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DIAGNOSTICS SYSTEMS FOR THE 
TBR-E TOKAMAK 

ABSTRACT 

A general view of the several diagnostics systems proposed for the TBR-E tokamak 
is given. This project is a joint undertaking of INPE, USP and UNICAMP plasma 
laboratories. The requirements for the measurements of the plasma produced pa
rameters are described. Special attention is given for diagnostics used to investigate 
new physical issues on a low aspect ratio tokamak such as TBR-E. 



R E S U M O 

Aspectos gerais dos vários sistemas de diagnósticos propostos para o tokamak TBR-
E são discutidos. Este projeto de máquina de plasma é resultado de uma proposta 
«onjunta dos laboratórios de plasma do 'NPE. USP e I NICAMP. Os requisitos para 
as medidas dos parâmetros de plasma esperados naquele dispositivo são descritos. 
Atenc,ào especial e dada para diagnósticos usados para investigar novos fenômenos 
físicos num tokamak de baixa razão de aspecto como o TBR-E. 
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CHAPTER 1 

INTRODUCTION 

The purpose of this work is to give a general view of the diagi ostics 
which will be used in the Brazilian low aspect ratio tokamak TBR-E. The proposed 
diagnostics systems will be developed to reach three major objectives (1): 

• Determine the basic parameters of the plasma and carry out their optimiza
tion. 

• Demonstrate improved qualities of a low aspect ratio tokamak plasma over 
other confinement schemes. 

• Investigate relevant physical issues related to a low aspect ratio tokamak 
plasma. 

The tokamak TBR-E is now been developed in a joint project with the 
plasrra physics laboratories of the National Institute for Space Research, University 
of São Paulo and University of Campinas. The parameters of the machine are still 
in discussion, but it is believed that it will have the following characteristics: 

• Aspect ratio a/R = 1.5io2.0 

• Plasma Current /„ = 145 KA to 240 KA 

• Toroidal Magnetic Field B? = 3.6KGauss to 6.3KGauss 

• Plasma density Me ~ 10Hcm~3 

• 0 parameter ~ 12% 

• Electron temperature 500 eV to 800 eV 

• Ion temperature 100eV to 500eV (with NBI). 

Upon this paramagnetic effects and a high number of trapped parti
cles in banana orbits are also expected in the experiments. 

This work is divided in four parts: in chapter 2 and chapter 3 the first 
and second experimental phases of TBR-E are described. In the chapter 4 there is a 
detailed description of the various diagnostics proposed to this machine. In chapter 
5 there are conclusive remarks with a table that covers all equipment required for 
the delopment of the TBR-E diagnostic systems. 
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CHAPTER 2 
FIRST EXPERIMENTAL PHASE 

The parameters of the plasma which are most important to char
acterize the plasma produced in TBR-E are: the electron density ne, the electron 
temperature Te, the ion temperature 7„ the plasma currente lv and the loop voltage 
V'p (2). The parameters ne, Tt, 1 should be ultimately obtained with spatial and 
time resolution to give answer to physics questions that are crucial for this type of 
confinement devices. This will be particularly difficult for a low aspect ratio plasma 
due to its noncircular shape which requires more than one direction scan for correct 
Abel inversion of chord measurements and also due to the inaccessibility from the 
inner side of the torus. 

During the first stage experiments in TBR-E, single point and sin
gle chord parameter measurements will be taken for reasons of simplicity and co«t. 
Later on, more sofisticated methods of diagnostics will be implemented to obtain 
spatially resolved plasma parameters. Table 2.1 shows the most adequate methods 
of diagnostics (3) (chosen among many possible ones) to be used in TBR-E. for the 
determination of basic plasma parameters during the first experimental phase. 

2.1 Diagnostics for Low Aspect Ratio Physics Experiments 

To investigate physics issues of major interest in Tokamak with low 
aspect ratio (1), some key diagnostic techniques will be applied in TBR-E. For the 
first experimental phase, simples but reliable methods of diagnostics will be used. 
The most interesting physics problems to be explored in TBR-E have been identified 
as: 

I - Characterization of star-up plasma to help achieving successfully a spherical torus 
configuration using ohmic heating coil with very small radius. 

II - Characterization of a low aspect ratio Tokamak plasma: A - Determination of the 
plasma boundary shape as a function of decay index; B - Determination of density 
and safety factor q limits as a function of the toroidal field B0. C - Study of sawtooth 
behaviour in the low aspect ratio regime. 

III - Attainment of high current in low toroidal field compact device: A- MHD 
activities and disruptions are the main plasma responses to be studies; B - Lowest 
Zejj (effective Z) attainable in low aspect ratio operation. 

- Transport: A - Measurements to determine if plasma resistance at low aspect ratio 

2 



Table 2.1 - List of proposed diagnostic systems for TBR-E (First stage) 

PLASMA 
PARAMETER 

(electron density) 

Te (electron tem
perature) 

T, (ion tempera
ture) 

Ip (plasma cur
rent) 

Vp (loop voltage) 

PROJECT 
VALUE 

10" - 10 , 4cm-3 

200 - 800 eV 

200-500 eV (with 
NBI) 

140 - 250 kA 

up to 100 V 

DIAGNOSTIC 
METHOD 

Microwave 
interferometry 
(A = 2.nm) 

Thomson scattering (in
tensity of light scattered 
by free electrons) with 
Ruby laser 

Thomson scatter
ing (non-collective scat
tering by free electrons) 
with Ruby laser 

Doppler broadening of 
lines (visible & VUV 
spectometers) 

Rogowski coil 

Loop wire system 

NOTES 

•single chord 
•also useful for 
a feedback control 
and plasma insta
bilities studies 

•single beam 
•single shot dur
ing the discharge 
•need abso
lute calibration of 
detectors 
•single beam 
•need relative cal
ibration of 10 de
tection system 

•single channel 
w/ OMA or pho-
tomultiplier 
detection 
•visible lines have 
low intensity at 
the center 
•use VUV 
lines for the core 
plasma 

•inside the vac
uum vessel 

*2 wire loops out
side the vacuum 
vessel 
•small eddy cur
rent 
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is still neoclassical: B - Measurement of energy replacement time. 

To carry out the measurements of the parameters and properties of 
the low aspect ratio Tokamak which are needed for the understanding of these phys
ical phenomena, specific diagnostic systems or their combination will be applied as 
indicated in Table 2.2. See their details in a later section. 

A detailed description of these diagnostics will be given in Chapter 
4. 
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Table 2.2 - List of diagnostic systems to be used to study physics of major 
interest in TBR-E (First Stage) 

PHISICAL PHENOMENA 
OF INTEREST 

I- Plasma start-up: 
• Breakdown to plateau 

II- Characterization 
of low aspect ratio tokamak 
plasma: 

• variation of plasma bound
ary shape with decay index 

• density limits as function 
0ÍB0 

• q limit as function of B0 

• sawtooth oscillation 

PARAMETER OR 
PROPERTY TO BE 

MEASURED 
(DIAGNOSTIC METHOD) 

Ip (Rogowski), Vp (2 one 
turn loop coil), Te (time his
tory of impurity lines), ne 

(fi wave), toroidal uniformity 
(photodiode), polodal unifor
mity (CCD camera), poloidal 
and toroidal magnetic fileds 
Bp, Bo (magnetic probes), 
runaway electrons (hard X-
ray) 

Shape of Bp (magnetic probe 
arrays), Ip (Rogowski coil), /? 
(diamagnetic loop) 

ne(/i wave), Bo (magnetic 
probe) 

I - P (Rogowski), contour 
shape (magnetic probe array), 
Bo (magnetic probe), soft X-
ray emission (X-ray pinhole 
camera) 

Soft X-ray emission (2 pinhole 
system with an array of detec
tors) 

NOTES 

^optimization of preion-
ization method using fil
ament, RF, etc 
*how fast current rise-
time ? 
*effects of impurities in 
the breakdown 

*Iocal measurement of 
ne with FIR later 

*look for onset of insta
bilities 

*useful also for Te deter
mination 

(continue) 
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Table 2.2 - Conclusion 

PHYSICAL PHENOMENA 
OF INTEREST 

III- Attainment of high car-
rent: 
• MHD activities and disrup
tions 

• impurities 

IV- Transport: 

• plasma resistance 

PARAMETER OR 
PROPERTY TO BE 

MEASURED 
(DIAGNOSTIC METHOD) 

Ip (Rogowski), Vp (2 one turn 
loops), Bp (magnetic probes), 
soft X-ray emission (pinhole 
with array of detectors), hard 
X-ray emission (hard X-ray 
detectors) 

/ p (Rogowski), V - p (2 one 
turn loops), Zejj (visible and 
VUV spectroscopy), impur
ity transport (VUV spectro
scopy) impurity profile (VUV 
spectroscopy), total radiation 
(bolometry) 

ne(n wave), Te (Thom
son scattering), If (Rogowski 
coil), Vp (one turn loop), Zejj 
(VUV) 

NOTES 

*Zejj from 
Bremsstrahlung need 
other basic parameters 

*still neoclassical ? 
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CHAPTER 3 

SECOND EXPERIMENTAL PHASE 

Other very interesting physical phenomena related to low aspect ra
tio Tokamak plasma will be explored in the second experimental phase in TBR-E. 
They are present in Table 3.1 together with a list of required measurements and 
corresponding diagnostics (4). Table 3 is important to be included at this point to 
define the required diagnostic ports number, positions and shapes in the vacuum 
vessel under design. They are described in detail in a later section. 

3.1 Edge Plasma Diagnostics 

The edge plasma is also very important part of the plasma to be 
studied experimentally because i is known to affect global confinement (4). It is also 
important because recycling of neutrals occurs at the edge and impurity injection 
and transport takes place at the edge. To carry out the investigation of these phys
ical issues during the second experimental phase, we propose to use the diagnostics 
presented in the Table 3.2. 

3.2 Advancced Diagnostics Techniques 

More advanced diagnostics will also have to be developed to charac
terize better the plasma produced in TBR-E (4). We propose to develop neutral 
beam probe diagnostic system using 3 different types of H° beam sources: NBI, DC 
beam source, pulsed intense beam source. This neutral beam probe technique could 
be used to measure 7^, n,, Br, Bp, impurity ion density, Zejj, toroidal rotation and 
radial motion of the plasma and Q. 

Other advanced diagnostic technique that will be developed is the 
polarimetry by Faraday rotation, to measure B inside the plasma. 

These two advanced diagnostics are described in detail in Chapter 4. 
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Table 3.1 - List of diagnostic systems to be used in the 2nd experimental phase 
in TBR-E 

PHYSICAL PHENOMENA 
OF INTEREST 

I- Equilibrium 
• broad currente profile 
study 

II - Paramagnetism (3) 

• Can strong pa-amagnetism 
be obtained without MHD 
instability ? 

Ill- Confinement scalings 

IV- Density profile offects 

V- Neutral beam heating 
• current drive 

• heating efficiency 

VI- Helicity injection 

PARAMETERS k 
PROPERTIES TO BE 

MEASURED 
(DIAGNOSTICS) 

j(r) (Faraday Rotation with 
FIR source) 

paramagnetism (diamag.tetic 
loop); 
internal Bj (Zeeman splitting 
of lines) 

Ip (Rogowski), ne (/i wave), 
Bo (magnetic probe), 
Te (Thomson scatt.), 
Cot/» 

Prad (Bolometry), 
'input i 

ne(r) (FIR Multichannel) 
Ip (Rogowski), 
Vp (One turn loop), 
Te (Thomson scatt.), 
Ti (Doppler broadenuing), 
soft X-ny pinhole camera 

Ip (Rogowski), 
Vp (One turn loop) 

Ti (Doppler broadening of vis
ible % VUV lines), 
Te (Thomson scattering) 

Ip (Rogowski coil), 
Vp (one turn loop) 

OBSERVATIONS 

*use HCN laser with 
0.337 mm 

•probably 10 - 20% pa
ramagnetism but mea
surement better than 
10% will be difficult 

*TE =< E > /Pm -
Prad 
*test of scaling laws 

•multipoint 
Thomson scattering for 
cross chek 
*gas puffing and pellet 
injection 

*look for rr.ode transit
ions 

*Ti could be determined 
also with CXRS using 
the same beam source 

*look for current drive 
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Table 3.2 - Proposed edge plasma diagnostics in TBR-E 

PLASMA 
PARAMETERS 

& 
PROPERTIES 

ne 

Tt 

T, 

Flux, species, 
charge state 

Particle confine
ment time 

Plasma flux 

EXPECTED 
VALUES 

10" - 1012cm"3 

10 - 50 eV 

10 - 50 eV 

singly or multi
ply charged ions 

T£ a 5ms 

DIAGNOSTIC METHOD 

Lamgmuir probes 

Lamgmuir probes 

Spectroscopy (Doppler 
broadening) 

Mass spectrometry 

Spextroscopy (visible, VUV) 

Spectroscopy (//<,) and FIR 
interferom. 

/i wave & directional 
probe 

directional probe 

NOTES 

*single, then up
grade to multiple 
channels 

'same as above 

* single channel 

*EXB extraction 

* Normal 
incidence VUV 

*single channel 

*single channel 

*single channel k 
multiple 
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CHAPTER 4 

DESCRIPTION OF THE DIAGNOSTIC SYSTEMS TO 
BE USED IN TBR-E AND CORRESPONDING 

REQUIRED EQUIPMENTS 

4.1 Rogowski Coils Measurements 

In Tokamak devices, a flow of high currents in the coils used for 
confinement and production of the plasma and in the toroidal plasma itself are 
necessary to heat the plasma and to produce intense magnetic fields for confinement 
of the plasma. A standard method to measure such high currents is to use the 
Rogowski coil (3). This is a solenoid with a toroidal geometry which is wound 
around the current conductor in which occurs the flow of current. Here, the number 
of solenoid turns per length should be uniform and the variation of the magnetic 
field over one turn spacing should be kept small (N > AB/B). The time varying 
voltage VT induced after integration of the solenoid signal is directly proportional to 
the flowing current / in the conductor by 

2wr0tc 

where r0 is the radius of the solenoid cross section, tc is the RC time 
constant of the integrator, /z0 in the magnetic permeability and g is the gain factor 
of the circuit. 

The Rogowski coil that will be used to measure the current flowing 
in the toroidal plasma of TBR-E should have the following characteristics: 

• The coil should be housed in a square shape inconel tube (1.5cm x 1.5 cm) 
with a maximum wall thickness of 0.5 mm. 

• Copper wires with ceramic insulation should be used to avoid short circuit 
in the coil. 

• The coil has to be externally refrigerated with pressurized air. 

• The coil will conform the internal vessel wall cross section of TBR-E and 
will be installed inside the vessel. 

• Coil dimensions: heigh = 123 cm, width = 49 cm, coil cross section with area 
A = 1.44 x 10"4 m2 (assuming square vessel cross section). 

10 



• Number of turns: N = 342. 

• Total inductance: L = 149.4/i//; total resistance R = 0.27ÍÍ; time response 

T = 0.18 ms 

For a plasma of 240 kA, an induced voltage of 0.123 V is expected in 
the Rogowski terminals. 

4.2 Loop Voltage Measurements 

The voltage drop along the plasma torus is measured by single loop 
wires positioned along the surface of the toroidal vacuum chamber (2). Generally, 
the measured loop voltage is not simply equal to the resistive voltage drop within 
the plasma, / = VVRV. Inductive voltages may be generated by transient discharge 
current and time varying plasma inductance Lv and should be included as: 

V,oop = IPR + Jt(LpIP) (4.2) 

Loop voltage measurement can be used to estimate roughly the plas
ma temperature through the Spitzer conductivity formula. The loop voltage signal 
can also be used to detect magnetic fluctuations, specially those caused by disruptive 
instabilities. 

The characteristics of the loop voltage measurement system in TBR-E 
are: 

• 2 one turn coils connected in parallel with a radius of r = 62 cm; 

• Coil wires with ceramic insulation positioned at the top and bottom of the 
vacuum vessel; 

• Inductance of L = 0 .062/J / / , resistance R = 0.051ÍÍ. response time r = 
1.25/is. 

For a plasma with Te = 0.5 keV, Ip = 240 kA, a loop voltage Vioop = 
1.1 V is expected. 

11 



4.3 Magnetic Probe Measurements 

Magnetic probe arrays inside the vaccum vessel for plasma equilib
rium studies. 

A fundamental question for a good Tokamak operation is if the mag
netic field used for confining the plasma is correctly generated to obtain a good 
plasma equlibrium (3). In strongly shaped plasma it is usual to employ numerical 
solutions of the MHD equilibrium equations (Grad-Shafranov equations) to relate 
plasma parameters to the magnetic field measurements obtained with probes lo
cated near the edge of the plasma. More sophisticated analysis of the magnetic 
equilibrium also include measurements of the magnetic flux on the plasma surface 
obtained with poloidal flux loops. The poloiual field produced by a toroidal plasma 
can be written as: 

ó x Vti> 

where <j> is the unit vector in the toroidal direction, the solenoidal flux, 
R the major radius, and Bp includes the azimuthal and radial parts of the poloidal 
field. 

In TBR-E, the components of the poloidal magnetic field perpendic
ular to the surface of the vessel will be measured with a set of flux loops on the 
internal surface of the vessel. There will be two types of loops: full flux loops which 
makes a single turn in the toroidal direction which will be used in locations where 
there are no obstructions from parts. Saddle loops will be used in places where there 
are obstacles. The component of the poloidal field parallel to the vaccum vessel 
surface will be measured with small pick-up coils which are located inside inconel 
protection tubes on the inside the vacuum vessel. There will be 18 of these pick-up 
coils, distributed around the walls and there will be identical sets of coils on each 
quadrant of the machine. Two of these sets will be used for plasma position and 
shape control. 

4.4 Magnetic field fluctuation measurements 

Small perturbations on the plasma torus, in the current path, can 
grow up and develop to large scale macroscopic fluctuations due to MHD instabilities 
(5). The driving mechanisms for these instabilities are gradients of magnetic pressure 
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and curvature of the field lines. In Tokamaks, the most commom of these instabilities 
are the kink instabilities that can be easily detected by magnetic probes placed 
around the poloidal and toroidal directions. The perturbations of the magnetic 
fields are given by: 

6B = Amntxp(i^mnt -m$- no) (-1.4) 

where 0 and à are poloidal and toroidal angles as defined in circular 
cross section Tokamaks. The toroidal and poloidal mode numbers n and m ...re 
related to the safety factor by q = m/n. 

The most commom method to measure m and n is to infer them from 
the Fourier analysis of the probe signals (6). This is called the phase correlation 
method. The poloidal number in TBR-E will be determined by the variation of the 
amplitude perturbation with the poloidal angle. The frequency of these fluctuations 
are determined by the diamagnetic drift frequency of electrons. For TBR-E, this 
frequency should be around 50 kHz to 250!.Hz. For such a noncircular cross section 
plasma column it will be important to include the effect of the distance between the 
plasma edge and the magnetic axis on the numerical codes, because it is not constant 
along the poloidal direction. 

4.5 Plasma position and shape control using magnetic pro
be signals 

One of the major problems of plasma confinement in Tokamaks is 
the plasma column equilibrium control (3). Forces arising mainly from the large 
plasma current (loop force) and from the gradient of the toroidal field are responsible 
for the plasma column shifts with respect to the toroidal axis. For Tokarnaks with 
noncircular cross section there is an additional problem of stabilization of the vertical 
plasma motion (7). 

In Tokamak devices, the plasma position is usually determined from 
magnetic probe signal analysis. This method proves not to be ideal because the 
signals depend not only on the plasma position but also on the energy density through 
the poloidal D and the internal plasma inductance. If the cross section is circular, 
the horizontal and vertical shift of the plasma column measured with Mirnov probes 
can be directly related to the measured poloidal magnetic field. 

Nevertheless, an adequate formulation of the plasma position deter
mination is not presently available for Tokamaks with noncircular cross section such 
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as in TBR-E. To avoid this difficulty, an alternative method of measurement which 
enable one to correctly determine plasma position without mathematical correction 
is presented (8). This lux loop method is mainly based on the fact that the plasma 
boundary is always a flus surface and the determination of the plasma position is 
based on the use of two or more loops installed in close proximity to the plasma 
surface. These loops are usually known as Saddle coils. This method is valid for any 
pressure, current distribution or induced current in the plasma. 

If the fluxes measured by the two coils are different, it means that 
the plasma boundary change in position which will require an appropriate feedback 
control For the case of equal flux in the loops connected to a control system, the 
plasma position will not change even if the internal plasma parameters or the currents 
in the vessel vary. 

The boundary of the plasma is defined as the outer closed magnetic 
surface which just touches the limiter. In practice it is never possible to position 
the saddle coils on the actual edge of the discharge. This requires an additional 
measurement of the tangential component of the poloidal field Bpt in the space 
between the plasma edge and the wall. In terms of this quality, the magnetic flux at 
the plasma boundary is given by: 

0 . = tf„ - "2*Rp • d • Bpt (4.5) 

where ipw is the flux at the wall, d is the distance betweem the mea
sured flux surface and the edge of the plasma and Rp is the distance betweem the 
machine center and the point where Bpt is measured. 

A complete position and shape control system will require coils on 
the horizontal and on the vertical plasma axis. For the TBR-E Tokamak, we can 
start with as horizontal system with a Saddle coil placed between the OH coil and 
the vacuum vessel wall and another one on the outside wall betweem the windows 
(8). To measure Bpt it will be enough to use the ame magnetic probe system used 
to map the plasma magnetic flux surface. In a feedback system the internal flux 
has to be equalized with the external flux (AV = ^SE — <Psi)- When the plasma 
surface change appears, the difference AV will not cancel. The resulting signal will 
be used by a control circuit connected to the vertical field power supply, which will 
adequately respond through a fast external programing control. 
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4.6 Beta and energy confinement time measurements 

According to MHD theory, the plasma is a diamagnetic medium, ow
ing to the motion of ions and electrons in the magnetic field. This diamagnetic 
effect causes the plasma to exclude a smal amout of magnetic flux, change of which 
can be related to the transverse energy of the plasma through (3 which is define as 
0 = < p > / ( B r ) 7 2 / H > . 

The magnetic field excluded by the plasma is given by (3): 

&4> = ira2âiBT = ho^^Wr ~ D (4-6) 

where ABT = Br(a)— < Bj > is the average variation of Br due to 
the presence of the plasma, a is the plasma minor radius and 0P is the poloidal beta. 
The flux change A<f> can be measured by integrating the transient voltage induced in 
a simple coil wound around the minor circumference of the plama. Difficulties arise 
from the fact that this flux change is very small and must be measured in the presence 
of much larger fields and currents. In TBR-E, disturbance caused by the toroidal 
field will be cancelled by a compensation circuit. The success of this measurement 
will also depend on the use of coils with propoer geometry and mechanical stability. 

For the most of Tokamak machines, < Br >< Br(a), and the plasma 
is diamagnetic with /?p > l. In the case of TBR-E, operating with high plasma 
currents, the magnetic pressure of the poloidal field will be considerable and < Bj > 
> Br(a), resulting in paramagnetic effects (3). This effect could be measured with 
a diamagnetic loop (2). 

The diamagnetir loop j3 measurements and the toroidal field Bj{Ro) 
measurements at the major radius RQ can be combined assuming no P/0„, to estimate 
the energy confinement time of a quasistational ohmically heated plasma, which is 
given by 

«•putszr-»•>*** (4.7, 
where A is the aspect ratio (Ro/a) and jip is the poloidal 0 measured 

with the Diamagnetic loop. 
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4.7 Mioowave interferometry 

A 2 mm microwave interferometry system will be used to determine 
the average electron density ne in TBR-E (2). The cut-off density for a 2 mm radi
ation is 5.6 x 10i4 cm -3 . The line density can be obtained by measuring the phase 
difference between the path trough the plasma and the other through a reference 
path as: 

M = -r-.[7nt(z)d* (4-8) 
\0nc Jzi 

where Z2 — Zx is the path length inside the plasma anda nc is the 
critical density. Besides the important determination of line density so obtained, /x 
wave system can be used for density feedback control of the plasma and instability 
studies. Only the single chord \i wave system will be used because for a space resolve 
measurement of ne, a multichord FIR interferometry will be more adequate. 

A Klystron (0.5 W) will be used as the /x wave source. Initially a 
Mach Zender type interferometer will be used. A convenient technique to solve the 
phase ambiguity will be developed later. Microwave guides, couplers, phase shifter 
etc will have to be purchased. 

4.8 Thomson Scattering 

Diagnostic technique based on Thonson scattering can provide the 
electron temperature Te and the electron density ne with great accuracy (9). 

For the measurement of ne, the intensity of the light scattered by 
the free electrons in the plasma has to be measured. On the other hand, for the 
determination of Te. the line width of the light scattered by the frte electrons are 
measured. Using a powerful Ruby laser (A = 6943 Â,4J,20ns,200 MW) as the probe 
beam and measuring the 90° scattered light intensity with a visible spectrometer 
(SPEX 19870. 0.5m) with OMA detection (OMA 140, EG&G Princeton Applied 
Research) or a very sensitive photomultiplier array, a single point in space and time 
during the discharge can be diagnosed. Multipoint Thomson scattering system will 
have to be developed for Te(r) and ne(r) measurements. The Thomson scattering 
system has to be mounted very firmly to avoid misalignment and noise due to vibra
tion and with a efficient viewing dump to cut down light scattered by the vacuum 
chamber walls, to achieve its full potential as a highly reliable diagnostics. A relative 
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calibration of the whole scattering system has to be carried out carefully before the 
actual measurement. 

4.9 Visible Spectroscopy 

Recently, visible spectroscopy has regained its importance as a non-
perturbing method of diagnostics which can probe the very interior of the hot plasma 
core when crossed with a neutral beam probe (4). Visible spectroscopy has been ap
plied intensively in large plasma confinement devices under operation because it 
allows fiber optics links and hence a remote measurement of the plasma parameter. 
This essential in large plasma devices in which a DT burning will be tested because 
of high radiation and neutron yield in such regimes of operation. Furthermore, fu
sion reactors which will operate under similar conditions wii require a similar reliable 
diagnostic system for its plasma parameter monitoring. 

Visible spectroscopy can be used to measure the plasma ion tem
perature T} by the Doppler broadening of lines emitted by neutral atoms and ions 
present in the plasma. Measurement of Bremsstrahlung continuum emitted in the 
visible region allows the determination of Ze// if ne and Te are known through oth-
erdiagnostic means. Effects of the presence of the impurities in the discharge as well 
as their transport can be studied by the visible spectroscopy. 

Charge Exchange Resonance Spectroscopy (CXRS) is presently one of 
the most useful method of diagnostics where a beam of neutral particles from either a 
NBI or other less powerful sources are used in conjuntion with a visible spectrometer. 
CXRS has been usedroutinely to measure Tj in the center of large plasmas from where 
a Doppler broadened line of neutral atom resulting from charge exchange process 
betweem fast neutrals from the probing beam and confined ions are detected. Since 
it is a local measurement, the determination of T} with sparial resolution with >ut 
complicated Abel inversion is possible, as well as with time resolution. 

To carry out these measurements a visible spectrometer with high 
resolution (0.015 Á) as a SPEX 1269, 1.26m, computerized Czerny-Turner spec
trometer is adequate. The detection system should be of photomultir-lier type for 
single channel observation and OMA type (Model 1460, EG&G Princeton Applied 
Research) for multichannel observations needed in line broadening measurements. 
For CXRS an adequate beam source as the ones described later will be required. 
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4.10 Vacuum Ultraviolet Spectroscopy 

High temperature plasmas radiate predominantly in the Vacuum Ultraviolet (VUV) 
region (10Â< A < 2000Â), specially in the form of impurity line emissions (9). There
fore, in devices which are used to investigate fusion plasmas, the VUV spectroscopy 
plays a major role, especially in the determination of impurity species, concentration 
profile and transport. Impurity transport was the key issue in various Tokamaks 
operated in the past and might play an important role in TBR-E. Measurement of 
low effective Z (Ze// for TBR-E high current operation will be important to prove 
the possibility of high current flow very near the central bore of the machine without 
severe impurity injection into the plasma. The determination of Zejj which will be 
carried out with VUV spectroscopy, is also of crucial importance for the investigation 
of plasma resistivity behaviour. 

The electron temperature Tein the breakdown phase, when noise level 
and low temperature of lite plasma makes it difficult to use Thomson scattering, can 
be determined using the method of time hystory of VUV impurity lines. 

VUV spectroscopy can also be used to determine the ion temperature 
Tj inside the core plasma, by measuring the broadening of lines of impurity ions 
present in that region. 

One of major difficulties of VUV plasma spectroscopy continues to 
be the absolute calibration of VUV spectrometer and its detector system. This 
calibration will be necessary for all the quantitative measurements of impurities in 
the TBR-E plasma. Some of the best available methods of absolute calibration of 
VUV spectrometers have given calibration accuracies of up to a factor of 2 when 
carried out in situ. 

To cover a VUV waavelength range of 400Â< A <2000Âa normal 
incidence spectrometer as McPherson, model 225(1 m,0.15Âresolution) spectrometer 
is required. For this system, a photomultiplier with a window coated with sodium 
salicilatr or a windowless electron multiplier detector should be adequate. Depending 
on the aaplication, a soft X-ray OMA detection system should be arranged. 

To cover a shorter wavelength region of 10Ã< A < 900Â, a grzing 
incidence spectrometer as McPherson, model 248(1 m,0.006Â) can be utilized with 
the same detectors used for normal incidence spectrometer. 
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4.11 Soft X-ray pinhole camera with detector array 

Hot plasmas emit strongly in the soft X-ray region. One important 
type of the soft X-ray emission is the continuum due to the Bremsstrahlung radiation 
whose spectrum is giben by (2): 

Prad(hv) = 2.4 x 1 0 - , 6 n e 7 r , / 2 e x p ( - ^ ) / (4.9) 

where / is a complicated function of Te, Z, rii, gaunt factors, etc. 
The power maximum for this continuum occurs at A corresponding to the electron 
temperature of the plasma under observation. Hence, for 200 eV plasma, \max 

is about 60 A. This continuum radiation could be used to measure the electron 
temperature by using the foil method, but more importantly, a spatially resolved 
measurement of electron temperature variation can be used to infer the radius of 
q=l or q=2 magnetic surfaces. This is usually carried out in Tokamaks by detecting 
the soft X-ray signal variation due to the sawtooth relaxations. 

The mothod of measurement of the MHD instability associated with 
q=l,2 surfaces in TBR-E will involve 2 sets of soft X-ray pinhole camera set-up in 
orthogonal directions with a large array of surface barrier diodes (at least 10 channels 
each). This set-up will allow us to upgrade the diagnostics system to a sophisiicated 
thomographic system in the future. 

The soft X-ray pinhole camera method will be used in TBR-E to 
measure MHD activity, Tei q=l,2 radius, plasma position and toroidal and rotationa' 
velocity. 

The experimental set-up for sawtooth soft X-rays will require an ad
equate housing, a pumping system, diode detectors with power supplies and a data 
aquisition system with sufficient speed. 

4.12 Hard X-ray detection 

A non-Maxwellian tail in the electron energy distribution has been 
observed in many Tokamaks (9). These high energy electrons (tens of keV to more 
than 10 MeV) are known an runnaway electrons and are generated in magnetically 
confined plasmas when electrons with energies above few tens of keV are continuously 
accelerated by gaining energy through the loop voltage without Coulomb slowing 
down. 
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Runnaway electrons create a large amount of hard X-rays compeling 
us to use heavy shields for biological protection. They can cause damage to the 
vaccum chamber and limiters or be responsible for impurity injection into the plasma. 
To measure the hard X-ray produced by runnaway electrons interacting with limiters 
or vessel walls, Nal(Tl) scintilators coupled to photomultipiiers will be used. This 
detection system will be enclosed in 10 cm thick lead housing with a 1 cm aperture. 
The photomultiplier pulses will be recorded by a pulse height analyser. 

4.13 Bolometry 

Bolometry is a diagnostic method which is been used to record the 
total energy flux leaving the plasma, regardless of its nature (photons, r.eutral and 
charged particles) (3). In Tokamak plasmas, charged particles are confined by strong 
magnetic fields, neutral particle fluxes are small and therefore, bolometry can give 
us mainly the photon flux searched for. 

A considerable part of energy used to create the plasma (up to 50fu-
sion research machines was lost by particulate and electromagnetic emission in a 
broad region of spectrum (mainly VUV and ultraviolet) before the recently devel
oped wall conditioning methods. Measurement of total radiation losses can give us 
information on energy balance, electron and ion transport and plasma interaction 
with walls and limiters. 

Metal resistor bolometers will be used in TBR-E because they are 
radiation resistant, compatible with high vacuum and bakeout temperature, immune 
to electrical noise, simple and rugged in construction. A detector consisting of a gold 
layer on a kapton foil which absorbs VUV and soft X-ray radiation from 1 Ato 2000 
Âcan be used, having a time response of about few ms. To obtain measurements 
with spacial resolution, an array of bolometers in housing with reduced aperture 
placed at different poloidal positions will be needed. 

4.14 Far Infrared Interferometry 

For high density operation in TBR-E (> 7 x 10,3em"3) an alternative 
method of density measurement will be required (9). A far infrared laser, an HCN 
laser for instance, could substitute the microwave source, avoiding refraction and 
reflection problems. Furthermore, beams of laser are much easier to be used in 
the multichord mode allowing a measurement of space resolved electron density in 
our device, at least in the horizontal direction. When associated with a soft X-ray 
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detection system, a complete density profile can be determined. 

A cw HCN laser (0.337 mm) of about 150 mW will be used to probe 
the plasma. The reference wave with a frequency of w0 + Au>„ will be used with a w0 

frequency probing wave which is phase shifted by AO. These waves are then recom-
bined and a resulting beat signal will have Ccos( Au70< — AO) form. The frequency of 
the reference beam is shifted by using the Doppler effect produced by a cylindrical 
grating will be rotating at constant speed. The beat signals will be monitored by 
room temperature pyroelectric detectors. Such a system can achieve a time resolu
tion of 100 (is. Density variation as small as 5 x 1012cm—2 can be observed, and an 
upper density limit of 5 x 1016cm~2 can be obtained with such a diagnostic set-up. 
Very good optical components will be needed and a good mechanical stability will 
be required for accurate FIR interferometer measurements. 

4.15 Faraday Rotation 

Although the determination of the internal magnetic field distribution 
in the plasma confinement device is extremely difficult, it constitutes one of the most 
important measurements to characterize the produced plasma (3). In the case of a 
Tokamak, the radial current profile obtainable from the poloidal field distribution 
measurement is a very important parameter for MFD stability analysis. 

The phenomena of Faraday rotation of the plane of polarization of 
an FIR beam propagating along a magnetic field can be used to determine the local 
poloidal magnetic field. For a plane polarized wave propagating along a magnetic 
field, the plane of polarization rotates because the wave numbers of the R and L 
waves are not equal. This rotating angle is given by: 

A 
a(degrees) = 1.5 x 10_12A2(cm) / n^cm'^B^kG)^ (4.10) 

Jo 

where / is the chord length in cm and B is the component of the 
magnetic field along the propagating direction. In order to avoid effects due to 
the toroidal field in the resulting angle of rotation which is proportional to A0 a 
sufficiently short wavelength FIR source should be used. Hence, and HCN laser 
(0.337 mm) should be suitable for this important measurement. Coincidently, the 
same laser used for the measurement of ne(r) can be utilized here. 

Polarization analyser system should be used in conjunction with an 
adequate detector system to complete this diagnostic system. 
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4.16 Neutral Beam Probe 

Neutral beam of hydrogen H° (10) with energies of about, 10-25 keV, 
and current densities of 1-10 A/cm2, can be a very usefull plasma core probing source. 
This beam probe diagnostics could be used to measure: 

1) Ti by Doppler broadening of hydrogen lines emitted by charge exchange 
neutrals. For instance, an H/3 (4861 A) line broadening observed with a 
visible spectrometer at 90° with the probe beam could be used. This is the 
previously mentioned CXRS method. 

2) Toroidal rotation or radial motion of the plasma, by the line shift of charge 
exchange neutral line. 

3) The ion density n, by the probe beam attenuation method. 

4) BT,BP by charge transfer of the beam neutrals to plasma ions followed by 
magnetic deflection. 

5) The safety factor q, by measuring the shift of the ion orbits of fast ions from 
the magnetic surfaces (A = q,Vi/Sli). Here, probe neutrals have to be in
jected tangentially, along the field outside the magnetic axis and observation 
of the reemitted neutrals tangentially inside the magnetic axis have to be 
carried out. 

6) Impurit ion density and Zejj through beam attenuation by impurities in the 
plasma. 

Various types of H° beam could be used for the diagnostics of TBR-E 
plasma: broad high power beam from a Neutral Beam Injector (NBI), DC or long 
pulse beam with a low power, small divergence beam source, and a short pulse, high 
intensity beam from a pulsed power diode. For the first class of beam source, the 
same beam used for plasma heating purpose is to be used to diagnose 1, 2, 3 and 
6 parameters listed above. To observe line broadening and shift, a high resolution 
(0.3 A) visible spectrometer as HR-640S of JOBIN YVON with an OMA detection 
system will be needed. For other measurements, rugged ion detectors and neutal 
particle detectors will be developed. 

For the second class beam source which will be suitable for 1, 2, 3, 4, 
5 and 6 parameter measurements, the same spectroscopic system shall be adequate 
but a more sensitive ion and neutral particle detection system should be developed. 
Furthermore, a relatively large effort has to be spent to develop such a high quality 
beam source. 
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For the high intensity beam source which is already under develop
ment in our plasma group, the same type of detection equipment as mentioned in 
the previous case will be needed but with a smaller sensitivity, although a faster time 
response will be required. 
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CHAPTER 5 

CONCLUSION 

The diagnostic systems for the TBR-E Tokamak were described. The 
non circular plasma cross section and the small aspect ratio of the machine requires 
a lot of improvements, speatily on the diagnostics with magnetic coils. Diagnostic 
with multiple because of radiation and particle will also be very important due to 
the assimetries of the plasma cross section. 

Others diagnostics techniques not men'.on in the text should also be 
used. For example, to study edge plasma characteristics a Langmuir probe will be 
inserted into th periphery plasma to measure Te,ne and a directional probe will be 
used to measure the plasma flux. A mass spectrometer will be installed to measure 
multiply charged ions of impurities coming out of the plasma or present at the edge 
region which could be extracted through ExB acceleration. Photodiode arrays and 
TV cameras will be important to give us information on the toroidal and poloidal 
uniformity of the plasma. 

On Table5.1 a complete table of the equipments required for the di
agnostics system of TBR-E is presented. On Figure ?? a scheme of the Tokamak 
with the described diagnostic systems is shown. 
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Figure 5.1 - Diagnostics Systems of TBR-E and corresponding parts, f, and 
Bi are indicating the positions of the poloidal flux loops and of the 
magnetic probes respectively. 
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Table 5.1 - Equipments required for the diagnostic systems to be developed for 
TBR-E 

DIAGNOSTIC 
METHOD 

Rogowski coil 

Loop Voltage 

Magnetic Probe 

Full Flux Coils 

Saddle Coils 

Diamag. Loop 

Microwave inter
ferometer 
(A = 2mm) 

MAJOR EQUIPMENTS 

home made coils & inte
grators 
r = 0.18ms 
For 240kA, 
Vind = 0.123V 

2 sets of one furn loops 
For0.5)tcV,240iti4, 
Vioop = 1.1V; 
T = 1.25/is 

home made probes & 
integrators 

home made coils k int. 

ho>.ie made coils 

home made loops & 
integrators 

Klystron (0.5W), guides, 
coupler, phase shifters, de
tectors 

# O F 
OBSERVATION 

CHANNELS 

1 for /p, @cr 
4 for other coils 
monit. 

2 

48 for pick-up 
coils 
(4 x 48); 
18Mirnov coils 
(4 x 18) 

6 

16 

2 

2 

# O F 
ACQUISITION 

CHANNELS 

10 (slow) 

4 (slow) 

192 
72 

6 

16 

4 
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