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Abstract

This paper details progress in experimental characterisation work at JET for

the long-term irradiation station, conducted as part of a project to perform

activation experiments using ITER materials. The aim is to take advantage

of the significant 14 MeV neutron yield expected during JET operations to ir-

radiate samples of materials that will be used in the manufacturing of ITER

tokamak components, such as Nb3Sn, SS316L steels from a range of manufac-

turers, SS304B, Alloy 660, W, CuCrZr, OF-Cu, XM-19, Al bronze, NbTi and

EUROFER. This paper presents an assessment of the nuclear environment at

the relevant irradiation locations at JET, measured using a range of high purity

dosimetry foils: Ti, Ni, Y, Fe, Co, Sc, and Ta, irradiated with fusion neutrons at

1Corresponding author
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JET over a period of 15 months. Experimental results are presented and com-

pared to simulation predictions using a JET MCNP model coupled with the

FISPACT-II inventory code. Comparisons are made for a total of 11 nuclear

reactions using a range of nuclear data libraries in calculations.

Keywords: activation, neutronics, fusion

1. Introduction

The planned high profile experiments over the next few years at the Joint

European Torus (JET), notably including a deuterium-tritium (D–T) experi-

mental phase, are expected to produce large neutron yields of up to 1.7 × 1021

neutrons. The scientific objectives of the campaign are linked with a technology

programme [1] with the aim to deliver the maximum scientific and technological

return from those operations, with particular emphasis on technology exploita-

tion via the high neutron fluxes predicted in and around the JET machine. Im-

portantly, the programme aims to extract experimental data that is relevant to

the international effort to design, construct and operate the International Ther-

monuclear Experimental Reactor (ITER), the tokamak device being constructed

in Cadarache, France, designed to produce significant fusion power of up to 500

MW with corresponding D–T neutron emission rates of 1.77×1020 neutrons per

second. The range of activities at JET are diverse and significant results have

been obtained to date in support of ITER [2]. Nuclear technology related ex-

perimental activities under the programme provide an important contribution

by giving insight on induced activation and damage to ITER materials, nuclear

safety, tritium fuel cycle, nuclear waste characterisation and production levels

for example. Nuclear activities performed to date include calibration of neutron

yield monitors using a 14 MeV neutron generator [3], neutronics benchmark

experiments for neutron streaming and shut-down gamma fields [4, 5, 6, 7, 8],

nuclear diagnostics and data processing for tritium breeding blankets [9], and

activation measurements with supporting analyses for fusion materials [10, 11].

Data retrieved under the JET experimental program aims to support, develop
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and lead to the improvement of radiation transport and activation simulation ca-

pabilities for fusion materials via benchmarking and validation in fusion-relevant

operational conditions. Such capabilities are important as the underlying meth-

ods, tools and data are applied extensively to predict a wide range of nuclear

phenomena and impacts associated with components and materials that will be

used in ITER operations, and indeed those foreseen in preparing for next-step

DEMO concepts.

This paper describes the activities performed to date under a neutron activa-

tion sub-project, which has the aim to irradiate a range of real ITER materials

in JET experiments and obtain valuable nuclear response benchmark data from

those materials. The work covered here includes details of the collaborative

work performed in experimental characterisation of the long-term irradiation

stations (LTIS) that were used in a 2015–16 JET deuterium-deuterium (D–D)

campaign, carried out using a range of high-purity dosimetry foils which were

irradiated inside the LTIS assemblies and then disseminated for measurement

using high resolution gamma spectrometry systems across four EU laboratories.

Activity predictions obtained using neutron transport and activation simula-

tions using an updated JET radiation transport model are tested against exper-

imental activity measurements and are shown to demonstrate a successful and

robust simulation approach and predictive capability.

The neutron activation project schedule currently extends to the end of this

decade, in step with the overarching JET experimental programme. A D–D

campaign is planned for early 2018, followed by a T–T experimental campaign

and finally a D–T campaign at the end of the schedule. In each of these phases

a selection of real ITER materials, together with a range of dosimetry foils,

will be irradiated to enable absolute monitoring of the neutron flux within an

irradiation assembly environment. In parallel with the nuclear characterisation

efforts discussed here, and following on from previous work [10], progress in

acquisition and preparation of ITER materials samples has taken place. A

selection of the samples has been collected by Fusion for Energy. These have

been shipped to the UK to be prepared into disc samples for JET installation

3
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Figure 1: Selected ITER material samples: a) PF coil jacket; b) Radial closure plate for TF

coil; c) TF coil case specimen; d) In-wall shielding material; e) Inconel 718; f) Divertor material

g) Divertor W monoblock; h); Vacuum vessel forging; i) Reacted TF strand; j) Vacuum vessel

plate; k) CuCrZr pipes for the divertor; l) Eurofer 97-3 material.

in 2018. Some examples of the bulk items are shown in figure 1. These include:

poloidal field (PF) coil jacket and toroidal field coil radial closure plate steels,

EUROFER 97-3 steel, W and CuCrZr materials from the divertor, Inconel 718,

CuCrZr and 316L stainless steel for blanket modules, vacuum vessel forging

samples and NbSn toroidal field coil strands, for example.
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2. JET irradiation assemblies: long term irradiation stations

Dosimetry foil samples were irradiated in JET in two LTIS assemblies dur-

ing 2015–16 over a 15 month period with 3682 experimental JET deuterium

plasma shots. The objective of the exercise was to evaluate the neutron field at

the location of these assemblies via measurements of dosimetry foils that were

irradiated in this field via activation measurements with results compared with

those obtained using detailed neutron transport and activation simulations. The

assemblies were manufactured from stainless steel with a tungsten shim to pro-

tect the foils from the harsh temperature and radiation fields induced by the

plasma environment. Each assembly provided 30 cavities of 18 mm in diameter

with a depth of 2 mm, each cavity housing up to 4 dosimetry foils in a stacked

arrangement. The assemblies were installed into JET in June 2015 prior to the

experimental campaign; one in octant 4 and the other in octant 8. The left-

hand side image in figure 2 shows a photo of the octant 8 assembly loaded with

dosimetry foils prior to irradiation. The right-hand side image in figure 2 shows

a model of the location of the LTIS. The green components positioned to the

right of the LTIS assembly are the JET poloidal limiters, which are partially

formed of beryllium.

3. Neutron transport and activation simulations

Neutron transport calculations were performed with the Monte Carlo-based

radiation transport code MCNP-6.1 [12] with an updated JET MCNP model

containing a geometric representation of the long-term irradiation assembly. The

purpose of the simulations were to determine via calculation a representative

neutron spectra within the assembly, which can be used in subsequent activation

calculations to derive activity quantities for the nuclides of interest, with the

overall aim of comparing simulated results to activity measurements.

3.1. Description of the LTIS MCNP model

Figure 3 shows images of the JET MCNP geometry containing the LTIS

near to the poloidal limiter. The geometry was converted from CAD format

5
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Figure 2: (LHS) Photograph of the 8D LTIS assembly containing dosimetry foils prior to

irradiation in 2015; (RHS) CAD image of the location of the LTIS in JET near to a poloidal

limiter.

into MCNP geometry using the SuperMC software [13] and from detailed engi-

neering drawings. The activation foil assembly, i.e. the tungsten shim, sample

holder tray and box sample holder were modelled in detail, and individual foil

cavity locations were modelled explicitly. However, only representative foils

were defined in the model i.e. individual foils were not modelled in detail in

every location within the assembly. The holder for fixing the assembly to the

first wall has been modelled using simplified geometry with small features such

as individual screws being removed. The poloidal limiter near to the LTIS con-

tains Be; this was explicitly modelled as it was judged important to accurately

predict the low energy component of the neutron spectrum relevant to capture

reactions in this location.

3.2. Activation calculations using FISPACT-II

A set of activation calculations were conducted using the FISPACT-II inven-

tory code [14] for the JET operational period in order to predict the dosimetry

foil activities as a function of time. This was done using the MCNP calcu-

lated neutron spectrum at the LTIS position using the International Reactor

Dosimetry and Fusion File, IRDFF-1.05, cross section data as input into the
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Figure 3: MCNP model x-y slice section of JET showing the location of the octant 8 LTIS

assembly (expanded section); left-hand bottom figure shows the LTIS with cutaway section

revealing some of the foil cavities.
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FISPACT-II code. For one particular reaction the European Activation File,

EAF-2010, and the Talys Evaluated Nuclear Data Library, TENDL-2015, cross

section data were used in absence of IRDFF-1.05 cross section data. Total

neutron yield values per JET plasma shot were recorded from measurements re-

ported by the JET fission chamber diagnostic system and these have been mod-

eled as 1 second square pulses in the irradiation history used in the FISPACT-II

calculations. The JET fission chamber diagnostic system, also referred to as the

KN1 system, consists of three pairs of 235U and 238U fission chambers. The

chambers are mounted on the vertical magnetic limbs located in octants 2, 6,

and 8, at a radius of 782 cm in the equatorial plane at the JET facility. They

serve to measure the absolute neutron yield and its variation in time, subse-

quently allowing for the determination of plasma ion temperature and hence

the fusion power generated in the tokamak. Each chamber is shielded against

gamma rays with 5.5 cm of lead shielding and moderated, using 5 cm of poly-

thene, and with a 1 mm thick Cd thermal neutron filter, to provide a relatively

flat energy response for neutrons in the range 1–18 MeV. The fission chambers

have been calibrated in-situ with a 252Cf radioisotope source for D–D fusion

energies around 2.45 MeV and more recently using a 14 MeV neutron generator

in preparation for the future D–T campaign [15]. Using the full dynamic range

of both chambers a yield of 108–1020 n/s can be detected with a time resolution

of 10 ms.

Figure 4 shows the predicted activity results obtained from the activation

calculations, along with some of the key inputs to the calculation. Figure 4(a)

shows the JET neutron yield per pulse over time, as reported by the KN1 system.

The foils were installed at JET in June 2015 and irradiated during the JET D–D

campaign which ran from the 27th August 2015 until the 15th November 2016; a

period of 446 days. During this period, a total yield of 2.26 × 1019 neutrons was

delivered in 3682 experimental JET shots. The inset neutron spectrum shown

in 4(b) exhibits the two characteristic neutron energy peaks from the D–D and

D–T fusion reactions. Although the principal operation mode of JET was in

D–D plasma mode in this campaign, principally resulting in the production of
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neutrons around 2.45 MeV, the triton produced from one branch of the D–D

fusion reaction leads to 14 MeV neutrons being present in the field from D–T

reactions, which is reported to be typically 1% in JET according to [16, 17].

This assumed value of 1% has been adopted in our activation calculations.

4. Experimental activities

In total, 176 foils were irradiated in the LTIS in JET octants 4 and 8 through-

out the duration of the experimental campaign. Elemental foils including Ti,

Ni, Y, Fe, Co, Sc, and Ta were provided by the following institutions; 1) ENEA,

2) NCSRD, 3) IFJPAN and 4) CCFE, with foil thicknesses varying from 0.1 mm

to 1 mm, although the majority of the foils that were irradiated had a nomi-

nal thickness of 0.5 mm. Following completion of the experimental campaign

in late-2016 the foils were retrieved, in January 2017, via a clearance process

conducted in the JET beryllium handling facility. This was to determine that

the samples were free of Be dust and radiological contamination, ensuring that

the foils could be shipped to various laboratories for analyses. Most of the foils

were successfully retrieved and distributed back to the originating laboratories

for gamma spectrometry analyses. However some of the Ti foils were either

partially or completely destroyed during the irradiation. The cause is being

investigated, though the H environment, high temperature and radiation effects

are key considerations.

4.1. Dosimetry foil nuclear reactions

Table 1 specifies a list of reactions associated with each dosimetry foil type

used in these experiments: Co, Fe, Ni, Sc, Ta, Ti and Y. Where there are

multiple reaction pathways to the product nuclide the nomenclature (n,x) has

been used to indicate the production reaction. The dominant pathway to the

product nuclide is also identified for convenience. The principal gamma line(s)

observed for the product nuclide is provided in each case.
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Figure 4: (a) JET neutron yield per pulse between 27/08/2015 and 15/11/2016; (b) Simulated

specific activities calculated over time for dosimetry foils located within the long-term irradia-

tion station assembly, exposed to JET experimental campaigns calculated using FISPACT-II.
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Table 1: Dosimetry foil types, associated reactions and their principle gamma emission lines.

Foil type Reaction type; (dominant pathway) Principle gamma line(s) (keV)

(data from [18] unless otherwise stated)

Co 59Co(n,2n)58Co 810.759

59Co(n,γ)60Co 1173.228, 1332.492

Fe 58Fe(n,γ)59Fe 1099.245, 1291.590

natFe(n,x)54Mn; (54Fe(n,p)54Mn) 834.838

Ni natNi(n,x)58Co; (58Ni(n,p)58Co) 810.759

natNi(n,x)60Co; (60Ni(n,p)60Co) 1173.228, 1332.492

natNi(n,x)57Co; (58Ni(n,n’p)57Co) 14.41295, 122.061, 136.474

Sc 45Sc(n,γ)46Sc 889.271, 1120.537

Ta 181Ta(n,γ)182Ta 1121.290, 1221.395, 1189.040 [19]

Ti natTi(n,x)46Sc; (46Ti(n,p)46Sc) 889.271, 1120.537

Y 89Y(n,2n)88Y 898.036, 1836.052

4.2. Gamma spectrometry measurements at independent laboratories

Foil activity measurements were carried out at each of the four laboratories with

HPGe detectors calibrated using mixed nuclide gamma sources that are trace-

able to a primary standard. Whilst specific laboratory calibration methodologies

were similar, the calibration techniques and analysis software used were differ-

ent in some cases. Nuclide gamma sources included some from the following

range, prepared for or used as a gamma source calibration standard: 241Am,

109Cd, 57Co, 51Cr, 85Sr, 54Mn, 133Ba, 137Co, 203Hg, 60Cs and 88Y. Further

measurement correction factors were made by laboratories, where necessary, to

account for geometric and dosimetry foil self-attenuation effects; brief details of

the different laboratory approaches are provided below.

The NCSRD laboratory measurements were performed using a coaxial germa-

nium detector (GEM80) with 85% relative efficiency, energy resolution, full
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width at half maximum (FWHM) of 1.67 keV at the 1332 keV and a peak-to-

Compton ratio of 93:1. The detector was surrounded by 5 cm lead shielding for

background radiation reduction (see figure 5(a)). Each foil was measured for 1

hour. Co and Ni foils were measured at a source-to-detector distance of 12 cm

whilst the Ta foils—due to their much higher activity rates—were counted at

a distance of 18 cm. Coincidence summing effects become significant in close

geometry measurements and the TrueCoinc package [20] was used to make the

necessary corrections.

The ENEA laboratory measurements were carried out using the GammaVision

v8.04 spectrometry analysis software and a HPGe detector with aluminium

endcap and 60% relative efficiency manufactured by ORTEC. This detector

was absolutely calibrated for point and 20 mm disc source geometries at a

source–detector distance of 10 cm from the endcap using traceable mixed gamma

sources from a CEA metrology laboratory. 34 foils were analysed by ENEA,

including thin cobalt (nominally 0.05 mm), iron, nickel, and titanium. Of these,

the two titanium foils were less active and were measured as a pair in stack

configuration. Two ENEA Co foils were measured at both ENEA and IFJ

laboratories (see E1 and E2 data points in figure 14).

At the CCFE laboratory two detectors were used to perform the measurements

for Ti, Fe, Co, Ni, Y and Ta; a copper endcap HPGe detector manufactured by

Ortec and a Broad Energy Germanium (BEGe) (see figure 5(b)) detector man-

ufactured by Canberra. A close source-to-detector geometry was used for lower

activity samples, where the foil is positioned directly on the detector endcap,

and a 15 cm source-to-detector distance geometry was used for higher activity

samples, where the foil is positioned on a plastic mount above the endcap. Co-

incidence summing correction factors were calculated using the LabSOCS [21]

software package.

The IFJPAN laboratory measurements (see figure 5(c)) were performed using

two coaxial HPGe detectors (with a 30% relative efficiency each) of the whole-

body spectrometer (WBS) located at a basement-level at IFJPAN. The spec-

trometer shielding was made of 17 cm thick 19th century steel free from 60Co
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traces present in all modern steels. This box-like shield has a size of 1.6×1.5×2.2

m and a weight of 18 tonnes. All of the inner walls of the steel shielding are

covered with a 3 mm copper lining. For the duration of measurements, an addi-

tional 5 cm lead shield was mounted between the detectors to eliminate detector

cross-talk effects between the two detectors when different samples were mea-

sured simultaneously. Spectra were collected using a commercial system and

analysed using in-house software developed at IFJPAN. The IFJPAN calibra-

tion standards were produced using a mixed gamma solution traceable to the

Czech Metrology Institute. Standards were prepared by slow evaporation of the

solution onto filter papers with suitable metal shims which were then hermeti-

cally sealed in polyvinyl chloride capsules using trichloroethylene. The benefit

of this approach is that self-attenuation and geometry factors are inherent in

the calibration standard i.e. further calculated correction factors to be applied

to the measurements were not necessary.

An example measured spectrum obtained by CCFE from a Ni foil, ‘NiCCFE2’,

following irradiation is shown in figure 6. One can observe the characteristic

lines from 57Co, 58Co and 60Co. The non-labelled peaks that are evident in the

spectra are the annihilation peak at 511 keV and a true coincidence summation

peak induced by an annihilation photon combined with the 810.5 keV 58Co

gamma line.

An example spectrum measured by CCFE for a Y foil, ‘YCCFE1’, is shown in

figure 7. Here, one can observe the two characteristic lines from 88Y, along with

several lines due to impurities. Although the irradiated samples consisted of

high purity (about 99.9%) metal foils, other radionuclides were produced due to

the activation of minor impurities present in the samples. These are likely to be

from Ta impurities present in the Y, Sc and Ti foils resulting in the observation

of Ta-182. The supplier Alfa Aesar reported 170 ppm Ta present in the Sc foils

for example, though certificates for Y and Ti were not provided. In addition, Co

impurities thought to be present in the Fe and Ti, resulted in the observation

of Co-60 and Co-58 lines.
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Figure 5: (a) NCSRD 85% relative efficiency HPGe coaxial detector and (inset) detector shown

inside low background configuration; (b) CCFE BEGe detector and cryogenic recycler with

(inset) NaI Compton suppression ring inside a Pb/Sn/Cu low background shield; (c) Whole-

body spectrometer at IFJ PAN view from outside low background shielding, and (inset) a

pair of 30% relative efficiency HPGe detectors inside the shielding separated by a suspended

lead shield; (d) ENEA HPGe detector inside low background shield.
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Figure 6: HPGe measurement taken from an Ni foil ‘NICCFE2’, showing characteristic peaks

from 57Co, 58Co and 60Co. The two unmarked peaks are the characteristic annihilation peak

at 511 keV, and at approximately 1321.8 keV, a 58Co true coincidence peak for positron

annihilation at 511 keV summed with the 810.8 keV emission.
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Figure 7: HPGe measurement taken from an Y foil ‘YCCFE1’, showing characteristic gamma

lines from 88Y and 182Ta, the latter isotope being measured due to neutron activation of Ta

impurities in the Y foil. The unmarked peaks are due to background environmental lines.
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5. Comparisons of experimental measurements of activity against

predicted values

A comparison of the calculated predictions of activity for each foil and isotope

of interest, C, against the decay corrected experimental measurement, E, are

shown in figures 8 to 18. The neutron yield data derived from the KN1 sys-

tem are used to normalise the calculated neutron flux spectra determined from

MCNP subsequently provided as input to calculations, to determine the ‘C’,

performed using FISPACT-II (the reference activation code for ITER activa-

tion analyses) with the IRDFFv1.05 cross section library. The 58Ni(n,n’p)57Co

dosimetry reaction does not exist in IRDFFv1.05, and in this case nuclear cross

section data from the EAF-2010 and TENDL-2015 libraries have been used in-

stead. The uncertainty in the KN1 neutron yield measurements used as input

are approximately 10%. The uncertainties in the calculated reaction rates due

to the uncertainties in the predicted neutron spectrum and the reaction cross-

sections have been estimated using the RR UNC code [22] and subsequently

used in the FISPACT-II codes. The RR UNC code reads neutron spectra, re-

action cross-sections and associated covariance matrices, with covariance data

from IRDFFv1.05, in ENDF-6 format [23] (Evaluated Nuclear Data Format).
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Figure 8: C/E plot for natTi(n,x)46Sc. The ‘+’ notation signifies that multiple foil samples

measured together as a stack.
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Figure 9: C/E plot for natNi(n,x)60Co.
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Figure 10: C/E plot for 59Co(n,2n)58Co.
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Figure 11: C/E plot for natNi(n,x)58Co.
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Figure 12: C/E plot for natFe(n,x)54Mn.

Figure 13: C/E plot for natNi(n,x)57Co. Calculated values were performed using both EAF-

2010 and TENDL-2015 in absence of IRDFFv1.05 data.
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Figure 14: C/E plot for 59Co(n,γ)60Co.
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Figure 15: C/E plot for 181Ta(n,γ)182Ta.
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Figure 16: C/E plot for 45Sc(n,γ)46Sc.
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Figure 17: C/E plot for 58Fe(n,γ)59Fe.
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Figure 18: C/E plot for 89Y(n,2n)88Y.
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6. Analysis and discussion of results

Characterisation experiments and supporting analyses for the long-term irradi-

ation stations following JET experiments in 2015–16 have been completed. The

level of agreement between experimentally measured dosimetry foil activities

using four independent laboratories across six of the seven threshold reaction

measurement data compared to those predicted via calculation gives a weighted

average C/E (i.e. an average is taken where each individual C/E value is in-

versely weighted by its corresponding uncertainty) of 0.91 ± 0.01. Uncertainties

relating to MCNP modeling geometry and material definition, nuclear cross sec-

tion data and the reported neutron yield (by the KN1 fission counting system

described earlier in the paper) are not included and could explain the remaining

few percentage discrepancy. This, together with the apparent small systematic

differences between groups of measurements at laboratories, particularly for the

natNi(n,x)58Co measurement (see figure 11), but also for the natTi(n,x)46Sc re-

action (see figure 8) will be investigated in future work. An inter-laboratory

comparison activity between laboratories using ultra-high precision calibration

sources is underway and planned to be completed in 2018, and may help to

resolve small systematic differences, whilst simulation sensitivity analyses can

be adopted as a strategy to determine modelling uncertainties.

The CCFE measurements of the seventh threshold reaction, 89Y(n,2n)88Y, ex-

hibited a low weighted average C/E value of 0.67 ± 0.03. The 89Y(n,2n)88Y

reaction has a high energy threshold—it is sensitive to D–T neutron energies,

but not D–D energies, and thus its presence is a useful measure of the D–T

contribution to the neutron spectrum. This particular set of measurements,

with low C/E values, suggests that the assumed D–T contribution of 1%, used

in the calculations is too high for the JET D–D campaign under study, and

that the figure can be revised in future activities. Furthermore, in future JET

campaigns the 89Y(n,2n)88Y reaction may be a useful measurement of the in-

tegrated 14 MeV neutron yield over the campaign, which may in principle be

cross compared with a series of individual 93Nb(n,2n)92mNb foil measurements
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deployed per shot using the KN2 pneumatic transfer system. Such a measure-

ment approach may be particularly useful to consider to complement the KN2

measurement system for a future T–T campaign, planned for 2019, which is also

expected to produce a significant number of D–T neutrons from the presence

of residual deuterium in JET wall materials which is expected to populate the

plasma to some, as yet unknown, extent.

The comparison of C/E values for four capture reactions, 58Fe(n,γ)59Fe reac-

tion (see figure 17), 45Sc(n,γ)46Sc reaction (see figure 16), 59Co(n,γ)60Co (see

figure 14) and 181Ta(n,γ)182Ta (see figure 15) reactions all exhibit low C/E,

with a weighted average C/E value across the four sets of measurements of

0.66 ± 0.01, suggesting that the thermal neutron flux is under-predicted in the

calculated results. The C/E plot for the 59Co(n,γ)60Co and 181Ta(n,γ)182Ta

reactions show a larger spread of values across the four laboratories overall,

30% in particular cases. In addition, for these capture reactions there is a

greater spread across individual measurements, suggesting that local neutron-

ics effects specific to foil positions and ordering may need to be modelled in

more detail in order to obtain improved agreement. The LTIS MCNP model

that was used in this work used geometry representing single foils of Co, Sc, Ta

and Fe (each specific foil was not modeled exactly in every location) in order

to determine representative neutron capture reaction rates in these four cases.

The corresponding reaction rates were determined using pointwise cross-section

data using the IRDFF-1.05 library within MCNP to account for resonance self

shielding effects. This is in contrast to the approach taken with threshold reac-

tions, where self-shielding is not relevant, and in these cases reaction rates were

determined using the method of collapsing a group-wise nuclear data library

with a group-wise neutron spectrum. Figure 19 shows an example pointwise

cross section comparison of EAF-2010, IRDFF-1.05, TENDL-2015 and EXFOR

measurements for the 59Co(n,γ)60Co reaction, exhibiting several resonances, in-

cluding a giant resonance at 132 eV, and a characteristic 1/v region at energies

below this resonance. Co foils with a thickness of 0.5 mm and some with 0.05

mm thickness were irradiated in these experiments. Three of the ENEA foil
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samples were performed at the IFJPAN laboratory (see points labelled 1, 2

and 3 under the ‘ENEA’ grouping in figure 14) and were conducted using the

thinner Co foils. Since self-shielding effects are particularly important for the

59Co(n,γ)60Co reaction, due to the giant resonance in particular, the relevant

reaction rates were calculated individually for the specific foil thickness using

the pointwise MCNP calculations with the IRDFF-1.05 library.

7. Conclusions

In summary, these activation experiments and supporting calculations show

that our models and the simulation approach taken is able to predict, currently

to better than 10%, the levels of activity resulting from a range of threshold

reactions in a complex fusion environment and operational scenario. The cal-

culation scheme represents an integrated test of the geometric and materials

representations within the JET and LTIS assembly MCNP model that has been

developed, the FISPACT-II code and corresponding nuclear data libraries, and

the reporting of neutron yield via the KN1 system over 3682 experimental shots.

The methodology adopted and demonstrated in this work may also be useful if

deployed in an inverse sense i.e. to be used as a practical way to perform abso-

lute measurements of neutron fluence for JET, and ultimately for ITER, with

the caveat that a reliable and well-defined radiation transport model containing

appropriate geometry and material composition would be a necessity. The work

has also highlighted that improvements in modelling detail are still necessary

for the JET MCNP model used in this activity to improve agreement between

simulation and experiment for capture reaction rates. This improved modelling

strategy will be adopted in future work to capture local spatial effects, i.e. those

that impact on the low energy part of the neutron spectrum, which have been

shown to be important to improve the predictions of capture reactions.

26

Page 26 of 31AUTHOR SUBMITTED MANUSCRIPT - NF-102432.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10-5

10-4

10-3

10-2

10-1

100

101

102

103

10-2 10-1 100 101 102 103 104 105 106 107

C
ro

ss
 s

ec
tio

n 
(b

)

Energy (eV)

TENDL-2015 total
EAF-2010 total

IRDFF-1.05 total
Ailloud1952

Bahal1985
Bao2000

Bao2000A001
Berreth1962

Carre1966
Deworm1972

Dilg1973
FarinaArbocco2013

FarinaArbocco2013A001
Gryntakis1976

Heil2005
Heil2008

Heil2008A001
Kim1968

Leipunskiy1958
Macklin1963

Meadows1961
Merritt1968

Mughabghab2006
Paulsen1967

Pomerance1951
Schuman1969
Schuman1970

Silk1970
Spencer1976

Stefanescu1961
Stroud1972

Tattersall1960
Vaninbroukx1966

Wolf1960

Figure 19: Cross section comparisons of EAF-2010, IRDFF-1.05, TENDL-2015 and EXFOR

measurements for the 59Co(n,γ)60Co reaction.
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