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tem for maintaining the performance for these long periods.
The expectation must be that the instrumentation required
for a final thermonuclear reactor will be much simpler, par-
tially because the developmental physics issues will have
been fully explored but also because the plasma parameters
key to providing necessary control information will have been
identified. Since the optimal mode of operation of the plasmas
in the tokamak for long-term stable behavior has not yet been
determined, the actual instrumentation cannot be defined too
tightly and we will therefore consider here the instrumenta-
tion being conceived for the ITER device, and other tokamaks
under design now, as being able to illustrate the require-
ments and implementation of the reactor.

We will first address the requirements for instrumentation
for these tokamak devices and, in particular, what role it is
expected to play in the control of the plasma performance.
Some of the techniques used in these diagnostic measure-
ments will then be described briefly to illustrate some of the
design and integration challenges to be overcome for achiev-
ing the necessary quality of measurement for an active con-
trol system. For a detailed physics understanding of the mea-
surements, the reader is referred to Refs. 3–5. No attempt
will be made to address issues of the instrumenting of rela-
tively conventional parts of a fusion reactor such as the elec-
trical generation or of the plasma-surrounding blanket mod-
ules for breeding tritium and converting neutron energy into
thermal energy, assuming the type of deuterium–tritium

FUSION REACTOR INSTRUMENTATION (D–T) burning plasma expected to be exploited first. The tem-
perature measurements, neutron measurements, and flow

At the present stage of development in the worldwide fusion measurements are expected to be conventional, at least in
concept. After describing the plasma diagnostic techniques,program, the device with the highest promise for providing a

power-producing fusion reactor is the tokamak (see FUSION some of the developments necessary for some techniques and
demonstrations of the viability of other techniques will be de-PLASMAS). Significant levels of power and energy have been

achieved recently in the Tokamak Fusion Test Reactor scribed. The very serious aspect of achieving industrial-qual-
ity instrumentation with its reliability and durability from(TFTR) (1) and in the Joint European Tokamak (JET) (2)

tokamaks, and many critical design studies have been carried the set of sophisticated scientific instruments described will
not be addressed here but is clearly an essential element inout for extrapolation from present-day tokamaks to the ulti-

mate reactor. A major international design program is in achieving an effective fusion reactor.
progress now for designing a large tokamak, International
Thermonuclear Engineering Reactor (ITER), to provide the
full capability of a self-sustaining ‘‘burning’’ plasma and test- MEASUREMENTS FOR CONTROL OF THE PLASMA
ing of necessary technology such as power-generating and tri-
tium-breeding blankets. While the development of other con- In describing the instrumentation for the plasma and plasma-

facing first-wall of a next-step tokamak device, one can con-cepts using magnetic confinement techniques are showing
good progress, many aspects of their plasma measurements sider its main requirements under three categories: (1) to pro-

vide input for protection of the hardware inside the tokamakare similar to those used on tokamaks, and extrapolation of
these measurements to a reactor will follow a similar path. vacuum vessel, (2) to provide information for achieving and

maintaining operation of the burning plasma at high outputThe requirements of instrumentation for inertially confined
plasmas using high-power pulsed lasers or beams of heavy power, and (3) to provide the detailed data for physics under-

standing and optimization of the plasma performance. Someparticles, another potential route to a fusion reactor, are quite
different because of the very short pulses and very localized of the plasma diagnostics will participate in all three catego-

ries. The priority for providing redundancy, reliability, andreaction volume, and they will not be described here. Our con-
centration will be on the instrumentation necessary to main- maintenance will be highest for those measurements having

a protective role.tain a steady-state burning plasma at the core of a power-
producing reactor (see FUSION REACTORS). Table 1 shows the parameters whose measurement is pres-

ently considered to play a necessary role in the control of aThe instrumentation for ITER must fulfill the needs of sci-
entists aiming to achieve the full physics understanding of tokamak reactor. Following from the scheme developed for

the ITER design (6–8), the measurements have been dividedthe plasma behavior while creating very long plasma pulses;
the design specifications call for about 20 min. Hence the in- into (1) a basic control set needed to enable the device to

achieve short-pulse good performance and (2) an advanced setstrumentation set must be capable of giving very detailed
physics information about the plasma behavior, but also which will provide capability for a long-time ignited-plasma

operation. The combination should extrapolate fairly effec-much of it must be integrated into the automatic control sys-
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Table 1. Proposed Matrix of Measurements for Control

Basic Control Advanced Control

Control Component Measured Parameter Control Component Measured Parameter

Plasma creation, shape Plasma current, poloidal flux, toroidal Kinetic profile control Electron density, electron tempera-
and equilibrium control flux, line-averaged density ture, ion temperature, rotational

velocity
Current profile control Current density distribution

Impurity content and ra- Spectroscopic line radiation, total radi- Impurity content and radiated Helium density (ash), total radia-
diated power ation, visible continuum radiation power tion profile, visible continuum

profile
MHD activity (sawteeth, ELMs, Magnetic fluctuations, electron

high-frequency Alfven modes) temperature fluctuations, elec-
tron density fluctuations,

Operational issues First-wall surface temperatures, Operational issues Alpha-particle loss detection, neu-
‘‘halo’’ currents, m � 2 and locked- tral density particle source, neu-
mode magnetic perturbations, run- tron fluence
away electrons, H-mode transition
by H
 spectroscopy, gas pressures
and composition

Performance goals Plasma pressure (beta), neutron flux, Performance goals Alpha-particle source profile
triton/deuteron densities in plasma
core

Divertor and edge control Surface temperature, currents to tiles, Divertor and edge control Edge density, radiation in divertor,
radiated power from divertor and heat deposition profile in di-
x-point, gas flow, gas pressure vertor, electron density and tem-

perature in divertor, radiation
front position, surface erosion

tively to the required set for an operating tokamak fusion re- rent, there will also be additional heating provided by neutral
particle beams or by radio-frequency power matching to theactor. The basic control set should be considered at this time

to be the set providing the protective role for the device, plasma particles at one of the resonant frequencies in the
magnetic field, and the effectiveness of this heating must bethough it is almost certainly a larger set than will finally be

required. The set does include all the diagnostics needed to determined. To optimize the heating and minimize energy
losses, it is necessary to ensure sufficient plasma density, lowstart up the plasma operation. The table might need minor

modification in the light of specific design attributes of the re- impurities (non-fuel ions) so that loss of power by line radia-
tion of impurity ions is as small as possible from the coreactor.

Two things should be made very clear at this point. First, plasma, and minimal turbulence in the plasma. The plasma
must be kept away from the first wall because of very highthe implication of the table is that there will be very complex

control algorithms required because of the interaction of the power flows for which even short contact (�1 s) could cause
local melting of the surface. But it must achieve high powerdifferent plasma parameters and the actuators, such as dispa-

rate heating and fueling systems, which have not been ad- levels, determined from the flux level of neutrons for a deute-
rium–tritium reactor, and sustain them with control of thedressed. The second is that while all the parameters shown

in the table have been measured on existing tokamaks with plasma temperatures and densities, while avoiding additional
plasma losses due to turbulence. An event that can only bevery good success, only a few of the basic control parameters

have been used so far in a feedback loop. Considerable techni- tolerated very rarely, because of the potential damage it could
cause to first-wall components, is a disruption, a catastrophi-cal development is necessary to demonstrate control capabil-

ity on a burning-plasma device. The maintenance of the so- cally fast loss of the plasma current and its energy. Disrup-
tions can arise from a number of causes, such as the plasmacalled reversed-shear discharges in the operating devices is

leading to application of some of the advanced controls where pressure rising over a specific value related to the device pa-
rameters (Troyon limit), the plasma density exceeding a spe-profiles of some of the parameters are a key to a long-lasting

high-performance plasma without disruptions (see FUSION cific density value (Greenwald limit), or a growth in the mag-
netic turbulence, either at high plasma velocity or slowingPLASMAS).

Figure 1 shows a cross section of the ITER device; its di- down to ‘‘lock’’ and become purely growing (see, for example,
Ref. 8). All these factors have to be taken into account in pro-mensions should be similar to those of a reactor (9). At full

power, with the plasma generating �1.5 GW of fusion power, viding a control system for protecting the device. But there
are many other requirements to optimize the performance ofthe plasma will have both very large stored thermal energies

and magnetic energies. The plasma in a tokamak reactor the plasma; these are, of course, the subject of much of the
research currently in progress to advance the fusion program.must operate for long times (�1000 s) with a steady confining

magnetic field provided by (1) the large toroidal coils, (2) field The description of plasma control in terms of measure-
ments of the different plasma or device parameters shown inwindings providing vertical and horizontal fields, and (3) the

plasma current. In addition to the plasma heating by the cur- Table 1 must now be related to instrumentation techniques
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Figure 1. A poloidal cross-sectional view of the
ITER device (9).
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which can provide this information sufficiently quickly that it tokamaks, there is a major physics mission requiring as good
as possible spatial and time resolution as well as accuracy.can be applied in control. Often significant analysis is re-

quired for interpreting a detector’s output in terms of the For some parameters, some relaxation of the requirements for
control may be possible, but clearly for others, such as thephysics parameter being measured. In some cases more than

one measurement is needed to be able to interpret a single neutron count rate used in controlling the operational burn of
the fusion reactor, it is not.plasma parameter. Hence considerable fast computing power

will be required in such control, but such is the advance in For an effective control system, most of the time resolu-
tions for measurement shown in Table 3 are much faster thancomputer capability that this is not considered an issue for

devices to be built decades from now. For experimental work can be applied in control, so that the requirements are domi-
nated by the need for physicists to be able to understand theon current devices, either simple permissive switching or neu-

ral network techniques are being applied, the former mostly observations. The time constant for current-driving magnetic
field to penetrate the steel structures surrounding the plasmain protective roles and the latter in trying to improve the op-

erational performance. could be longer than 1 s, and the current will take a similar
time to penetrate to the core of the plasma. Using neutralDiagnostic techniques now in use for carrying out these

measurements are listed in Table 2. They will be described in beam particles or radio-frequency techniques to drive current,
it may be possible to change the current density distributiona little more detail in the next section. It is also necessary to

consider the quality of the measurement required for the in the plasma on a faster time-scale, perhaps as short as 100
ms. Providing raw signals directly to the control section of theplasma control. Important issues will be the dynamic range

of the measurement, the spatial resolution within the plasma, computer systems, provided with appropriate interpretive
and averaging algorithms, will allow the plasma to be con-the temporal resolution, and the necessary accuracy. It has

become the practice to define measurement requirements in trolled, provided also that the software includes knowledge of
the response of the plasma to imposed external actuation (10).such a way for the new tokamaks and some examples of the

definitions set for ITER are shown in Table 3 (6). For these In parallel the signals will be fed to analysis areas where the



FUSION REACTOR INSTRUMENTATION 65

physics team can develop understanding of the plasma behav- PLASMA MEASUREMENT TECHNIQUES CURRENTLY IN USE
ior and be able to make changes to the control responses as

In the last 10 years, there have been major advances in thethe plasma performance develops. Thus for the generation of
quality of measurement of plasma parameters, both in num-next-step fusion devices epitomized by ITER, physics under-
ber of spatial locations and in time resolution. The advancesstanding and control development will go hand-in-hand to
were largely the result of improvements in technology, butprovide the optimum performance. It is hoped that tokamak
the need for them was largely driven by the discovery of newreactors beyond that stage will be able to have simpler re-
high-performance operating modes, the computer codes devel-quirements on multiple measurements for determining the
oped for modeling and predicting the plasma performance andnecessary control and fault identification. This simpler instru-
the associated theoretical studies. This improvement in theo-mentation set will be definable after the operation of an
retical prediction of the plasma behavior and the capabilityITER-like device.
for simulating the plasmas also led to the requirement to
measure some additional parameters, most notably the cur-
rent density distribution and fine-spatial dependent ion tem-
perature. Some of the diagnostic methods closely related to
the needs of plasma control will be described here; more de-
tailed information, both about these techniques and about the
wide range of methods used on tokamaks can be found in
Refs. 4 and 11.

Magnetic Measurements

Magnetic measurements have provided most of the funda-
mental information for plasma control until now, giving infor-
mation on the plasma current, its shape and position, and the
total plasma pressure, as well as about magnetic turbulence
inside the plasma (12,13). All of these measurements, except
the last, require time integrals of the changing magnetic field
so that for very long pulse or steady state operation some al-
ternative technique is required.

Plasma Current. The plasma current is measured by a coil
wound in a small diameter solenoid looped around the plasma
in a plane normal to the current. This looped solenoid is
called a Rogowski coil. The voltage measured in the solenoid
is proportional to the rate of change of the magnetic flux
through the solenoid. This magnetic flux is proportional to the
current passing through the loop. For a fusion reactor this
solenoid must be mounted inside the vacuum vessel, to pro-
vide sensitivity for rapidly changing currents. It must be
made with relatively radiation-resistant ceramic insulation
and it must operate into electronics capable of integrating rel-
atively small signals for times up to 1000 s.

Plasma Position and Shape. The plasma position and shape
are measured using small discrete coils distributed in the
plane of the plasma minor cross section. The concept proposed
for ITER is shown in Fig. 2. The coils are normally oriented
with their axes nearly parallel to, or nearly perpendicular to,
the field provided by the plasma current, and the external
coils are provided to control the plasma current position and
shape. These discrete coils are mounted on structure inside
the vacuum vessel. Reconstruction magnetic codes are used
to optimize the number and location of these coils with re-
spect to the main plasma, the x-point in the flux surfaces in-
duced in the field shaping for the divertor and in the divertor
itself. The insulating materials for the coils, including that
in the cabling to carry signals out to long-time integrating
electronics, must operate within a radiation environment. For
steady-state operation, Hall probes could be used if they can
be made to withstand the radiation environment. Some new
ideas in which mechanical movements induced by the mag-

Table 2. Plasma Measurements and Diagnostic Techniques
for Plasma Control

Measured Plasma Parameter Diagnostic Technique

Plasma current Magnetic Rogowski coil
Plasma position and shape Magnetic flux loops
Line-averaged electron density Interferometer
Spectroscopic line radiation Spectroscpic impurity monitors
Radiated power Bolometers
Visible continuum radiation, Filter spectroscopy

H-mode transition
First-wall/divertor surface tem- Infrared imaging cameras

peratures
‘‘Halo’’ currents, currents to tiles Current monitors in first-wall/

divertor structure
MHD activity and locked modes High-frequency magnetic probes
Runaway electrons Synchrotron radiation detectors
Neutral gas pressure, gas compo- Pressure gauges, residual gas

sition analyzers
Plasma pressure (beta) Diamagnetic loop
Neutron flux Neutron flux monitors
Triton/deuteron densities Neutral particle analysis, spec-

troscopy
Electron temperature profile Thomson scattering, electron

cyclotron emission
Electron density profile Thomson scattering, interferom-

etry, reflectometry
Ion temperature and rotational Spectroscopy, enhanced by a

velocity neutral beam
Current density profile Motional Stark effect spectros-

copy, polarimetry
Helium density (ash) Spectroscopy, enhanced by a

neutral beam
Radiated power profile (core and Array of bolometers

divertor)
Visible continuum profile Array of filter spectroscopy
Electron temperature fluctua- High-frequency electron cyclo-

tions tron emission
Electron density fluctuations Correlation reflectrometry
Alpha-particle loss detection Faraday cups at wall, infrared

camera
Neutral density particle source Fast ion gauges
Neutron fluence Activation foils
Alpha-particle source profile Neutron camera
Edge electron density Reflectometry
Electron density in divertor Interferometry, Thomson scat-

tering
Electron temperature in divertor Thomson scattering, Langmuir

probes
Radiation front position Visible imaging, filter spectro-

scopy array
Surface erosion To be determined
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Table 3. Examples of Assessment of the Target Plasma Measurement Capability for ITER (6)

Spatial Time
Parameter Parameter Range Resolution Resolution Accuracy

Plasma current 0.1–28 MA Not applicable 1 ms 1% (Ip � 1 MA)
Total neutron flux 1014–1021 ns�1 Integral 1 ms 10%
Neutron and 
-particle source 1014–4 � 1018 ns�1 · m�3 30 cm 1 ms 10%
Divertor surface temperature 200–2500�C 1 cm 1 ms 10%
Core electron temperature profile 0.5–30 keV a 10 cm 10 ms 10%
Edge electron density profile (0.05–3) � 1020 m�3 0.5 cm 10 ms 5%
Radiation profile in main plasma 0.01–1 MW · m�3 20 cm 10 ms 20%
Radiation profile in divertor �100 MW · m�3 5 cm 10 ms 20%

a 1 keV � 1.1 � 104 K.

netic field might be coupled with the electrical measurement the high-frequency response. Because the structure of the in-
stabilities inside the plasma must be determined, there mustdescribed above are being developed. Measurement of the

density by microwave reflectometry to determine the vacuum- be many measurement locations and there are normally many
coils distributed in more than one plane around the torus.plasma boundary is also being considered for the position and

shape measurement in ITER. The fluctuations observed by the coils are caused by the rapid
movement of the instabilities inside the plasma. The instabili-
ties should align with the magnetic field lines passing aroundMagnetic Turbulence Measurement. Similar small coils de-
the toroidal plasma; and their frequency, phase, and ampli-signed for measurement of plasma-induced fluctuating mag-
tude at localized measurement locations can identify specificnetic fields are needed. Magnetohydrodynamic (MHD) insta-
kinds of MHD modes. The strongest impact on plasma perfor-bilities are always observed at some level in all tokamak
mance is caused by low m (number of nodes in the wavesplasmas, with their amplitude and structure providing sig-
measured around the minor circumference) close to the axisnificant clues about the plasma performance. They are usu-
of the plasma. m � 2 modes or m � 1 sawteeth (so-calledally in the frequency range of a few tens of kilohertz; but in
because of shape of the time-dependent signals observed atthe presence of fast ions, such as the alpha particles created
the coils) are of most concern, so that their presence is anin the D–T fusion reaction, the range can be several hundred
indicator for a control response. Sometimes the MHD modeskilohertz so that the design must be suitable for high frequen-
slow down and ‘‘lock’’ in position, a condition which frequentlycies. They must be mounted close to the plasma so that eddy
results in a catastrophic termination of the plasma, known ascurrents created in close-by conducting material do not reduce
a disruption.

Plasma Pressure. The total plasma pressure can be mea-
sured from the diamagnetic effect it has in reducing the toroi-
dal vacuum magnetic field. This effect is, at best, only a few
percent even for an effective tokamak reactor, so the mea-
surement is not easy though the concept for magnetic mea-
surement is very simple. A complete loop of wire surrounding
the plasma in the plane of the minor cross section will give a
measurement of the field change. But possible misalignment
or moving the coil out of this plane can give changes larger
than the one being sought, so that normally ingenious com-
pensating loops are included in the design. The measurement
is crucial, because exceeding a defined value is known to
cause the plasma to terminate in a disruption. While this
measurement is so conceptually straightforward, it may well
have to be replaced by a complex set of kinetic measurements
of density and temperature combined together and integrated
over space to provide the key information. In current experi-
ments, such data are routinely compared with the ‘‘diamag-
netic’’ pressure, but only a long time after the relevant
plasma discharge.

Measurement of ‘‘Halo’’ Currents (14). When a discharge ter-
minates in a disruption, the current in the plasma decreases
dramatically (at a rate as great as 1 � 109 A/s) and the pres-
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sure collapses. In so doing, currents pass into the structure in
the first wall which are found to be potentially large, (hun-Figure 2. The distribution of magnetic detectors planned for the

ITER device (8). dreds of kiloamps) and nonuniform. There is considerable con-
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cern that these short-lived currents, in the presence of the strength, Bl, is dominated by the large toroidal field strength
so that it is nearly constant and the rotation angle is there-large steady toroidal magnetic field, will cause forces in the

structure that could cause serious damage to it. The disrup- fore primarily related to the density.
The density and electron temperature can also be mea-tion process and the formation of these halo currents are sub-

jects of urgent study and development of instrumentation to sured by the scattering of intense laser light off the electrons,
Thomson scattering. Because of the very small cross sectionmeasure them. So far, small ‘‘Rogowski’’ coils have been

placed around structural members. It is assumed for the mo- for this scattering, very high power pulsed lasers are gener-
ally used. Nowadays, Nd : YAG laser with energies of severalment that such measurement will be provided on a reactor

device. No control response will be possible in the timescale joules are used. The intensity of the scattered light is a mea-
sure of the plasma density,and the broadening of the spectralof the disruption, if it should happen, but the data will enable

engineers to compare the calculated forces with those used in line is a measure of the electron temperature. The spatial lo-
calization of the light emission to provide profile informationtheir design.
is obtained by one of two techniques. In the first, an imaging
technique, light is imaged onto a fan of fiber optics, each fiberElectron Density and Temperature
identifying a potential spot in the plasma along the line of the

The electron density has three significant roles to play in the laser light (16). The second technique, more effective for large
control system. Fueling of the plasma is clearly going to be plasmas with difficult access for imaging sightlines, is to use
controlled to match the required plasma densities. The sum very short laser pulses (�1 ns) and viewing along the laser
of the electron and ion pressures, the pressure being the prod- beam and measure the scattered signal for different short
uct of density and temperature, can be used to replace the time delays (17). The discrete pulses of the laser limit the
measurement by the diamagnetic loop, particularly for long time-dependent nature of the measurement, but now lasers of
times. Minimum density levels are often necessary before sufficient quality capable of firing at �30 Hz for many
noninductive power can be applied effectively, and high densi- minutes are available commercially. A combination of the
ties can also lead to a rapid termination of the plasma in a two types of system may be necessary to achieve the neces-
disruption. In the most recent successful experiments on sary spatial resolutions for the core, edge, and divertor plas-
plasma confinement in tokamaks, very low levels of energy mas (13).
transport have been found inside radii with very steep den- A continuous measurement of the electron temperature is
sity gradients. There is thus a possible need for very good highly desirable for following turbulent plasma behavior and
spatial resolution in the density measurement, though it is is available by observing the radiation by the plasma elec-
not presently clear how the data could be used in plasma trons in the microwave spectral region. The electrons acceler-
control. ating in the magnetic field radiate at their fundamental reso-

The most straightforward measurement of the density is nant frequency in the magnetic field, f �eB/me, where B is
interferometry, since the refractive index of the plasma is lin- the field strength, e the electron change, and me its mass. The
early proportional to the density over a wide range, provided intensity of the emission is, to first approximation for a wide
that the probing wavelength is selected appropriately. For range of density and temperature, proportional to the electron
large plasmas (r � 1 m), densities in the range �1020 m�3, and temperature. By selecting a frequency value, the position of
wavelengths from �100 �m to �4 mm, the far-infrared to the source of the emission can be determined since for a toroi-
microwave region are used. The interferometer is usually in dal plasma the toroidal magnetic field is inversely propor-
the Michelson or Mach–Zender configuration, the former be- tional to the major radius. Various instruments can be used;
ing usually favored since it does not require a long compensa- a grating instrument with say 20 detectors gives the time be-
tion leg. Several sightlines vertically through the plasma are havior at 20 locations simultaneously, or an instrument
very desirable, and unfolding techniques have been developed sweeping in frequency provides a spatial scan of the tempera-
to arrive at density profiles of the toroidal plasma. A dual ture (18). There may be significant difficulty for devices with
wavelength system is used so that defects due to movements large plasma dimensions due to overlap in signal from the
of the mirrors can be corrected (15). The presence of divertors higher harmonic emission from a different location but at the
in the reactor-grade devices with intense heat loads tend to same frequency.
prevent many vertical lines of sight, so sightlines tangential
to the minor axis of the plasma are being considered. The

Ion Temperature
probing beams pass through the plasma, are reflected from
conical retroreflectors mounted off the wall of the tokamak Measurement of the temperature of the ions is much more

problematic. The hydrogenic ions at the plasma center arewith as much protection from the plasma as possible, and re-
turn along the same path. The geometry does not allow for fully stripped of their electrons and do not radiate for plasmas

of interest here. Hence, spectroscopy cannot be used to findvery accurate unfolding and requires additional information
from the magnetic diagnostics about the position of the the temperature by determining the Doppler broadening of

spectral lines. The measurement must therefore be done mak-plasma axis. Because of the longer pathlength in the plasma,
a shorter wavelength (e.g. 10.6 �m of a CO2 laser) is pre- ing use of ionized states of impurity atoms. Impurities like

carbon and iron are normally naturally present, but often no-ferred. However, there is the advantage that the density can
be obtained from the Faraday rotation of the polarization of ble gases are introduced into the plasma. Spectral line-width

measurements are often adequate in the outer regions of thethe light. The rotation is proportional to � nBldl, where n is
the density and Bl is the component of magnetic field along plasma or in the divertor region. But even atoms as heavy as

iron will be fully stripped of electrons in ITER. Potentially,the line of sight and dl is the distance along the line of sight.
For a tangential sightline arrangement, the magnetic field krypton would not be fully stripped and spectroscopy of the
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He-like or Li-like ions in the X-ray region could provide infor- one of the lines identifies the direction of the magnetic field
mation on the ion temperature or plasma motion, from the locally where the line of sight of the detector intersects with
Doppler-shift (19). A curved-crystal spectrometer with a the beam. This technique has been named motional Stark ef-
multiwire proportional counter detector could be applied for fect (MSE) and has been used successfully in important
each line of sight through the plasma with high-energy reso- plasma confinement studies on TFTR (24) and DIII-D (25),
lution. Most of the signal will come from the region for which and it is planned to be used on ITER. The heating neutral
the ionization state of the impurity ion is determined by the beam provided for driving current and inducing toroidal rota-
local electron temperature so that the measurement can be tion of the plasma has an energy of 1.2 MeV. It will penetrate
relatively local. A significant disadvantage of X-ray instru- readily to the axis of the large plasma and provides a strong
ments, which require significant radiation shielding for a re- electric field. The major challenge for its use is the ability to
actor, is that they cannot provide very good spatial resolution. provide a viewing mirror to collect sufficient light and provide

Hence, a preferred technique is visible spectroscopy, mak- sightlines to the outer edge of the plasma while maintaining
ing use of an artificially enhanced population of low-mass its optical quality.
(e.g., carbon) ions with one electron in the plasma core. Some
of the neutral particles from a neutral heating beam, or occa-

Impurity Concentrationsionally a beam specifically provided for diagnostic purposes,
penetrate to the center of the plasma (20,21). There they can Impurity ions dilute the fuel ions in the plasma because of
exchange an electron with the fully stripped ions, enabling their higher charge and the requirement for approximate
them to emit light in characteristic line radiation. The opti- charge neutrality with the electrons in a plasma. Because the
mum beam energy for this process is about 100 keV for hydro- heavier ions do not become fully ionized until the electron
gen atoms. The Doppler-broadened spectral line provides the temperature is much higher, they emit a lot of energy in im-
temperature of the impurity ions; the value can be corrected purity line radiation characteristic of the particular ion and
to infer the temperature of the fuel ions. An optical arrange- its charge state. Hence, spectrometers viewing in the visible
ment focusing the plasma source light on to an array of opti- and ultraviolet spectral regions with fairly wide spectral cov-
cal fibers provides for many sightlines and hence the possibil- erage will provide spectra of the fuel particles and the impuri-
ity of unfolding to provide a profile of the ion temperature. At ties (26). In the visible region, an array of fiber optics can
the plasma edge, it is possible to measure the ion temperature again provide spatial dependence of the emission. This array
making use of the emission from the partially ionized ions in can also be used with narrow-band spectral filters in front of
this cooler region. photodetectors to identify one line from selected fuel or impu-

A practical deficiency of requiring a significant density of rity ions to give a very precise time behavior. Such a tech-
neutral hydrogen atoms in the core of the plasma is that their nique is used to identify good performance patterns of the
penetration to the center of the plasma without ionization by plasma edge or to give quantitative information about the
electrons or charge exchange with ions further out becomes plasma’s impact in the divertor where an impurity gas may
increasingly difficult as the plasmas become larger and hot- be used to radiate over a broad area to reduce the power load
ter, as, for example, in ITER. The energy of the heating and

impinging to a small surface area of the divertor plates. In
current-drive beams being developed for ITER is 1.2 MeV,

present-day devices, fiber optics can be used close to thevery good for penetration and for producing plasma rotation.
plasma with a vacuum window and simple optical lenses. Un-Unfortunately the charge-exchange process for creating a sin-
fortunately, the reactor radiation environment will provide sogly charged ion to radiate to meet the spectroscopic needs is
much absorption and prompt fluorescence in transmission op-optimum at �100 keV and falls off very rapidly to higher en-
tics (27) during the measurement that this preferred equip-ergies. Thus development of a neutral beam designed with
ment will have to be removed beyond the main shielding ofvery high current for a short time is extremely desirable (22);
the tokamak. Mirrors in shielded labyrinths will be necessarythis is discussed later.
to bring the light out to the vacuum windows and then on to
the lenses and fiber optics of the main transmission system.

Current Density Distribution As for all the plasma diagnostics, it is desirable to keep all the
sensitive detectors and their associated electronic packagesTwo techniques that are relevant to reacto-grade plasmas
in areas well shielded from the tokamak to allow as muchhave been used for measuring the spatial dependence of the
commercial equipment to be used as possible.magnetic field within the plasma and hence the current den-

In addition to line radiation, free–free electron, or brems-sity distribution and the pitch of the magnetic field lines. The
strahlung, emission is always present and radiates a signifi-first is to measure the Faraday rotation of probing laser
cant fraction of the power radiated. This emission can bebeams, but this time with the beams aligned in the plane of
quantified and is normally observed using a narrow-band-the plasma minor radius where the magnetic field variation
pass filter centered at a wavelength where there is no lineis dominated by the field of the plasma current (23). The tech-
radiation (28). The ratio of this observed intensity to that cal-nique is rather limited in spatial resolution, and the accuracy
culated for a pure hydrogen plasma provides information onis affected by having to unfold an integral measurement of
an averaged impurity level. It can be a very valuable controlthe product of two rapidly varying quantities. The second is
value, particularly when the dominant impurity atoms areto measure the polarization of one component of the light
relatively light—for example, carbon, which is expected to beemitted by neutral beam atoms excited by electron collisions
used as the material in parts of the first wall facing theas the beam enters the plasma. The motion of the atoms in
plasma. A similar measurement can be made in the soft-X-the local magnetic field creates an electric field which leads

to Stark splitting on the spectral lines. The polarization of ray region with a pulse height analysis system which can also
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identify lines of heavier ions like iron which are present in of the fusion reactor. Additional information on the spatial
distribution of the ion temperature and the source region ofstructural elements inside the vacuum vessel.
the alpha particles can also be obtained (31). For present-day
devices and the next-step fusion devices, the measurement ofTotal Radiation by Bolometry
alpha particles will be very important to find out how they

To measure the total power radiated from the plasma, bolo-
diffuse in space, how they respond to instabilities in the

metric techniques can be used. Emission of radiation from the
plasma and how the ‘‘ash’’ of alpha particles that have slowed

plasma covers a very wide spectral range. It is therefore im-
down is accumulating in the core of the plasma, reducing the

portant to measure this radiation with detectors with very
performance (32). For the fusion reactor it is probable that

flat spectral response over as wide a spectral range as possi-
only the ash measurement and the prompt loss of alpha parti-

ble. Much of the radiation comes from near the plasma edges
cles causing local hot spots on the first wall will be considered

where the incoming particles are only partially ionized; but
necessary because much simpler measurements of other

as we have seen, much comes from the center of the plasma
plasma parameters will provide sufficient control information.

in free–free radiation and from highly ionized states of impu-
It is possible that external measurement of the partial pres-

rities. It is necessary to view the plasma with arrays of bolom-
sure of helium beyond the divertor region may provide an ad-

eter detectors to be able to carry out tomographic analysis of
equate control parameter.

the source of the radiation both for control and for physics
assessments of the energy transport in the plasma (29). The

Neutron Diagnostics
control requirements range from seeking to reduce the impu-
rity concentration to trying to increase the radiation close to The simplest neutron measurement, very suitable for feeding

into a control system, is a total flux measurement using athe divertor plates to reduce the heat load conducted onto the
plates by radiating the energy over a greater fraction of the standard proportional counter (33). A fission-chamber propor-

tional counter, surrounded by a moderator, can be placed out-wall. Introduction of a noble gas such as krypton onto
the divertor is proposed for producing this ‘‘radiating’’ divertor. side the tokamak so that it can measure the flux of neutrons

reaching it with relatively good time resolution. No spectralThe arrays of bolometers will be mounted at many loca-
tions on the first-wall support structure. Because of the asym- information is required because the neutrons have been scat-

tered many times on their route to the detector. There is ametric shape anticipated for the plasma of the reactor, detec-
tors numbered in the hundreds, mounted in groups of tens or very significant requirement that the neutrons need to be

measured over a very wide dynamic range (as much as sevenso, will be needed to provide a sufficiently good base for the
tomographic analysis. To meet the requirement for control, at or eight orders of magnitude) to allow full control. The most

difficult aspect of this measurement is relating the flux at theleast initially, a few lines of sight encompassing key regions
may be sufficient for developing basic control data. The detector quantitatively to the source of neutrons originating

in the plasma. The massive structures of the tokamak and itsgroups of detectors will be mounted behind pinholes de-
limiting the size of the viewed volume. They will be mounted shielding must be taken into account. The geometry is such

that nuclear codes are not adequate for providing this calibra-in boxes with well-designed temperature control. The detec-
tors themselves will probably be gold-blackened etched plati- tion, so that a calibration source must be used inside the toka-

mak (34). This calibration requirement may extend the dy-num resistance thermometers, typically about 1 cm2 (30). The
platinum is mounted on one side of a ceramic with a matching namic range even further because available point sources are

relatively very weak compared to any relevant plasmas. Thisplatinum resistor on its back, facing away from the plasma.
The second resistor has the necessary role of measuring other time-dependent measurement can be enhanced by using neu-

tron activation foil techniques whereby an elemental foil cantransient sources of heat, particularly the nuclear heating
caused by the neutrons and gammas coming from the plasma be exposed close to the plasma and then the activation can

be measured later at a remote location (35). The mechanicaland the surrounding structure. These two resistors make up
one pair in a Wheatstone’s bridge, the other pair being in the response is too slow to allow use of the foil technique for con-

trol purposes but it does provide the opportunity for checkingelectronics boards away from the tokamak environment. Such
bolometer arrays are providing very valuable information in on the instrumental reliability and calibration of the time-

dependent measurements, in addition to providing a record ofthe present-day tokamaks, but there is significant concern for
their operation and survival in a reactor environment. Devel- the total fluence.

Neutron cameras consisting of arrays of collimated tubesopment and testing of a bolometer with a better ceramic in-
terspace is an urgent requirement. between the plasma and a variety of detectors or spectrome-

ters can provide information about the spatial distribution of
the neutron source and the temperature of the ions (36). TheFusion Products
different sightlines across the plasma cannot be very close

The nuclear reaction products from the fusion reaction of deu-
since massive shielding is needed to prevent crosstalk be-

terium and tritium fuel ions are neutrons and fast helium
tween different observation channels. Thus their usefulness

ions, called alpha particles. The neutrons escape from the
is of some value for physics studies where the information is

plasma and provide the source of energy for generating elec-
not otherwise available, but is not likely to be useful for the

trical energy. The alpha particles, originating with an energy
burn control.

of �3.5 MeV, stay inside the plasma and slow down, giving
up their energy to heat the plasma and sustain the burning

Alpha-Particle Measurements
plasma. Integral measurement of the neutrons gives informa-
tion about the overall performance of the discharge. It will The measurement of the alpha particles confined inside the

plasma is very important for the next-step device from theplay a key role in keeping a stable plasma burn at the center



70 FUSION REACTOR INSTRUMENTATION

point of view of physics understanding and hence perfor- be evolutions from the techniques used in the physics studies
being carried out on currently operating tokamaks. However,mance improvement. But for a reactor the essential measure-

ments are those to ensure that the reactor can sustain opera- the radiation environment causes many compromises to be
made. Many of these should be demonstrated during the oper-tion. An urgent question to be resolved is how rapidly the

helium ash (the residue left of the alpha particles after they ation of the next-step device where the neutron fluxes to the
first wall and the main components of the tokamak should behave passed all their energy over to the background plasma,

thereby creating and sustaining the burning plasma) diffuses approximately the same as for a reactor. For most of the
plasma diagnostic equipment, the prompt noise induced inout of the core plasma and away through the divertor. Recent

experiments (37) suggest that it is sufficiently fast, but more the signals is the most severe concern so that this will provide
a good demonstration of the capability. However, the totalexperiments are needed. Techniques using radio-frequency

waves have been suggested for accelerating its removal, but fluences in which the equipment will have to function and
maintain calibration in a reactor may be considerably higher,these await demonstration now. This ash, if it accumulates,

has the effect of reducing the densities of the fuel particles and this should be taken into account in its design. Such pos-
sibilities as ensuring replaceability will have to be considered.significantly for a given controlled electron density. Only one

technique for measurement has so far been suggested. The But at this moment, the development issues that have to be
addressed are those needed for measurements on a next-steptechnique makes use of the same active spectroscopic method

with an incoming neutral beam discussed above for ion tem- ignited-plasma device. Some of the studies are in progress.
perature measurement, but in this case the intensity of a visi-
ble spectral line of singly ionized helium will be measured Radiation Effects in Materials
(21).

The sensitivity of components of diagnostic systems to theSome alpha particles will be lost continuously from the
neutron and gamma radiation environment close to theplasma, though most are relatively well confined despite their
plasma is a very serious concern for diagnostics which have tovery high energy. But in some circumstances, such as certain
provide reliable, quantitative information with good accuracykinds of MHD instabilities, there will be enhanced loss to the
throughout the plasma discharge. Ceramic insulating mate-first wall in relatively localized regions. Since it is conceivable
rial must retain sufficiently good insulation levels despite thethat the total energy deposited will be sufficient to cause dam-
induced effects, radiation-induced conductivity (RIC), radia-age if the loss is allowed to continue, it is desirable to mea-
tion-induced electrical degradation (RIED), and radiation-in-sure the loss directly for the control system. The first tech-
duced electromotive force (RIEMF) (39). In the flux level atnique suggested is to provide infrared imaging of as much of
the first wall in ITER, �6 � 103 Gy/s for ceramics, the con-the first wall as possible. Such a system has already been
ductivity can be increased by as much as six orders of magni-proposed for detection of hot spots arising from misalign-
tude relative to the radiation-free environment, with some ce-ments of the first wall and for monitoring the heat load on
ramics being more affected than others. The design criterionthe divertor plates. The data used for control would be se-
of an induced conductivity �1 � 10�7 S/m necessary for smalllected from a few of the pixels of the camera image. Concep-
electrical stand-off pieces and cable insulation has been mea-tual designs of the imaging system indicate the use of peri-
sured in in situ fission reactor neutron/gamma exposure forscopes using reflective optics to take the light outside the
some alumina samples. Adequate insulation has also beenradiation environment to a fiber-optic/camera imaging sys-
seen in some samples of mineral-insulated cable, but muchtem. The benefit of this technique is that it is not dependent
more detailed development and testing is needed to ensureon any theoretical projection of where the escaping particles
qualified components. There is concern that the cables are se-should go; its deficiencies are that it cannot discriminate be-
verely affected by the quality of their termination so that theytween particles of different energies and that it may not be
are suitable for use in vacuum, and also by the configurationsufficiently sensitive until damage is close at hand because
of the wiring, so that extensive further testing in the radia-the camera is already viewing a very hot wall. A second tech-
tion environment is necessary. In addition to this promptnique makes use of discrete detectors placed at strategically
property of the ceramics in a radiation field, a new concern ischosen locations in the first wall. The detectors could consist
that of an RIEMF which is observed in reactor testing of mag-of small scintillators mounted in small cameras to provide in-
netic coils made from mineral-insulated cable. The effect isformation about the energy and origin of the alpha particles
not yet understood, but it has the effect of providing slowas in the TFTR tokamak (38). A scintillator with better radia-
drifting of the integrated signal of, for example, a magnetiction survivability than that presently used and an optical sys-
coil used in position measurement. In addition some ceramicstem insensitive to radiation will have to be defined. Alterna-
show a cumulative damage effect (RIED) when irradiatedtively, small Faraday cup detectors measuring the total
with applied voltage, particularly in electron-radiation test-number of alpha -particles entering them could be used, as in
ing, which could lead to catastrophic failures. This behaviorthe JET device. In this case, there is a much simpler electrical
does not seem to be as significant in reactor irradiations.connection but a significant loss of information, which, never-
Again definitive qualification tests are required before appli-theless, is probably sufficient for control needs.
cation of the materials for making components to be used in
the next-step device. Once those tests are completed, testing
of the components integrated into a complete instrument willDEVELOPMENT ISSUES TO BE PURSUED
be highly desirable.

Nuclear radiation also drastically affects the transmissionIn the preceding section, many of the measurement tech-
of transparent optical components such as windows, lenses,niques likely to be used in control of a fusion reactor have

been discussed very briefly. Nearly all of these techniques will and fiber optics as well as causing fluorescence (27,39). The
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latter tends to be a more serious issue in fiberoptics because been started (22). With the short pulse length, the total en-
of the much greater length of transmission medium. The flu- ergy requirement and the impact on the plasma of this probe
orescence occurs only during the radiation period—that is, beam will be constrained.
the plasma discharge. The absorption is transient during the No techniques for measurement of the erosion of first wall
discharge, varying with the intensity of the neutron emission, surfaces and redeposition onto them in real time have been
but is also cumulative. Many quantitative in situ radiation used on tokamaks. Some concepts such as some range-finding
studies at high flux levels have been carried out, but perhaps methods may be applicable, but development will be needed
the most informative have been in relatively low flux exami- to apply any technique to provide sufficient spatial coverage.
nations of behavior of fibers on the TFTR tokamak. The light But it is not only in technology that research and develop-
signals from the plasmas, from spectroscopy, or from scintil- ment is required to make some of the measurement require-
lators near the plasma are relatively low intensity (for the ments credible (8). Quantitative evaluation of the concentra-
escaping alpha-particle diagnostic, the background radiation- tions of impurity elements in the divertor will be very difficult
induced pedestal in the fibers was about 20% of the maximum because of the strong spatial variation, partial self-absorption
signal produced in the scintillator by the alpha particles) so of spectral lines because of high local plasma densities, and
that the background generated by neutrons should be both the fact that most of the radiated power will be in spectral
small and relatively well quantified. lines emitted in the vacuum ultraviolet spectral range. Be-

Since the use of fiber optics can open up the possibility of cause of accessibility issues, it is extremely difficult to get
using imaging techniques and because of their flexibility, they good spatial resolution in this range. Hence, some atomic-
are very desirable for interweaving optical paths through the physics analysis to identify potentially good ways of getting
shielding material surrounding the plasma. Hence, the devel- the quantitative information from visible lines and more de-
opment of new quartz fiber materials which are relatively ra- tailed spectroscopy of cold, high-density plasmas in operating
diation-hard to allow the fibers to be placed closer to the neu- divertors are clear areas for more research. New techniques
tron source is highly desirable, and such development of should be found for measuring the core helium ash and the
low-OH and F-doped fibers are in progress. This development ratios of the hydrogenic fueling particles, not dependent on a
is at an early stage; meanwhile the use of quartz fibers with very powerful diagnostic neutral beam. A direct measurement
low defects, very careful handling, and a metallic cladding to of the electric field inside the plasma, rather than from infer-
permit hot operation at �300�C to minimize the absorption ence from measured plasma motions, could provide more di-
buildup is the best plan. Unfortunately, there do appear to rect information for the control system.
be significant differences in the performance of fibers from
apparently the same source, so that each fiber will have to be
characterized very carefully for its specific use. SUMMARY

It is very unlikely that the development of fibers for use in
a radiation environment will ever achieve a quality to allow It is clear that the instrumentation required for a fusion reac-
their use close to the first wall. Thus periscopes with mirrors

tor will be rather complex, particularly if it is based on thereflecting light through shielding labyrinths are expected to
tokamak concept as appears likely at the moment. Manyform the first elements in the light paths from the plasma.
plasma parameters have to be measured, often with de-The first mirror necessarily will be required to look through
manding requirements on resolution and accuracy, to providea wide aperture into the plasma to see a wide field of view
the necessary information for control. While it is difficult toand to collect sufficient light, particularly for spectroscopic
predict now exactly which of the measurements so importantmeasurement. This mirror is likely to be bombarded by a flux
for the physics understanding and which are used in improv-of order 1019 m�2 � s�1 of high energy neutral atoms from
ing the performance of the plasma will remain important forcharge-exchange reactions between hot ions and cold neutral
maintaining an ignited plasma for long times, many of thosegas atoms in the outer regions of the plasma, in addition to
shown in Table 1 will be necessary to fulfill the proper fuel-the impact of neutrons and gammas. The design of these front
ing, external heating, current drive, equilibrium, and stabil-mirrors, most of which have to maintain high optical quality,
ity properties.is a major challenge. Research in support of this design effort

The instruments used in the many measurements carriedhas recently started (40). From the point of view of minimal
out for physics reasons now are commercially available withsputtering, a reflecting surface of rhodium appears most de-
proven reliability. It seems likely that similar instrumentssirable, but major development is needed to first create the
will be used for the reactor, with the advances in computermirrors of sufficient optical and mechanical quality and then
power making feasible the use of large quantities of interpre-to test them thoroughly in high-energy neutral particle
ted data in its feedback controls. The difficult step for provid-sources.
ing a full instrumentation capability for a fusion reactor willOther aspects of the reactor plasma relative to the plasmas
be in the interfacing with the plasma and the high-radiationin today’s most advanced devices, such as the much larger
environment. The demands for good spatial information aboutsize and higher electron temperatures arising from the heat-
many plasma parameters set requirements for many penetra-ing by alpha particles, lead to concern about the viability of
tions in the shielding (to be compensated by labyrinths insome measurement techniques. For example, the spectro-
shielding and additional shields) and for components to bescopic techniques based on atomic interactions with �100 keV
located in severe environmental conditions, not only of nu-hydrogenic neutral particles will only operate with a beam
clear radiation but also of high temperatures and high vac-intensity more than three orders of magnitude higher than in
uum. Integration of operating systems with sufficiently goodtoday’s conventional heating neutral beams applied to toka-

maks. A development program for a 5 GW, 1 ms beam has signal to noise, resistance to damage, and reliable calibration



72 FUSION REACTOR INSTRUMENTATION

13. ITER Physics Basis Document, Nucl. Fusion, to be published 1998,integrity is the major engineering demand for the plasma di-
Chap. 7.agnostics.

Meanwhile, the physics program in magnetic fusion must 14. E. J. Strait et al., Observation of poloidal current flow in the vac-
uum vessel wall during vertical instabilities in the DIII-D toka-continue to move forward to achieve an ignited plasma which
mak, Nucl. Fusion, 31: 527–534, 1991.is sustained for sufficiently long times to interest utilities in

fusion as a power source. Part of that program will include 15. R. T. Snider et al., Applications of interferometry and Faraday
rotation techniques for density measurements on the next gener-improving the measurement capability through new tech-
ation of tokamaks, Rev. Sci. Instrum., 68: 728–731, 1997.niques, better understanding of the physics interpretation of

some measurement techniques, and adding better spatial and 16. D. Johnson et al., TFTR Thomson scattering system, Rev. Sci.
Instrum., 56: 1015–1017, 1985.temporal resolutions. It is hoped that with better understand-

ing of the details of the plasma behavior, it will be possible to 17. H. Salzmann et al., The LIDAR Thomson scattering diagnostic
greatly reduce the instrumentation demands for fusion reac- on JET, Rev. Sci. Instrum., 59: 1451–1456, 1988.
tor operation. 18. D. V. Bartlett, Physics Issues of ECE and ECA for ITER, in P. E.

There are many challenges associated with creating a fu- Stott, G. Gorini, and E. Sindoni (eds.), Diagnostics for Experimen-
sion reactor. Among them is the provision of a capable set tal Thermonuclear Fusion Reactors, New York: Plenum, 1996,

pp. 183–192.of instrumentation. There is every reason to think that this
instrumentation will evolve with the fusion program, and 19. K. W. Hill, M. Bitter, and S. von Goeler, Concepts and Require-
many of the detailed problems apparent now will be resolved ments of ITER X-Ray Diagnostics, in P. E. Stott, G. Gorini, and

E. Sindoni (eds.), Diagnostics for Experimental Thermonuclear Fu-with further research and development.
sion Reactors, New York: Plenum, 1996, pp. 341–352.

20. R. J. Fonck, Charge exchange recombination spectroscopy as a
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