small, being of the order of 1% at a demand of
0.3, and becoming a smaller percentage still at higher demands values. (It is evident from
Figure 8 that the statistical uncertainty alone is not enough to account for the variations in the
ratios as a function of demand and some other component must be present possibly associated
with the division of the beam between targets and the tantalum stop.)

The data in Figure 8 indicates the presence of a room background. However, other data do
not always support this. Column 4 in Table 2 records ratios of SP9 counts per unit demand
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for demand levels of 0.3 and levels >3.0. These are reasonably consistent. In one case the
value at 0.3 is smaller than at higher demands. In view of the fact that a correction is made
for N/M at a demand of 0.3 being larger than at higher demands when the fission chambers
were used as monitors, see section 4.4, and the fact that most of the data were taken at
demands greater than 0.3, no corrections have been made for room background. Nevertheless,
an additional uncertainty component of 0.5% has been added to the uncertainty budget to
cover possible background effects.

The overall conclusion from the various checks described in section 4 is that, for the highest
levels of accuracy, there may be some problems with the monitors at very low demand levels;
however, uncertainties have been assigned which allow for these problems.

4.6 Calibration of the monitors

The various investigations of monitor performance indicate that, after the small corrections
outlined in section 4.4 have been made to data taken at a demand of 0.3, any of the three
monitors can be used with equal validity. (The single datum at a demand of 0.1 is clearly
unreliable and was excluded.) For the final results a mean of the data for all three monitors
was therefore taken.

As already noted, calibration of the monitors was performed, towards the middle of the
measurement campaign, by irradiating a pair of gold foils, one bare and one under cadmium
cover. The irradiation was performed for 3 hours at a demand level of 10, and the foil activity
determined immediately afterwards. From Figure 4 it can be seen that, although the value for
M/D was a bit low for the calibration run, there is no valid reason not to accept the results of
this calibration for all three monitors. Values for the fluence rates during the monitor
calibration and the calibration coefficients, i.e. @/M ,,, where M, is the monitor count for

monitor i during the fluence calibration which gave a fluence value @, are given in Table 3.
(The index 1 would be C for FC¢, H for FCy and D for the demand level.)

Table 3. Values for the fluence rates during the monitor calibration and the fluence per unit
monitor for the three monitors.

_ Fluence rate Fluence per unit monitor reading @ /M, (cm™ M™)
Quantity 2 -

(cm™s™) FCc FCy Demand
ny, 1.495 x 10* 3.264 1.113 1494.9
n,V 1.479 x 10* 3.231 1.102 1479.4
n,v, 1.460 x 10* 3.188 1.087 1459.8
n,v, 1.763 x 10* 3.851 1.313 1763.0
nv 1.706 x 10* 3.726 1.270 1705.9

As a check of the calibration the value obtained for the calibration coefficient for FCc, was
compared with earlier measurements when using gold foils positioned at the height used in
this experiment (1.6 m). Monitor FC¢ is the one usually employed for irradiations in the
thermal column. The results are shown in Table 4 and show very good consistency.
Nevertheless, the best value to use for this work is that derived during the present
measurement campaign as the fission chamber discriminator setting can vary slightly with
time over periods in excess of a few days.
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Table 4. Earlier FCc calibrations with gold foils at a reference height of 1.6 m.

Measurement date Fluence n,v, per unit FCc count

(cm™M™)
5™ April 2006 3211
13" June 2006 3.219
19" February 2007 (present measurements) 3.231

4.7 Measurements for the various configurations

The sub sections below give the results for the fluence response of the various detector
configurations, for each fluence monitor used, and for two representations of the fluence rate,
@, (th)y=n,v, and @(th)=n,v, For each monitor, i, the responses, Ry \p; and Ry, , were

calculated using eqs (11) and (12) below

(N/ My, —kCONCO I MED)

Ryovpri = (@) ,) (11)
and
(N/ My, =k “ONCO M)
Rypr; = (@(th)/M ) (12)
Di
where:
Ry oL is the response, as measured with monitor i, in the sub-cadmium-cut-
off Westcott fluence of the NPL thermal column beam,
Ry is the response, as measured with monitor 7, in the sub-cadmium-cut-
off true fluence of the NPL thermal column beam,
N/M,, is the bare detector count per monitor i count (or reading in the case of

the demand as monitor),
N /MY is the detector count per monitor i count for the detector under

cadmium,
kO is a correction factor for attenuation of the neutrons above the
cadmium-cut-off energy in the cadmium cover,
D, (th)/ M ,, o . o
are the calibration coefficients for monitor i for ¢, (¢th) and ¢(th)
and @(th) :

Values for the cadmium cover correction factor A“” were calculated using the Monte Carlo
code MCNP. For both the bare detectors the value was estimated to be 1.000 £+ 0.005, and for
the detectors within the polyethylene sphere the factor was 0.990 + 0.005"°.

The values of N/M,, and N/ M® were in most cases derived as a mean of several

measurements, sometimes at different demand levels. Uncertainties for the mean values were
calculated taking into account statistics (in the SP9 counts and the monitor where applicable),
the uncertainty in the dead-time corrections, and those due to the correction for monitoring
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inconsistency at a demand of 0.3 where necessary. To determine the uncertainties in Ry, \p;;

and R, the uncertainties in N/M,, and N“/M? were combined with those in the

relevant k‘“Y factor and those in the monitor counts M, during the fluence calibration. The

aim was to exclude uncertainties that are common to measurements with all three monitors.
Thus, the uncertainty in the fluence @ during the monitor calibration was excluded. The use
of mean values for N/M,, and N/ M ? from measurements at different demand levels

makes it impossible to separate out the dead-time correction uncertainty from the statistical
uncertainty in a final uncertainty budget. There is also the fact that the results are correlated
because the same SP9 counts are used in the analysis for the three monitors, however, the

process described above of deriving mean values for the ratios N/M,, and N“V/M "
makes this correlation inevitable.

To quantify the level of agreement between results obtained with the different monitors a
z° /v value was calculated for each data set using eq. (13):

(x,—X)/o}
7 lv= ZI: = (13)
where:
X, is the result, Ry, \p, Or Ry, > derived using a particular monitor,
X is the mean result,
o, is the uncertainty in x;, and
n is the number of results, 3 in this case.

For each configuration, averaged responses Ry, and Ry, , derived from a weighted mean
and R

uncertainty o, quoted for the mean is the larger of the values obtained from the spread of the

of the responses R obtained with the three monitors, are presented. The

W-NPLi NPLi

results as derived from eq. (14):

Zn:(xi _f)zwi

o,= |[F+— (14)

(”_l)znlwi

or from the value obtained by combining the individual uncertainties using eq. (15):

- 1/ >w, (1s)
where: )

Wi is the weight for each response given by w, =1/07.
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Because the SP9 counts are common to all three R, ; values there are correlations in the

data for which allowance should in principle be made. The SP9 counting uncertainties are,
however, small and in view of the rather pessimistic approach outlined above of taking the
largest value from eqs (14) and (15), it was felt that the correlations could be neglected.

4.7.1 200 kPa SP9Y, parallel to the beam, no polyethylene moderator sphere

For this configuration bare detector measurements were performed at 10 different demand
levels covering the range from 0.1 to 10, although the datum at a demand of 0.1 was not
included in the final results. The mean values for the three monitors are shown in Table 5. All
the results have been corrected for the response to epi-cadmium neutrons via a cadmium-
cover measurement. However, this measurement was made at a demand of 0.3 so required a
small correction (see section 4.4).

The results for the three monitors are completely consistent within the uncertainties quoted in
Table 5. A value of 0.4 was obtained for the y°/v defined in eq. (13).

Table 5. Results for 200 kPa SP9, parallel to the beam, no polyethylene moderator.

Response Ry, \p;; to the

' ) Response R, ; to the true
Monitor sub-cadmium fluence in b-cadmi a _
the Westcott convention Sub-cadmium 2uence 4
n,v, (cm?) (cm”)
FCc 3.020 + 0.36% 2.534 +£0.36%
FCq 3017+1.1% 2.532+1.1%
Demand 3.032 +0.29% 2.544 £ 0.29%
Weighted mean 3.0269 = 0.22% 2.5399 + 0.22%

4.7.2 200 kPa SP9Y, perpendicular to the beam, no polyethylene moderator sphere

Five measurements were performed with the counter bare for this configuration and 4 with it
under cadmium. All measurements were made at a demand of 0.3 and appropriate corrections
were made for the monitor inconsistency at this demand (see section 4.4). As can be seen
from Table 6, there is extremely good agreement between the three monitors with a 3 /v
value of 0.2.

For this configuration results were also obtained, at a demand level of 0.3, using NPL
electronics for the SP9 counter. The values for the responses were 1.0% higher when
averaged over the three monitors and the derived uncertainty was 0.61%. The difference is
thus within the uncertainties quoted. Furthermore, the measurements were made five days
apart, so there may be additional uncertainties, e.g. for variation in the calibration of the
monitors with time, which should be added to the values quoted above of 0.61% for the NPL
electronics and 0.57% for the AIOSAP electronics.
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Table 6. Results for 200 kPa SP9, perpendicular to the beam, no polyethylene moderator.

Response R to the

W-NPLi
sub-cadmium fluence in

Response R

w1, 1O the true

Monitor the Westcott convention  Sub-cadmium leuence n,v
Vo (em®) (em’)
FCc 3.303 £ 0.82% 2.771 £ 0.82%
FCu 3273+ 1.4% 2.746 + 1.4%
Demand 3.290 + 0.95% 2.760 + 0.95%
Weighted mean 3.293 +£0.57% 2.763 £ 0.57%

The cadmium ratio for measurements with the bare 200 kPa SP9 counter was about 65 for
both parallel and perpendicular orientations of the counter relative to the beam

4.7.3 SP9Y 20 kPa parallel to the beam no polyethylene moderator sphere

For this configuration measurements of the bare SP9 detector were made at demands of 0.3
and 3.0, and an under-Cd measurement at a demand of 3.0. The data at a demand of 0.3 were
corrected as described in section 4.4 and an average taken of all the measurements. The
results are given in Table 7. No measurements were made with NPL electronics. This is a
data set for which agreement between the results using the three different monitors was
relatively poor, with a y° /v value of 1.8. However, the uncertainty in the mean value was

taken from the spread of the results so allowance for the spread is made in the quoted
uncertainty.

Table 7. Results for 20 kPa SP9, parallel to the beam, no polyethylene moderator.

Response. Ry 10 th.e Response R, to the true
Monitor sub-cadmium fluence in b-cadmi a _
the Westcott convention Sub-cadmium 2uence Y
LA (cm®) (em’)
FCc 0.3662 +0.32% 0.3073 £ 0.32%
FCx 0.3627+1.1% 0.3043 +1.1%
Demand 0.3684 +0.24% 0.3091 + 0.24%
Weighted mean 0.3675 £ 0.25% 0.3083 £ 0.25%

4.7.4 SP9 20 kPa perpendicular to the beam no polyethylene moderator sphere

Measurements were performed at demand levels of 0.3 and 3.0, and after correction of the
lower demand level data mean values were derived. The results are shown in Table 8. Again

the y*/v value was high at 2.1, but allowance has been made for this in the uncertainty
quoted for the mean which was derived from the spread of the results.
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Table 8. Results for 20 kPa SP9, perpendicular to the beam, no polyethylene moderator.

Response R -to the
p W-NPLi Response R, to the true

sub-cadmium fluence in

Monitor the Westcott convention ~ SUp-cadmium leuence v
n,v, (cm®) (cm”)
FCc 0.3918 £0.31% 0.3287 £0.31%
FCqy 0.3872+1.1% 0.3248 +1.1%
Demand 0.3943 £0.29% 0.3308 £0.29%
Weighted mean 0.3929 + 0.30% 0.3296 + 0.30%

Measurements made with NPL electronics, at a demand level of 3.0, gave results which were
0.62% lower. The measured uncertainty in these results was 0.25% and in view of the 0.25%
uncertainty in the results with the AIOSAP electronics the two measurements almost agree
within the uncertainties. However, the measurements were made on different days, so there
will be additional uncertainty components.

The cadmium ratio for measurements with the bare 20 kPa SP9 counter was about 82 for both
parallel and perpendicular orientations of the counter relative to the beam.

4.7.5 SP9 200 kPa parallel to the beam with polyethylene moderator sphere

The measurements were performed at a demand level of 0.5 and the results are shown in
Table 9. There was remarkable agreement between the values obtained with the three

different monitors and the y° /v value was 0.4.

Table 9. Results for 200 kPa SP9, parallel to the beam, with polyethylene moderator.

Response R to the

| OWNRL . Response R, to the true
Monitor sub-cadmium fluence in b-cadmi a _
the Westcott convention Sub-cadmium 2uence v
LA (cm®) (em’)
FCc 1.5429 + 0.55% 1.2946 + 0.55%
FCx 1.528 £ 1.1% 1.282+1.1%
Demand 1.5439 + 0.43% 1.2955 + 0.43%
Weighted mean 1.5422 + 0.32% 1.2940 + 0.32%

When NPL electronics were used, again at a demand level of 0.5, the results were 0.62%
higher with excellent agreement for the three monitors and an overall uncertainty of 0.38%.
The difference between the results with NPL electronics and AIOSAP electronics is thus
within the uncertainties quoted here.
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4.7.6 SP9 200 kPa perpendicular to the beam with polyethylene moderator sphere

For this measurement, as for the previous measurement with the polyethylene sphere, a
demand level of 0.5 was used for both the total and under-cadmium measurement, and the

results are shown in Table 10. The y*/v value was 0.3. No measurements were made with
NPL electronics.

Table 10. Results for 200 kPa SP9, perpendicular to the beam, with polyethylene moderator.

-to th
wanpr; (O e Response R,,,; to the true

sub-cadmium fluence in

Response R

Monitor the Westcott convention  Sub-cadmium leuence n,v
LA (cm’) (em’)
FCc 1.580 = 0.79% 1.325+0.79%
FCu 1.562 +1.2% 1.310+ 1.2%
Demand 1.574 £ 0.77% 1.320+0.77%
Weighted mean 1.5741 +£ 0.50% 1.3208 +£ 0.50%

The cadmium ratio for measurements with the 200 kPa SP9 counter in the moderator was 3.9
for both parallel and perpendicular orientations of the counter relative to the beam.

4.7.7 SP9 20 kPa parallel to the beam with polyethylene moderator sphere

Results for measurements in this configuration are shown in Table 11. Measurements were
made with AIOSAP electronics and NPL electronics all at a demand level of 3.0. The 3 /v

value for the AIOSAP measurements was 1.5, but nevertheless the uncertainty on the final
weighted mean, calculated from the spread of the data, was still only 0.30%

Table 11. Results for 20 kPa SP9, parallel to the beam, with polyethylene moderator.

Response. Ry 10 th.e Response R, ; to the true
Monitor sub-cadmium fluence in b-cadmi a _
the Westcott convention Sub-cadmium 2uence Y
LA (cm®) (em’)
FCc 0.2536 + 0.38% 0.2128 +0.38%
FCx 0.2530+1.2% 02123 +1.2%
Demand 0.2558 + 0.34% 0.2146 + 0.34%
Weighted mean 0.2547 £ 0.30% 0.2137 £ 0.30%

The results with the NPL electronics were on average 5.2% higher. This is a long way outside
the measurement uncertainties and a review of the data revealed no obvious reason for this
difference. However, some support for the AIOSAP results, and a reason to suspect those
obtained with the NPL electronics, can be derived from a comparison with the results (4.7.8)
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for the 20 kPa SP9 counter in the moderator sphere with the SP9 counter perpendicular to the
beam rather than parallel. The results obtained with the AIOSAP electronics for these two
configurations are only 0.8% different. A similar comparison for the 200 kPa counter gave a
difference of 1.5% between perpendicular and parallel. Because of the moderation in the
sphere these configurations would not be expected to give significantly different results so
the similarity of the results with the AIOSAP electronics suggests that there were no
problems with these measurements.

4.7.8 SP9Y 20 kPa perpendicular to the beam with polyethylene moderator sphere

Table 12 shows the results for measurements with this configuration. Measurements were
only made with AIOSAP electronics, all at a demand level of 3.0. The y*/v value was 1.3,

and the uncertainty on the final weighted mean, calculated from the spread of the data, was
0.29%

Table 12. Results for 20 kPa SP9, perpendicular to the beam, with polyethylene moderator.

Resp onse. Rypui 0 th.e Response R,,,; to the true
) sub-cadmium fluence in . _
Monitor . sub-cadmium fluence n,v
the Westcott convention 5 th
LA (cm’) (em’)
FCc 0.2556 + 0.39% 0.2144 +0.39%
FCu 0.2553+1.2% 02142+ 1.2%
Demand 0.2576 + 0.34% 0.2162 +0.34%
Weighted mean 0.2567 £ 0.29% 0.2154 £ 0.29%

The cadmium ratio for measurements with the 20 kPa SP9 counter in the moderator was 4.3
for both parallel and perpendicular orientations of the counter relative to the beam.

4.8 Summary of the analysis

In general the results obtained using the three different monitors agreed within the
uncertainties. The average value of y*/v was almost exactly 1.0 although it might be

expected to be slightly lower in view of the correlations introduced by the fact that the SP9
counts were common in all cases.

An inspection of the average values of the differences between the results for a particular
monitor and the mean for all three revealed that, for the AIOSAP electronics, the results with
FCy were on average 0.79% below the mean, and in all cases were the lowest result.
However, there is a relatively large uncertainty (~1%) in M, for this monitor, caused by the
large, 15%, dead-time correction during the fluence calibration. Overall, the three data sets
still agree as well as could be expected in view of the uncertainties. For the other two
monitors the results are sometimes larger and sometimes smaller than the mean as would be
expected on the basis of statistics. The results for the NPL electronics were more consistent
with a y*/v of only 0.4, so the evidence for an error in M, for monitor FCy is not

conclusive and results for all three monitors were retained.
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5 RESULTS

5.1 Correction for the results in a Maxwellian distribution with kT = 25.3 meV

No two thermal fields are ever likely to be exactly the same, particularly when, as in the
present comparison exercise, they are produced in a variety of different ways. For this reason
the organisers of the comparison have requested that: “The participants shall determine the
response Rr of the counters for a homogeneous unidirectional irradiation with neutrons with
a Maxwellian fluence distribution @:"" characterised by a temperature parameter
kT =25.3 meV”. The reference Maxwellian field is described by the expression:

OV dE ([ E E \dE
—L—— =| — |exp| —— |— 16
@ w7 )P\ kT Jar (16)

where:
@ is the fluence at neutron energy E,
@) s the total fluence in the distribution,

k is Boltzmann’s constant, and
T is the temperature of the Maxwellian, T'= 20.4°C for kT = 25.3 meV.

The beam from the thermal column is sufficiently plane-parallel to satisty the requirement of
being unidirectional, but the results still need to be corrected to those which would have been
obtained in the designated reference spectrum.

The spectrum @, in the NPL thermal column field, in the region below the cadmium cut-off
energy, can be expressed'" as :

@EdE=CM (ijexp[—ijﬁthl/E;EA (17)
@ % KT ) kT In(E,, /E,) E

where:
Cy s the fraction of the total sub-cadmium fluence in the Maxwellian peak,
C,r  i1s the fraction of the total sub-cadmium fluence with a 1/E distribution,
Ecys  is the cadmium cut-off energy,
E, is the lower energy limit of the 1/E distribution, and

A is a function which is 1 between E, and E¢, and 0 outside this region.

Both the expression for the Maxwellian and the 1/E distribution are normalised to unity so
the fractions of the fluence in the two distributions are given by the factors Cy; and C;. The
values of these factors, and of the effective temperature 7, were derived from gold foil
measurements, and were:

Cie =0.0324
Cu =(1-C1r)=0.9676
T =22.6°C above the temperature of the moderator, thus k7 =27.2 meV.

Using equations (16) and (17) the correction factor k; for the spectral distribution can be
calculated for any instrument with response function 7(E) from:
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J'@gef)/@(ref) r(E)E
k=2
1

(18)

Ecq

[ @,/ r(E)dE

A FORTRAN program was written to calculate the correction factors for the various
configurations using NAG Library routines"? to perform the integrations. Response
functions were provided by the comparison organiser for all four detector configurations
used. The results of the calculations are presented in Table 13. No indication was given
whether these response functions were calculated for neutron incidence parallel to the stem of
the SP9 detector or perpendicular to the stem. In view of the relatively small size of the k;
corrections this detail is assumed unimportant.

Table 13. Factors k; used to correct measured responses to those expected in a pure room-
temperature Maxwellian distribution.

Response to actual Response in Factor k; = Ratio
Configuration sub-cadmium Maxwellian with ~ Pure Maxwellian / Actual
field kT=253 meV field
SP9 200 kPa 0.840 0.868 1.042 £ 0.012 (1.2%)
no moderator
SP9 20 kPa 0.834 0.862 1.053 £ 0.016 (1.5%)
no moderator
SP9 200 kPa .
with moderator 1.255 1.297 0.955+0.011 (1.1%)
SP9 20 kPa 1.264 1307 0.956+ 0.011 (1.1%)

with moderator

The uncertainties presented in Table 13 for k; were derived by repeating the calculations for
this correction factor with the effective temperature of the Maxwellian peak changed by
11°C, which is the estimated uncertainty in this quantity. The correction is also sensitive to
the value derived for the fraction, C;, of the sub-cadmium cut-off fluence with a 1/F
dependence, and on the value chosen for the parameter, 1, which defines the lower limit,
E =pkT, of the 1/E component. However, the uncertainty in k; due to the uncertainties in C;/x
and u are negligible compared to those due to the uncertainty in the effective temperature.

Figure 9 illustrates the differences in the spectral distributions, and also shows the shapes of
the response functions. The different slopes of the response functions for the bare SP9
counters compared to the response functions for the counters within a moderator explain why
the values for k; are sometimes greater than 1.0 and sometimes less than 1.0. The response
function shape for the 20 kPa SP9 counter in the moderator is almost identical to that for the
200 kPa SP9 counter in the moderator and so is not shown.

26



NPL Report IR 29

0.7 L} L} L} L} L} LI l L} L} L} L} L} LI l L} L} L} L} L} LI 5
—— NPL sub-cadmium spectrum 20 kPa SP9 bare
—— 1/E part of NPL spectrum —— 200 kPa SP9 bare -
0.6 4 —— Maxwellian at kT = 25.3 meV —— 200 kPa SP9 + moderator
—~ - 4
N 1 -~
: Q
o 0.5 1 - c
W O
T B
S - 3 c
2 0.4 - 2
= ] -3
> S
[y 03 -1 | 2 o
(_U (72}
= T o
(3]
©  02- -2
@ 5
- -1 O
0.1 1 o
0.0 — —— ] —— 0
10° 10’ 10" 10°

Neutron energy E (eV)

Figure 9. Comparison of the NPL sub-cadmium fluence spectrum with a room-temperature
Maxwellian peak. Also illustrated are the response functions used to calculate the correction
factors k;. Note that the response functions have been normalised to unity at 25.3 meV.

5.2 Final results

To obtain the final estimates of the responses in the designated reference field, consisting of a
Maxwellian with k7= 25.3 meV, the measured responses were multiplied by the relevant k;
factor from Table 13 to give R.r values.

R, =k Ry (19)

ref
The results are presented in Table 14. Without information from the other participants in the
exercise there are only minor comments which can be made about the results. Table 15
compares ratios of Rnpr values, for irradiation perpendicular to the beam to those for
irradiation parallel to the beam, for the different configurations. The result for the counter
perpendicular to the beam is always the larger of the two. For the bare detector this is
presumably because of attenuation in the ‘top-hat’ structure on the opposite side of the
spherical counter to the stem (see Fig. 1 in the Appendix to the protocol). For the 200 kPa
counter the effect is (8.1 = 0.5)%, and for the 20 kPa counter it is (6.8 + 0.4)%. The effect is
marginally larger for the 200 kPa counter, possibly because of the presence of “He in the top-
hat structure and the higher gas pressure in this counter. The effect when the counters are
enclosed in the polyethylene moderator is much smaller. For the 200 kPa counter the effect is
(1.5+0.6)%, and for the 20 kPa counter it is (0.8 £0.4)%. The reason for the effect is
presumably the same although much reduced because of scatter in the moderating sphere.

27



NPL Report IR 29

Table 14. Final results for the responses of the SP9 counters in the eight different
configurations measured. The uncertainties are explained in section 5.3.

Response, Rnpr, to the Response, R, in a
Configuration NPL sub-cadmium Maxwellian with
thermal field n,v, kT =25.3 meV

200 kPa SP9 parallel to the beam
no polyethylene moderator

200 kPa SP9 perpendicular to the beam
no polyethylene moderator

20 kPa SP9 parallel to the beam
no polyethylene moderator

20 kPa SP9 perpendicular to the beam
no polyethylene moderator

200 kPa SP9 parallel to the beam
with polyethylene moderator

200 kPa SP9 perpendicular to the beam
with polyethylene moderator

20 kPa SP9 parallel to the beam
with polyethylene moderator

20 kPa SP9 perpendicular to the beam
with polyethylene moderator

2.540 £ 0.062(2.4%)  2.647 = 0.072(2.7%)
2.763 £0.067(2.4%)  2.879 +0.078(2.7%)
0.3083 = 0.0074(2.4%) 0.3246 = 0.0092(2.8%)
0.3296 + 0.0080(2.4%) 0.3471 + 0.0099(2.8%)
1.294 £0.031(2.4%)  1.236 + 0.033(2.7%)
1.321 £0.032(2.5%)  1.261 + 0.034(2.7%)
0.2137 £ 0.0052(2.4%) 0.2043 = 0.0054(2.7%)

0.2154 + 0.0052(2.4%) 0.2059 + 0.0054(2.7%)

Table 15. Ratios of count rates, Rnpr. values, for irradiation perpendicular to the beam to
those for irradiation parallel to the beam.

Ratio of detector response for

Configuration irradiation perpendicular to the
stem and parallel to the stem
200 kPa SP9 bare 1.0808 + 0.0055(0.51%)
200 kPa SP9 in polyethylene moderator 1.0154 £+ 0.0060(0.59%)
20 kPa SP9 bare 1.0682 + 0.0043(0.40%)
20 kPa SP9 in polyethylene moderator 1.0077 + 0.0042(0.42%)

One of the reasons for performing measurements with the SP9 detectors bare and within the
polyethylene moderator was to obtain information about the mean energy of the neutron
distribution. Data for the NPL measurements are given in Table 16. For both the 200 kPa and
the 20 kPa detectors the ratio of the bare response to that in the moderator is about 6% higher
for the detector perpendicular to the beam than it is for the detector parallel to the beam. This
simple reflects the effect of the top-hat structure which reduces the response by about 6%
more when the counter is bare than when it is in the moderator — see Table 15.

28



NPL Report IR 29

Table 16. The ratio of a bare SP9 detector response to that of the corresponding counter in
the polyethylene moderating sphere for the responses, Rxpr, as determined in the NPL
thermal column field.

Ratio bare detector response to

Configuration response in moderator sphere
200 kPa SP9 parallel to the beam 1.963 £+ 0.013(0.68%)
200 kPa SP9 perpendicular to the beam 2.089 4+ 0.030(1.4%)
20 kPa SP9 parallel to the beam 1.4427 £ 0.059(0.41%)
20 kPa SP9 perpendicular to the beam 1.5293 + 0.063(0.41%)

5.3 Uncertainties

The model equation linking the measured quantities to the final value for the response can be
written, c.f. eqs (11) and (19) as:

(Cd) (Cd) (Cd)
) SN, MNi(i:Hs)ak N ’MNi(i:193)’M(Di(i:1a3))

Rref:kl'kz'k3'RNPL:kl'kz'k3 (th)

(20)

J (€D , NCD , M €D M

The term f(N, MNi(i:l%)a Ni(i=1-3)>
uncertainty analysis with the contributions to the uncertainties in the input quantities deriving
from statistics and dead-time corrections for several measurements at different counting rates.
However, these have been combined in the analysis procedure described in section 4.7 to give
the uncertainty estimates presented for Rnpr in Table 5 to Table 12. Note that the
uncertainties in these tables do not include the uncertainty in the fluence @(th) derived from

gold foil measurements during the monitor calibration.

vii=1»3 ) Obviously presents a challenge for

The various k; values represent corrections to the original measurements all of which are
assigned uncertainties although the actual value of k; may be 1.0. The factor £, relates to the

correction of the results to what they would have been in a pure Maxwellian spectrum with
kT =0.0253 meV, i.e. the factor converting R, to R .. Values are given in Table 13.

ref *

A factor k, has been included to allow for variations of the fluence per unit monitor reading
between the calibration measurement at high demand and the measurements with the SP9
counters, most of which were at a low demand level. As there was no direct evidence of any
difference, the value of k, was set to 1.0, but with an uncertainty of 1% was applied derived
from a review of the stability of the monitors as a function of demand, c.f. section 4.2.

There is evidence from measurements over the years that the calibration of the monitors
varies from day to day. Since only one fluence calibration was performed a factor k; is
included to allow for day to day variations of the monitor calibrations. The standard deviation
of monitor calibration values measured over the period from 1999 to 2007, for a height of
1.6 m in the column, is 1.8%. The variations seen over a period of a few days are expected to
be smaller than those seen over periods of years. Also, some of the measurements were
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performed on the same day as the fluence calibration. A value of 1% has therefore been
assigned to the uncertainty in k3 which, as with k», is assigned a value of 1.0.

Since the terms in eq. (20) are combined by either multiplication or division the standard
uncertainty in the final response can be derived by adding the components for the different
terms in quadrature, and the actual values are presented in Table 17. The assumption is made
that the various uncertainty components have a normal distribution.

6 CONCLUSIONS

Measurements have been performed of the thermal responses for the two SP9 proportional
counters circulated for CCRI key comparison K8. One detector has a gas filling of 200 kPa of
*He and the other 20 kPa. The responses were measured in a number of configurations;
specifically with the stem parallel to the NPL thermal column beam and with it perpendicular
to the beam, both for the bare detectors and for these detectors in a 7.62 cm diameter
polyethylene moderator. Corrections for epi-thermal neutrons were derived from
measurements performed using cadmium covers. The final results have been corrected to the
values which would be expected in a pure Maxwellian thermal distribution with
kT=25.3 meV. For many of the configurations the results with the AIOSAP electronics
provided for use in the exercise were found to agree with results obtained using the type of
NIM electronics conventionally used with proportional counters at NPL.

Until the results of the comparison exercise are published no conclusions can be drawn about
the accuracy of the results. However, the data as presented in Table 14 show some expected
features. For example the results for the bare detectors perpendicular to the beam are always
higher than the results for the detectors parallel to the beam as expected because of the
feature on the opposite side of the spherical SP9 detector to the stem which attenuates the
thermal neutron beam. This effect is very much less evident for the detectors in the
moderating sphere because of the numerous thermal neutron scattering events within the
polyethylene.

The fact that the response of the 200 kPa detector is only about 8.3 times higher than that of
the 20 kPa detector, rather than 10 times, is understandable since the 200 kPa detector is
sufficiently efficient that response does not increase linearly with pressure in this pressure
region.

The fact that the dead-time of the AIOSAP electronics appeared not to be constant with rate
was unexpected, and no reason for this has yet been discovered. It is possible that it was a
result of the combination of electronic units used with the AIOSAP to provide input to the
scaler system. Fortunately, the effect on the final results is not an issue because the vast
majority of the measurements were performed at low count rates where the dead-time
correction was small. It is, however, an effect which should be investigated when next the
equipment is available.
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Table 17. Uncertainty components and combined uncertainties. Note all quoted values are
standard uncertainties (o = 1) providing a confidence level of approximately 67% (k=1).

. t .
Uncertainty component Componen Uncertainty
value
Counting statistics in beta counting - 0.2%
Fluence variations during fluence calibration - 0.1%
Decay effects during gold foil counting - 0.1%
Dead-time corrections in beta counting - 0.1%
Reference beta counting efficiency &5 ~0.4 0.3%
Correction to beta counting efficiency for column neutrons K ~1.05 0.4%
Gold capture cross section, oy 98.69 b 0.2%
Thermal self-shielding factor G, 0.9843 0.3%
Departure of gold cross section from 1/v dependence g 1.0046 0.1%
Cadmium attenuation correction F' 1.01 0.1%
Maxwellian effective temperature 7 22.6°C 0.3%
Foil mass ~ 96 mg 0.1%
Height of gold foil and of SP9 detectors 1.6 m 0.3%
Combined uncertainty in the Westcott fluence n.v 0.8%
Effect of uncertainty in T on going from n,v, to n,v,, - 1.7%
Relative intensity of epithermal component r ~0.02 0.1%
Uncertainty in Westcott cut-off parameter 3.681 0.2%
Combined uncertainty in the true fluence n,v, 1.9%
Variation of the fluence with demand %, 1.0 1.0%
Variation of monitor calibration with time (days) &3 1.0 1.0%
Combined uncertainty in the response values Rnp1,* 2.4%
Correction to results in a pure Maxwellian spectrum £, 0.955-1053 1.1% - 1.5%
Combined uncertainty in the response values R,.s * 2.6% -2.8%

* Note: these uncertainties exclude counting statistics and dead-time for the SP9 counter and

monitors, and the uncertainty in k“Y . These differ for each measured response, varying from 0.2%
to 0.5%.
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Appendix A: Protocol

CCRI(II)-K8: Key Comparison for Thermal Neutron Fluence
Measurements

Comparison Protocol

Introduction

Reference facilities for the fluence of thermal neutrons have been constructed in several
ways. Designs based on thermal columns or neutron guides at fission reactors and moderation
of fast neutrons produced by accelerators or radionuclide sources have been employed. The
details of the phase space density of neutrons at such facilities may differ significantly. In
particular, the angular distribution may vary from almost isotropic to unidirectional.
Furthermore, the spectral distribution can deviate from a Maxwellian or correspond to a
temperature different from that of the moderator. Also the contamination of the thermal beam
or field with epithermal neutrons above the cadmium threshold is related to details of the
construction of the facility.

To reveal differences in the characteristics of the facilities participating in a comparison
of thermal fluence measurements, a transfer instrument, or combination of instruments, is
required that is sensitive to the actual spectral distribution. Therefore a comparison is
proposed which uses transfer instruments with opposite energy dependency of their response,
i.e. one or more instruments for which the response decreases with neutron energy and one or
more instruments with increasing response over the thermal region. Basically, the ratio of the
responses of two such instruments can be used as an indicator to assess the temperature
parameter k7 of the spectral distribution.

Transfer Instruments and Ancillary Equipment

The pilot laboratory will provide two spherical proportional counters filled with *He as
transfer instruments.

————rrr7 ————r ——— 0.6
41 Detector responses: thermal spectrum with
\ —=— bare, 200 kPa kT = 25.0 meV
——— Dbare, 20 kPa
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Fig. 1 Relative response 7(E) = R(E)/R(Eg) for the three transfer instruments as calculated with MCNP (left
axis) for E.=25.119 meV. Also shown is the relative Maxwellian spectral fluence distribution for
kT =25 meV (right axis). The responses for the bare counters and the counter in moderator sphere were
calculated using MCNP for a parallel beam incident perpendicular and parallel to the symmetry axis,
respectively.
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The counters are of the CENTRONIC SP9 type and have nominal *He pressures of 20 kPa
and 200 kPa, respectively. In addition, a spherical polyethylene (PE) moderator, 7.62 cm (3")
in diameter, is provided to modify the energy dependence of the response of the 200 kPa
counter. Therefore three transfer devices are available for the comparison exercise. The
selection of the most appropriate bare counter will be made by the participant based on count
rate considerations. If possible, all three instruments should be used. The participants are also
encouraged to use the 20 kPa counter with the PE moderator if the count rate is sufficient.

The relative response r(E)= R(E)/R(E.f) for E.r=25.3meV, as calculated using
MCNP [1], is shown in Fig. 1 for the two bare counters and the 200 kPa counter in the 3" PE
moderator. The responses R(E.r) for the bare 200 kPa counter, the bare 20 kPa counter and
the 200 kPa counter in the 3" PE moderator sphere are about 3 cmz, 0.4 cm® and 1 cmz,
respectively (these numbers are meant for count rate estimates only and can deviate from the
result of a Monte Carlo calculation for the actual parameters of the counters by up to 20%!).
The relative response of the 20 kPa counter in the moderator sphere has still to be calculated
and will be provided by the pilot laboratory at a later time.

The signals provided by the counters are processed by an electronic module
(AIOSAP) [2] which comprises a high-voltage supply, a pre-amplifier, a shaping amplifier
and two discriminators. This module is also provided by the pilot laboratory. One
discriminator (D1) is used to separate events resulting from the *He(n,p)’H reaction from
those due to photons and electronic noise. The number N of the TTL output pulses of D1
have to be counted by the participant to determine the response R in his neutron field or
beam. For this purpose, a counting module has to be provided by the participant. The proper
setting of D1 has to be checked individually using a Multichannel Analyser (MCA) provided
by the participant. The dead time 7 introduced by D1 was measured using the pulse interval
method. The effective dead time resulting from the interval distribution shown in Fig. 2 is
7=1(7.220.9) ps. The interval distribution is in compliance with the assumption of a non-
extending dead time. More details on the mounting and operation of the detectors and the
AIOSAP module can be found in the appendix.
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Fig. 2 Distribution of the time intervals between successive output pulses of the discriminator D1 (black
histogram). The red solid line shows the fitted interval distribution N(¢) = Ny-exp(-o(t-7.¢r)) With an effective
non-extending dead time 7. = (7.2£0.9) ps.
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Two tight-fitting cylindrical cadmium shields 1 mm in thickness are provided for measuring
the effect of epithermal neutrons above the cadmium threshold on the bare counters and the
200 kPa counter inside the 3" PE moderator, respectively.

Determination of the Response

The participants shall determine the response Ryr of the counters for a homogeneous
unidirectional irradiation with neutrons with a Maxwellian fluence distribution @E(ref)
characterised by a temperature parameter k7 = 25.3 meV.

O'"dE (E E \dE

——— = —|exp| —— |—

Q' kT kT ) kT
This requires that the relative spectral fluence (@:/ @) and the fluence @ below the nominal
cadmium threshold at 0.68 eV is determined in the neutron field or beam at the same location
and under the same conditions as for the measurement with the counter. An appropriate
monitoring system may be necessary to relate these two measurements if they cannot be

carried out simultaneously. Dead time losses shall be kept below 10% by selecting the most
appropriate counter and adjusting the fluence rate, if possible.

Appropriate correction factors have to be determined if the actual irradiation conditions
deviate from the reference conditions. Most important, the spectral distribution of the actual
neutron field can deviate from a Maxwellian with the reference temperature parameter. The
relative responses shown in Fig. 1 are provided in numerical form for the calculation of
correction factors. The correction factor k; for the spectral distribution is given by

o0

I @(ref) /d)(ref) (E) dE

(=}

Efd(cpE /@) r(E)dE

0

where the integration over the relative spectral fluence (@g/ @) of the neutron field or beam is
extended up to the nominal cadmium threshold energy Ecq at 0.68 eV [3]. Also dead time
losses have to be corrected for. The dead time correction 4; is

1

k= -
> 11—z (dN/dt)

for a non-extending dead time.

Other correction factors can arise, for example, from the inhomogeneous fluence
distribution over the sensitive area of the counter. This effect can either be corrected
experimentally by using a scanning procedure or calculated using the Monte Carlo method.
Also the angular distribution of the spectral fluence may require corrections if fields are used
which are not unidirectional. An MCNP model of the detector for the calculation of
correction factors can be made available by the pilot laboratory on request. Correction factors
are also required if the fluence is not measured at the same position as the counter or, in case
of inhomogeneous fields, the sensitive area of the instrument used for the fluence
measurement is different from that of the counter.

With these correction factors &; and the number of monitor counts M¢ , My and MY for
the measurement with the instrument used for the fluence measurement, the counter without
cadmium cover and with cadmium cover, the response is given by
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s, (VM RN )
Rref_];[ki (@/Md))

Here n > 2 denotes the number of correction factors &;. The correction factor KD accounts for
the absorption of epithermal neutrons in the Cd shield (1 mm Cd + 1 mm Al) and has to be
calculated by the participants if this correction cannot be neglected.

Report

The report to be delivered for the evaluation of the results has to include the following
details:

— A brief description of the calibration facility and the methods used for characterising the
neutron field or beam.

— Specification of the spectral neutron fluence (@s/ @) and the total fluence @ (below the
nominal cadmium threshold at 0.68 eV) and a documentation of the traceability to primary
national standards.

— Description of the measurements carried out with the transfer instruments including
readings N and N“? of the transfer instruments in the neutron fields or beams, monitors
readings M and MY, measurement times and pulse-height spectra of the detectors
measured in coincidence with the discriminator signal.

— Evaluation of the response Ry under reference conditions including the values of all
corrections factors k; as well as a description of how these values were calculated.

— Evaluation of an uncertainty budget for R..r. All uncertainties have to be specified as
standard measurement uncertainties for a coverage factor k= 1. The recommendations of
the Guide to the Expression of Uncertainty in Measurement [4] should be followed.

Evaluation and Publication of the Results

The results reported by the participants will be evaluated by the pilot laboratory. The key
comparison reference values (KCRV) [5] will be calculated for each of the three transfer
instruments as the weighted mean of the results reported by the participants. Reciprocals of
the uncertainties reported by the participants will be used to calculate the weights. From the
KCRYV and the specified uncertainties, the degree of equivalence (DoE) will be calculated.
After discussion and approval of the evaluation report by all participants, the results of the
comparison will be published on part C of the Key Comparison Data Base of the BIPM (type
B final report) and in Metrologia (short summary and results).

Because the pilot laboratory will also participate in the comparison exercise, all reports will
have to be filed at the BIPM. The BIPM will forward the reports to the pilot laboratory after
the pilot laboratory has filed its report.

Transport Arrangements

The pilot laboratory will perform a stability test with the two counters after each return
from a participant. In case of any changes, the last participant will be notified and appropriate
action will be taken. The pilot laboratory will cover the expenses for shipping the equipment
to the participants while the participants have to cover the cost of the return shipments.
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Time Table

Laboratory Date of receipt | Date of return

AIST Nov. 2006 Jan. 2007

NPL Feb. 2007 Apr. 2007

CIAE May 2007 Jul. 2007

PTB (pilot lab.) | Nov. 2007 Jan. 2008

NIST Mar. 2008 May 2008

IRSN Nov. 2008 Jan. 2009

The indicated dates refer to the beginning of a month
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Appendix: Instruction for use of the equipment
provided by the pilot laboratory

General Remarks

Two spherical *He detectors of the CENTRONIC SP9 type were chosen for the key
comparison for thermal neutron fluence measurements. The two bare detectors have nominal
*He pressures of 200 kPa (SP9/20) and 20 kPa (SP9/200). To modify the fluence response of
the two detectors a spherical polyethylene (PE) moderator 7.62 cm (3”) in diameter is
provided. For the determination of the fluence of epithermal neutrons, two cadmium shields
are provided, one for the bare counter and one for the counter inside the moderator. The
thickness of the cadmium layer is 1 mm. An electronic module (AIOSAP) is provided which
comprises a high voltage supply and the analogue pulse processing and discrimination units.
The participants have only to set the appropriate pulse-height threshold and count the number
of events above this threshold using a counting module for standard TTL pulses.

Operation of the ‘He Proportional Counters

The bare counter and the high-voltage cable connecting the counter to the AIOSAP
module are shown in Fig. 1. As can be seen from this figure, the bare SP9 has a nose and a
stem with a special (PET) socket (15) on the opposite side of the spherical sensitive volume.
The serial numbers of the SP9/20 and the SP9/200 counters are 9313-111 and 8916-104,
respectively. They are indicated on the stem together with the nominal pressure and the
appropriate voltage.

Fig. 1 SP9 counter (upper panel) and the high-voltage cable
connecting the counter to the AIOSAP module (lower panel)
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A short cable interfacing this special socket to a standard SHV socket is provided. The high-
voltage cable connecting the detector with the AIOSAP module should be as short as possible
for optimal pulse processing.
Fig. 2 shows the mounting of the bare counter in the cadmium shield. The counter is
connected to the socket on the inner side of the lid and then inserted into the cylindrical
shield. The shield for the bare counter has a ring at the bottom with accepts the nose of the
counter and fixes its position.
The sequence of steps for assembling the moderator sphere with the counter inside and for
inserting the sphere in its cadmium shield is shown in Fig. 3. The diameter of the cylindrical
shield for the counter inside the spherical moderator is only slightly larger than the diameter
of the moderator sphere. This defines the position of the counter inside the shield. When
mounting the detectors inside the shields, any excessive force has to be avoided to prevent
damage to the counters! The outer dimensions of the shields are shown in Fig. 4.

For the bare counter, the point of reference is marked by the rims of the spherical
sensitive volumes. The positions of points of reference of the counters inside the shields are
marked on the outside of the shields.

For the bare counter, the symmetry axis must be oriented perpendicular to the neutron
beam direction. If the counter is operated inside the moderator, the beam direction must be
parallel to the symmetry axis of the counter with the beam incident on the nose. The same
applies for the measurements with the cadmium shields.

Operation of the AIOSAP module

The front panel of the AIOSAP module is shown in Fig. 5. A detailed manual is provided
with the module. If necessary, the unit can be operated with the internal set of batteries
instead of using the external power supply shown in Fig. 6. The settings when not in
operation are indicated in Table 1. The controls secured by the red plastic caps should not be
changed by the participants.

Table 1 Settings for the AIOSAP module when not in operation. The labels refer to Fig. 5.

1. Switch (1) ITG : OFF

2. Switch (2) Shaping : lus
3. Switch (3) Power : OFF
4. Switch (4) HV: OFF
5. Switch (5) COARSE GAIN:  x2
6. Switch (6) Pulser: P

7. Switch (7) Display: HV
8. High-voltage control (8): 0
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Fig. 2 Insertion of the bare counter into the cadmium shield.
The beam has to be incident perpendicular to the stem of the
counter.
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Fig. 3 Mounting of the moderator sphere with the counter inside and insertion into the cylindrical cadmium
shield. The beam has to be incident parallel to the detector stem.
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Fig. 4 Outer dimensions of the shields for the bare SP9 counter and the 3" moderator sphere. The walls of the
shields consist of 1 mm AIMg3 on the outside and an inner layer of 1 mm cadmium. The point of reference is on
the axis of the cylinders at the distances from the end caps indicated on the drawing. These positions are marked
by lines engraved in the housings.
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Fig. 5 Front panel of the AIOSAP module. The labels of the controls, displays and connectors are
explained in the text and Table 1.

Fig. 6 External power supply for the AIOSAP module. The power supply operates on 110 V - 230 V AC.
The switch on the power supply has to be set to 6 V.
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The start-up procedure for the AIOSAP module is as follows:

1. Connect plug (12) of external power supply to socket (10).

2. Connect plug (13) of high-voltage cable to socket (9).

3. Connect plug (14) of high-voltage cable to socket (15).

4. Connect discriminator out (11) to the counting module supplied by the participant by a
50 Q BNC cable.

5. Set switch (3) to EXT.

6. Set switch (4) to ON.

7. Set the high-voltage control (8) slowly to the appropriate value. The voltage applied to
the counter is shown on the display (16).
Counter SP9/200: 795V
Counter SP9/20: 755V

Reminder: set the voltage control (8) to zero before connecting or disconnecting a counter!

The discriminator D1 is used to separate events induced by photons or electronic
noise from events caused by *He(n,p)’H reactions. The discriminator output signal from the
BNC socket (11) is fed to a counting module which has to be supplied by the participant. The
TTL pulses from the discriminator D1 have an amplitude of 5 V and a duration of 6 us (see
Fig. 7). The dead time introduced by the discriminator was measured to be (7.2+0.9) ps.

To check the proper setting of the discriminator, a pulse-height spectrum has to be
measured. For this purpose, the unipolar signal available at BNC socket (17) should be used.
The data acquisition system has to be provided by the participant. It has to be triggered or
operated in coincidence mode using the discriminator signal available at BNC socket (11).
The width of this signal is adjusted to 6 us (see Fig. 7). The discriminator threshold was set to
about 15% of the pulse height of the main peak (see Fig. 8) to effectively discriminate against
electronic noise and photon-induced events. The setting of the discriminator Dlcan be
changed by the participant using potentiometer (18) if this turns out to be necessary.

Tek Prevu | f ] i
l - - 1 A: 10.0mV
[ | ) ) ] : i ) . ) . 1@ —40.0mvy
) : : ] S O SO R, 1A 26.2us
T [ : : : 1@ 17.0Ms
O 500mv  [Ch2] 2.00V H[2.00us| A Chl L -760mV
1 Aug 2006
49.00 % 14:34:39

Fig. 7 Timing diagram of the unipolar analogue signal (lower trace) and the TTL discriminator signal
(upper trace)
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Fig. 8 Pulse-height spectrum of the bare SP9/200 counter measured using a thermal neutron field.
Measurements with the cadmium shield showed that the additional photon background

resulting from neutron capture in the cadmium is negligible and shows up only at in the
pulse-height region below the threshold.
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Appendix B: Printout of Westcott fluence analysis

Output from the Fortran program, Westcott, which is used to calculate the
fluences from the gold foil saturated disintegration rates

PROGRAM WESTCOTT - Version 1.2 compiled June 2005
THERMAL AND EPITHERMAL FLUENCES CALCULATED FROM FOIL ACTIVATION

Run date: 13-02-2009 Run time: 18:26:29
Au 109 bare + Au 900 in Cd, NPL col 1.6m posn. Evac. Small foils.
DO (bare) DO (Cd) Eff Temp K FC rate

5.0537E+00 6.3350E-01 3.1510E+02 4.5792E+03

FCd At Wt G (th) W-cott g Sigma (0)
1.0100E+00 1.9697E+02 9.8430E-01 1.0046E+00 9.8690E+01

G(res) S(0) Res Attn f W W-cott K mu
3.6700E-01 1.7300E+01 9.9000E-01 2.7000E-02 1.9939E+00 3.6810E+00

CALCULATED RATIOS AND FLUENCES (kT = 0.0272 eV)
R (Cd) r(T/TO) r R(1/v)

7.9774E+00 2.0715E-02 1.9996E-02 9.6253E+01

n(th)v(0) nv (0) n (M) v (0) n(1l/E)v(0) n(l/E)/n M)
1.4794E+04 1.4949E+04 1.4597E+04 3.5160E+02 2.4087E-02

For the KT and mu values used:

E(Cd) = 5.1227E-01 El = 9.9949E-02

epithermal fraction [4*r/sqrt(Pi*mu)] = 2.3520E-02
For the Maxwellian distn. v(bar)/v(0) = 1.1690E+00
n (M) v (bar) = 1.7064E+04

n(l/E)v(bar) per unit lethargy = 3.4942E+02
n(l/E)v(bar) between El1 and E(Cd) = 5.7102E+02

( 3.346 % of n(M)v(bar) 3.238 % of n(th)v(bar))

For sub-Cd neutrons:

n(th)v(bar) = 1.7635E+04

v (bar) /v (0) = 1.1921E+00

For the epi. fluence El to E(Cd) v(bar)/v(0) = 2.9090E+00
and thus v (bar) for this region = 6.3998E+05 cm/sec

n(M) = 6.6351E-02

n(th) = 6.7244E-02

n(l/E) between El and E(Cd) = 8.9225E-04

(1.345 % of n(M) 1.327 % of n(th))

Fluences divided by the fission chamber count rate

n(th)v(0) nv (0) n(M)v(0) n(th)v (bar) n (M) v (bar)
3.2306E+00 3.2645E+00 3.1877E+00 3.8511E+00 3.7264E+00
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Facility

The calibration facility for the determination of the fluence response of the transfer
instruments used for this intercomparison is installed at one neutron beam line of the FRG-1
research reactor at GeNF [1]. This thermal neutron reference field [2] has been used in recent
years for calibration or testing of radiation protection instruments or various other
applications. Thus, the field properties together with the reproducibility have been studied in
detail in various measurement periods.

A combination of two diaphragms defines a nearly unidirectional thermal neutron beam with
a quadratic cross section of at most 30 x 30 mm?” at the reference position. The beam intensity
may be varied by changing the cross section of the first aperture (max. 3 x 3 mm®) remote-
controlled, while a set of smaller apertures may be placed at the position of the second
diaphragm. For every configuration of apertures the fluence rate and the neutron energy
distribution has to be determined individually.

An (almost black) °Li glass scintillation detector for the determination of the absolute neutron
current is installed at the reference position. Time-of-flight measurements are carried out to
determine the spectral distribution of the thermal neutron beam by means of the start signal
from a chopper wheel near the first aperture and the stop signal from the °Li glass scintillation
detector. The flight path length of 6.61 m is identical to the distance between the first
diaphragm and the reference position. A beam stop is installed about 60 cm further
downstream. The °Li glass detector was employed to calibrate a *He beam monitor used in
transmission being installed directly behind the second diaphragm. As the beam spot size is
generally smaller as the object to be irradiated, a scanner [3] (here: device, which moves
objects in a plane perpendicular to the beam direction in a defined pattern of movement) is an
essential part of the irradiation facility to obtain larger, homogeneous field sizes, with the



drawback of lowering the fluence rates. Further details about the thermal neutron reference

facility are given in [2].

General field properties

The spectral fluence distribution of the thermal neutron beam at GeNF can be described by a
Maxwellian distribution with a temperature parameter of 21 meV to 24 meV being close to
the reference thermal neutron distribution with £7'= 25.3 meV.

Furthermore, the beam is nearly free from photon contamination and epithermal neutrons, as
the Cadmium-ratio is about 3.3-10%.

With a standard set of apertures, a fluence rate of 8-10* cm™ s™ is achieved in the direct beam,
while with the scanner in operation (standard field size 30 x 30 cm® for larger objects) only
fluence rates of about 10° cm™ s can be obtained.

Measurements with transfer instruments

Before starting with the response determination of the SP9 detectors, the transmission monitor
was calibrated with the °Li glass scintillation detector at the reference position and with a
strongly reduced beam intensity to keep dead time corrections small. Time-of-flight
experiments were performed afterwards with various sizes of the second aperture.

The measurements aiming to determine the fluence response of the spherical >He proportional
detectors were performed between November 15 and 22, 2007.

Irradiations were carried out with both detectors, exposed to the beam at the reference
position with and without the 3" moderator sphere.

Thus all four transfer instruments were investigated, further denoted as SP9/200, SP9/20,
SP9/200mod and SP9/20mod.

Due to the high cadmium-ratio of the beam, a contribution from epithermal neutrons was not
observed behind a Cd-shielding. Therefore, measurements with the specially designed
Cd-shield were not performed.

For the signal processing and high voltage supply the provided AIOSAP module was utilized.

The proportional counters were operated with the high voltage as required in the appendix of
the comparison protocol, which is 795 V for the SP9/200 and 755 V for the SP9/20.

The orientation of the stem of the detector with and without moderator was also set according
to the protocol instruction.



All irradiations were performed with the scanner in operation. The size of the second aperture
was chosen as 10 x 10 mm?. Thus, at the reference position, the size was 13 x 13 mm?. With
this geometry, the cross section of the thermal neutron beam is much smaller than the
dimensions of the detectors and the scanner field size. The scanner was operated only in the
spot scanning mode [3] with a step width of 10 mm in both dimensions. Data were taken only
when the detector was in the rest position of the respective point of irradiation. In this way,
dead time corrections could be carried out for each position individually.

To keep dead time corrections low, at least for three transfer instruments the beam intensity
had to be reduced by lowering the cross section of the first diaphragm due to the high
efficiency of the applied *He detectors for thermal neutrons. Time-of-flight experiments
showed that the spectral fluence does not change when lowering the beam intensity.

Table 1 shows the relative beam intensity applied for the irradiation of the transfer

instruments.
Detector Relative intensity
in %
SP9/200 14
SP9/200mod 22
SP9/20 41
SP9/20mod 100

Table 1: Reduction of the beam intensity for the set of *He detectors investigated.

Results

The neutron field

The spectral fluence distribution for the field with the 10 x 10 mm” aperture used throughout
these irradiations was derived from the experimentally determined time-of-flight spectrum at
full beam intensity. The mean energy is 46 meV, while the best fit is obtained with a
Maxwellian distribution with a temperature parameter of £7'=23 meV. Both spectra are
displayed in Fig. 1.
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Fig. 1. Neutron spectral fluence measured in November 2007 together with a Maxwellian
fit of k7= 23 meV (red).

For the determination of the fluence response Ri.r of the transfer instruments, the number of
counts from the monitor detector is to be multiplied by the monitor calibration factor f to
obtain the neutron rate at the reference position. For this field geometry used for all SP9
irradiations, it amounts to: f=386.5+78. The evaluation of the standard measurement
uncertainty was performed according to the Guide to the Expression of Uncertainty in
Measurement [4]. Appendix A includes the uncertainty budget for the fluence measurement
based on the °Li glass scintillation detector.

Apart from measuring the thermal neutron current directly by means of a quasi black detector
system, the irradiation of a thin gold foil (thickness 20 pum) at the reference position can also
be used to determine the average neutron current during an extended period of irradiation
(nearly 72 h), however, with a circular geometry of the second aperture. With the data from
the transmission monitor, both methods can be directly compared.

By these activation measurements as part of the quality assurance, the traceability of the
neutron flux to the primary national activity standard of the PTB could be realized. A

comprehensive description of the measurement procedure and the data analysis can be found
in ref. [2].

As in previous measurement campaigns, the results from °Li glass/monitor neutron current
determination and gold foil activation on the other hand show excellent agreement, as can be
seen in Table 2.



Method Thermal neutron current/s™
SLi glass scintillator/monitor (7.020 = 0.150) E04
Gold foil activation (7.024 + 0.140) E04

Table 2: Results from different methods of neutron current determination.

Fluence response of the detectors

To obtain pulse height spectra for the inspection of the correct setting of the threshold, the set
of counters was exposed to the direct neutron beam strongly reduced by the first diaphragm.
As an example, Fig. 2 shows the pulse height spectrum of the SP9/20 without moderator. The
threshold is set at a position of about 10 % of the peak position.
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Fig. 2: Pulse height spectrum of the low pressure spherical *He proportional counter
SP9/20.

For the calculation of the fluence response R.r of the transfer instruments at the reference
energy 25.3 meV, only the correction factors k; and 4, as defined in the comparison protocol
have to be considered due to the field properties allowing to omit measurements with the
provided cadmium shielding.

Correction factor k

The correction factors are calculated by folding the normalized spectral distributions with the
relative response of the detectors. The results for ; are tabulated in Table 3.



Detector ki

SP9/200 0.979 + 0.003
SP9/20 0.976 = 0.003
SP9/200mod 1.024 + 0.003
SP9/20mod 1.023 + 0.003

Table 3: Spectral correction factor k; for the set of >He detectors investigated.

The stated uncertainties for £; are due to the experimentally determined spectral fluence, as an
uncertainty of 1 cm is assumed for the flight path length, while no uncertainties are assigned

to the calculated relative responses.

Due to the opposite energy dependence of their responses, the correction factors for the bare
counters are smaller than unity, while they are larger for the spheres with 3" moderator, as
expected.

Correction factor k,

A non-extended dead time of 7= (7.2+0.9) us is assumed according to the protocol to
calculate the dead time correction factor ;. No measurements were performed to verify this
value during the November 2007 campaign.

In the scanning procedure, the number of counts of every data point is corrected for dead time
losses individually. Thus £; is defined here (different from the definition in the protocol) as

Z N i ) Ti,carr
k2 — _i=l -
i=1 '
with n = number of positions in the spot scan mode
N; = Number of counts for the individual measuring position

Tcor = dead time correction for the number of counts of the individual measuring
position

As count rates of up to 15 kHz for only few scanner positions may occur for the direct
exposure of the SP9/200 even at a reduced beam current, it is essential to follow this
procedure of point-wise dead time correction in the scanning mode as used here. The dead



time correction is, however, much smaller for the measurements with the moderator sphere

(max. count rates about 1 kHz), as can be seen from Table 4.

Detector k,

SP9/200 1.080+0.010
SP9/20 1.019 £+ 0.002
SP9/200mod 1.005 £ 0.001
SP9/20mod 1.005 £+ 0.001

Table 4: Overall dead time correction factors for the set of *He detectors investigated.

To estimate the uncertainty of the scan field area, various measurements to determine SP9-
detector responses were performed with different combinations of beam intensity, primary
field size and specially scan field size. From these data, a 2 % upper limit for the uncertainty

of the scan field size used for these irradiations could be derived.

Thus, with the fluence determined and the number of corrected counts from the transfer

instruments, the fluence response for the reference energy 25.3 meV can be calculated.

The results are given in Table 5; with a coverage factor 1.0 for the uncertainty.

Detector Response R.;/cm’
SP9/200 3.129 £ 0.094
SP9/20 0.375+0.012
SP9/200mod 1.322 +£0.038
SP9/20mod 0.217 £ 0.006

Table 5: Fluence response Ry.s for the transfer instruments.

The appendixes B to E show the uncertainty budgets calculated according to GUM [4].
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A: Uncertainty budget for the determination of the monitor calibration factor.
B: Uncertainty budget for the fluence response of SP9/200.
C: Uncertainty budget for the fluence response of SP9/20.
D: Uncertainty budget for the fluence response of SP9/200mod.
E: Uncertainty budget for the fluence response of SP9/20mod.
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Appendix A:Determination of the monitor calibration factor (field size
10x10mm> November 2007)

Appendix A:Determination of the monitor calibration factor
(field size 10x10mm* November 2007)

Model Equation:
L=Lo/(1-(x*L*0.01));
f=LiyorL4/Mon

List of Quantities:

Quantity

Unit Definition

L, , dead time corrected

Number of pulses from LiGI scintillation detector within 100 s

Dead time

Monitor calibration factor (field size 10x1 Omm? November 2007)

Absorption correction for LiGI

Number of pulses from the % He-transmission monitor within 100s

I-'korr:

Mon:

Temporary

Type B rectangular distribution
Value: 4146740
Halfwidth of Limits: 3500

Type B rectanbgular distribution
Value: 3.6-10
Halfwidth of Limits: 0.6-10°

Result

Type B rectangular distribution
Value: 1.045
Halfwidth of Limits: 0.012

Type B rectangular distribution
Value: 13180
Halfwidth of Limits: 200

Date: 04/11/2008

File: App Page 1 of 2




Appendix A:Determination of the monitor calibration factor (field size

10x10mm® November 2007)

Uncertainty Budget:

Result: Quantity: f
Value: 386.5
Expanded Uncertainty: £7.8
Coverage Factor: 1.0

Coverage: manual

Quantity Value Standard Degrees | Sensitivity | Uncertainty | Index
Uncertainty of Coefficient | Contribution
Freedom
L, 4.8744-10° 82400
Ly 4.14674-10° 2020 infinity 110-10°® 0.22 0.1%
1 3.600-10° 346-107° infinity 19-10° 6.5 70.2 %
5 — 1.04500 6.93-10° infinity 370 2.6 10.8 %
Mon 13180 115 infinity -0.029 -3.4 18.9 %
f 386.5 7.79 infinity

Date: 04/11/2008

File: App
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Appendix B:Determination of the response of SP9/200 detector

Appendix B:Determination of the response of SP9/200

detector

The response of spherical, 3He filled detectors was determined at the thermal neutron
reference field of the PTB at GKSS.

Model Equation:
R=k;*k,*SP9*F/(Mon*f)

List of Quantities:

Quantity

Unit Definition

cm?  |Response SP9/200

Correction to reference spectrum E = 25.3 meV

Dead time correction

Number of pulses from SP9 detector

cm Scan area

Number of pulses from monitor detector

Monitor calibration factor for the field in November 2007, aperture size
10x10 mm2

SP9:

Result

Type B normal distribution
Value: 0.979

Expanded Uncertainty: 0.003
Coverage Factor: 1

Type B normal distribution
Value: 1.08

Expanded Uncertainty: 0.01
Coverage Factor: 1

Type B normal distribution
Value: 529901

Expanded Uncertainty: 728
Coverage Factor: 1

Type B normal distribution
Value: 256 cm?

Expanded Uncertainty: 5 cm?
Coverage Factor: 1

Date: 04/11/2008

File: App Page 1 of 2




Appendix B:Determination of the response of SP9/200 detector

Mon:

Type B normal distribution
Value: 118609

Expanded Uncertainty: 344
Coverage Factor: 1

Import
Filename: Mon-Kalibrierfaktor 10x10 Nov07.SMU
Symbol: f

Uncertainty Budget:

Quantity Value Standard Degrees | Sensitivity | Uncertainty | Index
Uncertainty of Coefficient | Contribution
Freedom

Ky 0.97900 3.00:107° 50 3.2 9.6:10%cm? | 1.0 %
ko 1.0800 0.0100 50 29 0.029cm? | 96 %
SP9 529.901-10° 728 50 5910 | 4310%cm? | 02%
F 256.00 cm? 5.00 cm? 50 0.012 0.061cm? |426 %
Mon 118.609-10° 344 50 26-10°% |-9.1-10%cm? | 0.9%
f 386.5 7.80 infinity -8.1107 -0.063cm? |45.6 %

R 3.129 cm? 0.0936 cm? 260

Result: Quantity: R
Value: 3.129 cm?
Expanded Uncertainty: +0.094 cm?
Coverage Factor: 1.0
Coverage: manual

Date: 04/11/2008

File: App Page 2 of 2




Appendix C: Determination of the response of SP9/20 detector

Appendix C: Determination of the response of SP9/20

detector

The response of spherical, 3He filled detectors was determined at the thermal neutron
reference field of the PTB at GKSS.

Model Equation:
R=k,*k,*SP9*F/(Mon*f)

List of Quantities:

Quantity

Unit Definition

cm?  |Response SP9/20

Correction to reference spectrum E = 25.3 meV

Dead time correction

Number of pulses from SP9 detector

cm Scan area

Number of pulses from monitor detector

Monitor calibration factor for the field in November 2007, aperture size
10x10 mm2

SP9:

Result

Type B normal distribution
Value: 0.976

Expanded Uncertainty: 0.003
Coverage Factor: 1

Type B normal distribution
Value: 1.019

Expanded Uncertainty: 0.002
Coverage Factor: 1

Type B normal distribution
Value: 125529

Expanded Uncertainty: 354
Coverage Factor: 1

Type B normal distribution
Value: 121 cm?

Expanded Uncertainty: 3 cm?
Coverage Factor: 1

Date: 04/11/2008

File: App Page 1 of 2




Appendix C: Determination of the response of SP9/20 detector

Symbol: f

Uncertainty Budget:

Mon: Type B normal distribution
Value: 104097
Expanded Uncertainty: 323
Coverage Factor: 1

f: Import

Filename: Mon-Kalibrierfaktor 10x10 Nov07.SMU

Value: 0.375 cm?

Coverage: manual

Expanded Uncertainty: £0.012 cm?
Coverage Factor: 1.0

Quantity Value Standard Degrees | Sensitivity | Uncertainty | Index
Uncertainty of Coefficient | Contribution
Freedom

K 0.97600 3.00-10° 50 0.38 1.210%cm? | 0.9 %
Ko 1.01900 2.00-10° 50 0.37 740-10°cm? | 0.4 %
SP9 125.529-10° 354 50 3.010% | 1.1-10%cm® | 0.8 %
F 121.00 cm? 3.00 cm? 50 3.110° | 9.3-10°cm? |58.4 %
Mon 104.097-10° 323 50 3610° |[-1.210°cm? | 0.9%
f 386.5 7.80 infinity -970-10° | -7.6:10°cm? |38.7 %

R 0.375 cm? 0.0122 cm? 150

Result: Quantity: R

Date: 04/11/2008 File: App

Page 2 of 2




Appendix D: Determination of the response of SP9/200 detector with 3"
moderator

Appendix D: Determination of the response of SP9/200
detector with 3" moderator

The response of spherical, 3He filled detectors was determined at the thermal neutron
reference field of the PTB at GKSS.

Model Equation:
R=Kk,*k,*SP9*F/(Mon*f)

List of Quantities:

Quantity Unit Definition
R cm?  |[Response SP9/200 mod
k4 Correction to reference spectrum E = 25.3 meV
Ko Dead time correction
SP9 Number of pulses from SP9 detector
E cm? Scan area
Mon Number of pulses from monitor detector
f Monitor calibration factor for the field in November 2007, aperture size
10x10 mm2
R: Result
kq: Type B normal distribution
Value: 1.024

Expanded Uncertainty: 0.003
Coverage Factor: 1

k: Type B normal distribution
Value: 1.005
Expanded Uncertainty: 0.001
Coverage Factor: 1

SP9: Type B normal distribution
Value: 149771
Expanded Uncertainty: 387
Coverage Factor: 1

F: Type B normal distribution
Value: 256 cm?
Expanded Uncertainty: 5 cm
Coverage Factor: 1

2

Date: 05/30/2008 File: App Page 1 of 2




Appendix D: Determination of the response of SP9/200 detector with 3"
moderator

Mon:

Type B normal distribution

Value: 77237

Expanded Uncertainty: 278

Coverage Factor: 1

Import

Filename: Mon-Kalibrierfaktor 10x10 Nov07.SMU

Symbol: f

Uncertainty Budget:

Quantity Value Standard Degrees | Sensitivity | Uncertainty | Index
Uncertainty of Coefficient | Contribution
Freedom
Kq 1.02400 3.00-10° 50 1.3 3.910%cm? | 1.0%
Ko 1.00500 1.00-10° 50 1.3 1.310%cm? | 0.1 %
SP9 149.771-10° 387 50 8.810° | 3.410%cm? | 0.8 %
F 256.00 cm? 5.00 cm? 50 52103 0.026 cm® |46.6 %
Mon 77237 278 50 -17-10° | -4.810%cm? | 1.6 %
f 386.5 7.80 infinity -3.410° | -0.027 cm® 498 %
R 1.322 cm? 0.0378 cm? 230
Result: Quantity: R

Value: 1.322 cm?

Expanded Uncertainty: +0.038 cm?
Coverage Factor: 1.0

Coverage: manual

Date: 05/30/2008

File: App
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Appendix E: Determination of the response of a SP9/20 detector with 3"
moderator

Appendix E: Determination of the response of a SP9/20
detector with 3" moderator

The response of spherical, 3He filled detectors was determined at the thermal neutron
reference field of the PTB at GeNF.

Model Equation:
R=k{*k,*SP9*F/(Mon*f)

List of Quantities:

Quantity

Unit Definition

cm? Response SP9/20 mod

Correction to reference spectrum E = 25.3 meV

Dead time correction

Number of pulses from SP9 detector

cm Scan area

Number of pulses from monitor detector

Monitor calibration factor for the field in November 2007, aperture size
10x10 mm2

SP9:

Result

Type B normal distribution
Value: 1.023

Expanded Uncertainty: 0.003
Coverage Factor: 1

Type B normal distribution
Value: 1.005

Expanded Uncertainty: 0.001
Coverage Factor: 1

Type B normal distribution
Value: 343620

Expanded Uncertainty: 586
Coverage Factor: 1

Type B normal distribution
Value: 256 cm?

Expanded Uncertainty: 5 cm?
Coverage Factor: 1

Date: 04/11/2008
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moderator

Appendix E: Determination of the response of a SP9/20 detector with 3"

Mon: Type B normal distribution
Value: 1080233
Expanded Uncertainty: 1039
Coverage Factor: 1
f: Import
Filename: Mon-Kalibrierfaktor 10x10 Nov07.SMU
Symbol: f
Uncertainty Budget:
Quantity Value Standard Degrees | Sensitivity | Uncertainty | Index
Uncertainty of Coefficient | Contribution
Freedom
Ky 1.02300 3.00-10° 50 0.21 640-10°cm? | 1.1 %
Ko 1.00500 1.00-107 50 0.22 22010%cm? | 0.1 %
SP9 343.620-10° 586 50 630-10° | 370-10%cm? | 0.4 %
F 256.00 cm? 5.00 cm? 50 850-10° | 4.2:10%cm? |47.5%
Mon 1.08023-10° 1040 50 -200-10° |-210-10%cm?| 0.1 %
f 386.5 7.80 infinity -560-10° | -4.4-10° cm? |50.8 %
R 0.2166 cm? 6.14-10° 220
Cm2
Result: Quantity: R

Value: 0.2166 cm?

Expanded Uncertainty: +6.1-10° cm?
Coverage Factor: 1.0

Coverage: manual

Date: 04/11/2008
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