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A B S T R A C T

TOFOR is a time-of-flight (TOF) neutron spectrometer located at the Joint European Torus (JET) with a vertical
sightline of the JET plasma. It consists of 5 start (denoted S1) and 32 stop (denoted S2) plastic scintillation
detectors which can be used in coincidence to generate a TOF spectrum. Spectroscopic analysis of the neutron
TOF spectra produced by the JET plasma is regularly performed to determine, e.g., the fuel ion ratio and the
presence of fast ion species in the fusion plasma. TOFOR has been upgraded with a new digital data acquisition
(DAQ) system, denoted TOFu, which consists of 10 waveform digitizers with a total of 40 channels, 37 of
which are connected to the photomultiplier output of the different S1 and S2 detectors. This paper presents a
technical overview of the TOFu system and describes the offline analysis capabilities of TOFu which were not
available with the previous DAQ system. Two experimental JET discharges are studied and used to show that
the signal-to-background ratio is improved by almost 200% for the 2.5 MeV neutron signal and almost 400%
for the 14 MeV neutron signal using the new offline analysis capabilities.
1. Introduction

TOFOR [1,2] is a time-of-flight (TOF) neutron spectrometer with
a collimated vertical view of the Joint European Torus (JET) fusion
plasma. It is comprised of two sets of plastic scintillation detectors as
shown in the left panel of Fig. 1. The first set consists of five thin
cylindrical scintillators, denoted S1-01 to S1-05, which are placed on
the axis of the collimator and provide the start signals for the TOF mea-
surement. The second set of 32 scintillators, denoted S2-01 to S2-32, are
placed at a distance of approximately 1.2 m upstream of the S1 stack
symmetrically around the collimator axis in the 𝜑 direction indicated in
the figure and provide the stop signals for the TOF measurement. The
minimal and maximal scattering angles, 𝛼min = 23.0◦ and 𝛼max = 37.9◦,
re shown in the figure together with the corresponding S1-S2 path
engths, 𝐿

(

𝛼min
)

= 1304 mm and 𝐿
(

𝛼max
)

= 1157 mm. The typical se-
uence resulting in a detected event in one of the sub-detectors can be
escribed as (i) a fusion-born neutron scatters elastically on a proton
n the scintillation material of the detector, transferring a fraction of
ts kinetic energy to the proton, (ii) the recoil proton interacts with
he electronic structure of the detector material, part of the energy
eposited to the proton is emitted as scintillation light, the intensity
f which is related to the deposited energy, (iii) the scintillation light
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is guided to a photomultiplier tube (PMT) where the photons are
converted to photoelectrons through the photoelectric effect, (iv) the
photoelectrons are multiplied in the PMT through a chain of dynodes
to an electric pulse which is fed directly into one of the channels of
the data acquisition (DAQ) system. Consequently, the pulse amplitude,
or more practically, the integral of the pulse waveform (here called
the integrated charge of the pulse), can be correlated to the energy
transferred from the neutron to the recoil proton in the detector. If
a single neutron interacts both in an S1 and S2 detector, the neutron
time-of-flight can be calculated from the pulse times-of-arrival. As is
shown in Fig. 1, the S2 detectors are tilted with respect to the tangent
of the sphere indicated in the figure by 𝜃 = 5◦ to partially compensate
for the light transport time from the point of interaction to the PMT.
The right panel of the figure shows the dimensions of the S1 and S2
sub-detectors.

Fusion-born neutrons from three different reactions involving deu-
terium (D) and tritium (T) constitute the main contribution to the
neutron time-of-flight spectrum through (i) the DD reaction yielding
2.5 MeV neutrons, (ii) the DT reaction yielding 14 MeV neutrons,
and (iii) the TT reaction yielding a continuum of neutron energies
spanning 0–9.4 MeV. Examples of how neutrons from these reactions
produce characteristic features in the TOF spectrum of TOFOR are
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Fig. 1. Schematic view of TOFOR including the S1 stack and one of the 32 S2 detectors
(left panel), including sub-detector dimensions (right panel). The figure is not to scale.

shown in Fig. 2 for three different JET Pulse numbers (JPN) with (a)
a D-dominated plasma (JPN 95499), (b) a D-dominated plasma with
trace amounts of T (JPN 98044), and (c) a T-dominated plasma with
trace amounts of D (JPN 99134). Given the known geometry of TOFOR,
DD neutrons are expected around 𝑡TOF = 65 ns, DT neutrons around
𝑡TOF = 27 ns, and TT neutrons at 𝑡TOF > 30 ns. Further, a peak due to
𝛾-rays is visible around 𝑡TOF = 4 ns given by the constant speed of light.
TOFOR has been used to determine various fusion-relevant plasma
parameters in many physics studies, such as [3–8], since its installation
in 2005 [1]. An upgrade of the TOFOR DAQ system denoted TOFu
has been conducted to improve the spectroscopic capability of TOFOR.
This involves the procurement and installation of fully digital waveform
digitizers, allowing for correlated time and pulse height analysis of the
acquired data which was not possible with the original DAQ system.

This paper presents a technical overview of TOFu including infor-
mation on the DAQ hardware, analysis software, and the control and
monitoring system (presented in Section 2), as well as some details
of the post-processing of the data, including the employed pulse time
pick-off method (Section 3) and the algorithm for finding coincidences
in the data (Section 4). The energy calibration of the TOFu system is
presented in Section 5 and is used in Section 6 to improve the signal-to-
background ratio of TOFOR using kinematic cuts. Improvements to the
TOFOR response function are presented in Sections 7 and 8, where the
energy-dependent time resolution and acquisition energy thresholds are
determined. Finally, a comparison between the new and original DAQ
system is presented in Section 9, along with some concluding remarks
in Section 10.

2. Technical details

The TOFu DAQ system was implemented in two phases. In the first
phase a prototype system was tested using five ADQ412 digitizer boards
procured from Teledyne SP Devices2 [10]. In the second phase, the full
system was implemented with an additional five boards from the same
company. By this time Teledyne SP Devices had developed the ADQ14
digitizer which was deemed more suitable for the TOFu application.
The TOFu DAQ system, thus, consists of ten digitizer boards procured
from Teledyne SP Devices: five ADQ412 boards with 12 bits vertical
resolution and five ADQ14AC boards with 14 bits vertical resolution
housed in an 18-slot Adlink3 PXIe-2780 chassis. Each board has four
input channels amounting to a total of 40 channels, accommodating
the 37 TOFOR sub-detector output channels. The entire DAQ system
occupies a space of 46 cm (width) × 19 cm (height) × 47 cm (depth)
fitting in a single 3U height rack in the DAQ cubicle. The digitizers
are set up and run using the API provided by Teledyne SP Devices.
The ADQ14AC digitizers are equipped with the FWPD pulse detection

2 www.spdevices.com
3 www.adlinktech.com
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Fig. 2. Examples of time-of-flight spectra measured by TOFOR for (a) a D-dominated
plasma (JPN 95499), (b) a D-dominated plasma with trace amounts of T (JPN
98044), and (c) a T-dominated plasma with trace amounts of D (JPN 99134). Peaks
corresponding to neutrons produced in DD, DT, and TT reactions are indicated in the
figure as well as the 𝛾-ray peak.
Source: Figure from [9].

firmware package [11] and are run using a modified version of the disk
streaming application written in C available with the FWPD option,
whereas the ADQ412 digitizers are run using a Python application. The
API allows us to control a large number of parameters such as record
lengths, bias levels, trigger levels, and the data acquisition duration
to mention a few. TOFu acquires data from the 37 detector channels
independently of each other using a fixed (pre-set) individual trigger
level for each channel. All digitizer boards have a shared timing, syn-
chronized through phase lock loops to the chassis back-plate. Further,
JET utilizes a central Control and Data Acquisition System (CODAS)
to initialize and synchronize the various diagnostic instruments to a
common JET time. An overview of the sequence of an experimental
JET discharge for TOFu is shown in Fig. 3. When an experimental
discharge is started, CODAS sends a signal containing the JET pulse
number (pulse.ini) and initialization parameters (KM11D.ini) which are
read by the TOFu DAQ system and used to set, e.g., record lengths and
bias levels. Once the boards have been initialized they are armed and
wait for the signal from CODAS to either abort the shot (abort.abt)
if the initialization of the JET machine was unsuccessful or to start
acquiring data (PRE). The PRE signal is sent to all JET diagnostics and
ensures that the different instruments are synchronized to a common
JET time to allow for time-resolved comparisons between the systems.
The data saved by TOFu consists of board temperature readings, time
stamps (including the offset time at which PRE was detected), and pulse
waveforms. Finally, the data acquired by TOFu is transferred to a server
managed by CODAS. For the TOFu system, the boards digitize incoming
pulse waveforms at a frequency of 1 GHz, saving 64 samples (i.e. a total

http://www.spdevices.com
http://www.adlinktech.com
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Fig. 3. Flowchart of the discharge sequence for the TOFu system.

Fig. 4. Flowchart of the main processes performed by the TOFu analysis software.

f 64 ns) per record with the ADQ14 boards and 56 samples per record
ith the ADQ412 boards, 16 of which are pre-trigger samples, as well
s the trigger time stamp. This allows for detailed pulse shape analysis
uring the post-processing of experimental data.

.1. TOFu analysis software

The software for the post-processing of the data to create time-
f-flight spectra was developed in Python and is publicly available
t [12]. The main steps in the analysis chain are shown in Fig. 4 and
nvolve (1) importing the data for a given JET pulse number from the
ET servers. This includes the trigger time stamps, the digitized pulse
aveform, and the offset time used for the time alignment procedure
f the different sub-detectors. (2) Oddly shaped pulse waveforms are
emoved, this includes waveforms with baselines fluctuating outside a
ominal value and waveforms with negative areas. (3) The light yield
ssociated with the pulse area is calculated for all records. The light
ield calibration is further discussed in Section 5. (4) The pulse time
f arrival is determined using the method discussed in Section 3. (5)
ue to differences in cable lengths and signal processing pathways all
1 and S2 sub-detectors must be time-aligned according to the method
resented in [13]. (6) Coincidences between the S1 and S2 detectors
re found using the method described in Section 4. (7) Kinematic cuts
re applied to the TOF and light yield data, this is further discussed in
ection 6. (8) The 2D time-of-flight and light yield histogram is plotted.

.2. Control and monitoring system

The TOFOR spectrometer is equipped with a control and monitoring
ystem (C&M) which consists of two pulsed light emitting sources:
 i

3

a 438 nm blue light LED and a 531 nm green light neodymium-
doped lanthanum scandium borate (Nd:LSB) laser. The light sources
are connected to each TOFOR photomultiplier tube by optical fiber
cables. The LED emits light at a fixed intensity and is used mainly
for monitoring PMT gain drifts whereas the laser is equipped with a
motorized polarizer enabling the possibility of varying the emitted light
intensity. The laser system is set up to mimic the pulse waveforms
created by the scintillation light from the plastic scintillators of the
TOFOR sub-detectors. Consequently, it is possible to perform pulse
amplitude-dependent analyses of various aspects of the TOFu system
in a controlled manner using the laser system. The laser C&M system
is, e.g., utilized to measure the energy-dependent timing resolution
described in Section 7. The LED and laser C&M systems are described
in detail in [14,15].

3. Time pick-off method

The ADQ cards have a sampling frequency of 1 GHz and employ
a constant trigger level (shown by the dash-dotted line in Fig. 5). The
recorded time stamp (i.e., the time since PRE was detected by the ADQ
card) of a pulse digitized by the system is thus associated with a single
sample exceeding the trigger level and is recorded with a precision
of 1 ns. A time pick-off method is used to determine the pulse time
of arrival at a sub-nanosecond level and to reduce the pulse timing
uncertainty due to the amplitude walk associated with employing a
constant trigger level to pulses of different amplitudes. The utilized
method is shown in Fig. 5 and described below. The electric pulse
caused by the scintillation light is sampled at a frequency of 1 GHz
giving one sample (represented by the blue dots) per nanosecond.
A Whittaker–Shannon (W–S) interpolation [16], shown as the blue
dashed line in the figure, is applied to the 𝑚 = 64 (or 𝑚 = 56) sampled
oints,

(𝑡u) =
𝑚
∑

𝑖=1
sinc

(

𝑡u − 𝑡𝑖
𝛥𝑡

)

𝑦𝑖 , (1)

reproducing the original signal 𝑌 (𝑡u) where 𝑡u is a linearly spaced
time-vector that has been up-sampled by a factor 10, 𝑡𝑖 is the time
of a sampled point at an amplitude of 𝑦𝑖 ADC codes, and 𝛥𝑡 = 1 ns is
he sampling period. Up-sampling the pulse allows us to with greater
recision determine the total accumulated charge of the pulse which
s associated with the deposited energy in the scintillation detector. It
lso allows us to perform the offline time pick-off method to obtain the
ime of arrival of the waveform. The time of arrival is determined by
inding a constant fraction (north-facing triangle in Fig. 5) of the up-
ampled pulse peak amplitude (black cross). In the figure, the constant
raction is set to 1/3 for illustrative reasons, in reality, it may be chosen
reely and is typically set to 5%–10% for TOFu. A linear regression (red
ine) is performed around the points closest to the constant fraction, and
he time of arrival (south-facing triangle) is determined as the point at
hich the linear regression intersects the baseline (black dotted line).
he new global time, 𝑡G, of the pulse is given by adjusting the recorded
ime stamp with the determined time of arrival.

. Method for finding coincidences

This section is to a large degree taken from [9] and is repeated
ere for the sake of completeness. Each record gathered by TOFu is
ttributed a global time stamp, 𝑡G, using the time pick-off method
iscussed in Section 3. After the S1 and S2 sub-detectors have been
ligned to each other, according to the method presented in [13], a
earch algorithm is applied to the data to find coincidences between S1
nd S2 detectors. A coincidence, in the context of TOFu, is defined as
ny two events occurring within a user-defined time window, 𝛥𝑡TOF, in
wo different detectors, or in the same detector. Further, coincidences
an be categorized either as true coincidences, in which a single particle
s responsible for the two events, or random coincidences, in which two
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Fig. 5. Typical ADQ14 digitized scintillation pulse sampled at 1 GHz (blue dots) with a
Whittaker–Shannon (W–S) interpolation indicated by the blue dashed line. The baseline
at 27k ADC codes is indicated by the dotted black line and the trigger level at 26k
ADC codes is shown as a dash-dotted line. The minimum of the W–S interpolation is
shown as a black cross, and a corresponding constant fraction of 1/3 of the minimum is
indicated by the north-facing triangle. A linear regression around the constant fraction,
given by the red line, gives the pulse time of arrival indicated by the south-facing
triangle.
Source: Figure from [9].

Fig. 6. Two detector timelines with a number of detected events. The coincidence time
window is shown on top of the S2 timeline (red dashed line) for a user-defined time
window 𝛥𝑡TOF.
ource: Figure from [9].

ifferent particles happen to interact in the detector(s) within the given
ime window. There is no way of knowing which category a coincidence
alls under, however, by finding coincidences between S1 and S2 sub-
etector combinations, a time-of-flight spectrum can be calculated in
hich the peaks corresponding to true coincidences can be discerned.
n example of how the flight time is calculated is shown in Fig. 6.
wo timelines corresponding to an S1 and S2 detector are displayed.
hree events in the S1 detector are shown at times 𝑡(1)S1 , 𝑡(2)S1 and 𝑡(3)S1

along with one event on the S2 timeline 𝑡(1)S2 . In the search algorithm,
the S2 event is selected, and the user-defined time window is calculated
by 𝑡(1)S2 ± 𝛥𝑡TOF, shown in the figure as the red dashed line. Two of the
events on the S1 timeline can be found within the time window yielding
two coincidences with the interaction time differences (times-of-flight)
𝑡(1)S2 − 𝑡(2)S1 and 𝑡(1)S2 − 𝑡(3)S1 . Repeating the analysis on all events for the given
S1-S2 detector combination and plotting the data as a histogram results
in a TOF spectrum.

5. Light yield calibration

The TOFu system acquires digitized waveform information, such
as the waveform shown in Fig. 5. The integral of each waveform
is correlated with the amount of scintillation light incident on the
4

PMTs connected to each TOFOR scintillation sub-detector. Further, the
amount of produced scintillation light is related to the energy deposited
by the particle interacting in the detector through a non-linear light
yield function (Eq. (5)). For a neutron spectrometer such as TOFOR,
the main process of interest is the elastic scattering of a neutron on
a proton in the scintillation material. The amount of kinetic energy
transferred from the neutron to the proton in the scattering process
gives an upper limit to the amount of scintillation light the recoil proton
may produce in the detector material. In such a way, the light yield
spectrum from recoil protons yields information regarding the neutron
energy distribution incident on the detector. A light yield calibration
using a Na-22 source is performed to translate the integral of a digitized
waveform to light yield. The light yield calibration is required to apply
kinematic cuts (discussed in Section 6) to the experimental data, as well
as for applying the appropriate detection energy thresholds (discussed
in Section 8) to the detector response function.

Na-22 decays through the emission of a positron to Ne-22, predom-
inantly through an excited state of Ne-22 which promptly de-excites
through the emission of a 1275 keV photon to the ground state. Ad-
ditionally, 511 keV photons are produced through the annihilation of
the positron with an electron. The photons give rise to distinct Compton
spectra when observed with detectors sensitive to 𝛾-particles, such as
plastic scintillators. The (integrated) pulse height spectrum acquired
with the S2-01 sub-detector when exposed to the radiation of a Na-22
source is shown in panel (a) of Fig. 7. The integral of an acquired
waveform is calculated numerically using trapezoidal integration. Two
Compton edges (indicated by the arrows) corresponding to the two
gamma energies are visible in the figure. The same setup is simulated
in MCNP 6.2 [17,18] with the raw results shown in panel (b) of Fig. 7.
As no resolution broadening is applied to the simulated spectrum in
the figure, sharp Compton edges (around 350 and 1100 keV) and the
1275 keV photopeak are visible. The 511 keV photopeak is obscured
by the 1275 keV Compton continuum.

5.1. Fitting procedure

In order to translate the integral of a waveform to the corresponding
light yield, the light yield function for 𝛾-particles is assumed to follow
a one-to-one correspondence. A fitting procedure is then performed on
the experimental and simulated spectra for each TOFOR sub-detector.
The aim of the exercise is to yield an offset 𝜔 and a multiplier 𝜇 for the
given sub-detector which may be used in the form

𝐸ee(𝑄) = 𝜔 + 𝜇𝑄 , (2)

where 𝐸ee is the light yield given in units of electron equivalent (ee)
energy and 𝑄 is the integral of the pulse waveform. This is achieved
by applying two parameters to adjust the intensity of the 511 keV and
1275 keV component of the simulated spectrum, 𝐼511 and 𝐼1275, and a
Gaussian broadening with a width

𝜎 = 𝑑𝛬

2
√

2 ln 2
, (3)

where the resolution function 𝑑𝛬∕𝛬 is determined using the parame-
terization [19]

𝑑𝛬
𝛬

=

√

𝛼2 +
𝛽2

𝛬
+

𝛾2

𝛬2
, (4)

where 𝛬 is the simulated light yield in the detector. Finally, the offset 𝜔
and multiplier 𝜇 are applied to the horizontal axis of the experimental
spectrum. This results in a total of seven fit parameters which are varied
to adjust the MCNP spectrum (𝐼511, 𝐼1275, 𝛼, 𝛽, and 𝛾) and the horizontal
experimental axis (𝜔 and 𝜇) to minimize the 𝜒2 for the simulated and
experimental spectra. The code used for the calibration is available
in [20]. Four (out of 37) of the resulting spectra after performing
the minimization are shown in Fig. 8, where the experimental gamma
spectra with new horizontal axes are shown as black points with the
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Fig. 7. (a) Na-22 gamma spectrum acquired with the S2-01 sub-detector. Two Compton
edges are indicated by the arrows. (b) The same detector is simulated in MCNP 6.2.
No broadening has been applied to the simulated spectrum.

Table 1
Coefficient values for Eq. (5). 𝐸p is in units of MeV.

𝜅1 𝜅2 𝜅3 𝜅4
0 < 𝐸p ≤ 1.9 0 0.0469 0.1378 −0.0183
1.9 < 𝐸p ≤ 9.3 −0.0142 0.1292 0.0697 −0.00315
9.3 < 𝐸p ≤ 18.9 −1.8899 0.7067 0 0

corresponding light yield calibration fit shown as the blue dash-dotted
lines. The orange line represents the background spectrum which is
acquired without the source in place for the same amount of time as
for the 22Na measurements (five minutes for each S2 and nine hours for
he S1 stack). It is used as a fixed component in the fitting procedure.
ince the installation of TOFu, energy calibrations have been performed
pproximately once per year. The system exhibits good stability be-
ween calibrations. By determining an offset 𝜔 and multiplier 𝜇 for
ach sub-detector and using Eq. (2) for translating integrated pulse
harge to light yield, it is possible to calculate the proton recoil energy
pectrum given a proton light yield function. The proton recoil energy
s calculated in the TOFu system by inverting a light yield function with
he form

ee = 𝜅1 + 𝜅2𝐸p + 𝜅3𝐸
2
p + 𝜅4𝐸

3
p , (5)

here the light yield (𝐸ee) and proton recoil energy (𝐸p) are given
n units of MeVee and MeV respectively. The coefficients take the
alues provided in Table 1 for the different ranges of proton recoil
nergy. Now that we have a method for converting the integrated
harge of a pulse waveform to the corresponding proton recoil energy,
e can make use of kinematic cuts as a background discrimination

echnique and apply appropriate energy thresholds to the detector
esponse function.
5

Fig. 8. Na-22 gamma spectra acquired for detectors (a) S1-04, (b) S1-05 (c) S2-01, (d)
S2-02 shown as black points with the corresponding background spectrum shown as
the orange line and the light yield calibration fit shown as the blue dash-dotted line.
The sum of the fit and the background spectrum is given as the red dashed line.

6. Kinematic cuts

Given the known geometry of TOFOR, it is possible to calculate
the maximal and minimal angles (𝛼max = 37.9◦ and 𝛼min = 23.0◦) in the
1 stack which result in neutrons scattering in the direction of an S2,
s indicated in Fig. 1. Associated with these angles there is a path
ength, 𝐿

(

𝛼min
)

= 1304 mm and 𝐿
(

𝛼max
)

= 1157 mm, corresponding to
he two edges of an S2 detector. For a given flight time, 𝑡TOF, one can
alculate an upper and lower limit of the possible energy transfer from a
eutron incident on the S1 stack to a proton in the scintillator material,
s is exemplified in [21]. These are given by

S1
min =

𝑚n
2

(

𝐿
(

𝛼min
)

𝑡TOF

)2

tan2 𝛼min , (6)

and

𝐸S1
max =

𝑚n
2

(

𝐿
(

𝛼max
)

𝑡TOF

)2

tan2 𝛼max . (7)

For the interaction in an S2 detector, there is no restriction in the
scattering angle, the neutron may deposit anything from all to none of
its energy in the detector material. Consequently, it is not possible to set
a lower limit on the energy transferred to the S2 detector material. It is
however possible to infer an upper limit by considering the neutrons
which deposit the least possible amount of energy in an S1 while
scattering toward an S2. The upper limit is then

𝐸S2
max =

𝑚n
2

(

𝐿
(

𝛼min
)

𝑡TOF

)2

. (8)

The kinematic limits can be passed through the light yield function
(Eq. (5)) and applied to the measured light yield vs. TOF spectrum
as exemplified in Fig. 9. The upper and lower S1 limits are shown as
red lines in panel (a), correspondingly, the upper S2 limit is shown in
panel (b). The projection onto the time-of-flight axis when the cuts
are applied is shown in panel (c) and includes the events located
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Fig. 9. Experimental neutron spectra of JPN 100850 acquired by the TOFu system. The
top two panels show the two-dimensional histograms for the measured times-of-flight
(on the horizontal axis) and light yields (on the vertical axis) where the vertical axes
correspond to the (a) S1 detectors and (b) S2 detectors. The kinematic cuts are included
as red lines. The projection onto the TOF axis when the cuts are applied is shown in
panel (c) including the estimated background component (blue dashed line).

within both the areas indicated by the numerals I and II in the figure.
Random coincidences are expected across the entire TOF spectrum.
These constitute an unavoidable background component and can be
seen in panels (a) and (b) by extending the TOF axis to negative flight
times where nothing but random coincidences is expected. An estimate
of the random coincidence component can be made by mirroring the
kinematic cuts to negative flight times. Events located within the areas
indicated by the numerals III and IV are projected onto the TOF axis and
are shown as the black points at negative times-of-flight. An estimate
of the random coincidence component, shown as the blue dashed line,
can subsequently be made. The estimate is performed by averaging
the negative side of the 2D histograms along the TOF axis for both
the S1 and S2 detectors yielding a smoothed background spectrum.
By applying the mirrored kinematic cuts to the smoothed background
spectrum and projecting the result onto the TOF axis, the blue dashed
line is obtained. The procedure is further described in [21].
 l

6

7. Time resolution

The timing resolution at which coincidence measurements between
two sub-detectors can be made is an important parameter to determine
for a time-of-flight system such as TOFOR to properly model the de-
tector response function. Several aspects must be taken into account to
appropriately broaden the response function. Some broadening effects
are taken into account by the particle transport code used to generate
the response function. Such effects include the geometry of the system,
multiple scattering of neutrons in the detectors, light transport of
scintillation light to the PMTs, and the detection efficiency due to
reaction cross sections. Other effects must be applied to the response
function a posteriori, e.g., detection energy thresholds (described in
ection 8), and the intrinsic timing resolution of the chain of electronics
tarting with the time jitter in the PMTs, followed by the fan-in-fan-
ut (FIFO) modules and the signal processing pathways in the ADC
ards. A final time broadening effect arises from the precision of the
ime pick-off method in determining the pulse time of arrival. Instead
f disentangling the contribution of these different effects to the time
roadening, we measure the combined broadening accumulated by
he intrinsic timing resolution and the precision of the time pick-off
ethod. Further, we can expect a pulse amplitude dependency on the

iming resolution. Thus, the goal is to measure the timing resolution of
ach sub-detector as a function of pulse height, or equivalently, light
ield (by using the method outlined in Section 5).

The timing resolution is measured by utilizing the laser C&M system
described in 2.2). Laser pulses of varying intensities are fired at each
1 and S2 PMT. Given the similarity of the pulse waveforms between
he laser pulses and actual scintillation light from experiments, the
aser pulse integral can be translated to a corresponding light yield
sing Eq. (2). For each fired laser pulse, a synchronization signal from
he laser C&M system is cloned and fed directly into two unoccu-
ied DAQ channels. Light yield-dependent coincidence measurements
an then be performed between any given sub-detector and one of
he synchronization channels. An example of such coincidence mea-
urements for sub-detector S2-01 is shown in panel (a) of Fig. 10
or three different laser intensities corresponding to 275, 475, and
75 keVee. As expected, the time difference between the laser pulses
nd their corresponding synchronization signals is distributed around
𝑡L = 0 as they are fired from the C&M system simultaneously. The
idths of the distributions yield information on the timing resolution
f the system. However, to calculate the timing resolution for the
pecific sub-detector, the contribution from the synchronization signal
f widening the distributions must be estimated. For this purpose, the
econd synchronization signal is used to record the time difference
etween all pairs of cloned signals. The standard deviation of the
ielded distribution is calculated to 𝜎synch = 36 ps and is indicated in
he figure. Finally, 𝜎synch is subtracted from the widths found in panel
a). In panel (b) the result of this exercise is shown for all the utilized
aser intensities (light yields) for the same sub-detector as in (a). By
itting a function on the same form as Eq. (4) we obtain an estimate
f the timing resolution of the sub-detector as a function of light yield.
he method is then repeated for all S1 and S2 sub-detectors. The time
esolution analysis code is available in [22].

. Energy thresholds

Determining the energy thresholds of the TOFu system is neces-
ary to correctly apply energy cut-off limits to the detector response
unction. The energy detection threshold for each S1/S2 sub-detector
s limited by the amount of scintillation light produced in the detector
aterial for a given recoil proton energy, as well as the ability to effec-

ively transport the light to the PMTs. Further, the user-defined DAQ
ardware trigger levels (exemplified in Fig. 5 as a black dash-dotted
ine at 26k codes) set a lower pulse height limit, or correspondingly, a

ower energy limit, at which events can be recorded. The fully digital
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Fig. 10. (a) Histogram of time differences between laser pulses and synchronization
signal (points) with Gaussian fits (lines) for three different light yields for sub-detector
S2-01. The standard deviation (36 ps) of the distribution given by looking at time
differences between the two synchronization channels is indicated in the figure. (b)
Time resolution as a function of light yield (black points) including fit (black line)
with confidence levels (blue shaded regions).

nature of the TOFu DAQ system makes it possible to apply arbitrary
thresholds in the post-analysis of the data, with the limitation that they
must be higher or equal to the detection thresholds determined by the
trigger setting of the DAQ. Given that we want to make use of as much
of the acquired data as possible, we determine the energy thresholds
corresponding to the DAQ hardware trigger settings and use these in
the post-analysis of the experimental data as well as in the detector
response function.

The procedure for determining the hardware energy thresholds for
the 37 detectors of TOFOR is illustrated in Fig. 11. Thresholds for the
S1 detectors are determined by making use of the Na-22 gamma spectra
and light yield calibrations presented in Section 5. The low-energy
regions of the Na-22 spectra for two S1 sub-detectors are shown in
panels (a) and (b) in Fig. 11. A fit, 𝑓 = 𝑓1 ⋅ 𝑓2, is applied to the spectrum
where 𝑓1 is the logistic function,

1
(

𝐸ee
)

= 𝜆
1 + 𝑒−𝑘(𝐸ee−𝐸thr)

, (9)

epresenting the electronic threshold action, and 𝑓2 is an exponential,

2
(

𝐸ee
)

= 𝑎𝑒−𝑏𝐸ee , (10)

odeling the pulse height distribution. The free parameters for the
itting procedure are thus 𝜆, 𝑘, 𝐸thr, 𝑎, and 𝑏. In Eq. (9), 𝜆 determines
he maximum value of the sigmoid, 𝑘 corresponds to the steepness of
he curve, and the energy threshold, 𝐸thr, is defined as the sigmoid
idpoint, shown as the black dashed line in the figure. The energy

hresholds of the S2 detectors are determined similarly. However, due
o a higher sensitivity to low energy background, we make use of
xperimental neutron data with kinematic cuts and an S1 coincidence
equirement applied to produce the light yield spectra exemplified for
wo S2 sub-detectors in panels (c) and (d) of the figure. The energy
hreshold limits, 𝐸thr are determined in the same way as for the S1
ub-detectors and are shown in the figure.
7

Fig. 11. Light yield spectra of two S1 detectors (top panels) and two S2 detectors
(bottom panels). The product of the logistic function and an exponential are fit to the
data (red line). Thresholds (black dashed lines) are defined as the mid-point of the
logistic function and are determined to (a) 22 keVee, (b) 33 keVee, (c) 70 keVee, and
(d) 83 keVee.

9. Improvements and comparison

One of the major advantages of a fully digital system such as TOFu
is improved data availability. Since each acquired pulse waveform is
saved we can easily investigate exactly what is being measured by
the TOFOR system and can apply advanced pulse sorting algorithms,
granting us more control over the data sets we process, increasing
our confidence in the results from the physics analyses performed on
the data. The purpose of the TOFu upgrade was not to improve the
overall resolution of the system which is largely determined by the
geometry of TOFOR, indeed, extracting the energy resolution from
the improved detector response function for 2.5 MeV neutrons yields
𝑑𝐸n∕𝐸n = 7.9% (full width at half maximum) which is in line with the
previous response function [23].

TOFu has been run in parallel with the previous DAQ system
for consistency checks. As shown in Fig. 12, the count rates for the
new and old systems are similar to a large degree. The difference in
efficiencies between the new and previous DAQ can be explained by
different trigger settings and acquisition dead times. Count rates are,
in addition, consistent with the count rates provided by the JET fission
chambers [24]. Further, a prototype of the TOFu system has been
extensively compared to the previous DAQ in, e.g., [10,25]. The fully
upgraded TOFu system has also been utilized in studies (e.g., [8,13])
without making use of kinematic cuts and has been shown to provide
results consistent with models and other diagnostic systems. Here we
present some further improvements of the TOFu system compared to
the original DAQ.

9.1. Dead time

The upgraded data acquisition system has an improved dead time
compared to the original DAQ. The distribution of time differences,
𝛥𝑡S1, between each acquired pulse waveform for the S1 sub-detectors
is shown in Fig. 13 for TOFu and the original DAQ. The dead time
of the two DAQ systems can be extracted from the sharp shoulder
located at ∼60 ns for TOFu and ∼80 ns for the original DAQ. Given
the record length of 64 samples (i.e. 64 ns) per record, out of which
16 samples are pre-trigger samples, the re-arm time between pulses
of the TOFu DAQ can be calculated to ∼12 ns. Another advantage
of TOFu over the previous DAQ can be seen in the structure in the
blue line (and lack of structure in the black line) extending down
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Fig. 12. The left vertical axis shows the count rates as a function of JET time for
ub-detector S1-01 for TOFu (black line), and the previous TOFOR DAQ system (gray
otted line). The right vertical axis shows the total neutron emission rate as measured
y the JET fission chambers (orange line).

Fig. 13. Histogram of the shortest time differences between detected pulse waveforms
for TOFu (black line) and the original DAQ (blue dashed line) for all S1 sub-detectors.

to 𝛥𝑡S1 = 0. For the original DAQ, the sub-detector channels are not
ntirely independent of each other in the series of FIFOs, constant
raction discriminators, and pulse logic units. Consequently, the pulse
ime-of-arrival can be incorrectly determined, typically during high
ount rate scenarios, when two events occur in two dependent channels
ithin a short time span. Such problems are not present with the TOFu
AQ system as the time determination is performed independently for
ll channels.

.2. Signal-to-background ratio

With the new TOFu DAQ system, we can utilize kinematic cuts as a
owerful tool to discriminate against the background, as is exemplified
or JPN 100850 in Fig. 9. Background discrimination using kinematic
uts is especially effective in increasing the signal-to-background ratio
or small signals in large amounts of background (which is the case
or the DT neutron peak in JPN 100850), as can be seen in Fig. 14
here the full TOF spectrum of JPN 100850, with no kinematic cuts
pplied, is shown in panel (a), and the DT peak is indicated by the
lack dotted lines. Since no background discrimination is employed
he background forms a flat constant level visible as the blue dashed
ine in panel (b). The signal contributing to the DT peak is estimated
y a Gaussian fit, shown as the orange dash-dotted line. In panel
c), background discrimination with kinematic cuts is applied to the
ame data set, significantly reducing the background component with
espect to the signal. The signal-to-background ratio is calculated by
8

Fig. 14. (a) Full time-of-flight spectrum for JPN 100850 with the DT neutron peak
indicated by the dotted black lines. Estimates of the background component (blue
dashed lines) and a Gaussian fit to the DT neutron signal (orange dash-dotted lines) are
applied to the DT peak with (b) no background discrimination, and, (c) after utilizing
kinematic cuts to discriminate against the background.

integrating the background and signal components within a ±3𝜎 range
of the Gaussian distribution, yielding an S/B ratio of 0.18 in panel (b)
and 0.86 in panel (c), i.e., a relative improvement of almost 400%.
Enhancing the DT signal to such a degree should improve the capability
of TOFOR to perform fuel ion ratio measurements over a broader
range of T fractions. A similar analysis is performed for JPN 99552
in which the tritium content in the plasma is significantly higher,
resulting in a small DD neutron signal in a high level of background,
as is shown in panel (a) of Fig. 15 where the DD neutron peak is
indicated by the dotted black lines. The signal components are fit to
the data without and with background discrimination in panels (b)
and (c) respectively, and integrated between 57 and 72 ns along with
the background components, yielding an S/B ratio of 0.42 in panel
(b) and 1.24 in panel (c), i.e., an improvement of almost 200%. The
background, here, consists of random coincidences, neutrons scattering
in the tokamak walls (mainly from back-scattering in the divertor),
and the low-energy tail of 14 MeV neutrons which have undergone
multiple elastic collisions. Due to the shape of the applied kinematic
cuts, a considerable amount of the background in the low-energy (high-
TOF) side of the spectrum is removed from the DD peak when applying
the background discrimination, which should improve our capability to
perform spectroscopic analysis on the DD neutron peak.
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Fig. 15. (a) Full time-of-flight spectrum for JPN 99552 with the DD neutron peak
ndicated by the dotted black lines. Estimates of the background component (blue
ashed lines) and a fit to the DD neutron signal (orange dash-dotted lines) are applied
o the DD peak with (b) no background discrimination, and, (c) after utilizing kinematic
uts to discriminate against the background.

0. Conclusions

The upgraded TOFOR data acquisition system TOFu has been de-
cribed in detail. The possibility of correlating energy and time in-
ormation enables a more detailed post-analysis of the data than was
reviously available. Aspects of the post-analysis possible with the new
ystem, as opposed to the previous DAQ system, include, e.g., a set
f pulse selection criteria, an improved time pick-off method, and the
se of kinematic cuts by performing a light yield calibration of the
ystem. Two JET discharges are used to show an improvement in the
/B ratio of almost 200% and 400% for the 2.5 MeV and 14 MeV
eutron signals through the use of kinematic cuts. Improvements of
he S/B ratio to such a degree should improve the range over which
e can perform fuel ion ratio measurements as well as our capability of
erforming spectroscopic analysis of the 2.5 MeV DD peak. Further, the
OFOR detector response function has been improved by including the

ndividual time resolution and energy thresholds of each sub-detector.
OFu is a compact and flexible DAQ system that can be easily set
p to fit the requirements for digitizing incoming pulse waveforms.
he flexibility of the system was demonstrated during the deuterium–
ritium experimental campaign (DTE2) at JET at the end of 2021 during
hich TOFu was moved and reinstalled in a few days at an entirely
ifferent spectrometer (the magnetic proton recoil spectrometer) and
9

used to monitor the high power DT experiments. After DTE2, TOFu was
moved back to TOFOR and is operating reliably on a daily basis.
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