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Abstract

In preparation for the upcoming deuterium-tritium campaign at the JET tokamak, the ex-vessel fission chamber
neutron diagnostics and the neutron activation system will be calibrated in absolute terms at 14 MeV neutron
energy, to a required accuracy of less than 10 %. Two identical DT neutron generators were chosen as the
calibration sources, both of which were fully calibrated and characterised at the UK’s National Physical
Laboratory (NPL). The neutron activation method was adopted as a complementary method for the purpose of
determining the absolute value of the neutron yield from the neutron generators and to provide a means of cross
check for the active detection methods being employed. The relative neutron intensity was measured utilising
two Single Crystal Diamond Detectors with less than 1 % uncertainty. The work being presented here shows the
derivation of the neutron emission rate from the neutron generators based upon experimental activation foil
measurements. The reaction products chosen for the 14-MeV neutron measurements included the standard
activation products: >™Nb, *Na, 3Mn and 2’Mg; all of which were measured with an uncertainty less than 9%.
The neutron generator yields were derived from the mean emission rate of the four different activation reactions,
resulting in neutron yields of approximately 2.4-10% n-s™! for the first neutron generator, with a standard
deviation of 2.4-5.3 %, before it dropped permanently, during the experimental campaign, by 20% . For the same
parameter settings, the second neutron generators mean neutron emission rate was calculated to be

approximately 2.2-10% n-s”! with a standard deviation in the range of 3.2-6.0 %.
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1. Introduction

The absolute measurement of neutron yield (Y4,), in a fusion device, is needed to provide the fusion power output
along with other plasma parameters, such as the ion temperature and density.

The system of neutron yield monitors used to monitor the Joint European Torus (JET) consists of 2>°U/?38U
fission chambers (KN1), located outside the tokamak, and an internal, in-vessel, activation system (KN2). An
absolute calibration of both KN1 233U/?38U fission chambers and KN2 was performed in 2013, using a >>>Cf
spontaneous-fission source, having a mean energy of 2.1 MeV and a source strength of 2.4-108 n-s™!. JET
operating in deuterium (D) mode produces 2.5-MeV neutrons by the (d,d) fusion reaction, the »>Cf neutron
energy spectrum is sufficiently similar to the (d,d) fusion energy distribution; that it serves as an adequate
calibration measure for neutrons of such similar energies. Additionally, MCNP [1] calculations were used to
determine the correctional factors arising from the differences in the neutron spectrum from that of a pure D
plasma and other geometrically dependant calibration factors [2].

The neutron source (NS) was placed at different points inside the vacuum vessel, from which neutron induced
activation and fission chamber pulses were recorded by KN1 and KN2 systems, respectively. In KN2 the
5In(n,n")'*™In nuclear reaction is used as the monitoring reaction in D operations. The cross section has a
maximum at an energy of 2.7 MeV, which is useful for measuring the 2.5 MeV neutrons released during
deuterium fusion, and has a threshold of approximately 0.4 MeV. The moderated 2*3U/?*8U fission chambers can
measure a broad energy range of neutrons and have a relatively flat response over these energies. During the
2013 calibration campaign, both KN1 and KN2 were calibrated with a total uncertainty of approximately £10 %,
these results were successfully verified during the following D campaign [S. Popovichev, private
communication].

A new Deuterium-Tritium Experimental Campaign (DTE2) on the JET tokamak is planned in the near future [3];
in which up to 1.7-:10?!, 14.1 MeV neutrons will be produced, a new calibration of JET monitoring systems for
higher energy neutrons therefore is required.

JET calibration, at 14.1 MeV neutron energy, requires the use of a different set of nuclear reactions, with higher
energy thresholds, and at the same time, sufficiently high cross section and convenient decay times of the
reaction products. Moreover, the tokamak transparency to neutrons alters as the neutron energy increases from
2.5 MeV to 14.1 MeV, thus, causing a change in the response of the 2*°U fission chambers. To accurately
determine calibration coefficients, it is therefore necessary to conduct a JET neutron diagnostic calibration with a
NS that emits 14.1-MeV neutrons from a (d,t) reaction. The 14-MeV calibration will be based on the procedures
and experience gained during the 2.5-MeV calibration [2]. The experience gained during the 14.1-MeV
calibration of JET neutron diagnostics will serve as a good methodology when calibrations are carried out on
ITER, which is currently under construction in Cadarache, France.

The ING-17 neutron generator (NG) [4] manufactured by the All-Russia Research Institute of Automatics
(VNITA) Moscow, Russian Federation [5] was chosen as the neutron source for neutron calibration of JET. It has
a nominal yield of approximately 2:108 n's™!. The NG comprises of an accelerated beam consisting of deuterium
and tritium ions and of ionized molecules, striking a target made of tritium and deuterium, in an approximate
50/50 % ratio, implanted onto titanium. The yield of neutrons emitted is strongly dependent upon the beam

acceleration voltage.
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In order for the NG to be used as a calibration source, the yield must be known with a high accuracy, possibly
better than +5 %. The emitted neutron energy spectrum characteristics must also be known. The NG emission
characteristics were measured during two experimental campaigns at the UK National Physical Laboratory
(NPL) by the NPL Neutron Metrology Group, using their low-scatter cell neutron facility. Two nominally
identical NGs (NG1 and NG2) were examined. They were mounted in the centre of the large hall (see fig. 1),
where the conditions support the low scatter requirements. The emission rates and energy spectrums of both NGs
were measured by “characterization” neutron detectors: an absolutely calibrated De Pangher long counter; an
absolutely calibrated NPL long counter; two Single Crystal Diamond Detector (SDD) -neutron spectrometer; a

NE-213 scintillator based neutron spectrometer [6] and activation foils. From these measurements, the two NGs

total neutron yield in 47 can be derived.

’ [
: Wl - e ke - ==
Fig. 1 Experimental hall inside the Chadwick facility. The NG is located in the centre of the hall. The two long

counters and the NE-213 scintillator are situated above the red rails in the centre of the above image.

The NG emission rate and energy spectrum vary over the course of a single run [7]. It is therefore necessary to
monitor the varying yield during the whole calibration process. In order to do this, the NG was equipped with
“monitoring” detectors, both active and passive. These comprised: i) a SDD and a Silicon diode in the first
campaign, two SDD in the second campaign, and ii) a set of 12 activation foils, all located in well-defined, stable
positions relative to the neutron generator target; where the neutrons are produced. These monitoring detectors
were attached to the NGs by means of a mechanical support (see fig. 2).

The SDDs measurements, combined with the measurements by the absolutely calibrated long counter
measurements carried out at NPL, provide the absolute time resolved emission rate from the NG. The activation
foils provide a complementary and independent measurement of the absolute neutron emission rate (n-s™') for a

given exposure period. This paper focuses on the measurement and analyses of the monitoring activation foils,
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and on the comparison with the active monitoring detectors. The uncertainty of the derived absolute neutron

emission rate of the NGs is also discussed.

2. Experiment set up

A set of monitoring activation foils were attached to a custom made holder and mounted on the NG mechanical
support (fig. 2). The holder was designed to allow for retrieval by the JET remote handling system during the in-
vessel calibration of the JET tokamak. The mechanical support used in the second campaign was a slight
variation on the one used in the first campaign; which was modified to improve the positioning of monitoring
detectors with respect to the NG target. Both the SDDs and the activation foils will be used during the in vessel
calibration at JET, which will implement the same mechanical support and positioning system used in the second
NPL campaign.

The NG irradiation schedule at NPL consisted of a series of 20-minute irradiations followed by 10 minutes of
NG cooling. During the cooling periods, the positions of the non-attached neutron diagnostics were changed and
other necessary anisotropy measurements were carried out. The daily operational cycle consisted of 11-13
irradiations, except for the first day, where only two irradiations were completed. The monitoring activation foils

were normally removed after the ninth irradiation cycle; to allow the gamma spectrometry measurements to be

started at a practical time.

ya

e

Pre-amplifier

K

Fig. 2 Neutron Generator with the mechanical support needed for remote handling gripping during the JET in
vessel calibration, and to support the “monitoring detectors” and pre-amplifier (first NPL campaign).

3. Activation measurements and analyses

3.1 Neutron activation reactions and their products
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The activation reactions chosen for the monitoring foils were selected based on numerous requirements.
Specifically, the cross section for the reaction products needed to be relatively large and well known. Also, the
reaction thresholds should be sufficiently high in order to discriminate lower energy neutron scatter. The reaction
products should emit gamma radiation that can be clearly measured using gamma spectrometry methods. The
latter requirement mainly limits isotope selection to those of sufficiently long half-life and large branching
intensities of the emitted photons to be useful for immediate post irradiation measurements. The reaction cross
sections must also be from one of the standard Fusion dosimetry libraries. Finally, the nuclear reactions chosen
for NG characterization should also parallel the foil reactions to be used during the DTE2 campaign in the JET
KN2 diagnostic.

Several neutron-induced nuclear reactions were considered during the selection process for NS characterization.
Given the above requirements, the following nuclear reactions were selected as activation monitors for

14.1 MeV neutrons: 2’Al(n,p)*’Mg, **Fe(n,p)**Mn, 2’ Al(n,a)**Na, and **Nb(n,2n)*>"Nb. It should also be noted
that any interactions of high energy neutrons with the NG component materials slow the neutrons down and
broaden their low-energy spectrum. Furthermore, the NG emits not only (d,t) neutrons but also trace amounts of
neutrons from (d,d) and (t,t) reactions. Thus, detection of low-energy neutrons was necessary and they were
monitored with the '*In(n,n")!!>™In nuclear reaction. Finally, note that the niobium foil reaction, **Nb(n,a)’Y,
leads to a-particle emission, which will not be incorporated into the yield calculations due to the relatively low
production rate.

Nuclear data for analysis was taken from the International Reactor Dosimetry and Fusion File (IRDFF,

volume 1.05) [8]. Except for **Nb(n,a)°°Y, which was not listed in the IRDFF-1.05 and was therefore taken from
the TALY S-based Evaluated Nuclear Data Library (TENDL, volume 2014 [9]) instead. Fundamental Nuclear
data parameters relating to the products of nuclear reactions, the gamma lines, intensities and half-lives were
taken from the National Nuclear Data Center, Brookhaven National Laboratory, USA.

The cross sections for the above-mentioned reactions are plotted in fig 3. The main parameters for the

radioactive products of selected nuclear reactions are listed in the table 1.

Table 1. Main parameters of nuclear reaction products.

Energy of the most
Product of reaction  |Half life intense gamma lines  |Intensity
[keV]
2’Al(n,p)*’'Mg 9.46 min 843.8 0.72
*°Fe(n,p)>**Mn 2.58 h 846.7 0.99
2’Al(n,0)**Na 14.99 h 1368.6 0.99
”*Nb(n,2n)°*"Nb 10.25 day 934.4 0.99
“Nb(n,a)°Y 3.19h 202.5 0.97
3[n(n,n")!*™In 4.49 h 336.2 0.46
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164  Fig. 3 Cross sections for the selected nuclear reactions. Euyeshola and Eq=max are the neutron energy threshold
165 and the energy where the cross section has a maximum, respectively; oyax and o141 ey are the maximum value
166  of the cross section and the value of the cross section at 14-MeV, respectively. The **Nb(n, a)*’Y data is taken

167  from the TENDL 2014 library. The remainder of the data is taken from the IRDFF v. 1.05 library.
168

169 3. 2 Neutron emission rate calculation

170
171 The neutron-induced radioactivity in a sample material can be expressed as:
172 A=Y, R-Nr(1-exp(-A-t4)) (1)
173 Nr=(m:fAy)/w )
0
174 R=[p(E)- o(EXE = (p(E)- o(E)) 3)
0

175 where: Y, is the neutron yield [n's™'], 4 is the activity of a particular isotope induced by neutron activation [Bq],
176 R is the reaction rate [reaction-s™'], m is the mass of activated sample [g], fis the abundance of target nuclei in
177 the sample [unitless], 4, is Avogadro’s constant [mol '], w is the atomic mass of the target nucleus [g-mol'], 1 is
178 the decay constant of the activation product, #4 is the activation time, ¢(E) is the distribution of neutrons as

179 function of energy, and o(E) is the reaction cross section [b].

180  The radioactivity of i-th activations (z4#t4+:) and the subsequent cooling time (fci#tci-1) can be expressed as:

181 4, :Yn/f'NT-<¢’(E)‘U(E»‘ZBi(l—eXP(—/I'fAi»'eXP(—ﬂ'tCi) 4)

1
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where t is the total irradiation time, B; is a normalization factor which takes into account changes in the neutron
yield, recorded by the monitoring SDD during successive NG pulses of duration #4,. Note that in the case of a

single NG pulse, eq. (4) simplifies to eq. (1).

3.3 Monte Carlo N-Particle calculation of the neutron spectra

Fig. 4 MCNP model of the neutron generator (dark green) and holder (grey) with attached foils (red coins).

A simplified CAD version of the NG, activation foils, monitoring detectors and attachments was created and
converted to a Monte Carlo N-Particle Transport Code (MCNP) compatible geometry using the
SuperMC/MCAM code [10,11] (see fig. 4). Neutron transport calculations, using MCNP, were performed to
derive reaction rates in the activation foils being used. The neutron emission spectrum, used in the source
routine, consisted of a weighted sum of expected source components corresponding to (d,t) and (t,d) reactions at
different incident ion beam energies. Spectra of these source components were obtained through simulations
using a custom source subroutine [12] implemented in MCNP. The weighting factors for different source
components in the source description were determined by SDD spectral measurements during the first NPL
campaign.

The results of the MCNP calculations of neutron energy distributions at the positions occupied by the activation
foils can be seen in fig. 5. The neutrons with energies below 13 MeV are the result of scattering of source

neutrons through the NG body.
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Fig. 5 The MCNP calculated neutron spectrum at the activation foil position.

3.3 Gamma-ray spectrometry

A high purity germanium (HPGe, Canberra) detector was used for the gamma-ray spectrometry measurements.
The detector had a relative efficiency of approximately 30 % for 1332-keV photons with a resolution 1.8-keV. It
was supplied with Canberra Laboratory Sourceless Calibration Software (LabSOCS) and numerical
characterisation, which allows for source-less energy-efficiency calibration. All the activation foils used for the
NPL measurement campaigns were of 18-mm diameter and 1-mm thickness, except for niobium foils which
were 2-mm thick. Four aluminium, four iron, and four niobium foils were mounted on the holder, activated and
subsequently measured sequentially. The gamma-ray measurements were conducted in two geometries. The
"cylindrical" geometry consisted of a circular plexiglass holder with a hole at its centre. The holder was mounted
on the detector endcap and the stack of foils was placed in the hole. The "rosette" geometry consisted of an
aluminium holder mounted on the detector end cap. A square indent was drilled in the plate so that the four
activation samples could be placed at opposing ends of the geometry. The efficiency of detecting a gamma-ray in
HPGe detectors depends on the photon energy, the sample size, and the measurement geometry. Thus, for each
foil set, the energy-efficiency calibration was calculated using LabSOCS. The option of measuring in two
geometries enables the selection of the maximum efficiency for the chosen gamma line being measured. The
following uncertainties, for the various photon energies measured, are assigned for the efficiency calibration:

7 % standard deviation (SD) for photons of less than 150 keV in energy, 6 % SD for photons between 150—

400 keV, and 4.3 % SD for photons between 400—7000 keV [13]. These are standard LabSOCS figures, while in

our studies using Marinelli sample geometries, an efficiency uncertainty of 0.1 % was observed [14]. On the
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other hand, values of detection efficiency uncertainty rapidly increase with changing samples density. Based on
the cross calibration of the above detector with point like source and measurements of metal samples activated
during Neutron Source Calibration we deducted that the most reasonable efficiency uncertainty for photons
between 400-7000 keV is 8 % [2].

All the aluminium foils were measured twice. One set of measurements was conducted 12 minutes after the
irradiation had concluded. This 12 minute cooling time allowed for the decay of the short lived 2*Al, from the
2Al(n,y)*®Al activation reaction. Then 40 minutes of measurement in the cylindrical geometry allowed for the
recording of the 2’Mg activity. The iron sample was then measured for 30 min with a cylindrical geometry to
determine the activity of 3*Mn present. The aluminium samples were then measured a second time in the rosette
geometry for 900 min and the activity of 2*Na was determined. Finally, °*"Nb metastable was measured in the
four samples for 420 minutes in the rosette geometry. The presence of the °°Y radionuclide was also detected in
the niobium sample, as unexpected. The low energy neutron monitoring foil, indium, was allowed to cool for 4 h
before it’s measurement, which allowed it to partly decay to ''°In and to decrease the Compton background

around 336.2-keV peak of full energy absorption being measured.

4. Results

The normalized amplitudes of the neutron yield, for NG1 and NG2 are presented in fig. 6 and 7, as a result of the
signal (counts per second) from the monitoring SDD. The shot numbers are presented on the horizontal axis. The
irradiation duration was typically 1200 s; however, there were also shots with durations of 900 s and 600 s. The

variations in Y, amplitudes, measured with the SDD, were taken into account when deriving the B; factors in eq.

(4).
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The measured gamma-ray spectrum of the aluminum sample displayed the characteristic peaks of 2’Mg and >*Na,
whilst the standard iron sample showed full energy peaks resulting from the decay of *Mn. The niobium was
therefore identified as the most effective neutron monitor for the DTE2 experimental campaign. The decay
gamma spectrum of the activated niobium, during the fourth day of the NPL campaign which is presented in

fig. 8.
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Fig. 8 Gamma-ray spectrum (original screenshot from Genie2000) of niobium activation foil irradiated on
Nov 10" and measured the following day. In addition to **"Nb and the natural background radionuclide peaks
observed, two full energy absorption peaks for °°Y are visible (from left: two red peaks from *°Y, three red peaks
from ?>"Nb).

As mentioned above, the *°Y radionuclide from the (n,a) reaction was detected in the niobium sample, along
with ®>™Nb. This is evidence of a highly efficient activation process.

Fig. 9 shows the build-up of 2’Mg, **Mn, 2*Na and °>™Nb radioactivity on the second day of the experimental
campaign and is representative of the build-up pattern observed throughout the campaigns. The graphs show the
result of calculations that took into account the observed variations in neutron yield, irradiation times and
cooling times for each pulse. For 2’Mg, the accumulated activity oscillates around a specific level with little
variation due to its short half-life relative to the irradiation and cooling times. Saturated activity was not reached
here. For the other radionuclides, the activity build-up is essentially linear due to their long half-lives relative to

the irradiation and cooling times.
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Fig. 9 Time evolution of radioactivity for particular reaction products during the second day of irradiation

under real conditions.

Over both NPL experimental campaigns, the measured 2’Mg radioactivity, after a single day’s irradiation, was in
the range of 243-409 Bq-g!. The **Na radionuclide was measured twice with identical results; however, the
uncertainty in the measured activity was lower for the longer measurement. The 2*Na radioactivity was in the
range of 22-86 Bq-g™!. For *Mn formed during the irradiation of the iron sample, the measured radioactivity was
in the range of 44-126 Bq-g"'. The results for °*™Nb varied over the range of 1.44-6.35 Bq-g"!. During the last
day of the first experimental campaign at NPL, indium foils were used instead of aluminium foils. The
radioactivity of ''>™In was 42 Bq-g™'.

The estimated neutron emission rate was based on an MCNP-calculated neutron reaction rates at the foil
locations and on the measured radioactivity as given by eq.4, fig. 9 and 10, show plots of the estimated neutron
emission rates for particular reaction products for each day of the experimental campaigns. The calculated
reaction rates per one source neutron were 8.34-107 for ’Al(n,p)*’Mg, 1.15:10* for *°Fe(n,p)*°Mn, 1.24-10* for

Y7 Al(n,0)**Na, and 4.45-10 for **Nb(n,2n)*>"Nb. Fig. 9 showing NG1, and fig. 10 showing NG2.
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Fig. 11 Estimated neutron emission rates for NG2 based on MCNP-calculated neutron reaction rates for the

foils. The error bars represent the total uncertainty (I o).

The total uncertainty in the neutron emission rate was calculated as the quadratic sum of different contributions,
including:

o The statistical uncertainty in the activity, the branching ratio, and the computed decay correction factor.
This uncertainty amounts to 8.3% for *’Mg, 8.1% for 2*Na, 7.5% for **Mn and 8.9% for **™Nb.

o The uncertainty in the number of target nuclei, which is directly related to the precision of the sample
mass measurement, which is equal to 0.01 g for the foil samples used here. This uncertainty amounts to
0.39% for Al samples, 0.12% for Fe samples and 0.06% for Nb samples.

o The uncertainty of the sums in eq. 4 was estimated to be Mg: 1.51%, Na: 1.16%, Mn: 1.16%, Nb:
1.16%, because all components in this part of the equation were correlated to each other. The highest
uncertainty was for magnesium sample due to its short half-life.

o The uncertainty on the reaction rates calculated by MCNP is less than 0.1%. The uncertainties of cross
sections in the activation calculation were not taken into account.

The resulting total uncertainty of the neutron emission rate based on singular nuclear reaction is in the range 6.7-
9.2%. The discrepancies between the reactions on the same day have been observed, outside the combined
uncertainties of the measurements. The SD for the daily average neutron emission rates for NG1 was within the
range of 2.5-4.9 %, with the exception of day 2 of the NPL 1 campaign, where it was greater than 5 %. For NG2
the SD was in the range of 3.2-6.0 %, where more than 5 % was observed only on the seventh day of the NPL 1
campaign. It should be noted that when the ion beam current intensity changes, the neutron emission rate is
affected. The monitoring foils are distributed approximately 180 degrees, asymmetrically across the main axis of
the NG. Deviations of the ion beam in the radial direction result in neutron emissions that are no longer
symmetric about the centre of the NG target. Which can result in variations in the measured neutron fluence at
the foil positions.

The neutron yields measured by the activation foils were compared with the signals obtained by the calibrated

monitoring SDD, on a day to day basis, and they were found to agree in all cases within 8§%.

5. Conclusions

A 14.1 MeV neutron generator was selected as the NS for the forthcoming in-vessel calibration of neutron
diagnostics on the JET tokamak in preparation for DT operations. After detailed analysis of the nuclear reaction
parameters. the following reactions were selected for the purpose of measurements: 2’Al(n,p)*’Mg,
3Fe(n,p)**Mn, 2’Al(n,a)**Na, **Nb(n,2n)°>"Nb. Two NGs have been characterized in terms of neutron emission
(rate) and angular distributions at the National Physical Laboratory. The activation technique has been used to
measure the NGs neutron emission rates. The same methodology will be used as a complementary technique for
NG neutron yield monitoring during the in vessel process. Throughout the NPL campaigns’, the activity of the
reaction products has been measured using gamma-ray spectrometry with less than 10 % uncertainty. The
exception was the measurements with ''*In. due to the larger uncertainty in determining the detector efficiency at

lower energies. The NG emission rates have been derived using MCNP-calculated reaction rates. The
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uncertainty for these values was in the range 6.7-9.2 %. The SD for the daily average neutron emission rate for
NG1 was greater than 5 % on a solitary occasion; this was on the second day of the NPL 1 campaign. The NG2
SD was more than 5 % only once, on the seventh day of the NPL 1 campaign. The neutron yields measured by

the activation foils were in agreement within 8% with the yields obtained by the calibrated monitoring SDD.
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