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Testing of tritium breeder blanket activation foil spectrometer during
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Accurate measurement of the nuclear environment within a test tritium breeding-blanket module of a fusion reactor is
crucial to determine tritium production rates which are relevant to self-sufficiency of tritium fuel supply, tritium accountancy
and also to the evaluation of localised power levels produced in blankets. This requires evaluation of the time-dependent
spectral neutron flux within the test tritium breeding-blanket module under harsh radiation and temperature environments.
The application of an activation foil-based spectrometer system to determine neutron flux density using a pneumatic transfer
system in ITER has been studied, deployed and tested on the Joint European Torus (JET) machine in a recent deuterium -
deuterium campaign for a selection of high purity activation foils. Deployment of the spectrometer system has provided
important functional and practical testing of the detector measurement system, associated hardware and post processing
techniques for the analysis of large data sets produced through the use of list mode data collection. The testing is invaluable
for the optimisation of systems for future planned testing in tritium - tritium and deuterium - tritium conditions. Analysis of
the time and energy spectra collected to date and the status of the development of methods for post-processing are presented

in this paper.
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1. Introduction

Activities under the EUROfusion work package (WP)
JET3 programme have been established to enable the
technological exploitation of the planned JET
experiments over the next few years, culminating in a
deuterium — tritium experimental campaign (reference
DTE-2) [1]. The programme offers a unique opportunity
to provide vital experimental data within the areas of
nuclear technology and nuclear safety relevant to the
fusion experimental facility ITER; currently under
construction.

The WPJET3 subproject “TBMD’ focuses on the
development and testing of detectors for the tritium
breeder blankets of a fusion reactor, for example the
tritium breeding test blanket modules (TBMs) that will be
installed on ITER. Accurate measurement of the nuclear
environment within a TBM is crucial to determine tritium
production rates which are relevant to self-sufficiency of
tritium fuel supply, tritium accountancy and also to the
evaluation of localised power levels produced in blankets
[2]. This requires evaluation of the time-dependent
spectral neutron flux within the TBM under harsh
radiation and temperature environments. There are few
diagnostic systems that are deemed robust enough to
survive those environments, though miniature fission
chambers, self-powered neutron detectors, liquid
scintillation techniques, diamond detectors and activation
foil methods have been considered [3], [4].

During the planned D-T experimental campaign the
TBMD project will take advantage of the large 14 MeV
neutron fluence expected to test the use of a foil-based
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spectrometry detector system for evaluation of the
neutron flux spectra. Practical testing of such a system and
development of the post processing techniques has been
performed during the recent JET deuterium — deuterium
(D-D) campaign (reference C36b). This testing will be
used for the optimisation of systems for future planned
testing in tritium — tritium (T-T) and D-T conditions. The
current status of the analyses and post processing
development is presented in this paper along with a
demonstration of the use of neutron spectra unfolding to
determine the neutron flux.

2. An activation foil-based spectrometer system

A set of suitable dosimetry reactions were proposed
for use in a TBM foil-based spectrometry system [5], a
subset of which can be seen in table 1. Criteria such as
intensity and number of emitted gamma lines and half-life
were used. The proposed short half-life reactions cover a
range of energy threshold and non-threshold reactions and
require a limited number of different high-purity foils that
will be compatible with the environmental conditions
expected of the ITER TBMs. The gamma lines from the
generated activation products within the foils should be
readily measurable via gamma spectrometry techniques.

Under the proposed system a selection of foils, placed
in a capsule, would be sent to the TBM using a pneumatic
transfer system. Following irradiation the capsule would
be returned via the transfer system to a shielded counting
station where the neutron induced decay gamma radiation
from the activated foils can be measured through
spectrometry methods such as a high purity germanium
(HPGe) detector.



Table 1. Selected reactions from the Al, Cr and Nb foils.

Reaction Product half-life Approx. threshold energy Principle gamma line energy
(s) (MeV) (keV)
Al(n,y)*Al 135 - 1779
7TAl(n,p)*’Mg 568 4.5 844
32Cr(n,p)*V 225 5.5 1434
3Cr(n,p)”*V 97 6 1006
*Cr(n,p)*V 50 11 835
Cr(n,)*' Ti 348 8.2 320
%Nb(n,y)’**"Nb 376 - 871
%Nb(n,a) ™Y 11484 6.9 203
Nb(n,n’a)*"Y 16 12.5 909
Nb(n,2n)”*"Nb 876960 9.5 935
- ™
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Fig. 1. General workflow for neutron spectra unfolding

The generated activity would then be determined from
the characteristic spectrum. The measured activity of all
reactions can then be used to unfold the neutron spectrum
based on the reaction response functions, which are
related to the reaction cross sections themselves.

The general workflow required to evaluate the neutron
flux spectra using a foil-based spectrometry system is
presented in figure 1. There are three main pieces of
information required to determine a spectrum: (i) the
response function of the reactions of interest, (ii) an initial
guess or ‘a priori’ neutron spectrum, and (iii) target foil
activity measurements. The unfolded spectrum, @k, can be
described using equation 1,

Ny = [ Re(E)®: (E)dE (1)

where Nk is the number of counts in channel k (k =1, n
where n is the number of channels) and R«(E) is the
detector response of channel k to particles of energy E.

A variety of neutron unfolding codes are available for
performing the unfolding method including the UMG
codes [6] of MAXED and GRAVEL, SAND-II [7] and
STAYSL [8].

Loop to sample measurement uncertainty

3. System testing during JET D-D operations

Experimental testing of a foil-based spectrometry
system was performed during JET D-D pulses using the
existing pneumatic transfer system in the JET KN2
neutron irradiation end. A number of irradiation stations
are used with the KN2 system; for this test the 3-upper
position (KN2 3U) was selected due to availability.

Whilst the neutron spectrum in KN2 3U differs from
the spectrum that would be expected in a TBM, of benefit
here is the testing of the processes and methodology, and
validation of modelling which could later be generally
extrapolated to more relevant TBM spectra. Part of the
practical testing also aimed to assess the capability of
measurement procedures with the activation foils together
as a ‘stack’ as opposed to separating the foils and
measuring each foil individually. Individual foil counting
would entail a more logistically complex measurement
process to be developed.

Use of the KN2 system placed restrictions on the size
and mass of material that could be used due to the size and
configuration of the transfer system tubing and capsule
size (figure 4). Practical testing was performed during 5
JET pulses.



3.2 Selection of dosimetry foils

High purity foils of Al, Cr and Nb were purchased
through Goodfellow [9] at thicknesses of: Al (0.1 and 1
mm), Cr (1 and 2 mm) and Nb (1 and 2 mm). Thinner foils
are proposed for testing in future D-T operations, however
for testing and validation of associated processes in D-D
conditions, bearing in mind the detection limits, these
thicker foils were needed. Although Cs foils are proposed
in [5], investigations regarding the suitability of the
material for irradiation under the JET D-D environment
deemed the material unsuitable.

The foils were purchased as foil sheets and the Al and
Nb cut to 18 mm discs. The Cr was cut into pieces that
would fit within the capsule as this was more easily
achievable due to the material brittleness.

The reactions of interest from the selected Al, Cr and
Nb foils are given in table 1 [5] (gamma-line data gathered
from National Nuclear Data Center, Brookhaven National
Laboratory [10]). A selection of different foil stack
arrangements were tested. An illustrative example of a
foil stack arrangement in shown in figure 2.

Foil diameter 18 mm

Plastic capsule
N

Foil thickness
— and order

e ayator | ||| R S
&\\\\\\\\\\\\\\\\\\\\\\\\ Cr 2mm

Detector
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Fig. 2. Illustration of the foil arrangement and detector setup
(not to scale).

3.3 HPGe detector and digitiser setup

Capsules containing Al, Cr and Nb were placed in the
3U irradiation station using the KN2 system during five
selected JET D-D pulses, each with a unique pulse
number. In this paper, analysis of data collected during
one of the JET pulses (JET pulse number 92398) is
presented for brevity and to illustrate the process. This
was the final data set to be collected as part of this
experiment.

After the capsule containing the foil stack was
irradiated in the KN2 3U position, it returned to the
counting station and positioned above a HPGe detector. A
20% relative efficiency JET HPGe detector was used for
initial testing and subsequent measurements with a 25%
relative efficiency Canberra HPGe. Both with a low
background lead shield. Figure 3 shows the detector setup
of the KN2 transfer system and counting station. The foils
are measured within the closed lead shield to reduce
background. The KN2 system capsule containing the foil
stack is shown figure 4 with an example dosimetry foil.

Data acquisition processes were tested using a four-
channel CAEN digitiser (DT5724) hardware [11] with list
mode data acquisition and storage, where list mode
acquisition allows the user to store the time stamp and

pulse height of every detector event. Digitiser hardware
settings were optimised for high resolution gamma
spectroscopy applications; key parameter settings include
a trapezoidal rise time and trapezoidal flat top time of 0.5
us, with a preamplifier decay time matched at 40 ps. The
use of list mode requires relatively large data storage,
however this allows for further interrogation of the data
via post processing methods. The data can be analysed
over optimised acquisition time periods for each reaction,
thus potentially providing a benefit in measurability of
some reactions when compared with traditional methods.

Due to the use of list mode data collection, a large
quantity of gamma spectra data was obtained. To
interrogate the list mode data output an analysis toolkit
has been developed using Python.

Fig. 3. KN2 transfer system at the counting station . Capsule
inside the tube entering the lid of the low background lead shield
to the detector within.

Fig. 4. Example KN2 system capsule and dosimetry foil.

To determine the activity and therefore calculate
reaction rates from the measured photopeaks, the
efficiency of the measurement setup is required. The
detector efficiency was determined through a
measurement spectrum using a standard mixed nuclide
calibration source. This measured spectrum was used to
validate a computer simulation model of the 25% relative
efficiency Canberra HPGe detector (as used with JET
pulse number 92398).

The computer simulation model was used with the
Monte Carlo particle transport code MCNP [12] to



determine the efficiency of the detector setup with the
foils positioned 11 mm above the detector end cap. The
evaluated nuclear data library ENDFB.V11 [13] was used
in the MCNP calculation.

3.4 Development of post-processing toolkit

A post-processing toolkit was developed using
Python. This toolkit development was a significant part of
this practical foil-spectrometry testing. With this in mind,
a number of analysis methods were considered and
included as user-defined options when using the toolkit.
These methods are described in more detail in this section.
The toolkit was developed in a modular approach using
functions for improved functionality and future
development.

During data acquisition, a dump cycle is established to
store pulse by pulse data to an ASCII formatted data file
atregular intervals. For each pulse, a time stamp and pulse
height are recorded corresponding to the output from the
flash analogue to digital convertor in the CAEN hardware.
Following data acquisition, a file parser function is called
from the Python toolkit, storing the time and pulse data to
memory. Using the detector calibration data (shape and
efficiency functions) photopeak analysis can be
performed on a user defined list of gamma lines.

Nuclide identification from a library of nuclides
defined in table 1 is carried out using a spectrum plotting
function at user defined time intervals. In addition to user
defined time plotting, the spectral plotting function allows
the user to manually add colours to highlight photopeaks
of interest and produce high resolution plots for reporting
(see figure 6 for example).

Using a condensed nuclide library of identified
nuclides (see table 2 in the results section), a number of
photopeak analysis methods can be carried out. Currently
the toolkit allows the user to plot cumulative counts and
count rates against time for all nuclides specified in the
library, where time binning can be specified manually or
in an automated way.

Automated time binning methods include constant bin
width, where a user-defined number of equally spaced
time bins are used, or equal count bins, where the time bin
boundaries are defined so that each bin includes an equal
number of events.

Net counts and net count rate are computed by
subtracting the Compton continuum in the peak region of
interest away from the photopeak. Two algorithms exist
within the code to perform this correction; a simplified
trapezoidal method and the sensitive non-linear iterative
peak (SNIP) algorithm [14]. The trapezoidal algorithm is
often well suited to cases where many nuclides are
identified, or where many time bins are used as it is less
computationally intensive than the SNIP routine.
However, for spectra where non-linear features, such as
x-rays, Compton edges or backscatter peaks are observed
in close proximity to photopeak regions of interest, the
SNIP algorithm provides a closer approximation to the
true shape of the background. In the trapezoidal
algorithm, non-linearities would be averaged, introducing

either an under or over estimate to the background
depending on the shape of these non-linear features.

Peak widths can also be evaluated in two ways within
the toolkit. The full width half maximum (FWHM) can be
approximated by the detector shape function for energy E,

FWHM(E) = A+ BVE + CE2 Q)

where A, B and C are parameters determined from a
separate calibration measurement. A more sophisticated
routine directly evaluates the FWHM of each photopeak
by performing a Gaussian fit through all specified regions
of interest, using the fitted sigma parameter to evaluate
the width.

The toolkit can also calculate the decay corrected
count rate at a reference time, the end of the neutron
irradiation, (Co). This is calculated by performing an
exponential fit to the net count rate against time data
determined for each photopeak, using the methods
selected from those described above which best suit the
data. A time delay parameter (twanster = 20s for JET pulse
number 92398) is used to account for the transfer time
between the neutron irradiation environment and the
detector.

With knowledge of the detector efficiency (¢) at the
photopeak energies analysed, and the relative gamma
emission probability (y) of each gamma line, the end of
irradiation activity (also referred to as the initial activity
Ao) can be calculated using equation 3.

— G

4y =2 3)

For the results presented in this paper (for JET pulse
number 92398) the initial count rate has been determined
using the SNIP algorithm and Gaussian shape fitting (as
described above). The equal counts time binning method
was used with the data fitting 10 times the nuclide half-
life (up to the full measurement time).

3.5 Neutron spectra unfolding process

MAXED and GRAVEL were used for initial testing
and demonstration of the unfolding method to determine
the neutron flux spectrum.

As discussed earlier in the paper, as part of the
description of a foil-based spectrometer, there are 3 main
inputs required to perform an unfolding demonstration.
For the data collected from the experiment performed
during JET pulse number 92398 the inputs are:

1. The reaction rates, Ao, as determined from the
initial activity (Ao) for the photopeaks analysed,
can be calculated using equation 4

_ 4o
Aw = 1—exp(—Atpyise) @

where A is the decay constant, and tp,. is the
pulse length (seconds).

2. The response functions for the materials
comprising the Al, Nb and Cr foils (see figure 5).



3. An initial guess spectrum. A selection of
different input spectra were tested with the
unfolding of this data set.

The response functions are essentially the probability
of the nuclear reaction of interest occurring in the foil
material and therefore heavily related to the specific
reaction cross-section. There are a number of different
nuclear data libraries available for the cross-section data
and selection of this data can have a significant effect,
therefore careful selection of the most appropriate nuclear
data libraries is important.

There are also a number of ways to calculate the
response function. An approximation to the response
function can be determined using the reaction cross-
section and material number density,

pV [ Ry (E)dE ©)

where p is the number density (atoms/barn cm) and V is
the volume of the target (cm®) and R,,(E) is the cross-
section (barns). However, this approximation does not
take into account the effects of neutron flux attenuation,
self-shielding, the stack arrangement etc. Therefore, a
particle transport calculation (MCNP) was used to
calculated the response function of each reaction in
individual foils with the correct foil stack geometry and
plastic capsule. The response function in cm? is calculated
with MCNP using the equation,

pVA f @(E)R,,(E)dE 6)

where A is surface area of the foil (cm?), and @(E) is the
energy dependent fluence (particles/cm?).

The response functions in 175 energy bins, calculated
using nuclear data from the International Reactor
Dosimetry and Fusion File (IRDFF v.1.05) [15] where
available and Evaluated Nuclear Data File (ENDF/B-
VII.1) [16], are shown in figure 5 for the three reactions
used in the unfolding demonstration.
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Fig. 5. Foil reaction response functions (in 175 energy bins).

There are ongoing investigations regarding the
suitability of using the approximation method to calculate
the response functions as this will not require MCNP

particle transport calculations to be performed for each
energy bin and each experiment. This may be beneficial
for quicker analysis of large experimental data sets.

4. Results
4.1 Experimental results

The experimental data collected from the test in JET
pulse number 92398 is presented here. It is foreseen that
a foil-based spectrometer system would focus on short-
lived radionuclides using a short count time however for
this data set a significantly longer measurement time was
used. This enabled a large amount of data to be collected
from the single pulse test. This large data set was
particularly useful for testing the various methods
developed in the post-processing toolkit. The gamma
spectra measured over the full counting time of 761313
seconds is shown in figure 6. The nuclides identified and
used in quantitative analysis of the activity and in turn
reaction rates are highlighted. Other photopeaks are
observed and are discussed below.

A28
V52
Nb94m
Nb92m
Cr51/Ti51
Il K40(backgound)
Il Annihilation

103}
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Fig. 6. Gamma spectrometry measurement for JET pulse number
92398 after full measurement time.

4.1.1 Gamma spectrometry analysis

The photopeaks in the gamma spectra were initially
analysed for the presence of the nuclides listed in table 1.
An advantage of the list mode data acquisition is the
ability to analyse the gamma spectra over different
integral measurement times. This offers advantages in
detection limits over conventional acquisition methods.
The three nuclides, 32V, ***Nb and Al were identified in
the spectra (figure 7) at short measurement times (t <2000
seconds). The shorter-lived ™Y nuclide (half-life of 16
seconds) was not observed.

The Compton continuum, particularly from °**"Nb,
impacts on the detection limit of photopeaks below 871
KeV during measurement times < 2000 seconds. The
nuclides of *V, Mg and ™Y are swamped by the
Compton continuum from *"Nb and *Al. The photopeak
of ¥V at 1006 keV is evident but the net counts are too
low for accurate quantitative analysis.
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Fig. 7. Gamma spectrometry measurement for JET pulse number
92398 after 2000 seconds.

At longer measurement times (t > 5000 seconds) the
longer-lived nuclides, 3'Cr and **"Nb were observed more
clearly. This is observed in figure 8 where the counts
around the 320 keV line are shown for the first 5000
seconds and the next 5000 seconds. The counts of the *'Ti
peak are swamped by the Compton continuum of the
*™Nb with a similar half-life. By 5000 counts the *'Ti
nuclide will have decayed along with the *"Nb and %Al
which allows the observation of the longer-lived 3'Cr
peak.

— Measurement time: ty,; — 5000 seconds
= Measurement time: 5000 seconds — 10000 seconds
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Fig. 8. Counts around 320 keV for first 5000 seconds
measurement time and the next 5000 seconds.
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4.1.2 Determination of foil reaction rates

Using the list mode data acquisition with the
developed post-processing toolkit allows for the
photopeaks to be analysed at different measurement
times. The initial count rate has been determined using the
SNIP algorithm and Gaussian shape fitting. The equal
counts time binning method was used with the data fitting
10 times the nuclide half-life (up to the full measurement
time).

The reaction rates in table 2 were derived from the
initial count rate using equations 3 and 4. The uncertainty
values quoted in table 2 are propagated from the Poisson
statistical error associated with each photopeak, and also

the errors on the fit parameters determined in the decay
correction process.

Table 2. Reaction rates determined from photopeak analysis.
The results in italics are currently not used in the final unfolding
calculation due to ongoing investigations regarding the reaction
response function.

Initial

Meas1'1red activity Unce;‘tainty Reacti?n rate
nuclide (Bq) (%) (reactions/s)
Al 6.22E+03 7.4 1.13E+05
2V5 2.18E+03 5.9 6.55E+04
mNp 1.21E+06 3.9 6.01E+07
%2"Nb 3.98E+00 22 4.58E+05

4.2 Demonstration of neutron spectrum unfolding

The spectrum in the KN2 3U location has previously
been determined through an MCNP calculation using a
computational model of the JET facility [17]. This MCNP
calculated spectrum was used as the ‘a priori’ best guess
spectrum input for the neutron unfolding demonstration.

By folding this flux spectrum with the reaction
response functions, we can compare the calculated
reaction rates with those measured (see table 3). The
calculated reaction rates agree with the measurements
within 2% — 18%, further validating this ‘best guess’
calculated spectrum.

Table 3. Comparison of measured and calculated reaction rates.

Reaction rate (reactions/s)

Reaction Calculated Measured C/E
TAl(n,y)*®Al 1.34E+05 1.13E+05 1.18
32Cr(n,p)*V 5.80E+04 6.55E+04 0.89
%Nb(n,2n)**"Nb 4.47E+05 4.58E+05 0.98

Using this data with the unfolding codes of MAXED
and GRAVEL produces output spectra presented in figure
9. The difference in total flux for the GRAVEL and

MAXED unfolded spectrum was -15% and +2%
respectively.
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Fig. 9. Comparison of unfolded spectra and MCNP calculated
spectrum, using MCNP calculated spectrum as best guess input.



As only three reaction rates were used in this
unfolding demonstration, include the two threshold
reactions of **Cr(n,p)**V and **Nb(n,2n)**"Nb, and the
7TAl(n,y)*Al reaction, the unfolding codes had limited
data for unfolding 175 energy bins. Variations in the flux
spectra are mostly limited to the energy bins above 5
MeV, where the 2 threshold reactions are present (see
figure 10). The difference in the unfolded spectra and the
calculated MCNP spectrum is shown in figure 11, as the
unfolded divided by the calculated.
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Fig. 10. Comparison of spectra as in figure 9 > 1MeV.
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Fig. 11. Difference in the unfolded (GRAVEL and MAXED)
spectra with the MCNP calculated spectrum.

By using a modified input spectrum, through reducing
the flux by 2 orders of magnitude, the use of the unfolding
codes can be more readily observed. We can see how the
unfolding codes have used the provided three reaction
rates to re-normalise the flux spectra (figure 12).
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Fig. 12. Comparison of unfolded spectra and MCNP calculated
spectrum, using reduced flux MCNP calculated spectrum as
guess input.

5. Conclusions

The proposed method for testing of the TBMD foil
spectrometer, and associated hardware, during a JET D-T
campaign has undergone functional and development
testing during the D-D campaign (reference C36b). The
method will be used to determine the tritium production
rates in ITER TBMs to validate the nuclear design of
tritium breeder blanket concepts. The JET D-D test has
provided important testing of post-processing techniques
for analysis of large data sets, through the use of list mode
data collection, and of the detector set up and
measurement system.

The post-processing toolkit developed for analysis of
the large list mode data set enables spectra to be plot at
various times and peak analysis using various background
correction methods, time binning and measurement time.

An advantage of the list mode data acquisition was
illustrated in the analysis of lower activity longer-lived
nuclides such as *'Cr (half-life = 27 days). This nuclide
would likely not be observed in conventional gamma
spectroscopy measurements as the contribution of
shorter-lived high activity nuclides to the Compton
continuum would inhibit the detection of the *'Cr
photopeak. Analysing the gamma spectrum over a time
period commencing 5000 seconds after irradiation
enables the >'Cr photopeak to be more clearly observed

To demonstrate the system, post-processing and
unfolding, some key peaks were identified for quantitative
assessment. Significantly this included some of the
threshold reactions resulting from the D-T neutrons that
are present during D-D plasma.

Some of the photopeaks of interest, particularly those
below 871 keV, were not observed due to the Compton
background of the **™Nb and *Al nuclides. It is proposed
that in future testing further pre-analysis is performed to
determine a more optimum foil stack order and thickness
of foil. In this experiment (in JET pulse number 92398)
the short measurement time gamma spectrum is
dominated by the ***Nb and **Al. Preliminary analysis of
other earlier experiments had led to the decision to reduce



the thickness of the Al foil to 0.1 mm and to place at the
back. A reduction in the amount of Nb, with an increase
in the thickness of Cr should assist in reducing the impact
of the **"Nb Compton background on detection limits, and
could be tested in future D-D JET operations.

The gamma spectrum, neutron flux spectrum and
reaction rates will be different in D-T conditions and in a
TBM position, however this testing utilising the D-D
fusion conditions in JET has provided a wunique
opportunity to demonstrate the use of a foil-based
spectrometry system and develop a post-processing
toolkit.

6. Future work

There is ongoing work to analyse further data
collected as part of the WPJET3 TBMD subproject from
the other JET pulses using a similar setup, and to
extrapolate to very high efficiency detectors such as the
190% relative efficiency detector.

Further development of the python toolkit will also
take place, including investigations into methods for
handling coincident summing corrections and gamma
spectrometry predictions experiment planning.

The methods for unfolding are being further
investigated including the potential for use of a new
genetic algorithm process and with more complex spectra
e.g. T-T.
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