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ABSTRACT

The European Fusion Development Agreement’s mission for JET is the development of ITER scenarios

exploiting the specific properties of the device. This task requires significant improvements in the

measuring techniques. The most innovative diagnostic upgrades are in the fields of edge measurements,

detection of fast MHD modes and “burning plasma” diagnostics. The importance of plasma-wall

interactions, and in particular the issue of tritium inventory, promoted the development of the Quartz

Microbalance, a detector with improved time resolution to measure material redeposition in the remote

areas of the inner divertor. Measurement of Alfvén cascades with unprecedented spectral resolution,

reaching a toroidal n number of up to 16, was obtained using an O-mode microwave reflectometer as

an interferometer. For the diagnosis of the fusion products, a new approach is being developed to

measure the He ash based on double charge exchange between thermalised particles and neutrals

from JET beams. There have been several upgrades of the neutronics systems, one of which, the new

Time of Flight neutron spectrometer designed for high counting rates, is described.

1. INTRODUCTION

The mission of JET under EFDA is centered on advancing the development of operating scenarios

and testing technologies for ITER. Plasma scenarios, such as ‘ELMy H-mode’ and ‘Advanced

Scenarios’ are the leading contenders under development. The former is characterised by the formation

of a transport barrier at the plasma edge, which results in improved confinement, as documented in

many devices. Unfortunately this increase in confinement is accompanied by edge instabilities, known

as ELMs, which would induce excessive power loads on ITER divertor if not controlled better than

normally achieved in present day machines. With an Advanced Scenario type discharge, the transport

barriers occur deeper in the plasma, thus raising the possibility for steady state operation since the

plasma current is generated by the pressure gradients (bootstrap effect) rather than the pulsed transformer

action used now. The ITER scenario development programme at JET consists of optimising these

configurations and exploring the limits of the operational space in the most ITER-relevant configuration

achievable. A substantial programme of diagnostic developments, covering the full range of plasma

parameters from the edge to the core, is necessary to support the general scientific mission of the

experiment.

A significant part of the research effort at JET has been devoted to the plasma wall interactions, in

order to improve plasma performance. Such optimisation is, of necessity, constrained by the wall

materials available, principally carbon in JET.  Particular attention was devoted in the last few years to

the study of erosion, redeposition and tritium retention, using new diagnostics with better time resolution

which are capable of providing the necessary information on, at least, a shot to shot basis and not

relying simply on post mortem analysis (see following section). The capabilities of JET to operate

with tritium and to accelerate 4He with radiofrequencies give the opportunity to investigate various

“burning plasma” issues. One such issue is the effect of MHD instabilities on fast particles and their

confinement. A series of new systems and analysis techniques were developed to improve the detection
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of MHD instabilities, with particular attention to the AlfvÈn modes, given their potential to affect

alpha particle confinement and to provide useful diagnostic information, particularly about the current

profile (see section three). Other aspects of “burning plasma” physics including He ash detection, fast

particle measurements and neutron spectrometry have also been addressed in the past few years.

Particular attention is being devoted to slowing down and thermalised alpha particles, whose detection

is particularly challenging from a diagnostic point of view (see section four). A new neutron

spectrometer, called Time Of Flight for Optimised Rate (TOFOR), was installed during the last

shutdown, to provide routinely the spectra of the 2.45MeV neutrons(see section five). Conclusions

and comments on future prospects are the subject of the last section.

2. DIAGNOSTICS FOR EROSION AND REDEPOSITION

Ameliorating the power load on plasma facing components will be one of the major technological

problems for ITER as well as for later reactors. The need to guarantee adequate lifetime of the presently

available materials imposes a limit on the power loads in ITER of 10MW/m2 at steady state [1].

During certain limited periods, such as the transients induced by ELMs, higher fluxes can be structurally

tolerated but at the cost of increasing the erosion of the tiles. For Carbon Fiber Composite (CFC) tiles,

material erosion and the subsequent redeposition could impose strong limitations on the operation of

ITER due to tritium being retained in the eroded material. Previous evidence from JET DT campaign

in 1997 [2] showed that in the most pessimistic case ITER tritium content could reach the limit of 1 kg

in less than one hundred discharges. Therefore one of the higher priority activities is to understand the

erosion and migration of materials and to characterise them with the present graphite divertor, before

moving to a metallic wall. A complete set of diagnostics was therefore developed and installed during

the last shutdown to address this issue [3]. These include sticking monitors, rotating detectors, modified

tiles and mirror test units. A notable innovation is the ability to perform measurements on timescales

much shorter than the traditional method with wall probes, which integrate over many discharges and

are analysed only when removed from the machine following the conclusion of an experimental

campaign. The most developed diagnostic for this type of time resolved analysis is the Quartz

MicroBalance (QMB) [4]. This consists of piezoelectric crystals, which operate as electromechanical

transducers, which are located inside a resonating electronic circuit where they vibrate at different

frequencies depending on the thickness (ie weight) of the deposited layer (see fig.1). Hence changes

in frequency can be converted directly into mass changes of a layer. Careful calibration in controlled

conditions showed that with this approach a resolution of about 15% of a monolayer can be achieved

in JET (where the distance between carbon layers is about 0.24nm). Since the typical oscillation

frequency of these crystals is of the order of 6 MHz, the transmission of these frequencies inside the

vessel through thermocouple wires poses significant problems. The adopted solution consists of mixing

this signal with a reference crystal and the beating frequency, of the order of 1 kHz, is more easily

transmitted via the vacuum feedthroughs. Another issue is temperature compensation because the

oscillation frequency of the crystal is also sensitive to this and so an independent reference crystal is
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used to compensate for this effect. As it is necessary for the electronic circuit, which performs the first

stage signal processing, to be located inside the JET vacuum vessel, it therefore has to operate normally

at a steady state temperature of up to 200oC. This requires the use of specially customised integrated

circuits, originally developed by the oil exploration industry for operation in harsh environmental

conditions.

A prototype QMB worked successfully for about 2 years in JET divertor. It was replaced during

last shutdown by a similar “standard” one at the same location. Since the transport and deposition of

carbon in JET appear to depend on the substrate temperature, it was considered a strong possibility

that the rate of deposition as measured on the crystal of the QMB could depend on its temperature.

Accordingly, two other QMBs (design temperature 300oC) with heated crystals were mounted one in

the inner and one in the outer divertor. Of course, the heaters can be switched off, to operate the QMBs

in a way equivalent to the “standard” one. Furthermore a cooled QMB was implemented (cooled by

connecting part of its body to the inner water-cooled divertor louver structure). All the mentioned

QMBs are fitted with shutters, so that measurements can be made for a selected part of a pulse. The

signals from two different QMBs are reported in figure 2 versus shot number, where the frequency

change after opening of the shutter is very evident. These new diagnostics are anticipated to provide

a lot of detailed time resolved information during the next campaigns. A new suite of QMB detectors

will also be installed during the 2008 shutdown to enable the same studies to be performed with the

new full metallic wall.

3. DIAGNOSTICS FOR MHD INSTABILITIES: MICROWAVE REFRACTOMETRY

To achieve the goal of a working fusion reactor, it will be necessary to further improve the understanding

of MHD instabilities and their impact on the performance of the various plasma configurations. MHD

instabilities can indeed strongly influence the behaviour of the discharge, degrade the confinement of

the fast particles and even cause mode locking and disruptions. Advanced scenarios, which strongly

rely on sophisticated tailoring of the current profile and are therefore close to the instability threshold,

could be particularly sensitive to these effects. Over the last few years, from a diagnostic point of

view, a lot of effort has been devoted to the detection of Alfvén Cascades (AC), which have been

observed in practically all the major tokamaks. The detection of these Alfvén Cascades (ACs) is

particularly important for the diagnostic of advanced plasma scenarios, because it can help following

the time evolution of the minimum of the safety factor, a parameter of crucial relevance for the triggering

of internal transport barriers. Indeed, the characteristic frequency ωAC(t) of these modes is linked to

the minimum of q by the following relation:

ωAC(t) =  |m/qmin(t) –n| VA(t)/R0 (1)

where VA is the Alfvén velocity, m the poloidal mode number, n the toroidal mode number and R0 the

major radius. It was shown on TFTR [6] that diagnostics capable of accessing the plasma core, like X-
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mode reflectometry, can provide more information on the Alfvén Cascades than the external magnetic

pick-up coils generally used for their detection. Reflectometry determines the effects of the MHD

modes on the density fluctuations, therefore providing a localised type of information. Unfortunately

the advanced scenarios developed at JET generally can lead to flat density profiles and therefore it is

not possible to probe the core and the high field side regions of the plasma with O-mode reflectometry,

since the probing waves cannot access the internal regions of the plasma. On the other hand, the

density fluctuations induced by the Alfvén Cascades are mainly localised in the high magnetic field

side. These can be accessed by utilising frequencies, higher than the maximum of the plasma frequency,

that are not reflected by the plasma. These frequencies can cross the whole plasma and are reflected

by the inner-wall and are then detected, after a round trip along the probing line of sight through the

whole plasma region, by mixing with the signal of the local oscillator, thus performing a refractometric

type of measurement. This new approach was developed on JET and proved particularly effective in

studying the Alfvén Cascades [6]. It consists of injecting waves at fixed frequency just above the

maximum plasma frequency, so that the waves can propagate through the whole plasma but at the

same time be very sensitive to the density fluctuations (which is not the case for waves in the typical

interferometric regime i.e. with frequencies much higher than the plasma frequency).  To perform

these measurements, a 10-channel fixed frequency reflectometer (from 18.6 up to 69.6GHz

corresponding to the critical density range 0.43 – 6 × 1019 m-3), probing the mid-plane plasma with

the O-mode polarization. In Figure 3 a spectrogram (sliding FFT) of the reflectometer “homodyne”

signal a(t) x sin( φ(t)) at frequency f = 45.2GHz is shown. The Alfvén cascades are detected with high

time and frequency resolutions, far better than from other diagnostics as the magnetic pick-up coils.

This improvement is seen in figure 4, where the Alfvén Cascades measurement obtained with the

microwave refractometer and other diagnostics are compared.

4. DIAGNOSTICS FOR ALPHA PARTICLES

The Trace Tritium campaign and the forthcoming new ITER-like, ion cyclotron resonant heating,

antenna project have motivated the pursuit of a consistent series of diagnostic developments directed

around burning plasmas. Particular attention was devoted to diagnosing the alpha particles because, at

this stage of the international programme and the official launch of the ITER project, it was considered

extremely important to start assessing the potential of the various scenarios to confine these particles.

Therefore, in addition to a series of developments in the field of neutronics, as reported in [7], major

progress was achieved in the detection of fast particles. For the highest energy range, gamma-ray

detection is now an established tool, reviewed in [8]. However the lower energy ranges are more

problematic. The main wave-particle interactions are expected to take place in the energy range between

50 and 600keV in JET plasmas. In this interval, the fast ions cannot induce the nuclear reactions,

which cause the emission of γ radiation, because their energy thresholds are above 1MeV. To improve

JET diagnostic capability in this respect, a new method is being developed, based on the injection of

extrinsic impurities, like Crypton, whose fluorine like ionisation stage presents transition preferentially
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populated by fast ions and which emit in the Extreme Vacuum Ultraviolet part of the spectrum [7]. An

even more difficult challenge is posed by the alpha particles once they are thermalised. When they

reach a temperature comparable with the plasma bulk, their energy is not sufficient to induce either

nuclear reactions or deep atomic transitions and therefore some method other than gamma-ray or

EUV spectroscopy is required. One possible solution is to exploit charge exchange reactions between

the thermalised He2+ and beam injected neutral He atoms. In particular the thermalised alpha particles

can undergo a double charge exchange with the beam neutrals which then emit visible radiation after

subsequent collisions with the electrons. From the intensity of this emission the density of the emitting

ions (He ash) can be estimated. Some preliminaries tests were performed at JET to qualify this approach

[9]. Helium was injected with 4He neutral beams at 29.5keV/amu into a nearly 90% He plasma.

Neutral helium forms a halo of neutral He0 in the ground state and, for vbeam >> vthermal, the ‘core

plasma’ He0 population results from an equilibrium between double charge transfer and ionisation

processes according to the relation:

nHe2+ × nbeam × σ2CX × vbeam = nHe0 × ne × S (2)

where vbeam is the velocity of the helium ions in the beam, ne the electron density, nHe0 the density of

the neutral helium, nHe2+ the density of the  thermalised He in the plasma, σ2CX the cross section of the

double charge exchange process and S the ionisation cross section. This equation can be expressed in

terms of measurable quantities as:

 (3)

where fm1 and fm2 are the fractions of the beam atoms in the ground state 1s2 1S and metastable state

1s 2s 1S respectively. Xλ is the collisional radiative coefficient for emission at the wavelength λm1.

The radiation was detected using the visible spectrometers of the CXRS system and observing the

localised HeI 667.8nm line about the beam axis. Although this measurement is quite delicate, as can

be seen by the small signal shown in figure 5, the approach has some potential advantages. Firstly,

there is no fast ion contamination because these particles escape from the viewing cones before being

excited which confines the technique to measuring just the thermal alphas. Secondly the emission

spectrum is much simpler than the standard single charge exchange. Finally, errors in instruments,

absolute calibration and alignment do not propagate to the He2+ density. Moreover the beam density,

once triplet beam fully attenuated, is not a consideration.

5. Neutron Spectrometry

The neutron emission is certainly one of the indispensable parameters to assess the performance of

any deuterium or deuterium-tritium hot plasma. The neutrons will provide the net source of energy to

nHe2+

ne
Ithermal / Ithermal ∝

Xλ

S
σ2CX vbeam

fm1 <σv>λm1+ fm2 <σv>λm2
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heat the primary fluid in a future reactor. In an experimental device, like ITER or JET, in addition to

the total yield, it is extremely important to determine also the spectrum of the neutrons, in order to

discriminate the percentage due to thermal reactions from other components. To this end, on JET in

the last years a lot of efforts have been put into neutron spectrometry. All the major techniques applicable

to a Tokamak plasma are represented [7] and significant attention is being devoted to extrapolating

the various approaches to ITER. Moreover, given the increasing emphasis of JET programme towards

the development of ITER scenarios, it was decided to provide the spectrum of the 2.45MeV neutrons

on a regular basis. To this end a new spectrometer based on the time of flight approach was installed

during the last shutdown. It is called Time of Flight For Optimised Rate (TOFOR) since it was explicitly

designed to detect the neutron spectra at high counting rate (see fig.6). The design of the spectrometer

was performed with the help of CERN package GEANT. The calculations required 2.5 years of CPU

time, producing a data base of 200GB from which the 2GB instrumental function was derived. A

typical spectrum is reported in fig.7 and the diagnostic is expected to reach a peak rate of 30 spectra

per second at 10.000 events per spectrum.

CONCLUSIONS

At JET diagnostic upgrades are fully integrated in the programme of scenario development towards

ITER. In this respect, particular attention was devoted to some unique aspects of the machine, among

which the most relevant are the wall mix of material and the “burning plasma” issues. These were the

fields that promoted more innovation in the diagnostic concepts and technologies. In addition to the

diagnostics presented in the paper, many other developments are under way. Some of the additional

fields with more perspectives to promote further innovation of ITER relevance are certainly real time,

communication technology and radiation hard detectors. During the next framework programme,

JET is expected to install a new Be wall with a W divertor, in addition to upgrading the neutral beam

up to about 35MW of power. The scientific issues to be addressed in light of these improvements will

require, among other diagnostics, significant improvements in spectroscopy and IR thermography.
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Figure 1: Quartz microbalance: principle of operation. The resonant circuit oscillates at different frequencies depending
on the amount of material deposited on the crystal.

Figure 2: Quartz microbalance: first signals obtained
after opening of the shutters for two new detectors located
in the JET divertor.

Figure 3: Observation of different Alfvén Cascades from
the spectrogram of the homodyne signal (ACs in the 300-
400kHz range)
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Figure 7: TOFOR spectrum showing the peak due to the
gamma rays and the  bigger one generated by the
2.45MeV neutrons

Figure 5: Signal of double charge exchange. On the top
graph are reported  the signal with the beam on(continuous
line) and with the beam off (dashed line). The bottom graphs
shows the difference between the two previous curves and
the shaded area identifies the  part of the signal proportional
to the density of neutralised He (He ash).

Figure 6: TOFOR: JET new neutron spectrometer based
on the time of flight approach for high counting rate of
the 2.45MeV neutrons.
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