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ABSTRACT

A Time-Of-Flight (TOF) spectrometer for measurement of the 2.5MeV neutron emission from

fusion plasmas has been developed and put into use at the JET tokamak. It has been Optimized for

operation at high Rates (TOFOR) for the purpose of performing advanced Neutron Emission

Spectroscopy (NES) diagnosis of deuterium plasmas with a focus on the fuel ion motional states

for different auxiliary heating scenarios. This requires operation over a large dynamic range including

high rates of >100kHz with a maximum value of 0.5MHz for the TOFOR design. This paper describes

the design principles and their technical realization. The performance is illustrated with recent

neutron time-of-flight spectra recorded for plasmas subjected to different heating scenarios. A data

acquisition rate of 39kHz has been achieved at about a tenth of the expected neutron yield limit of

JET, giving a projected maximum of 400kHz at peak JET plasma yield. This means that the count

rate capability for NES diagnosis of D plasmas has been improved more than an order of magnitude.

Another important performance factor is the spectrometer bandwidth where data have been acquired

and analyzed successfully with a response function for neutrons over the energy range 1 to >5MeV.

The implications of instrumental advancement represented by TOFOR are discussed.

1. INTRODUCTION

The neutron emission from fusion plasmas carries information about the condition of the neutron

source, predominantly, the reactions d+t→α+n (En = 14MeV) and d+d→3He+n (En = 2.5MeV) in

DT and D plasmas, in terms of intensity and the motional state of the fuel ions, tritons and/or

deuterons. The most detailed information is obtained from Neutron Emission Spectroscopy (NES)

measurements, which require the use of instruments developed for the particular purpose of so-

called plasma diagnosis. The main measurement figure of merit for advanced NES diagnosis is

high count rate in combination with sufficient energy resolution. This is the necessary basis for

achieving sufficient statistics during short times. Time resolved data collection is needed for observing

variations in the neutron source conditions at the time scale they occur, spontaneously or induced.

The present standard for advanced NES diagnostics is the achievements made at the JET tokamak

for DT plasmas in 1997 with the MPR technique, i.e., measurements with a magnetic spectrometer

of the proton recoils produced by neutron-proton (np) elastic scattering in a thin polythene foil

placed in the collimated beam of neutrons from the plasma. The MPR operated at high count rates

(Cn) only limited by the source intensity, i.e., the neutron yield rate Yn, leading to a count rate of

Cn≈ 0.6 MHz when JET reached the peak fusion power of 16 MW or Yn≈6×1018 n/s [1].

In order to perform advanced NES diagnosis of D plasmas, one needs a 2.5MeV spectrometer

with a factor of 100 higher efficiency than a comparable 14MeV spectrometer to compensate for

the difference in yield rate of dd compared to dt reactions for the same ion motional state. High

efficiency is offered by the neutron Time-Of-Flight (TOF) technique. This is easier to implement

for 2.5MeV dd fusion neutrons than for those of dt at 14MeV because the required energy resolution

can be achieved with relatively short (≈1m) flight paths and because of the higher interaction cross
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sections in the scintillators at lower neutron energies. The method is based, in this case, on two detectors,

for instance, scintillators, of which one is placed in the beam (S1) and the other in a removed position

(S2). The signals from S1 and S2 provide a “start” and a “stop” for time-of-flight measurements. The

limit on the count rate is set by the tolerable admixture of random coincidences (accidentals). NES

diagnosis of D plasmas has been performed with TOF spectrometers before [2,3] but with the operation

limited to the few kHz range. Therefore, the success of advanced NES diagnosis demonstrated for DT

plasmas [4] has motivated the present TOFOR project to create a TOF spectrometer Optimized for

Rate to make this realizable for D plasmas. A special motivation for this effort is the fact that JET, as

other tokamaks, operates routinely with D but is the only fusion reactor capable of T handling and

operation.

A concept for a neutron TOFOR spectrometer has been presented in [5]. This showed that the TOF

technique could, in principle, be developed to permit operation in the 100kHz range. The key element

to focus on was identified to be the design of the S1 and S2 scintillators, specifically, to maximize

within practical constraints the fraction of the neutrons that after interaction in S1 through np scattering

were also detected in S2. This fraction was referred to as the neutron catching factor of the S2 detector,

which was the parameter to optimize as it implied, for the targeted count rate, minimization of accidental

admixture in the measured TOF spectrum [5 ,6, 7].

The TOFOR concept has been the object for development and design that has now been realized in

an instrument. As with earlier TOF spectrometers, this has entailed the design of a system of two

scintillator detectors, S1 and S2. The scintillator surfaces are configured to the geometry of a sphere

so that the energy distribution of the incoming neutron flux can be determined from the measured

time-of-flight spectrum independent of the neutron scattering angle. Here lies the key to optimizing

the count rate capability limit. In order to approach this limit for the neutron fluxes that JET can

produce, the efficiency was increased as much as possible, partially at the cost of worsened energy

resolution. The energy resolution (∆En / En) should be on the scale of the thermal Doppler broadening

for d+d neutrons from 4keV plasmas, i.e., ∆E/E ≈ 7% (FWHM using the neutron energy distribution

function derived in [8]). Such an energy resolution is acceptable if the instrument can be calibrated to

high accuracy and if the instrumental stability can be verified through suitable monitoring. This was,

in part, provided by a special Control and Monitoring (C&M) system developed for this purpose. The

Data AcQuisition (DAQ) was, for the first time in fusion neutron TOF spectrometry, based on a

technique where the time trains of selected events in the S1 and S2 detectors were recorded for the

duration of the plasma discharge (typically tens of seconds) and then used to construct TOF spectra

for selected plasma time periods. This was implemented through time recording PC cards especially

developed for this application, which contribute to raising the count rate capability limit of TOFOR to

a projected level of 0.5MHz. Finally, the response of TOFOR to neutrons has been described with the

help of detailed geometrical modeling and neutron transport calculations. Such calculations were

used in the design of TOFOR as well as for the calibration represented by simulated TOF spectra for

fluxes of neutrons of given energy in an arbitrary range around 2.5MeV; good sensitivity is predicted
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for the energy range 1 to 5 MeV and lower sensitivity beyond.

This paper describes the design of the TOFOR spectrometer and the choices made to optimize the

count rate. The roles of the C&M and DAQ systems are also described and their use for achieving the

design targets. The performance of TOFOR is illustrated with recent results from measurements at

JET. These include high-count rate operation, handling of accidental admixture in the data, exploitation

of the TOFOR broadband capability and extraction of ion motion information from analysis of measured

TOF spectra.

2. DESIGN PRINCIPLES

Since the fusion plasma is an extended and continuous source of neutrons, the use of the TOF method

to determine the neutron energy requires the use of two detectors. With plastic scintillator detectors,

the first (S1) is placed in a collimated beam of neutrons, a fraction of which is detected through the

proton recoils produced in the scattering process n + p → pR + n′. The second detector (S2) is placed

a known distance (L) away from S1 and records a fraction of the scattered neutrons, again through

proton recoils (Figure 1).

The S1 and S2 detectors can be given different internal designs as well as configurations relative to

each other. Regarding the latter, TOFOR was designed based on a geometry where the S1 and S2

detectors are placed on the constant TOF sphere (Figure 2) [5]. In this configuration, the flight time

recorded for a passing scattered neutron (tTOF =t2-t1) is the same for incoming neutrons of a given

energy independent of the scattering angle a. This comes from the angular dependence of the flight

path given by L = 2r cosα. Within the assumptions of non-relativistic np scattering kinematics and mp

≈ mn, the energy of the scattered neutron is given by L = 2r cosα and related to the incident neutron

energy through En = En′ /cos2 α. Thus, En is determined from the measured tTOF spectrum provided

that the radiusr is known, i.e., 222/nTOFEmrt.
The coordinate system used to describe the TOFOR design is based on defining a system axis

which goes through the point of entry for the incoming neutrons (I) and the origin (O) of the constant

TOF sphere of radius r (Figure 2). The point of exit for a scattered neutron is defined by the polar

angle (ζ=2α) and the azimuthal angle j. The system is axis-symmetric for rotation in j but for the

internal geometry of the S2 detector elements. The incoming neutron flux is defined by a cylindrical

collimator whose axis coincides with the system axis. The TOFOR detectors have flat scintillators of

finite volumes whose positions are given by the coordinates of the center of their area and half thickness

point. This defines uniquely the coordinates of S1 as its surface is perpendicular to the axis. In the case

of S2, the scintillator surfaces are perpendicular to the radius as its reference orientation. However, S2

can be tilted, which is used in the TOFOR design. The tilting (angle ÷ in Figure 2) partly compensates

for the timing uncertainty introduced by the variation in light propagation time to the PM tube depending

on interaction point.

In addition, special features to further enhance the achievable count rate were implemented for

TOFOR:
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• The S1 detector was segmented in five layers to allow for detection of more events without

running into PM tube saturation.

• Specially developed PC cards were used to make dead-time free recording of all detected

events possible.

• The C&M system was implemented as an integrated part of the instrument to allow for

corrections for any drifts from the set working points.

Optimizing the TOFOR design included balancing the conflicting requirements on efficiency and

energy resolution against each other, choosing the number of S1 detectors and determining the

detectors sizes and the solid angle coverage of the S2 in a way so as to achieve maximum detection

efficiency with keeping practical construction aspects in mind. The decisions were made based on

results from neutron transport simulations [9] using the GEANT4 code [10]. The information obtained

was used in the development of the TOFOR design including the size and number of detectors to

use as well as their location relative to the constant TOF sphere. The 3D model of the 5 S1 and 32

S2 detectors of TOFOR is shown in Figure 3.

3. THE TOFOR INSTRUMENT

TOFOR was designed for installation at JET so as to view a collimated neutron flux coming up

vertically from the plasma. It was built and tested as a fully assembled instrument at Uppsala University

and transported to JET in parts. The design afforded disassembly and remounting within required

alignment specifications. Survey and alignment performed during the construction phase were

maintained when remounting at JET.

The sphere that is the basis for the TOFOR design as described above is specified by its radius

(705mm). The center of each S2 detector is placed at ζ = 60o, corresponding to a scattering angle of

30o with a flight path L of 1221 mm giving a flight time of tTOF ≈ 65ns for neutrons of En=2.5�MeV

incoming energy.

The instrument consists of a number of different parts and sub-systems. These can be divided in

the spectrometer itself (consisting of the S1 and S2 detectors and the mechanical support frame), the

system for data acquisition and controls with electronics, and the system to control and monitor

(C&M) the pulse response of the TOFOR detectors including calibration stability.

3.1 THE INSTRUMENT FRAME

The TOFOR support frame, made of aluminum, consists of a triangular base plate with three height

adjustable floor legs and an upper support ring with three legs attached to the base plate. The base

plate and ring function as the chassis for TOFOR. The chassis provides the reference for the physical

mounting of the scintillators and their alignment in the TOFOR coordinate system. The origin of

the coordinate system (Figure 2) is fixed relative to the center of the base plate whose surface is

perpendicular to the system axis.
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The base plate has a cylindrical hole of 150.0mm diameter in the center, which is marked by the

crossing point of the lines between four holes in the plate. A cylindrical box is placed on top to

house the S1 detectors. The S1 scintillators were aligned relative to the base plate and attached to it.

The box is covered with a cylindrical lid with a second hole matching the one in the base plate. The

only beam-intercepting material, apart from the S1 detector assembly, is a 0.1-mm aluminum foil at

the base plate and the box lid acting as light seals.

The S2 support ring is parallel to the base plate, and thus also perpendicular to the system axis.

Evenly distributed around the ring are 32 sets of machined holes for steering pins and bolt attachments

for the S2 detector holders. The steering pin holes have a tolerance requirement of ±0.1 mm for

placing each detector at fixed radius.

3.2 THE S1 DETECTOR ASSEMBLY

The S1 detector assembly is made up of a stack of five detector units. The detectors consist of a

circular fast scintillator (Bicron BC-4181), with a diameter of 40mm and 5mm thickness (tolerance

±0.05mm). The light emission has a typical rise time of 0.5ns and decay time of 1.4ns. Three light

guides (Bicron BC-800) are bonded to the scintillators at 120o angles to each other (Figure 4).

These are attached, via optical silicon pads (Bicron BC-634A), to Photomultiplier (PM) tubes. The

PM tubes (Electron Tubes 9142A2) have a typical transient time jitter of <0.6ns and a gain of 106 at

an applied high voltage in the range 945-1145V.

The scintillator and light-guide assemblies are wrapped in a 15mm layer of aluminum foil and

separated by black paper to minimize light cross talk when they are placed as a stack in the inner

circular enclosure of the S1 box on the base plate (Figure 5). Each detector unit is fixed in position

relative to the plate by the light guides, which rest in cradle holders in the inner enclosure wall

giving a 1mm clearance between each layer. The lateral scintillator position is determined by clamping

one light guide, while the other two are allowed free radial motion due to thermal expansion/

contraction. The detectors were aligned at room temperature (~20oC) relative to the base plate

center to within ±0.1mm. The thermal expansion would lead to a radial displacement of the scintillator

center <0.01mm/oC in different directions for the 5 layers (expected operating temperatures are 15-

35oC).

Each PM tube is mounted in a soft iron pipe, also providing magnetic shielding, whose front cap is

clamped to the detector light guide and whose back cap keeps the PM tube in place (Figure 6).

The PM tube is pressed towards the light guide by a spring at the back to assure good optical

contact between the PM tube photocathode window, the greased silicone pad and the light guide.

The pressure is adjusted with metal rings at the back of the PM tube along with a plastic ring for

purpose of electrical isolation. Each PM tube pipe is placed in a cradle attached to the base plate in

such a way as to allow longitudinal motion.

Signal cables (with BNC type connectors) and High Voltage (HV) cables from each PM tube, as

well as cables from the temperature probes, leave the S1 enclosure through cable feed-through
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panels (Figure 5). Each PM tube can be fed with light pulses from the C&M system via optical

fibers (Figure 5). Guiding pipes lead the fibers through the inner enclosure to the scintillator side

opposite the photocathode of the PM tube aimed at for pulsed light illumination.

Light-tightness of the S1 box was achieved through sealing the base plate and lid joins besides

light-tight cable and fiber feed-throughs (Figure 5). The box is ventilated with four fans to remove

the heat produced by the PM tubes. Labyrinth ducts in the fans prevent light leaks. The temperature

is monitored with three PT100 probes.

3.3 THE S2 DETECTOR ASSEMBLY

The S2 detector is made of 32 modules consisting of a scintillator with attached light guide and PM

tube. The plastic scintillators (Bicron BC-420) have light response characteristics in terms of rise/

decay times of 0.5/1.5ns. They are trapezoidal in shape with a thickness of 15.0mm, length of

350†mm and top/base widths of 95.0/134.7mm; the machining tolerance level is ±0.05mm. The

geometrical center is used as reference to specify the position of the scintillator within the TOFOR

coordinate system. The nominal angular coverage of an S2 scintillator is α-6.98o and α+7.87o. This

means, for instance, that 2.5MeV neutrons scattering in S1 have an energy spread from 1.53 to

2.08MeV when they enter S2.

The scintillator base is glued to a light guide (Bicron BC-800) of fish tail shape, which changes

from rectangular to circular cross section of constant area (Figure 7). The circular end connects to

a PM tube (Electron Tubes D671A) with the characteristics of <0.6ns jitter in the time response and

a gain of 5×106 at an applied high voltage within 1830-2230V.

The scintillator-light guide assemblies are wrapped in a 15mm layer of aluminum foil and covered

with black cardboard for light-tightness. They are held in position at the light guide that is clamped to the

PM tube holder, which is placed in a structure that is mounted on the ring shaped S2 support frame.

The PM tubes are mounted in soft iron holder pipes and kept in place with front and back

holders (Figure 8). This arrangement also provides magnetic shielding of the PM tube. Optical

contact between the PM tubes and the light guides via greased optical silicone pads is achieved

through exerting spring pressure from the back holder.

A plastic ring between the PM tube and the springs provides electrical isolation. Each PM tube

in its holder is placed in a support stand (Figure 9) fitted to the S2 ring with steering pins and bolts

to match the machined ring holes. The PM tube pipes were aligned relative to a jig so that all S2

scintillator centers ended up on the constant TOF sphere at the specified polar angle of z=2 α =

60.0o and with the desired tilt of 5.0∞.

The tilt was determined through combining calculated flight times for scattered 2.5MeV neutrons

from the center of S1 to different positions on S2 with test results for the S2 scintillator light

transfer time obtained through characterization of the S2 scintillators with UV LED light (compare

[11]); this limited the position dependent spread in recorded flight times to 1ns for 2.5MeV neutrons.

The timing results obtained from these UV LED tests on the final S2 scintillators closely match
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those from  b coincidence tests done on an earlier, 5�mm thick prototype with the same width and

height, described in [12].

An optical fiber is directed towards each light guide through a drilled hole in the plastic collar

between the soft iron pipe and the light guide (Figure 8). With an angle of 30o to the light guide

axis, light can be transmitted to the PM tube photocathode through only one reflection. The individual

fibers are connected in a light splitter on the TOFOR chassis with an ingoing fiber from the C&M

system. Signal and HV cables from the electronics system are connected directly to each PM tube.

Light-tightness of the individual S2 detector modules, for operation in rooms with normal light

conditions, was achieved through using o-rings between the PM tubes and the holders, which were

sealed with black tape to the plastic collar and the scintillator (Figure 9).

3.4. DATA ACQUISITION ELECTRONICS

The main purpose of the TOFOR Data AcQuisition (DAQ) system is to collect event times with

maximum precision and minimal dead-time. The system collects the PM tube signals from the

individual S1 and S2 detectors and processes them to obtain the desired information on times t1 and

t2 and deposited recoil energies Ep1 and Ep2 for the S1 and S2 detectors. The recoil energies are

needed primarily to ensure that the right events are collected in the timing measurement. They are

recorded in the form of pulse height spectra.

Three signal lines of pulse processing can be identified (Figure 10): Line 1 for recording event

times on Time Digitizing (TD) boards, line 2 for recording pulse heights via Analogue-to-Digital

Converters (ADC) and line 3 for counting events in scalers (Scl).

The front end of the DAQ consists of linear Fan-In-Fan-Out (FIFO) modules of NIM standard

with four inputs and four outputs per channel. The signals of the three PM tubes attached to each S1

scintillator are summed in the FIFO, while the 32 S2 detector signals are fed into separate FIFO

channels. One FIFO output for each detector is fed into an ADC via a delay, and two outputs are fed

into the Logic Circuit (LC) 1, which, in turn, provides signals to the TD (i), and to LC2 (ii and iii)

(Figure 10). From LC1, there is also a branch-off leading to the scalers. For S1, the fourth FIFO

output is fed to the scalers via another FIFO for a further four-way split to count pulses above four

different pulse height thresholds.

In LC1, Constant Fraction Discriminators (CFD) convert the analogue FIFO outputs above high

and low threshold levels to logic pulses that are fed into Programmable Logic Units (PLU). The

CFD thresholds can be set for different operating scenarios. For instance, for typical data production

runs, the signals representing elastic scattering of neutrons in the individual detectors would fall

between the two thresholds and the LED pulses from the C&M system above the high threshold.

The PLU modules consist of two independent sections with 8 inputs and as many outputs. The

sections can be set to give logic outputs for different combinations of input signals. For instance,

the PLUs of LC1 receive high and low threshold logic pulses from the CFDs connected to four

detectors per section. The PLUs are set to produce output signals for detectors producing signals of
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pulse heights passing the low and high thresholds, V>VLOW and V>VHIGH, or between the

thresholds, VLOW<V<VHIGH. Through software selection, signals above the low, between or above

the high thresholds can be selected as output (i), i.e., the individual output from each detector.

Outputs of types (ii) and (iii) are obtained if any detector within the PLU section produces a signal

of a pulse height between the thresholds and above the high level, respectively. Output (i) is the

time signal recorded on the TD boards (1) while (ii) and (iii) are inputs to LC2. LC2 is set to

produce a trigger to the ADC (2) for the different inputs (ii) and (iii) so as to select detector events

of pulse heights within the threshold gate or above either threshold. Specifications for the different

electronics modules are listed in Table 1.

The time signals are recorded in the TD signal line (1), using a time stamping technique. Each

individual detector signal (i) from the PLUs in LC1 is fed into a separate channel on Time Digitizer

(TD) boards. There are 5 boards, each with 8 input channels. The channels have a bin width of

0.4ns and the ability to handle a peak event rate of 1.25GHz or a sustained pulse rate of 5MHz with

no dead time [13]. Their storage capability is 8 MEvents. The five TD boards, residing in two PCs,

are synchronized during the initialization phase for each JET discharge. Three channels on one of

the boards (Figure 10) receive clock pulses from the central JET computer system in the form of

one 1 Hz signal, one 1kHz signal and a single ‘pre’ signal sent when the acquisition starts for each

JET discharge. All events are recorded relative to the ‘pre’ signal to match the clock time of the

TOFOR DAQ to that of JET, which is used to describe the time evolution of plasmas (see section

4). The TD boards record 5 S1 and 32 S2 time trains of individual detector events, from which 160

flight time spectra for all possible S1-S2 combinations can be obtained. These are, in turn, used to

construct tTOF spectra, which are then analyzed to obtain the desired information on the energy

distribution of the incoming neutron flux.

Analogue signals from all detectors are sent along line 2 to the ADCs, which are triggered by

logic pulses from LC2 via the histogram memory units. The digitized ADC outputs are fed into

the histogram memory units for storage of data in the form of pulse height spectra. The event

rates in the detectors, especially S1, during plasma discharges can be very high leading to

significant dead time in the corresponding ADC. This is partially controlled with the help of the

triggering options offered by LC2 so as to record pulse height spectra for regions of particular

interest. It should be noted that a principal function of the pulse height spectral information is to

determine the energy span of neutron generated proton recoils that were selected by the threshold

gates defined by LC1 [14].

The scaler line (3) serves two functions, where the first (3a) is simply to record the count rate

above the low CFD threshold from LC1 for each individual detector. A level translator before the

scaler provides the needed conversion from NIM to ECL signal format. The readout interval for the

scalers during the acquisition period can be varied to record the data with the time resolution that

suits the situation.

Scaler line 3b is used only for the five S1 detectors. The function is to monitor the PM tube gain
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stability during JET discharges to determine the effect of high count rates on the PM tube signal. A

second set of FIFO modules is used to split the original summed S1 FIFO output signals for each

S1 detector in four, which are fed into CAMAC discriminator channels with different threshold

settings. The thresholds are set so that the C&M system light pulses fall in the center of the pulse

height interval created. In this way, a change in pulse height due to a PM tube gain shift will be

reflected in a variation in the ratio between count rate of events above different threshold levels.

The TOFOR DAQ system is linked to the JET COntrol and Data Acquisition System (CODAS)

[15], which provides trigger signals to the DAQ and the clock input to the TDs. This is further

described in section 4.

The DAQ system is housed in three cubicles on the second floor of the JET roof laboratory.

Signals from TOFOR reach the cubicles through RG 58 cables of 30 m length. The TOFOR PM

tubes operate on High Voltage (HV) supplied by a HV power supply located in the electronics

cubicles and controlled via the DAQ computers. The installed PT100 temperature probes (3 in the

S1 box, 2 on the S2 detector ring and 3 in the electronics cubicles) are read out by PT104 read-out

units3, which are connected to the DAQ system in the electronics cubicles.

3.5 THE C&M SYSTEM

The TOFOR C&M system [16] was designed based on the one used on the MPR spectrometer [17].

It was developed to serve also the MPR upgrade (MPRu) [18]. It consists of two Pulsed Light

Sources (PLS). One is a laser emitting 0.65-ns pulses of green light (l=531�nm) at a frequency

f~5�kHz, whose intensity can be varied through the use of a polarizer. The same laser is used for

both the TOFOR and the MPRu systems. The other PLS is an LED emitting blue light (λ = 428�nm).

It is energized with a driver developed for TOFOR producing 8-ns pulses of selectable frequency,

typically set at 5kHz [19]. The PLS are placed in a separate cubicle in the roof laboratory with fiber

optics runs to the TOFOR spectrometer and cable runs to the DAQ system [20]. The C&M outgoing

fiber (φ = 3.0mm) is split into a bundle of 57 individual 250µm fibers out of which 47 are individually

connected to each TOFOR PM tube. Light pulses issued from the laser or the LED reach all detectors

simultaneously (within 0.1�ns as given by the mechanical tolerance of the fiber construction).

As a calibration and stability reference for the PLS, one fiber is used to illuminate a PM tube of

S1 type fitted with a small scintillator in which signals of constant pulse height are produced with

a 241Am α source (~3�kBq in 2005). The PLS are monitored for intensity drifts using this 241Am

absolute reference detector. The laser is typically stable to within 5% over a 1 h period and the LED

to within <0.5% over a 15 h period [16].

A 22Na source (~450Bq in February 2005) is placed near the S1 scintillator stack in the central

enclosure (Figure 11) to allow for collection of reference pulse height spectra with distinct Compton

edges, corresponding to its 511keV and 1274.5keV γ-lines. This information is used in order to

relate the discriminator threshold settings in mV to pulse heights.
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3.6 NEUTRON TRANSPORT MODEL OF TOFOR

As mentioned in section 2, the TOFOR design was based on the results of extensive Monte Carlo

neutron transport simulations [9]. The simulations were also used for performance evaluation, as

an analysis tool and to create a detailed response function for the instrument [14].

The simulation model of the TOFOR spectrometer was created to include the scintillators

themselves and other relevant components with regard to composition and geometry that have an

effect on the neutron transport in the instrument. Neutron transport calculations were used to simulate

the distributions of the times t1 and t2, and the deposited proton recoil energies, Ep1 and Ep2, i.e.,

the characterizing parameters of neutron events in the individual detector elements for a given

incoming neutron energy, En. In particular, it was determined which of the events in S1 and S2

belonged to the same neutron.

With the model, the pure geometrical response of the instrument to incoming neutron fluxes of

different energies over the range of interest, typically, En=1 to 5MeV, could be simulated. Multiple

interactions in the scintillators or the surrounding structural materials as well as scattering on carbon

in the scintillators themselves were in this way accounted for in addition to the single scattering

events on hydrogen in S1 and S2. The resulting tTOF distributions were used to create the geometrical

neutron response matrix Rn(En ,tTOF). A graphical representation of Rn is given in Figure 12, where

the interval En=1 to 7MeV is covered with a step length of 50keV in the simulations and low and

high threshold levels set to correspond to proton recoil energies of 0.32 and 2.30MeV for S1 and

0.54 and 2.58MeV for S2, respectively.

The total response R(En ,tTOF) includes Rn but also the pulse response Rp, which describes how

the neutron parameters t and Ep manifest themselves in the measurement including light production,

signal processing in the electronics, etc. Input to Rp comes partly from measurement of the area

response variation of the scintillators with respect to timing and pulse height response for a certain

amount of deposited energy as derived from measurements with ionizing radiation sources as well

as a UV LED PLS [11]. It can be noted that Rn can be considered as the fundamental one with

which Rp is folded in terms of some approximate function expressing the intrinsic (pulse) resolution

for the time measurement as is further discussed in section 5.

4. INSTALLATION AT JET AND OPERATION

TOFOR was reassembled in the JET roof laboratory in February 2005 above a 1.90m long collimator

(diameter of 40.7±0.2 mm) with respect to which it was aligned (Figure 13). The alignment was

performed with the help of a photogrammetry survey [21,22] so that the TOFOR system axis was

parallel with the collimator axis (that is tilted 0.935∞ from the plumb line) to within 0.016o. The

center of the S1 plate was measured to be -0.75/+0.09mm away from the collimator center in the

lateral x/y directions, i.e., a total radial shift of 0.76mm. Considering the collimator geometry, this

means that the entire S1 scintillator is within the collimated neutron flux. The S2 ring was surveyed

to have center coordinates 2.10/-0.24mm [21] at a height of 550mm from the base plate. The survey
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results show that the positioning of the instrument is well within the requirements so as to have no

practical impact on the extraction of the energy distribution of the incoming flux from measured

tTOF spectra.

The TOFOR sight line through the JET plasma is defined by the collimator through the roof

laboratory floor (Figure 14). It gives a cross section for the maximum area of plasma viewable of

3700cm2 at the tokamak mid-plane at a distance of 19m from the roof laboratory floor. However,

this sight line is curtailed in the toroidal direction by the vertical diagnostic port on the vessel. In

the radial direction, the collimator view is 40cm wide, to be compared with the plasma minor

radius of 1.2m. Above the vertical diagnostic port, there is a pre-collimator consisting of two pairs

of jaws that are movable in the radial4 and toroidal directions and that can thus be used to limit the

viewed plasma volume. On their way from the plasma to TOFOR, the neutrons pass through a 7mm

thick steel plate at the port, 16†m of air, two old sets of thin metal wires in the torus hall ceiling and

a 1-mm aluminum foil at the collimator base serving as gas separator between the torus hall and the

roof laboratory. The flux leaving the collimator has a divergence of 10.5mrad, which has negligible

effect on the cross section of the neutron beam through TOFOR compared to a parallel one. The

parallel beam approximation was used in the TOFOR response simulations.

TOFOR is designed for observation of the collimated neutron flux (Fn) from JET deuterium

plasmas. The JET plasmas are maintained over time periods of up to 100 s with a preparation time

of typically 30 minutes to launch the next. Experimental campaigns extend over periods of months.

The plasma conditions can vary in time, spontaneously or by external controls, manifesting

themselves in both yield rate and energy distribution of the neutron emission. The expected yield

rates fall in the range between Yn
MIN≤1012 n/s and Yn

MAX≈1017 n/s, corresponding to collimated

neutron fluxes between Fn
MIN ≤ 4×101 n/s • cm2 and Fn

MAX ≈ 4×106�n/s • cm2. Basic plasma conditions

produced with Ohmic heating will have a yield rate below Yn≈1013�n/s. High rate plasmas are produced

with the help of auxiliary heating. The TOFOR count rate response is Cn = 4kHz for Yn≈1015 n/s.

Since ~4×103 counts is deemed sufficient for detailed analysis, this means that time resolved tTOF

spectra of good quality can be collected for plasmas of Yn≥1015 n/s, while the study of Ohmic plasmas

require long time integration periods or even summation of similar discharges to obtain desired

statistics. The high-count rate achievable for high yield rates affords improvement of the time resolution

in the analysis, which is needed to study the fast transients that occur in plasmas with auxiliary heating.

Typical for the observation conditions at JET is that the yield rate, and hence the count rate, undergo

large variations over a discharge including significant transients of different kinds.

Before plasma operation starts, TOFOR is set to certain working points, e.g., through tuning of

the discriminator thresholds in LC1 (see section 3.4). The lower threshold is rather critical (especially

for S1) since it affects the admixture of multiple scattering events in the recorded tTOF spectra. The

TOFOR response function requires knowledge of threshold levels in units of recoil proton energy

(Ep in MeV), or equivalent pulse height recoil electron energy (Ee in MeVee), while threshold

levels are set in mV for pulse height. The relationship between PM tube pulse height and the
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corresponding recoil electron energy Ee for the individual detectors is determined by recording
22Na pulse height spectra. For TOFOR, it was determined that the most convenient way of assuring

accurate settings of all threshold levels was setting all low discriminator thresholds to the same

value (typically 30mV) and subsequently tuning the PM tube gains so that the same background

count rates are obtained in all S1 and all S2 detectors, respectively. The gain level is then chosen so

that the pulse height corresponds to accepting recoil protons over a set energy. Accurate setting of

the thresholds is especially important for the three PM tubes on each S1 scintillator, which are

summed to form a single pulse.

Another important point is the time alignment of the individual S1 and S2 detectors so that

signals t1 and t2 recorded by the TD boards can be used to construct tTOF spectra. For this purpose,

LED pulses from the C&M system and a CAMAC TDC module with 50ps time resolution were

used. Adjustments were made with delay cables to align within 0.1 ns. This allows for addition of

the individual tTOF spectra without further corrections.

After TOFOR has been set up for data taking, the C&M system is used to monitor the stability of

the working points. This is done with respect to drifts between plasma discharges as well as over

full experimental campaigns. The discriminator threshold settings are monitored with laser pulses

of variable intensity. The long-term stability is checked through analysis of PLS generated pulse

height spectra for each individual detector. Monitoring of the transient gain stability of the S1

detectors during discharges is performed with LED pulses using the ratios of count rates above

different threshold levels. Monitoring of the timing stability is done by collecting time spectra

generated by PLS or cosmic muons or ambient gamma radiation recorded over long time periods

(nights) in order to achieve good statistics.

The running of TOFOR includes communication between the DAQ system (section 3.4) and the

JET CODAS system. Prior to each plasma discharge, CODAS sends an HTTP request to initialize

the data acquisition (Figure 15). This signal triggers the synchronization of the TD boards, which

start collecting data as soon as the synchronization is finished. About two minutes after the

initialization, the JET discharge countdown is begun via a pre-signal, which is given both as a

trigger signal and as an HTTP request. The HTTP request starts the CAMAC subsystems and

triggers the C&M system. The trigger signal is recorded in one of the TD channels (‘clock’ in

Figure 10) providing synchronization between the TOFOR DAQ system and the central JET clock.

CODAS also sends two clock signals with frequencies of 1Hz and 1kHz, which are fed into the TD

boards serving as the time calibration of the boards.

The plasma discharge starts 40s after the pre-signal and an end-of-pulse HTTP request is sent

after its completion, which triggers the data transfer from all the data acquisition devices to local

PC storage. At some later time CODAS sends a request for the data, which is then transferred. If all

data is successfully received by CODAS then a data archived signal is sent to the local PC and the

discharge is closed. Otherwise a new HTTP request for transfer is sent.

In order to record data not connected to JET operation, TOFOR can be triggered locally. For
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instance, spectra from radioactive sources, ambient background radiation or C&M system signals

can be recorded in this way. This feature is used for C&M functions not implemented to be performed

as part of each JET discharge.

DISCUSSION

The aim set for TOFOR was to exploit fully the high flux from JET deuterium plasmas and translate

it into high-count rate (Cn). To this end, the count rate capability (Cn
CAP) should be sufficient to

allow operation of TOFOR up to the maximum JET neutron flux, while TOFOR should be capable

of operating over the full dynamic range D=Fn
MAX/Fn

MIN = 4 × 106/4 × 101 = 105 discussed in

section 4 if sufficient integration time is allowed. The efficiency required to reach these count rates

should be balanced against a desired energy resolution of order 7% FWHM. Moreover, plasmas

produce neutrons with a significant energy spread (typically 1 to >5MeV), which requires a

spectrometer with matching bandwidth.

The performance depends on the hardware and here we shall highlight its functionality for its

intended purpose. On the one hand, the volumes of the S1 and S2 scintillators need to be large to reach

high flux detection efficiency and, hence, count rate; this also means that S2 should provide maximum

coverage of the solid angle for neutrons scattered from S1. On the other hand, the volumes must be

limited to avoid too high admixture of multiple scattering events in the measured tTOF spectrum

relative to those due to neutrons that only scattered once in S1 and once in S2. The resolution ∆tTOF/

tTOF of the measured tTOF spectrum for a mono-energetic neutron flux can be expressed in terms of

an energy resolution ∆En/En, where that for En = 2.5MeV can be taken as representative for TOFOR

performance. A volume limit was also set by the required tTOF resolution for given En belonging to

the neutron response function Rn. From the optimization simulations with the GEANT4 code, it has

been determined that the flight path variations relative to the constant TOF sphere geometry (Figure

2) would contribute [∆En/En]Rn=5.8 % to the energy resolution for 2.5MeV neutrons with a flux

efficiency value of ε = 0.12cm2 [9]. This is the instrumental resolution that one would observe for

mono-energetic neutrons of En=2.5 MeV apart from the finite resolution by which the times t1 and t2
for events in S1 and S2 can be measured, i.e., [∆En/En]Rp. Although Rp is complex it can, to lowest

order, be assumed to be independent of Ep [23]. When represented with a Gaussian distribution, a

value of [∆tTOF]Rp=1.5ns (FWHM) has been estimated based on preliminary measurements at JET

[24]. An intrinsic time resolution of 1.5ns gives a contribution of 2 × (1.5/65) = 4.6% to the total

energy resolution ∆En/En=7.4 % (FWHM). This approximation has been used for Rp, as part of R, to

describe and analyze the measured tTOF spectra in experiments at JET to illustrate the TOFOR

performance. The resolution should be compared to the set target of ~7%.

A central aspect for the performance is count rate capability, Cn
CAP. This depends on the acceptable

upper limit on the ratio between accidental events and true coincidences in the selected region of

the measured tTOF spectrum, i.e., the ratio Cx/Cn. The accidental event rate is directly related to the

single rates in S1 and S2, i.e., Cx = C1×C2DtC, where DtC is the selected time region. The random
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level can be controlled and reduced by accepting only desired events, for instance, through pulse

height discrimination. This is most effectively applied to C1. In TOFOR, it is done by eliminating

events that are kinematically incompatible with np scattering into S2. As all count rates increase

with the incoming neutron flux, i.e., Cx∝ Fn
2 and Cn ∝ Fn, one obtains Cx/Cn ∝ Fn. In other words,

the random contribution increases linearly with the flux, meaning that weak contributions to the

spectrum will be harder to distinguish at higher count rates. Cn
CAP is also limited by the fact that

the single rates must not exceed the rate limit of individual PM tubes. The single rates in S2 are

lower so this is most critical for the in-beam detector, S1, which is therefore split into five scintillator

units to improve its performance at high rates [9]. Both the single rate and the Cx/Cn limitations are

closely related to the capabilities of the DAQ system.

The data of recorded events in the t1 and t2 time traces are checked for pairs within a certain time

region of the tTOF spectrum ∆tC = ∆t-+ ∆t+ as defined above, such that for every S2 event time t2
the S1 coincidences fall in t2 – ∆t- ≤ t1 ≤ t2 +∆t+, where ∆t-/+ can be chosen arbitrarily. These time

pairs can be analyzed over sequential time intervals of a discharge (typically tens of milliseconds

and upwards) to construct the tTOF spectrum. This spectrum contains both accidental and true

neutron coincidence pairs of S1 and S2 events, with the true ones concentrated to regions populated

by fusion neutrons of say En< 7MeV, i.e., tTOF > 38ns. Negative flight times (S2→S1) can be recorded

with TOFOR as easily as positive ones due to the time stamping technique of the TD boards.

The level of random events per spectral channel, cx, is constant across the tTOF spectrum and can

be determined based on data in the region from tTOF ≈ -10ns down to tTOF = -200ns. Thus, the cx

level is the measured average over some 500 channels providing a high accuracy in the value

subtracted from the measured tTOF spectrum to obtain a reduced spectrum representing the true

coincidence rate per channel, i.e., cn=cm-cx, where cm is the measured event rate per channel. This

also implies that the variation in the random event rate over time can be determined on a shorter

(<10 ms) scale than that of the plasma time interval îtP which is typically >100 ms for acquired data

based on cn(t).

The stability of the TOFOR time-of-flight spectrum is regularly monitored with the integrated

C&M system. The time scale of the spectrum is given by a zero point (determined through recording

of LED pulses) combined with the TD board bin width of 0.4 ns. The contribution to the uncertainty

from the bin width is found to be negligible when double-checking against the JET clock pulses.

The zero-point contribution is ~0.4 ns. This leads to an indetermination in the derived neutron

energy spectrum due to the calibration of the time spectrum on the single percent level for 2.5MeV

neutrons.

To illustrate the TOFOR performance, we study a tTOF spectrum recorded for a plasma producing

a high neutron flux. This was achieved in the deuterium Pulse No: 69093 that was heated with

neutral beams (NB) of deuterium atoms as well as radio frequency power (RF) tuned to the second

harmonic resonance frequency of deuterons. The injected power was PNB = 22MW, with beam

energies of Eb = 80 and 130keV, and PRF = 6MW, giving a neutron yield rate of Yn = 1×1016 n/s.
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The spectrum shown in Figure 16a is based on data accumulated during the plasma time interval

tP = 6.0-8.5s (i.e., ∆tP = 2.5s) of the discharge. At tTOF ≈ 4ns, there is a small peak due to gammas

(in the few MeV range) in the beam from the plasma, which scatter in S1 and arrive 4.1ns later in

S2. This gamma peak provides a consistency check for the TOFOR time calibration.

The broad spectrum from tTOF ≈ 50ns and upwards is due to true neutron coincidences while the

region with 10ns < tTOF < 40ns is dominated by random events. The average random level is

determined from the time interval -200ns < tTOF < -10ns as described above. One obtains a value

of nx = 160 counts per channel, corresponding to a random rate of cx=nx/∆tP = 64Hz per channel.

After subtraction of the random events, a reduced tTOF spectrum as shown in Figure 16b is obtained.

The subtraction of nx eliminates the events in the tTOF <40 ns region apart from the gamma peak

and the statistical scatter.

The coincidence count rate in the reduced spectrum is Cn = 39kHz within the selected time-of-

flight window, 0 ns ≤ tTOF ≤ 200ns. The spectrum is dominated by the peak at tTOF ≈ 65ns, which

corresponds to single scattering neutron events of energies En ≈ 2.5MeV, while multiple scattering

events give a tail towards higher tTOF.

The peak count rate in the tTOF spectrum in Figure 16b occurs at tTOF ≈ 65ns from which one

derives cn = 1.6kHz. The random-to-true ratio is thus cx/cn=4.2% in the peak channel. For the

chosen integration time ∆tP, the subtraction of the random events increases the statistical uncertainty

in this channel from 1.58% to 1.65%. It is interesting to project the effect of the random admixture

and subtraction towards higher neutron fluxes Fn. For JET, the maximum 2.5MeV neutron yield rate

is estimated to be Yn ≈ 1017 n/s, giving a neutron flux and thereby a count rate about 10 times higher

than in Pulse No: 69093, i.e., Cn ≈ 400kHz . The random level increases to cx/cn = 43%, but the higher

flux results in better statistics; for a data collection time of 2.5s the statistical uncertainty is 0.42%

before and 0.60% after background subtraction. However, the higher neutron flux does not allow for

correspondingly shorter data collection times; ∆tP = 0.25s results in statistical uncertainties of 1.33%

without but 1.90% with background subtraction. Thus, the total number of counts required for a

certain statistical accuracy increases with the count rate.

Calculations indicate that spectroscopy of components on the few percent level is possible for

count rates of about 40kHz with a time resolution of ∆tP = 2.5s. For weaker components, the

neutron flux has to be decreased and longer data collection times are required. On the other hand,

the main peak can be analyzed at count rates of Cn = 400kHz with a time resolution of ∆tP = 0.25s

and a statistical accuracy better than 2%.

To be able to deduce the spectral broadening and thus the plasma ion temperature, cx/cn at half

the peak amplitude should not exceed 1:1. From these numbers, an upper limit for the TOFOR

count rate capability of Cn
CAP= 500kHz is deduced. At this count rate level, the single rates in the

individual S1 layers also approach their capability limit.

The TOFOR measurements can also be illustrated in terms of count rates as functions of plasma

time tP. The single rates of the S1 and S2 detectors, C1(tP) and C2(tP), are presented in Figure 17.
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Here, one can note that C1(tP) for S1 starts at a low level in the 50Hz range up to tP≈44.5s, reflecting

the plasma conditions with Ohmic heating only, which it returns to for tP > 52s. The intermediate

region of higher rates, with a plateau at the 1 MHz level from tP = 45 to 52s, is due to enhanced

neutron yield rate caused by the application of auxiliary heating. The time trace C2(tP) for S2

shows the same general trend, but for a higher constant rate level before and after the heating

period. This is due to ambient background radiation to which S2 has a higher sensitivity than S1 in

proportion to its greater scintillator volume (a factor of 103). Since CxµC1C2, the amplitude swings

seen in Figure 17 will be further amplified in the random rate Cx(tP).

Below, some examples illustrating how the measured tTOF spectra are used to extract information

on the energy distribution of the incoming neutron flux are given. The first example is JET discharge

Pulse No: 68396, a NB heated deuterium plasma with a power of PNB = 7.0MW injected with 130-

keV beams. The NB power creates a neutron source of a quasi-steady state lasting about 9s at a

yield rate of Yn = 1.5×1015 n/s resulting in a TOFOR count rate at the Cn = 6.3kHz level. The

measured tTOF spectrum (integrated from 4.5 to 13.5s of the plasma discharge) was determined to

have an average accidental admixture of nx=14 counts per channel which was subtracted to obtain

the reduced tTOF spectrum (Figure 18).

This spectrum was compared with the predicted tTOF distributions obtained from an assumed

incident neutron spectrum Fn(En) folded with the response function—R(En ,tTOF). From the

parameterized model for—Fn(En), one produces a trial spectrum, consisting of a thermal and a

beam neutron component, which is varied to give the best fit to the measured tTOF spectrum with

the result presented in Figure 19. The thermal component is modeled with a Gaussian and the beam

component using a half-box slowing down distribution; for further details concerning the modeling

see [24]. The shape of Fn(En) is fairly well established in this case so the achieved good description

of the data lends credit to the instrumental performance and the adequacy of the matrix R of TOFOR.

With regard to the latter it is especially noteworthy that the sloped tTOF<62 ns region of the tTOF

spectrum (Figure 18), which is the high-energy (En>2.5MeV) side of the neutron spectrum, is well

accounted for over more than two orders of magnitude. The structure on the low energy side could

be explained by finer details in the instrumental neutron scattering characteristics currently in the

process of being implemented in the response function.

Another example is Pulse No: 69529 subjected to Radio Frequency (RF) heating, specifically,

ion cyclotron resonance heating coupling to the second harmonic frequency of deuterons in the

plasma center. The effect is typically their acceleration to high energies, i.e., temperatures of the

order 100keV compared to the bulk deuterons of a few keV. The high-energy deuterons produce

neutrons with a large energy spread when they fuse with bulk deuterons. The result is a tTOF spectrum

(Figure 20, integrated from 10 to 20 s of the plasma discharge) that is much wider than that for NB

injection (Figure 18). It can be well described with a predicted tTOF spectrum using the neutron

spectrum shown in Figure 21, with a thermal and an RF neutron component. Again, the model used

for the thermal component is a Gaussian. The RF component is modeled based on a perpendicular



17

Maxwellian deuterium distribution (see [24]).

In this case, the neutron spectrum is found to have a significant amplitude over an extended

energy range from about En=1.7 to 4MeV. The region of interest in the tTOF data ranges from below

tTOF ≈ 50 to about 80ns (Figure 20). The observation of RF heated plasmas is, therefore, a test of

TOFOR as a broadband neutron spectrometer.

The principal neutron source situations that TOFOR will meet at JET are summarized in Table 2

along with the type of Neutron Emission Spectroscopy (NES) diagnostic information one can expect

to obtain. The source characterization is based on intensity, i.e., the neutron yield rate Yn, and the

resulting average count rate, Cn, in TOFOR. The source is also characterized by the energy range

around 2.5MeV that is of interest requiring spectrometer energy bandwidth capability to cover it.

Three classes of experiments are listed based on how the velocity distribution of the deuteron

population is changed by external means as compared to the base condition of a thermal equilibrium

plasma produced using Ohmic heating only.

The plasmas of the first type, with Ohmic heating only, would be a source of low intensity that

emits neutrons with an energy distribution of Gaussian shape whose width is determined by the

deuteron temperature, typically, a few keV, and hence an energy spread ~5% (FWHM). Neutral

beam heated plasmas have deuteron velocity components up to the beam energy and produce neutron

spectra with a width of up to 15 %. The source strength is now considerably increased; yield rates

up to the Yn ≈ 1016 n/s range have been produced at JET during the operating period since 2006 that

TOFOR has been in use. With NB heating in combination with RF one could reach a maximum in

the Yn = 1017 n/s range and, hence, count rates of up to 0.5MHz. RF has a strong effect on the

deuteron population with high velocity tails, equivalent to ion temperatures up to 500keV, as a

particular signature. To measure these one needs a neutron energy bandwidth of about 100%, but

the neutron yield rate and, hence, count rate is lower than when only NB is used. Finally, deuteron

velocity tails can also be produced in plasmas if fast ions, such as produced with RF, suffer head-on

collisions with bulk deuterons [4]. These are referred to as knock-on collisions and can produce

neutrons of even higher energies than for RF heated plasmas requiring a correspondingly greater

spectrometer bandwidth [25]. During the operation period since the beginning of 2006, the TOFOR

spectrometer has been used in all these types of experiments.

CONCLUSIONS

TOFOR is a spectrometer to perform advanced Neutron Emission Spectroscopy (NES) diagnosis

of deuterium plasmas in magnetic confinement. The instrument implements the two scintillator

detector systems S1 and S2, with the latter covering a large area of a sphere which allows the

energy distribution of the incoming neutron flux to be determined from the measured flight time

(tTOF) distribution. A C&M system with new pulsed light sources is implemented to assist in the

calibration and verification of the instrumental stability. The times of events in S1 and S2 are

measured with dedicated PC cards that allow continuous recording and storage of data for entire
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JET discharges lasting up to tens of seconds. The spectrometer response to neutrons was modeled

to determine the tTOF spectrum for arbitrary energies in the typical range 1 to 5 MeV, or higher with

reduced sensitivity. The response simulations give a detailed description of the single and multiple

scattering contributions to the tTOF spectrum, which is the basis for extracting information on the

incoming neutron spectrum.

The performance of TOFOR has been demonstrated in measurements at JET. While TOFOR is

optimized for neutrons around 2.5MeV, good NES results have been extracted for a bandwidth

from 1 to >5MeV. TOFOR has been operated successfully at count rates up to 40kHz when JET

operated at a yield rate of 1/10 of its expected maximum of Yn=1017 n/s. The results obtained

indicate a count rate capability limit of about 0.5MHz which could be approached in future JET

experiments. The data taken with TOFOR at JET show that the tTOF spectra recorded for different

neutron emission conditions are described by the response function and the analysis model. Thus,

the results obtained from the analysis is taken as a demonstration of the level of confidence that can

be placed in the NES diagnostic results.

TOFOR, with the new data acquisition, has demonstrated great versatility as exemplified by the

measurement of the tTOF neutron spectra for different plasma conditions at JET. Moreover, it also

allows one to reduce the admixture of accidentals in the measurement besides making accurate

correction thereof. The new data acquisition system has contributed to raising the count rate capability

of TOF instruments in NES diagnosis of fusion plasmas by more than an order of magnitude.

With the TOFOR instrument it is now possible to perform NES diagnosis of deuterium plasmas

with considerably higher quality of data than has been previously possible. The target set for TOFOR

to reach the same NES diagnostic capability for D plasmas that has been previously demonstrated

by other types of instruments for DT plasmas has been achieved.
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NOTES
1 Manufactured by Saint-Gobain Crystals … Detectors, Newbury, Ohio, USA.
2 Manufactured by Electron Tubes Limited, Ruislip, UK.
3 Manufactured by Pico Technology Limited, St Neots, UK.
4 The jaws should allow radial scan of the viewed plasma volume but this was only partially

possible at the time of installation.
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Line Module Acronym     # of units       Manufacturer/ Model

Common Linear Fan-In-Fan-Out Lin FIFO 10 Caen N401, N625

Common Constant Fraction Discriminator CFD 10 Ortec CF8000

Common Programmable Logic Unit PLU  6 Caen C542

 1 Time Digitizing Board TD  5 IST (PCI type)

 2 Logic Fan-In-Fan-Out Log FIFO  3 Caen N454

 2 Analog-to-Digital Converter ADC  3        LeCroy 4300B FERA

 2 Histogram Memory Hist Mem  3 LeCroy HM413

 3 Linear Fan-In-Fan-Out Lin FIFO  2 Philips PS748

 3 Discriminator, Level Translator Disc, LT  2 Caen C207

 3 Scaler SCL  2 LeCroy 4433 (ECL)

   N/A High Voltage power supply  1 Caen SY2527

   N/A HV supply board  4 Caen A1733N

Table 1: List of electronics modules used in the TOFOR electronics setup.

Plasma type Neutron source TOFOR response

Yn range En spread Cn

(n/s) (FWHM) (kHz)

Ohmic <1013 5% <0.04

NB <1016 15% <40

(Ed=130 keV)

RF <1015 100 % <4

(T≈500 keV tails)

Knock-on >100 % ~0.5

Table 2 : Examples of JET plasma types with the corresponding neutron source conditions generated and the
approximate TOFOR count rate response.
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Figure 1: Definition of the neutron flight path in a TOF
system. The incident neutron n scatters in the S1 detector
through the angle α and the scattered neutron n’ goes on
to be detected in the S2 detector. L is the distance S1-S2.

Figure 2: Definition of the TOFOR coordinate system and
sphere of constant TOF with origin O and radius r where
I is the neutron point of entrance into the system, α the
scattering angle, z the polar angle defining the point of
exit for the scattered neutron and ζ the tilting angle of
the secondary detector S2.

Figure 3: Schematic of the TOFOR spectrometer showing
a primary set of 5 S1 scintillators in the collimated neutron
beam entering from below, and a secondary set of 32 S2
detectors.

Figure 4: S1 scintillator with light guides attached at 120o

angles relative to one another. The scintillator thickness
is 5mm, φ=40mm and the total length of each light guide
149.3 mm.

n′

α

S2

L

S1

n

JG
07

.2
78

-1
c

n

S1 I

r

O

r

n

S2

JG
07

.2
78

-2
c

α

ζ

θ

S2

S1

JG
07

.2
78

-3
c

 

 40 mm

JG
07

.2
78

-4
c

http://figures.jet.efda.org/JG07.278-1c.eps
http://figures.jet.efda.org/JG07.278-2c.eps
http://figures.jet.efda.org/JG07.278-4c.eps
http://figures.jet.efda.org/JG07.278-3c.eps


22

Figure 5: Photograph of the S1 detector assembly mounted on the base plate in the outer (A) and inner (B) enclosures
with the lid removed. Identified parts are (C) scintillators with light guides, (D) black cardboard, (E) light fiber
guiding pipe, (F) PM holder tube, (G) cooling fan, and feed-throughs for (H) high voltage cables, (I) signal cables,
(J) optical fibers and (K) temperature probe cables (at positions indicated by circles).

Figure 6: Drawing of the S1 PM tube assembly showing the interface between the PM tube (A), the optical pad (B)
and the light guide (C) and the surrounding mounting structure. The parts are (D) a soft iron holder tube with the PM
tube on the inside, (E) a separate front piece firmly attached to the light guide, (F) a separate back piece held in place
by screws, (G) two holder bar pairs on screws attached to the base plate, (H) the S1 central enclosure ring and (I) a
spring pushing the PM tube towards the light guide.
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Figure 7: S2 scintillator (right) with attached light guide (left) of fish tail geometry with circular (f=40 mm) cross
section facing the PM tube and rectangular (15×134.7mm2) cross section facing the scintillator (figure not to scale).

Figure 8: Schematic of an S2 detector showing the PM tube (A) in its soft iron pipe (B) optically connected to the light
guide (C) via a silicone pad (D). Also indicated are the front and back holders (E) and (F), the base cap (G), the
springs (H), the plastic collar (I), the o-rings (J) keeping the PM tube in place and the light fiber guiding pipe (K).
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Figure 9: The S2 detector module consisting of (A)
scintillator, (B) light guide, (C) PM tube soft iron pipe,
(D) support structure, (E) adjustable plate (tilting angle,
direction and distance), (F) strap holder (for longitudinal
adjustment); also shown are (G) PM tube HV and signal
cable connectors, (H) optical fiber access to the light
guide and (I) alignment bolt.

Figure 10: Principles of the TOFOR electronics setup.
The three signal lines are (1) the TD line for construction
of the flight time spectrum, (2) the ADC line for recording
the pulse height spectra from the individual detectors and
(3) the scaler line, where signals over set thresholds (one
threshold for all scintillators (3a), four extra for each S1
detector (3b)) are counted. The logic circuits LC1 and
LC2 as well as the PLU logic outputs (i), (ii), and (iii)
are explained in the text.

Figure 11: Photograph of the central S1 enclosure with
22Na source (T1/2=2.605 years) in place on the top S1
detector layer. Also visible are the aluminum wrapped
scintillator/light-guide assemblies with interposed black
cardboard sheets besides light fiber guiding tubes.

Figure 12: The response matrix Rn for TOFOR showing
the tTOF spectrum as a function of simulated neutron
energy En.
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Figure 13: Photograph of TOFOR in the JET roof
laboratory with some of the main components identified:
The TOFOR legs (A), the base plate (B), the S1 enclosure
(C), the legs (D), the support ring (E) and the S2 detector
holders (F) with S2 scintillators (G). Also shown are the
S1 cooling fans (H), the optical fiber connection box (I),
the S1 optical fiber (J) and signal cable (K) feed-throughs
and  the S2 cable tray (L); (M) is the top of neutron
collimator in the roof laboratory floor.

Figure 14: Vertical TOFOR line-of-sight from the roof
laboratory into the JET tokamak (poloidal cross section)
as defined by the main (1.90-m long) collimator in the
concrete shielding. Courtesy of EFDA-JET; Figure:
EFDA-JET.

Concrete
shielding

Precollimator

Coils

Vertical
diagnostic port

Horizontal
diagnostic

port

Support structure
and radiation shielding

Line of sight
defined by
collimator

Outline of magnet
limbs

JG07.278-14c

Roof
laboratory

hardware signals
from CODAS

HTTP requests
from CODAS

~~

TOFOR action

400

store data

60-150 time (s)

synchronizing
 TD boards

PRE

end of pulsePREinit

plasma discharge

start CAMAC system
C&M operation

clock signals

-120

 on PC

data
 archived

requests
 for data

send data
 to CODAS

JG07.278-15c

Figure 15: TOFOR-CODAS communication signals as a function of time as part of the data recording process for
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DAQ actions are indicated.
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Figure 16: Measured tTOF spectrum using TOFOR to observe the neutron emission from a JET plasma (Pulse No:
69093) of deuterium heated through NB and RF power injection. Shown are the data before (a) and after (b) subtraction
of admixed accidental events.

Figure 17: Summed measured single rates as functions
of elapsed plasma time tP for the 5 S1 and 32 S2 detectors
of TOFOR for Pulse No:69093 (upper and bottom curves,
C1(t) and C2(t)). The results were obtained with the time
digitizer cards using a time binning of 20 ms.

Figure 18: Example of reduced tTOF spectrum obtained
with TOFOR for the neutron emission from a JET
deuterium plasma (Pulse No:68396) with NB power
injection. The lower curve represents the thermal
component, the middle the beam component and the top
one (that follows the measurement points) represents the
summed fit.
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Figure 19: The neutron spectrum extracted from the data
in Figure 18 using a least square fitting Again, the lower
curve is the thermal component, the middle curve the beam
component and the top curve the summed fit.

Figure 20: Example of reduced tTOF spectrum obtained
with TOFOR for the neutron emission from a JET
deuterium plasma (Pulse No: 69529) with RF power
injection. The double-peaked curve represents the RF
component, the low single-peaked one the thermal
component and the top one (that follows the measurement
points) the summed fit.
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Figure 21: The neutron spectrum extracted from the data
in Figure 20 using a least square fitting. Again, the double-
peaked curve represents the RF component, the narrow
single-peaked one the thermal component and the top
curve the fitted sum.
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