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INTRODUCTION

It is the aim of CCRI Section III to compare the realisation of standards of all relevant neutron quantities over a ten year cycle. Each comparison exercise should take less than four years from initial planning to publication of report in open literature. The previous comparison of measurements of source emission rate started in 1999 and took six years to complete 1 . The main reasons for this extended schedule were the difficulties in transporting radioactive sources between countries and also the request of some participants to receive the source for a second measurement.

The aim of this comparison is to compare primary measurements of the neutron emission rate of an 241 Am-Be(,n) radionuclide source for laboratories who were outliers in the previous comparison (K9.AmBe) or who were unable to participate. The NPL was the pilot institute and, as a participant in the previous key comparison K9.AmBe, provided a link to that exercise.

Three laboratories were scheduled to participate: Ente per le Nuove Tecnologie, l'Energia e l'Ambiente -Istituto Nazionale di Metrologia delle Radiazioni Ionizzanti (ENEA-INMRI), Rome, Italy Laboratoire National Henri Becquerel (LNE-LNHB), Paris-Saclay, France National Physical Laboratory (NPL), Teddington, UK

THE 241 Am-Be(,n) RADIONUCLIDE SOURCE

The neutron source used was a sealed 241 Am-Be(,n) source (model Am1.N09, serial number 002/07) owned by LNHB, which had a nominal activity of 11 GBq. It is in a cylindrical capsule (outer length 19.2 mm, outer diameter 17.4 mm) and was manufactured by Eckert and Zielger Cesio.

The source was chosen as it is a similar type as that used in the K9.AmBe comparison. It has a long half-life and stable decay process, and also because it is representative of the type and size of neutron sources commonly used at the present time in calibration laboratories. After LNHB had made the first measurement the source was sent to NPL in 2017. The source was then sent from NPL to ENEA-INMRI later in 2017 and returned to LNHB in the same year.

In 2018 a provisional notification of results was provided to LNHB, at their request, which contained the degree of equivalence between LNHB and NPL, the associated expanded uncertainty and the normalised error.

NEUTRON EMISSION RATE MEASUREMENT TECHNIQUES OF THE LABORATORIES

ENEA-INMRI

The ENEA-INMRI manganese bath is a stainless steel sphere 100 cm in diameter and 5 mm thick, containing solution with a density of 1.280 g cm -3 and an impurity level of 0.00778 %.

The neutron source was placed in the centre of the bath in a spherical Plexiglass container with a radius of 4.87 cm. After 24 hours the source was removed and a NaI(Tl) scintillation detector was introduced at the approximate centre of the bath. Gamma spectra were recorded for 13 hours in 1 hour acquisitions and the count rate obtained by setting a window from 38.24 to 1854.64 keV.

The efficiency of the ENEA-INMRI manganese bath system was determined using a concentrated 56 Mn solution, standardized by the ENEA-INMRI secondary standard (well-type ionization chamber) previously calibrated by using several absolute techniques based on coincidence counting, CIEMAT/NIST and TDCR methods.

The probability of neutron capture by 55 Mn nuclei was evaluated directly using Fluka 2 simulations with ENDF/B-VI cross-sections. The separate components for neutron leakage, fast neutron losses due to interactions in the oxygen and sulphur, and thermal neutrons absorbed by the neutron source and the container were also evaluated although were not used in the calculation of the emission rate.

LNHB

The LNHB manganese bath is a thin-walled stainless steel sphere of 100 cm in diameter, filled with a solution of manganese sulphate with a density of 1.277 g cm -3 (measured with a calibrated densitometer). The experimental set up is described in references 3 and 4.

The neutron source was placed in the centre of the bath in a cylindrical PMMA holder. The solution was stirred and circulated continuously between the bath and a detector assembly containing a 4×4 NaI(Tl) scintillation detector which is used to measure the induced activity of 56 Mn at saturation.

The detector assembly was last calibrated at LNHB in 2012 using a concentrated 56 Mn solution, standardized by the TDCR (triple to double coincidence ratio) method in order to determine the efficiency of the LNHB manganese bath system.

The probability of neutron capture by the manganese in the solution was calculated using MCNP6 5 with ENDF/B-VII cross-sections. Corrections were made for neutron leakage, fast neutron losses due to interactions in the oxygen and sulphur, and thermal neutrons absorbed by the neutron source and the container.

NPL

The NPL manganese bath is a sphere of 98 cm in diameter. Solution with a hydrogen to manganese number density ratio (NH/NMn) of 34.38 was used, the concentration of which was determined gravimetrically.

The solution was continuously circulated through a shielded reservoir where two 50 mm  50 mm NaI scintillators were used to measure the activity of the solution, before being pumped back into the bath. The saturated count rate was obtained from the counting cycles when the source was in the bath as well as from those after the source had been removed. Both NPL measurements consisted of two separate bath irradiations performed within a week of each other.

The NaI detectors were calibrated by adding an active solution of 56 Mn to the bath, the activity concentration of which had been determined by ionisation chamber counting at NPL. The active solution was produced by irradiating a bottle of MnSO4 solution extracted from the bath in the NPL thermal pile.

MCNP5 was used to calculate the leakage fraction, the capture in the source and source mounting assembly, and the capture by (n,p) and (n,) reactions in sulphur and oxygen using ENDF/B-VI cross-sections where available. Thermal neutron capture by hydrogen, sulphur, and solution impurities was calculated using thermal cross sections with appropriate Westcott parameters to allow for epithermal resonance capture. A hydrogen to manganese cross-section ratio derived from measurements in the NPL manganese bath was used. The impurity levels were taken from a chemical analysis of the solution. Where not provided by the participants, values of NH/NMn were calculated from the solution density using the model of Laliberté and Cooper 6 .

MEASUREMENTS

Emission rates as reported by participants

The emission rates submitted by each participant with uncertainties at k = 2 are given in Table 2.

All values have been corrected to the reference date of 1 st January 2016. After submitting their initial results, ENEA-INMRI were asked to check their analysis for errors, due to the disagreement between the ENEA-INMRI and NPL emission rates, but without being told the magnitude or direction of the difference. In response, ENEA-INMRI provided a revised emission rate. After the provisional notification of results had been provided, LNHB identified a discrepancy with the solution concentration in their MCNP model used to derive the correction factors which would increase the reported emission rate by 0.39 %. As this came after LNHB were aware of the results, the revised emission rate has not been considered in this report, but it is included in Table 2 for completeness. The results are plotted in Figure 1 with uncertainties at the k = 2 level. 

Degree of equivalence between participants

Before linking the present measurements to the initial K9.AmBe comparison exercise, the results from each participant were compared with the NPL value to evaluate the level of agreement. The degree of equivalence (DoE) between NPL and the two participating laboratories was calculated as the difference between the values of emission rate (Q) reported by the participants

𝐷 𝑁𝑃𝐿,𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 = 𝑄 𝑁𝑃𝐿 -𝑄 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 (1) 
with the expanded uncertainty as follows

𝑈(𝐷 𝑁𝑃𝐿,𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 ) = 2√𝑢 2 (𝑄 𝑁𝑃𝐿 ) + 𝑢 2 (𝑄 𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 ) (2) 
For the above formula, the correlation between results reported by NPL and the participants are considered not significant. The normalised error (En) in the DoE was then calculated as follows

𝐸𝑛 = |𝐷 𝑁𝑃𝐿,𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 | 𝑈(𝐷 𝑁𝑃𝐿,𝑝𝑎𝑟𝑡𝑖𝑐𝑖𝑝𝑎𝑛𝑡 ) (3) 
A value of En in the range 0 to 1 indicates that the difference between the measured values of the participating laboratories is less than or equal to the combined expanded uncertainties of the two laboratories.

The degrees of equivalence with the associated uncertainty is given in Table 3. The results presented in Figure 1 and Table 3 indicate that the measurements by LNHB and NPL are in agreement, but that by ENEA-INMRI is not in agreement with the NPL value.

Using same oxygen (n,α) cross-section evaluation

It is well known that the choice of O(n,α) cross-section has a significant influence on the neutron emission rate obtained from the manganese bath technique, the influence being around 0.8 % between ENDF/B-VI.0 and ENDF/B-VII.0 7,8 . LNHB used the ENDF/B-VII.0 evaluation, whereas NPL used the ENDF/B-VI.0 evaluation, so to quantify the influence of the O(n,α) cross-section on the level of agreement the NPL results were recalculated using correction factors based on ENDF/B-VII.0 evaluations. The NPL values obtained using both cross-section evaluations are plotted alongside the LNHB value in Figure 2. The ENEA results were derived using the same cross-sections as NPL so they were not considered in this section. The degree of equivalence when both laboratories use the same oxygen cross-section data is given in Table 4. 8.979  10 3 s -1 0.636

The degree of equivalence and the normalised error have reduced showing that the two values are still in agreement when normalised to the same oxygen cross-section data. The reduction in the degree of equivalence of 2.689  10 3 s -1 has the same magnitude as the reduction in the NPL measured rate when the ENDF/B-VII evaluation is used, which corresponds to a 0.78 % reduction in the source emission rate. In keeping with the approach taken for the original CCRI(III).K9.AmBe evaluation, the degrees of equivalence for this exercise are based on the reported values of the participants regardless of which cross-sections were used in their analysis.

Long term stability of the NPL Mn bath

NPL routinely measures the emission rates of its neutron sources both to confirm the decay is as expected and to confirm the long-term stability of the manganese bath system. The decay-corrected emission rates of 5 Am-based sources are plotted in Figure 3 for the period from 1997 to 2017, covering the K9.AmBe and K9.AmBe.2 exercises. Source number 1096 was the Am-Be source used in the K9.AmBe comparison. 

The linked values can then be used to derive the unilateral degrees of equivalence and associated uncertainties linked to the CCRI(III)-K9.AmBe KCRV. These are given in Table 5 and plotted alongside the DoEs for the other participants in the CCRI(III)-K9.AmBe exercise in Figure 4. 

SUMMARY AND CONCLUSION

The subsequent comparison of neutron emission rate measurements, CCRI(III)-K9.AmBe.2, has concluded with ENEA-INMRI (Italy), LNHB (France) and NPL (UK) able to participate. All participants used the manganese bath technique to measure the neutron emission into 4𝜋 sr of an Am-Be source. The reported value of LNHB is consistent with that of NPL within the uncertainties, with the normalised error on the degree of equivalence equal to 0.934. However, the value from ENEA-INMRI was not consistent with that of NPL within the uncertainties, with the normalised errors on the degree of equivalence equal to 5.154. ENEA are therefore an outlier in this exercise.

ENEA-INMRI, after the completion of the report, checked its results by measuring in the MnSO4 bath a certified NPL Am-Be source owned by itself. This allowed the performance of some useful tests on the measurement chain, to benchmark the Fluka Monte Carlo code used for the computation of all corrective factors, and finally to understand the origin of the deviation of its result in this comparison.

When linked to the KCRV of the original CCRI(III)-K9.AmBe comparison exercise, the unilateral degree of equivalence and expanded uncertainty for LNHB is (-0.0719 ± 0.0708)  10 6 s -1 .

Anisotropy measurements

LNHB and NPL measured the anisotropy of the source in addition to the emission rate as part of the comparison exercise. LNHB made measurements at 15 steps from 0 to 180, whereas NPL measured the anisotropy of the source in 10 steps from 0 to 180. The convention used to define the angles around the source capsule is shown in Figure 5.

LNHB

The anisotropy of the neutron source was measured using a BF3 long counter at a distance from the source of about 1.5 m. The source was placed on a lightweight holder positioned on top of a rotating support with its cylindrical axis in the horizontal plane. A scatter correction was made by making measurements with a shadow cone positioned between the source and the long counter. From hereon it will be referred to as the NPL long counter.

Both long counters were nominally at 2 m from the source and scatter contributions were measured using a shadow cone and subtracted.

Top (weld end) 0

Bottom (plain end) 180 It can be seen that there is reasonably good agreement between LNHB and NPL over much of the angular range. The angle of most significance is 90 as this is the conventional angle for positioning any instrument or device being irradiated by the source. The anisotropy factors of each laboratory at 90, F(90), are given in Table 9 and plotted in Figure 7. The weighted mean of the measured values is 1.0144 as shown in Figure 7. The error bars at k = 1 for all measurements straddle the weighted mean which represents excellent agreement. 

Figure 1 :

 1 Figure 1: Graph of emission rates with uncertainties at k =2. The revised LNHB value is plotted for completeness.

Figure 2 :

 2 Figure 2: Graph of emission rates, including the NPL rate using correction factors based on ENDF/B-VII cross-sections, with uncertainties at k = 2

Figure 3 :

 3 Figure 3: Normalised decay-corrected measurements of Am-based neutron source emission rates at NPL over the period between the K9.AmBe and K9.AmBe.2 comparison exercises

Figure 4 :

 4 Figure 4: Degrees of Equivalence for the original K9.AmBe comparison and those linked to it through the subsequent K9.AmBe.2 comparison, with expanded (k = 2) uncertainties. All participants in the K9.AmBe comparison used the Mn bath technique, although the VNIIM value is a mean of the Mn bath and associated particle techniques. The correction factors for all K9.AmBe participants were based on ENDF/B-VI crosssections, except for NIST and LNMRI whose were based on ENDF/B-V.

Figure 5 :Figure 6 :

 56 Figure 5: Anisotropy angle convention for the intercomparison source

Figure 7 :

 7 Figure 7: Comparison of anisotropy factors at 90 degrees. The red line represents the weighted mean of all 3 measurements (error bars represent the statistical uncertainty at k = 1)

Table 1 : Summary of manganese bath parameters

 1 

	Laboratory	Bath	NH/NMn at	Correction factor	Oxygen	Impurities	Activity
		size	time of	method	cross-	considered?	counting
			measurement		section		system
	ENEA-INMRI	100 cm diameter	51.5	FLUKA	ENDF/B-VI	Yes	Static, NaI in bath
	LNHB	100 cm diameter	52.2	MCNP6	ENDF/B-VII	No	Circulation of solution
	NPL	98 cm diameter	34.28	MCNP5+thermal calculation	ENDF/B-VI	Yes	Circulation of solution

Table 2 : Emission rates corrected to 1st January 2016 with uncertainties at k = 2

 2 

	Laboratory	Emission rate ( 10 5 s -1 ) Uncertainty [k = 2] ( 10 5 s -1 )
	ENEA-INMRI	3.949	0.085
	LNHB	3.364	0.076
	LNHB (revised*)	3.377	0.076
	NPL	3.448	0.048
	* The LNHB revised value was not considered as their reported value.

Table 3 : Degrees of equivalence between NPL and ENEA, and NPL and LNHB

 3 

	Participant	DNPL,participant	U(DNPL,participant)	En
	ENEA-INMRI	-5.009 10 4 s -1	9.719  10 3 s -1	5.154
	LNHB	8.400  10 3 s -1	8.998  10 3 s -1	0.934

Table 4 : Degree of equivalence between NPL and LNHB when both use the same oxygen cross section data

 4 

	DNPL,LNHB	U(DNPL,LNHB)	En
	5.711  10 3 s -1		

Table 5 : Unilateral degrees of equivalence linked to the CCRI(III)-K9.AmBe KCRV

 5 

	Participant	Dparticipant	U(Dparticipant)
	ENEA-INMRI	0.3406  10 6 s -1	0.0800  10 6 s -1
	LNHB	-0.0719  10 6 s -1	0.0706  10 6 s -1

Table 9 : Anisotropy factors at 90 with statistical uncertainties at k = 1

 9 

	F(90)
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APPENDICES

Uncertainty Budgets