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Summary 

SUMMARY 

High confinement mode, H-mode, plasmas are the most promising plasmas fora potential 
nuclear fusion reactorbasedon a Tokamak. The main issue to be solved in H-mode 
plasmas is to reduce the energy that is emitted by an Edge Localised Mode, ELM, event, a 
sudden expulsion of energy and matter at the edge of the plasma. Due to the fast transient 
nature of ELMs the power released in such an event can be destructive for the di vertor 
tiles. The steep edge pressure gradient at the edge of the plasma gets eroded during an 
ELM. lt is believed that this pressure gradient plays an important role in the physics of 
ELMs. In this report an edge LIDAR (Light Detection And Ranging) Thomson scattering 
system is employed to study this edge pressure gradient. 

Due to the limitations of the edge LID AR hardware, the system is unable to resolve the 
time evolution around a single ELM. The spread in the determined pedestal width is 25% 
for DOC-U and 50% for DOC-L. Although there is a very large spread in the data, trends 
can be detected when a database is produced and a large number of discharges and laser 
shots are plotted together. Special attention is paid to two specially designed plasma 
configurations, that is Diagnostic Optimised Configurations, DOC-U and DOC-L. 

At 1.2 MA plasma current, the measured pedestal is a factor 1.5 - 2 wider than at 2 MA 
And for the 1.2 MA plasmas the gradient is less steep than for 2 MA, up to a factor of 3. 
The measured pedestal ofDOC-L is twice as wide as the pedestal ofDOC-U, although this 
is likely to be due to the resolution limitations of the edge LID AR. The gradients of DOC
U plasmas are slightly steeper than those of DOC-L plasmas. 

The edge LIDAR is shown to be a very useful tool for the plasma edge diagnostics. 
However, the JET edge LIDAR time resolution (laser frequency) is too low to be able to 
measure the time evolution of a single ELM. 

The spatial resolution is determined by the laser pulse length, the digitizer speed and the 
detector response time. Workis being done at the moment to get faster detectors, which 
should imprave the spatial resolution. Production of a database for edge LID AR data is 
very labour intensive, the development of a software package for this would greatly 
increase the usefulness of the diagnostic. 

Also two smaller projects are described in this report. These are the characterisation of the 
response time of the current detectors and the performance of the beam dump. 

iii 



Contents 

CONTENTS 

SUMMARY ............................................................................................................................................ m 

CONTENTS ............................................................................................................................................. V 

1 INTRODUCTION ........................................................................................................................... 1 

2 FUSION ........................................................................................................................................... 3 

2.1 FUSION INTRODUCTION .................................................................................................................. 3 
2.2 PLASMA ........................................................................................................................................ 3 
2.3 FLux suRFACES .... ..... . ... . ..................... ..... . . .......... . ...... . ...... .. ........... ... . ... ... . ..... . ............. . .............. 4 
2.4 H-MODE ... . ................. ... .......................... . .... . ....................... . . ..... ...... .... .... ..... ................... . .......... . 6 
2.5 ELMs ....... ....... .. . . .. . . ............ .. ... ........ . ......... . ..................... .. ..... . ........................... .. .. .... ................. 6 
2.6 THE PROSLEM .......................... ·········· ........................................................................................... 7 
2.7 SHORT OVERVIEW OF SOME JET DIAGNOSTICS ................................................................................ 7 

2.7.1 ECE heterodyne radiometer .. ...... .. ................ ... .. .. .. ...... .... .............................. .... .... ......... .. ... 7 
2. 7.2 Far infra-red inteiferometer .... .. .................... ... ..... .... ........ ..... .............. ... ........ ............ ......... 7 
2. 7.3 Lithium beam ....... .... ... .... ..................... ... ................... ....... ................................ ........... .. ...... 7 
2. 7.4 Edge charge exchange spectroscopy ..................................................................... ..... .......... 7 

3 THOMSON SCATTERING ............................................................................................................ 9 

3.1 CoNVENTIONAL THoMsoN ScATTERING ................................ . .................... . .. ... . .. .. . .. .................... . 9 
3.2 RELATIVISTIC THOMSON SCATTERING ..... .. . ...... . .. .......................................................... . ....... ....... 11 
3.3 LIDAR THOMSON SCATTERING .. .. ............................... . ........... .. ...... ............................................ 12 

4 THE TWO LIDAR THOMSON SCATTERING SYSTEMS AT JET ........................................ 15 

4.1 THECORELIDAR ....... . ...................... ..... .......................... ..... ..................................................... 15 
4.2 THE EDGE LID AR ....................................................................................................................... 18 
4.3 THE EDGE LID AR DETECTORS AND DIGITISERS ............................................................................ 23 
4.4 MAGNETIC FLUX SURFACE MAPPING ............................................................................................. 24 

5 CALIBRATIONS .......................................................................................................................... 27 

5.1 THE RAMAN CALIBRATION ...... . .......... .... .. ...... .................. ...... .. .. ............................... ..... .. . .... . .. .... 27 
5.2 THERELATIVECALIBRATION ............. . ................................... . .. .. ....... ........ . ............ .. .... ... .... ..... . . .. 31 
5.3 THE SPECTRAL CALIBRATION ....................................................................................................... 32 

6 RESULTS ...................................................................................................................................... 35 

6.1 INTRODUCTION .. .......... ........ .... ....... ..... ........................... .. ....... .. ........ .... ............ . .... ..... ..... . .......... 35 
6.2 TOOLS AND DIAGNOSTIC OPTIMISED CONFIGURATION .. ...... . . ... . ........................................... . ......... 35 
6.3 DOC-U, DOC-L & HT3 ..... .... ...... ......... .......................... ........ ...... .................................. .. .. ........ 36 
6.4 PEDESTAL ANAL YSIS TECHNIQUES ........... . ............ . .......... . .. . .......... .. .............................. . ........ ...... 37 

6.4.1 Manual determination ofthe pedestal width and edge gradientfrom the data ..................... 38 
6.4.2 Tangent hyperbalie fit to the data ..... ..... ... .......................................... ................................ 39 
6.4.3 Deconvolution ofinteiferometerdata .......... .... ............................................. ... .... ............... 40 

6.5 COMPARING THE EDGE LID AR WITHOTHER DIAGNOSTICS ............................................................ 41 
6.5.1 Edge L1DAR vs. ECE ... .... .......... .................... ............ ... .... ........ ......... ...... .......... .... .... ....... . 41 
6.5.2 Edge L1DAR vs. 1nteiferometer .. .............. ................... .. ............... .. ........... ..... .......... ... ...... . 42 

6.6 THE THREE PLASMA SHAPES ANAL YSED ...... . .... .. .. ... ....... . ........... . .... . ...................................... . ...... 43 
6.6.1 HT3 ................................................................................................................................... 43 
6.6.2 DOC-U ....... .. ... ............. .......................... ...... ...................................... ... ... ........................ . 45 
6.6.3 DOC-L ...... ............................... ...... ................................................. ................... ...... ...... ... 49 

V 



Contents 

7 CONCLUSIONS ............................................................................................................................ S3 

7 .1 RECOMMENDATIONS ...... .......... .. .... .. .. .. .......... .. ... ..... ...... .... ... ....... .. .. .... .. ......... ...................... ....... 53 

8 SINGLE PHOTOELECTRON EVENT MEASUREMENTS OF RESPONSE TIME OF MCP 
PHOTOMULTIPLIERS (ITT F4128) ......................................................................................... SS 

8 .1 INTRODUCTION ... ...... ...... ....... ............................................. ......... ..... .... ..................... .... ... .... ....... 55 
8 .2 EXPERIMENTALSET-UP ........................... ..... .... .................. ..... .... .... ... ...... ........ .. .. ......... .... ..... ... ... 55 
8 .3 REsUL Ts ....... ... ...... ..... .... ......... ........ .. ............................ .. . .. ................ ...... .. .. ..................... .. ....... 56 

8 .4 ANAL YSIS 00000000000 0 0 0 0 0 0 00 00 0 0 0 000000 000 0 0 0000 00 0 00000000 00 00000000 00 0000000000 0 00000000000000 0 0 0 0 000 0 0 0 0 0 0 0 0 000000 00 00000000000000 00 0 0 0 0 0 58 
8.4. 1 Original setting ......... .. ..... .... .. ... ................. .... ....... ....... ... .............. ......... .... ..... .. .. ... .... .... .... 58 
8.4.2 HP-lnfinium 1.5 GHz BW, LeCroy 5 GHz BW and Tektronix 500 MHz BW .. ...... .. .. .. ...... .. ... 58 

8.5 CONCLUSIONS .... ............... .. ...... .. ... . ............. .... ... ... ... .............. ........... .... .... .. ........... .... ....... .. ....... 59 

9 BEAM DUMP CHARACTERISTICS .......................................................................................... 61 

9 .1 M ET AL SLADES INTEGRATED ..... ... .. ..... ........... .. .. .. ... ........ .............................. .. ...... ... ................... 61 

9. 1.1 Experimentalset-up ...... ................ .. .. ...................................................... ..... .. ........ .. .... .. .... 61 
9.1.2 Results .. .... .. ...... ... ... ...... ........ .. .... .. .... .. ...... ................ ............ .................. ... ............. ........ ... 62 
9.1.3 Conclusions .............................................. ............... .. ............... ...... .... .. ....... .. .... ... .. ... .... .. .. 62 

9 .2 MET AL BLADES, POLARPLOT .. ...... .. .......... .... .......................... .. ............................ .. .... ....... .. .. .. .... 63 
9.2.1 Experimental set-up ........ .. .. .. .............. .. ................................. .. ............ ... ... .......... ... ... ... .. ... 63 
9.2.2 Results .. .. ....................... ........... ........ ............ ... ......... .... .... ........ .. .......... ........................ .. ... 64 

10 APPENDICES ............................................................................................................................... 6S 

Al D ERfVATION OF TS BACKSCATTERING ........ ..... .. ... ...... ................... ....... .... .. .... ........... ... ... .. .... ....... 65 
A2 SPATlAL RESOLUTION OF THE EDGE LID AR ............ .. ... ......... ............. ..... .......... ............ ..... ........... 67 

A3 DATAPROCESSING ....... ...... ... ..... ............ ........ .. ...... .. .... .... ... ...................... ...... . ..... ......... ... .......... .. 68 

A4 PULSELISTSOFHT3, DOC-U ANDDOC-L. ... .. ................. .. ...... .. ........... .. .............. ..... ... ........ ..... .. 71 

REFERENCES ....................................................................................................................................... 7S 

DANKWOORD ...................................................................................................................................... 77 

Vl 



1 Introduetion 

1 INTRODUCTION 

Over the last decades, world energy consumption has been increasing rapidly. More 
people are using more energy. This will inevitably cause serious problems in the future. 
Some estimates project a doubling of the world energy consumption in the next thirty 
years! Not so much in the developed countries, but more in the countries that are 
developing at the moment. Fossil fuels are the most used means of energy production. 
However, they are harmful for the environment and they are being depleted rapidly. More 
and more people are protesting against the u se of fossil fuels and even against some of the 
replacements. On the other hand they still want to be able to turn on the light and heat their 
houses. 

Other means of energy production are needed if the energy consumption keeps growing as 
it has over the last decades. Not only are new energy sourees needed, they should also be 
clean and renewable. Several options have been found over the last decades, for example 
wind, solar, hydroelectric, tidal, biomass, geothermal and fusion. Of these sources, 
biomass and fusion are not really renewable energy source, since they really need a fuel 
that can run out. Por biornass the fuel can be grown, so basically the supply is endless. 
Biornass also has the disadvantage of producing C02 and waste products. Wind and solar 
energy especially are making great progress. But wind energy is very expensive and the 
actual production of a solarpanel still costs more energy than it will ever produce. Two 
drawbacks they have in common however are: no constant output and low efficiency and 
therefore low output. Solar energy for instanee does not produce energy during the night 
and not nearly as much on cloudy or rainy days. Which is where fusion comes in as a 
reliable and constant energy source, which can be switched on when necessary. 

Thermonuclear fusion is a technique in development that, once it is implementable, will be 
able to produce a constant and high level of output. lt produces Helium as a waste product 
and it only needs the Hydrogen isotopes: Deuterium (heavy water) and Tritium (can be 
produced from Lithium) as fuel. lt is clean, reliable and the natura! fuel reserves are 
enormous. One minor drawback of fusion is that it will produce radioactive waste, the 
vessel will become iradiated, this level of irradiation will however drop to acceptable 
levels within approximately 50 years. Another drawback of fusion as a power souree is the 
complexity of the technology. Fusion still has a long way to go before it will be available 
as a power source. And until that time other sourees of energy willalready be required to 
complement the ever-decreasing supply of fossil fuels and the ever-increasing energy 
de mand. 
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2 Fusion 

2 FUSION 

Fusion is the most elementary form of energy production found in the universe and it is the 
driving force behind alllife and fossil fuels. lt is the way our sun produces energy and 
every other star in the universe. The principle of fusion is quite simple, the practicalities 
are not. 

2.1 Fusion introduetion 

In the co re of the sun Hydragen is converted into Helium. The solar co re conditions, 
density: 1.6x105 kg/m3

, temperature: 1.5x107 K, pressure: 2.5x1016 N/m2
, cannot possibly 

be reproducedon earth. To circumvent this problem a higher temperature is needed, 
l.Ox108 K ~ 10 keV at typical densities of 0(1019)m-3 which amounts to approximately 
3x10-8 g/m3 for Deuterium. To increase the chance of a fusion callision the Hydragen is 
replaced by its isotapes Deuterium and Tritium, which gives the highest fusion reaction 
rate; 

(1) 

All water, even tap water, contains Deuterium, which can be extracted. lf all the worlds' 
electricity we re to be provided by DT-fusion, Deuterium supplies would last for millions 
of years. Tritium does not occur naturally and can be manufactured from Lithium within 
the machine. 
Lithium, the lightest metal, is plentiful in theearth's crust. lf all the world's electricity were 
to be provided by fusion, known reserves would last for at least a 1000 years. 
For example, 10 grams of Deuterium, which can be extracted from 500 litres of water and 
15 g of Tritium produced from 30 g of Lithium, would be enough fuel for the lifetime 
electricity needs of an average person in an industrialised country. Even if we would run 
out of Tritium it is possible to get fusion with just Deuterium, or 3He can replace the 
Tritium. 

2.2 Plasma 

2H+ 2H ~ { 3
He+n+3.27 MeV 

3H + p+4.03 MeV 
2 H+3He~4He+ 1H + 18.34 Me V 

(2) 

Since we are dealing with such high temperatures the gas mixture will ionise and forma 
plasma. Not only that, we also want the matter to be in plasma state for several reasons: a) 
a plasma can be controlled and locked in, using EM-fields, b) when two particles collide 
no energy will be lost in ionising the atoms and accelerating the electrons, so all the 
energy a partiele has will be used for bringing the particles as close as possible, thus 
increasing the fusion chance. 
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2 Fusion 

Until now the best results have been achieved in test fusion reactors of the Tokamak type, 
these arealso the most actvaneed intheir development. In the Tokamak type reactor the 
plasma is contained by means of a magnetic field as sketched in figure 1. The largest 
Tokamak to date is the Joint European Torus, JET, in England. 

Poloidal 
magnetic field Be 

Toroidal 
magnetic Plasma current 

Transfarmer winding 
(primary circuit) 

Transfarmer yoke 

(secondary transformer circuit) 

Partiele contained 
by magnetic field 

Figure 1: Sketch of a typical Tokamak's magneticfields and coil configuration. 

lt is trivial that a fusion reactor is not useful until the power output exceeds the power 
input, this dictates the Lawson criterion: 

wreT >critica! value, (3) 

where n is the plasma density, T is the plasma temperature and re is the energy 
confmement time. The critica! value has to be in the order of several 106 sPa. The actual 
reactor technology is still in its infancy, no plant has ever produced elecetricity. The best 
achieved ratio between fusion power and input power is Ptu/Pin ~ 0.65, in that respect only 
a small increase is necessary, which will be done by upscaling of the reactor size. 

Due to the electrically charged particles a large number of interactions occur in the 
plasma. Some of which are: gyration, ExB drift, gradB drift and curvature B drift. lt would 
lead beyond the scope of this report to discuss all of these in detail, for more detail see [ 1]. 
Ho wever the GradB drift causes a separation of the differently charged particles, which in 
turn creates a vertical field and this causes an ExB drift that accelerates the plasma 
outwards. To stop this from happening a helical field is needed, this effectively short
circuits the plasma. Since a plasma conducts electricity, this helical field can be created by 
a plasma current. 
The plasma current is driven by a transfarmer type set-up, where the plasma is the second 
transfarmer circuit. The poloidal field coils provide a field, which keeps the plasma from 
expanding outwards like a bicycle inner tube being pumped. The toroidal field coils keep 
the plasma confined to a 'doughnut' shape. 

2.3 Flux surfaces 

In a circular plasma the magnetic field line configuration forrns a system of toroidal 
surfaces, as displayed in figure 2. The total plasma current flux, and therefore partiele flux, 
through these surfaces is constant. The charged particles will follow these surfaces around 
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2 Fusion 

the Torus. The transport of particles over these surfaces is very fast, so the flux surfaces 
can be considered to be isobars and isotherms. 

Figure 2: The magnetic flux surfaces of a circular plasma. 

One field line on such a flux surface will make a corkscrew-like motion, the helicity 
(m toroidal turns for n poloidal tums) ofthe field is identified by the winding number: 

m rBifi 
q=-=--, 

n R0B8 

(4) 

where ris the minor radius, Ra is the major radius, B<P is the toroidal field and Be is the 
poloidal field, see tigure 1. The flux surfaces in JET are not circular but more oval with an 
x-point at the bottorn to create two strike points in the di vertorso contarninations and 
impurities (e.g. Helium and Carbon) are removed from the plasma, see tigure 3 for typical 
JET plasma flux surfaces. Since the flux surfaces in JET are circular the defmition of 
equation 4 is not valid here, q =mln however is always valid ore q = ó<j>/21t [1] . 

2 

~ 

~ 0 
Q) 

I 

-1 

Flux surface 

2.0 2.5 3 .0 3.5 
Major radius [ m] 

Figure 3: A typical JET plasma showing the flux surfaces and the x-point. 
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2 Fusion 

2.4 H-mode 

Several plasma configurations have been developed over the years for instance, Low 
confmement (L-mode) [1], High confmement (H-mode) [1] and Internal Transport Barrier 
(ITB) [2] plasmas. The H-mode is the plasma configuration used for the experiments 
discussed in this report. An H-mode plasma has a flat top density profile with very sharp 
edge gradients. In figure 4 a typical H-mode plasma is shown as it is observed by the Core 
LIDAR (section 4.1), Edge LIDAR (section 4.2) and Lithium beam (section 2.7.3) 
diagnostic systems. 

6X10W 

f H+tH++++++++++t 111 I I I I I I I I ~~ 
4X10 1 ~ t)! f ,.-.. Pedestal top -.., 

·e 
'-' r -r: 

2><1019 ~ + Edge LIJ) AR 
-

-&- Lithium l>eam 
Edge gradient 

,. Core LII!AR 

a \.,. 
-1 .0 -0.~ 0.0 0.5 1.0 

Rha 

Figure 4: The relatively flat top density profile and steep gradients can be seen in this 
typical JET putse, JPN 53185 @ 60.8770 s. p = r!Ro is the normalised radius, figure 1. 

2.5 ELMs 

Above a certain pressure limit (ballooning limit) the H-mode plasmas are observed to 
expel a certain amount of matter and energy at the edge of the plasmaand in doing so it 
will decrease the edge gradient and pedestal height. This sudden expulsion of matter and 
energy is called an Edge Localised Mode, ELM [1]. Because the particles being expelled 
are cooled rapidly and recombine to form Hydrogen, Deuterium or Tritium, an ELM can 
be detected by looking for Balmer-a radiation, either Ha, Da or Ta. Depending on the 
plasma density, temperature, triangularity and composition, three different types ofELMs 
have been identified, although only type I and type UI ELMs have been reproduced on 
JET since their discovery. See figure 5 for examples of type I and type lil ELMs. 

0 

~"' 'loc' 10 1 =' 

i38>d Q,. 

~6><10 1 ~ 
:;:: 
~><10 1 ~ 

I--

I-

I--

I- a 

-2><1Q H b 

[[ 
56 

-
-

~ 
-

tl.L L 
-

60 t (s) 62 66 

0~~==~~~----~~77--~------~--~~~==3 

Figure 5: a) Type I (giant) ELMs, b) type 111 (smalt, grassy) ELMs. 

6 



2 Fusion 

2.6 The Problem 

During an ELM a reasonable percentage of the total energy contained in the plasma is 
deposited on the inner divertor tiles, type I ELMs between 3.6% and 8.4%, type 111 ELMs 
between 2.6% and 3.6% [4]. For JET this is nota serious problem, but for ITER or an even 
bigger fusion power plant the energy deposited by an ELM is high enough to seriously 
damage the inner wall of the Tokamak. Therefore it is very important to study the physics 
of ELMs so eventually the energy deposition can be controlled. 

2. 7 short overview of some JET diagnostics 

This report will be dealing mostly with the Thornson scattering systems, mainly the edge 
TS system, on JET. But for comparative reasons the data from some other diagnostics will 
be used. This section gives a very short overview of these diagnostics. 

2. 7.1 ECE heterodyne radiometer 

Scans the spontaneous Electron Cyclotron Ernission, ECE, of the plasma and from this the 
electron temperature can be deduced. In the JET diagnostic database it is called KK3. 

2.7.2 Far infra-red interferometer 

Using an infrared laser this diagnostic, called KG 1 V, counts fringes to deterrnine line 
integrated electron densities. lt has four vertical and four lateral chords. In this report only 
the core, LID3, and the edge, LID4, chords will be used. By dividing the Line Integrated 
Density by its chord length the Line A veraged Density can be calculated, LAD3 and 
LAD4. 

2.7.3 Lithium beam 

Injection of Lithium neutrals into the edge of the plasma, where they are then ionised. 
Measurement the impurity ernission profiles gives the edge electron densities. The 
diagnostic is called KY6 in the JET diagnostics database. 

2. 7.4 Edge charge exchange spectroscopy 

The Neutral Beam Injection (NBI) system is used to deterrnine edge electron and ion 
temperatures by looking at partiele recombination. So this system, CXSE, only works 
when the plasma is heated by the NBI system. 

One of the diagnostics available at JET is the Di vertor LID AR, or edge LID AR, which is a 
Thomson scattering system especially designed to deterrnine the plasma edge electron 
density and temperature gradients at high spatial resolution. More about Thornson 
scattering and LIDAR Thomson scattering in the next sections. 

7 



3 Thomson scattering 

3 THOMSON SCATTERING 

Thomson scattering is the scattering of electromagnetic waves by :free electrons, tigure 6. 
When a laser beam is shot into a plasma, the free electrons will be accelerated by the 
EM-wave and perform an oscillating motion. The protons will react as well, but because 
they are about 1800 times more heavy than the electrans their contribution to the scattered 
radiation is negligible as will be shown in the next section. 

Electron 
1 AJ\/\1\.1\4 • 

Incident EM wave 

2 ~ 
a ...... 3 E-< 

4 

Figure 6: Scattering of an incident EM wave by a free electron. 

3.1 Conventional Thomson Scattering 

The most common and conventional Thomson scattering metbod is the 90° angle 
Thomson scattering. In this set-up a laserpulseis tired into the plasma, see tigure 7, and 
scattered light is collected under a 90° angle to this laser line of sight. It is important to 
realise that the polarisation of the laser must not be in the z-direction. A simple optica! 
system can be used tolook at a certain position along the laser pulse's path. 

sma 

x ~ 
Figure 7: Conventional Thomson scattering. Laser polarisation is perpendicular to the 

paper, the x-direction. 
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3 Thomson scattering 

Light scattered by a stationary electron, will have the same frequency as the incident 
radiation. Ho wever if the electron has a certain velocity, the returned radiation will be 
shifted in frequency. This is due to Doppier shift. lf the velocity distribution over a 
number of electrons is Maxwellian, this will yield a Gaussian scattering curve. The 
broadening of the spike is a measure for the velocity and therefore the temperature of the 
electrons. The surface under the curve is a measure for the electron density, see figure 8. 

À 
Figure 8: Thomson scattering profile. 

1 

À = Wavelength 
I = lntensity 
Àt =Laser wavelength 

Since Thornson scattering is nothing but the interaction of EM-waves with an electrically 
charged mass, everything that happens can be described using the Maxwell equations: 

- - as 
VxE=--

dt ' 

- - an 
VxH=l+-, 

dt 

And using the geometry depicted in figure 9. 

- / 
E;/ 

I 

I 
I 

I 

I 
I 

I 

I 
I 

I 
Scattering 
electron 

' ( ) ... ·········· ·················/········· \'> . ._ .... 
Origin 

- 1 - -H=-B-M, 
f.l o 

...... / ··········· 

i,( 

Figure 9: Ge ometry and definition of parameters. 

(5) 

This leadstoa function that describes the acceleration the electron experiences [5 and 6]: 

10 



3 Thomson scattering 

ÎJ(i, t')= _e_ [Ë; + ïJ x lf x ËJ- p(ft · ËJ} 
cmor 

(6) 

where {3 = v I c . In equation 6 it can be seen that a proton under acceleration from the same 

field as an electron will experience a far, approxirnately a factor 1800, lower acceleration. 
And therefore the field created by the proton will be much lower as well. No scattering 
field will be created along the electron axis of acceleration that is, in the direction of Î3 . A 

90° angle to polarisation gives the highest intensities. A detailed derivation can be found 
in appendix A 1. 

3.2 Relativistic Thomson scattering 

When the electrons reach relativistic veloeities the curve will not be symmetrie around the 
wavelength of the laser pulse, A1 = 694.3 nm, as in figure 8. Because the scattering cross 
section of the electrons, <re, changes due to their relativistic veloeities [7]: 

r0
2 c 1 

ae = 2Ji sin(8/ 2)A; vrh X(vrh/c)' 
(7) 

where Ài is the incident wavelength, v1h is the thermal electron velocity (Te in K) : 

_ J2k,T, 
vrh- ' 

me 
(8) 

and 

X(v" /c)zl+:!(v~, J +~~~(v; J. (9) 

The relativistic Thomson scattering curves have been calculated by Mattioli [7]: 

( , ) a0 (, 1, ) [ Z(A; / As)] F r.,s, 8 = '- . 1 ) 1 )y r.,i r.,s exp - 2 , (JO) 
2-vn sm\8/ 2 ~;a 1 X\a 1 a1 

where ao and a1 are fitting parameters, a1 = vrh / c. 

Y and Z are defined as 

Y(A)AJ= 2(Aj Ast sin(8/ 2) , 

~1- 2(A; /As )cos(8 )+(A;/ As Y 
(11) 

Z(A jA ) = ~(A; I As)- 2cos(e )+(A; I Ast -2. 
' s sin(8/ 2) 

(12) 

As is the scattering wavelengthand Te :::;; 25 keV. 
In tigure 10 this is plotted, for several temperatures and taking a0 =fii, which is the 

surface area of a standard ( f(x) =e-x' ) Gaussian, Ai is 694.3 nm (the Ruby laser 

wavelength) and 8 = ;r/2. The surface below the curve is a measure for the electron 
density, ne, and the full width half maximum (FWHM) is a measure for the electron 
temperature, Te. Thus ne and Te are derived as: 
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Figure 10: Relativistic spectrum curves, for Thomson scattering at 90°. 

3.3 LIDAR Thomson scattering 

(13) 

(14) 

The LID AR (Light Detection And Ranging) [8] principle is another set-up for Thomson 
scattering experiments. The measurements are not done in a 90° angle to the laser beam, 
but under 180°, in other words backscattering. A time of flight technique is used to 
determine the position of the scattering volume. 

lf the laser beam would be continuous this would give Thomson scattering from all 
positions along its path. And therefore the position of the scattering element will be 
unknown. By using short laser pulses, it is possible to tell which part of the plasma is 
irradiated at each point in time, by means of a time of flight measurement. The length of 
the laser pulse determines the spatial resolution of the system. A simple calculation is used 
to translate the temporal signal into a spatial signal. In this case the pulses used are 300 ps 
(FWHM), so the length ofthe actual pulses will be 9.0 cm. This is not the only factor in 
the system resolution, the response times of the detectors (650 ps) and digitizers (350 ps) 
have to be taken into account as well. These times are the full width half maximum values 
of Guassian curves. The addition, a convolution, will therefore be the square root of an 
addition of squares of times, r1, rdet and rdig· Equation 15 gives the relation between the 
different relevant times, t is the typical time resolution of the JET edge LID AR system. 

(15) 
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3 Thomson scattering 

The calculation of the spatial resolution of a LID AR system, the edge LID AR (section 4.2) 
in particular, is shown in figure 11. The top part of tigure 11 shows the laser beam as it 
progresses through time and space, solid lines. And it shows the returning, scattered light, 

dashed lines. The laser has a Full Width Half Maximum of R = 300 ps, the detection 

system has a Full Width Half Maximum of ~r~et + r;;g = 738 ps. The lower part ofthe 

figure shows a magnification of the scattering volume to clarify the geometry involved in 
determining the total system resolution. 

x 

300 ps 

~L 

t 

' ' 

' ' ' ' ' ' ' ' ' ' ' 

Figure 11: Tt is the length of the laser pulse and ~r ~et + r ~;8 is the length of the detection 

and digitising system. 
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3 Thomson scattering 

From this geometry it follows that the two factors needed to calculate the system 

resolution are ~r1 and ~ r~et +r;ig . Because these are Full Width HalfMaximum 
2 2 

values of Gaussians one has to convolve them to get the new FWHM, which amount to 
taking the square root of the actdition of squares, this gives: 

A r _ (c )2 {c I 2 2 \2 C I 2 2 2 
IJ.L- z'r l + \2 -y'r del +-r dig J ~- -y'r/ +'r del +-r dig • 

2 
Another way of looking at this is explained in appendix A2. 
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4 The two LIDAR Thomson scattering systems at JET 

4 THE TWO LIDAR THOMSON SCATTERING SYSTEMS 
AT JET 

At JET two LIDAR Thornson scattering systems have been developed. As the narnes 
suggest, the core LID AR, is aligned on the core of the plasma (line 1 in figure 12) and the 
edge LID AR, is aligned on the edge of the plasma (line 2 in figure 12). 

2 

,....., 
E 1 

-+-' 
..c 

0 Ci' 
(i) 
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- 2 / 

2 3 4 
Majo r rad ius [m ] 

Figure 12: The co re (I) and edge (2) LID AR lines of sight. 

Both systerns have the samebasic set-up. A ruby laser provides the input and a set of 
mirrors and lenses is used to guide the laser beam down into the Torus, another set of 
mirrors and lenses is used for the collection of the scattered light and transport to the 
spectrometer. The laser beam has to travel approximately 50 m to reach the scattering 
volume. Due to possible harrnful radiation from the Tokamak, no delicate equipment is 
placed in the Torus hall, not ju st to prevent damage by radiation (neutrons and y) to the 
equipment but also because this equipment will need regular maintenance, which is 
impossible in the Torus hall. Only input and collection opties are located near the 
Tokamak. Lasers, detectors, digitizers and electranies are situated in the roof laboratory 
( rooflab ), which is placed on top of the Torus hall and outside the biologica! shield, see 
figure 13. The actual data processing is discussed in appendix A3. 

4.1 The core LIDAR 

The core LIDAR system at JET, KE3 in JET jargon, measures plasma core electron 
densities and electron temperatures. From these two the electron pressure can be derived. 
The input system consistsof a 4 Hz, 1 J, 300 ps ruby laser (Àr-694.3nm). This laser beam 
is directed down into the Torus via a system of mirrors and lenses. The same path but a 
different set of mirrors and lenses is used to collect the scattered light. A set of seven 
windows has been created in the Torus, see figure 14. This is a set of seven windows 
instead of one big window for two reasons: a) a window of this size (0input = 6 cm, 
0 collect = 17 cm, one window would have to have 0 one = 42 cm) with the same properties 
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4 The two LIDAR Thomson scattering systems at JET 

would have been very difficult to produce and b) the laser will eau se a lot of refractions 
and therefore stray light in the window, which is now separated from the detection 
system. According to [6 and others] the total scattered power is: 

(16) 

where Pi is the input power, f1L is the lengthof the scattering volume, L1.Q is the solid 
detection angle and r0 = il4nê()mec2 = 2.82x10-15 mis the classica! electron radius. For 
this system: L1.Q = 5.5x10·3 , ne = lx1020 m·3

, f1L = 9 cm, so (P/Pi)KE3 ;:::: 3.9x10·13
. Which 

shows that a bright souree and very sensitive detectors have to be used. 
Vacuum 
beamline 

KE3 Digitizers 

CAMAC and 
deleetion electronics 

Bio-shield 

Rooflab 

Torushal 

input mirror 

mirrors 

Figure 13: Overview of the co re and edge UDAR set-up at JET and the rooflab. 

Input window 

Collection window 

Figure 14: The input and colZeetion windows. 

The scattered light coming back through the collection opties is passed through a 
polychromator to split it into six wavelength bands. The core LIDAR system has a six 
channel detection system, each channel detecting a different frequency band of the 
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4 The two LIDAR Thomson scattering systems at JET 

scattered light. All detectors are switched onsome nanoseconds (- 15 ns) before the laser 
pulse enters the plasma, the detectors are gated off after the laser pulse hits the back wall. 
The actual spatial resolution of the core LID AR is 12 cm along its line of sight. In 
figure 15 a typical plot of core LIDAR data is shown, with the profile into which this data 
is translated shown in figure 16 and 17. 
The spikes in figure 15 indicated with number 1, are the time marks, this is a signal fed 
directly into the detectors and is used to calibrate the time against the back wall pulse. 
This is a signal from the optica! bench in the rooflab, which has been passed through a 
delay. The spikes indicated with number 2 are switch-on spikes, which occur when the 
detectors are switched on. The lines indicated by 3 are the base lines, created by the 
plasma background light. The curve under the baseline is the actual Thomson scattering 
data. 

LIDRR CKE3) 

500 
DIG 1 

250 

0 

SHOT: 84 TIME: 60. 880 

500 DIG 4 50 0 DIG 5 

3 

2 50 

21 2/ 
0 0 

0 50 0 

50 

PULSE : 55955 
13 :11:19 22/05 /02 

500 DIG 3 

250 

50 

Plot,Shot,Har dcopy or Exit 

500 DIG 6 

3 
3 

250 

~ 
2 

0 
50 0 50 

Figure 15: The raw care LIDAR data as it is produced by the six digitizers. This is data 
from one laser shot, the vertical axis is the digitizer voltage in m V, and the horizontal 
axis is time in ns, which is later converted to the spatial domain. 1 indicates the time 
mark artificially created to give a timing reference, 2 indicate the switch-on spike, 3 
indicates the base line, created by the plasma background light. The actual TS signa[ 
is the signa[ under the baseline. This particular set of data isfrom Jet Pulse Number 
55955, laser shot number 84 at 60.880 seconds. 

Each trace is from one detector from one laser shot. Time on the x-axis is equal to 
position of the laser pulse in the plasma, the time of flight calculation. At one instant in 
time all six traces are combined to forma wavelength-intensity plot like in tigure 16, the 
relativistically shifted Gaussian is fitted to this and a temperature and density can be 
derived, for that one position. This is then done at regular intervals for the whole curve of 
figure 15 to get a density and temperature trace for one laser shot, like the one shown in 
figure 17. This does not yet give a time evolution of the plasma, for that severallaser 
shots, up to 140 for the core LIDAR, have to be combined. 
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À---. 

Figure 16: Platting a relativistic Gaussian to the raw Care LIDAR data, this one curve 
will then give the electron density and temperafure at that location at that instant in 
time. 
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Figure 17: a) Density plotand b) temperafure plotfrom one laser shot and so the profile 
ofthe plasma can be seen. A pellet injection is visible on the outside (right) ofthe 
density plot, this matter has already been partly transported to the inside via the flux 
surfaces. JPN 49047. 

By combining a number of shots a 3-D plot can be produced, which shows the time 
evolution ofthe plasma profile. Since the laser has a frequency of 4 Hz and can frre 140 
pulses maximum, the time resolution is quite limited but the time window of 35 seconds 
is long enough for the current JET pulses. 
Despite its poor spatial resolution, the core LIDAR is an important diagnostic for profile 
controL And it is the only diagnostic that provides both Te and ne simultaneously. 

4.2 The edge LIDAR 

The 12 centimetre resolution ofthe core LIDAR is not good enough to resolve sharp 
gradients in profiles. These occur, amongst others, at the plasma edge in H-mode 
plasmas. To resolve these edges a special LIDAR system has been installed. The edge 
LID AR spatial resolution along the laser line of sight is still 12 cm. But since the plasma 
properties are assumed to be constant along flux surfaces the effective spatial resolution 
is improved by firing the laser into the plasma under a certain angle. See tigure 18 for a 
simplified graphical explanation. 
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Figure 18: In a) it can beseen how one resolution element covers several flux suifaces, 
therefore it cannot resolve the gradient, in b) however the resolution element covers 
only one drawnflux suiface, thus effectively improving the spatial resolution 
perpendicular to the flux suifaces. 

The LID AR system, called KE9D in JET jargon, has different input and coneetion opties 
than the core LID AR, because it has toenter the Tokamak: under a certain angle and 
because it uses a different set of detectors. The edge LID AR input system consists of a 
1 Hz, 3 J, 300 ps ruby laser (Àt = 694.3 nm). Like the core LIDAR, it has aseven window 
configuration, the rniddle window for the laser input and the surrounding windows for 
collection, although the edge LID AR windows are slightly smaller. In tigure 19 a close
up ofthe input and coneetion opties is given. Since there the plasma has lower 
temperature and density at the edge, higher laser input energy is needed. Like for the core 
LIDAR, equation 16 can be used here, with L\Q = 3.7x10-3

, ne = 2.5x1019 m·3, L\L = 9 cm, 
so (P/Pi)KE9D ~ 6.6x10-14

• 

: I 1 

' ' ' 
' I I 
I ' I 
I 

Scatte red lig ~t 
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Opti es tower 
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4 

Figure 19: The edge LIDAR input and colleerion opties. 1) laser input mirror, 2) input 
and colZeetion widows, 3) beam dump, 4) colteetion mirrors, 5) upward reflecting 
mirror. 
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4 The two LIDAR Thomson scattering systems at JET 

The laser beam is shot through an optical system in the roof of the Torus Hall and down 
onto a frame placed on the JET pumping chamber. This frame holds the laser-input 
mirror, which reflects it into the JET vacuum vessel. The angle at which the laser is shot 
into the vessel can be slightly altered (i! a= 3.4°), so that a better alignment with the 
plasma edge can be achieved. 

The returning light coming through the six outer windows is collected by six slightly 
bigger mirrors (4), these reflect it down onto the opties tower ofthe main LIDAR system. 
Here one mirror (5) reflects the light up through the Torus Hall roof ( tigure 13) and 
towards the spectrometer. The edge LIDAR system has four detector channels. 

In tigure 20 a typical edge LID AR plot is shown, the big spike in the middle of channel 1 
is the time mark. This is created so the right time frame can easily be attached, since this 
time mark indicates the time when the laser beam hits the laser input mirror ( 1 ). lt has 
only been introduced to channel 1 because all the detectors are equidistant to the 
scattering volume and the digitizers use the same reference clock. 

As can be seen in tigure 20 the actual scattered light signal is quite small when compared 
to, for instance, the back wall signal. 
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Figure 20: Typical plot of the jouredgeLID AR detectors, the big spike in the middle is 
the time mark. The time mark is a reference time. The plasma background is measured 
and subtracted. 

In tigure 21 a relativistically shifted Gauss curve fit is shown for the four channels at one 
spatial coordinate. The four profiles from tigure 20 are then combined to forma 
temperature and density profile for this shot. The time base is used for the time of flight 
calculation to determine the position of the radiating volume. These are then combined 
into a density and temperature plot like tigure 22. 
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4 The two LIDAR Thomson scattering systems at JET 

Figure 21: Gaussian curve plot on thefour edge LIDAR channels. 

Since edge LID AR only operates at 1 Hz for 5 secouds (six shots) no real time evolution 
can be observed with this diagnostic. lt does however provide useful instantaneous 
plasma edge information and it shows the potential of this diagnostic if it is developed 
further. 
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Figure 22: Edge LIDAR density and temperature profiles, along the laser line of sight. 

Because the edge LID AR is more tangential to the flux surfaces, the penetration of the 
laser is far less than that of the core LID AR. Ho wever, it might be able to resolve the 
edge gradient, the pedestal value and possibly the scrape off layer. More diagnostics are 
capable of determining the plasma edge parameters, but none of them is capable of 
determining both the Te and ne at the same time. 

The core LID AR is not capable of resolving the gradient and the scrape off layer. 
However, it is able to give the pedestal value, but since it is not capable of determining 
the spatial position of the transition between pedestal and edge it is very difficult to 
extract this data from the core LIDAR. See section 6.4.1 on how pedestal values and 
gradients are determined, from core LID AR and edge LID AR data. 

As mentioned before, the angle at which the laser beam enters the plasma can be varied 
from JET pulse to JET pulse, see tigure 23 for the two outermost laser positions possible. 
By varying the angle the diagnostic will be able to either resolve the edge gradient or 
reach the pedestal. To be able to resolve the gradient high spatial resolution is a must. 
Since the resolution is dependent on the angle between laser and flux surfaces, another 
option is to adjust the plasma shape. lt is possible to give the plasma a more triangular 
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shape where the flux surfaces are flat and parallel to the laser beam. These specially 
designed shapes are the Diagnostic Optimised Configurations, DOC-U and DOC-L, see 
section 6.3. 
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Figure 23: Positions 1 and 2 indicate the two outermost laser positions possible. Also 
displayed is a randomflux suiface configuration in JET, which gives an indication of 
the difference in penetration obtained by changing the input angle by 3.4 °. 

The wavelength of the returned radiation and the intensity is measured using a 
four-channel spectrometer. Channel1: 681-668 nm, Channel2: 675-621 nm, 
Channel3: 632-568 nm and Channel4: 582-511 nm. Figure 24 shows the relativistic TS 
spectrum, earlier seen in figure 10, plottedover the four edge LIDAR channels. 
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• • • • • · Channe11 
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Figure 24: Thomson scattering profiles using afour-channel spectrometer in the edge 
LID AR configuration. Due to relativistic veloeities of the electrans the curve is nota 
Gaussian anymore. The different detector bandwidths are indicated. 
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4.3 The edge LID AR detectors and digitisers 

In figure 25 the edge LIDAR detection system is schematically represented. Filters are 
used to cut the light into four wavelength bands. Which are each detected by a different 
detector. Channell: 681-668 nm, Channel2: 675-621 nm, Channel3: 632-568 nm and 
Channel4: 582-511 nm. The filters do nothave anideal cut-off, so at the edge of its 
bandwidth the transmitted intensity will gradually decrease. This is why there is an 
overlap in wavelengtbs and why a speetral calibration neects to be done, see section 5.3 . 
There are two notch filters in the spectrometer; one in front of channel 1 and one in front 
of channel 2. The channel 1 notch filter filters out the laser bandwidth, 685 - 705 nrn, 
while the channel2 notch filter blocks the wavelength ofDa radiation, 657-652 nm. 
These have to be blocked befare entering the spectrometer so the detectors do not get 
saturated befare the laser hits the backwall. On top of that an extra notch filter has been 
added in front of channell to reduce stray light (670- 692 nm). 
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Figure 25: Spectrometer set-up for the edge LIDAR. 
Objects m1, m2 and m3 are mirrors. Objects f1 - f6 are filters. 
f1 reflects: 621 nm- 681 nm and transmits: 511 nm- 632 nm, 
j2 reflects: 568 nm- 632 nm and transmits: 511 nm -582 nm, 
f3 reflects: 621 nm- 675 nm and transmits 668 nm- 681 nm, 
f4 blocks all except: 685 - 705 nm, 
f5 blocks all except: 657 - 652 nm, 
f6 blocks all except: 670 - 692 nm, 
m1 is the spectrometer input-mirror, m2 is the input mirror for channel 1 and m3 is 
the input mirror for channel 3. 

The detection system consistsof four microchannelplate, MCP, photomultipliers, ITT 
F4128. The detectors are gated by applying a 130 V pulseon the gap between the 
photocathode and MCP input, see figure 26. A constant high voltage is placed over the 
MCP (:::;1800 V), which determines the gain. And a -10 V bias is set over the gap between 
the photocathode and the MCP input, to get a ciosure ratio of> 1013 at the ruby laser 
wavelength, so the MCP can be kept at full gain at all times [9]. The detector parameters, 
as supplied by the manufacturer, are; active diameter: 20 mrn, gain: 105

, rise time:< 300 
ps, shutter ratio: >1013 at 694 nm [8]. More about the detector response time in chapter 8, 
where an attempt is made to experimentally determine this parameter. 
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Figure 26: The gated MCP photomultiplier, Vsias is raised to 130 V to gate the detector, 
VMPC::; 1800 V is responsiblefor the detector gain and Van= 300 V The detector is 
gated at to and closed at te. 

This signalis digitised by a 1.5 GHz, 6 Gsamples/s, Agilent/HP lnfinium 54845A, 
asciiloscape and stared in the JET data acquisition and control system, where it can be 
analysed. A schematic of the data processing is given in appendix A3. 

4.4 Magnetic flux surface mapping 

To be able to campare different diagnostics they will have to be mapped on top of each 
other. However, all the diagnostics are located in different physical positions and have 
different penetrations. This data is incomparable unless the different diagnostics are 
mapped onto the flux surfaces. We have to assume that the density and pressure on each 
flux surface is constant [ 1] and a measurement of one such flux surface should give the 
same result all around the machine. Every edge LIDAR data point is placed on a flux 
surface, these flux surfaces and the plasma shape are reconstructed from data from field 
coils placed around the machine (JET diagnostics KCl and KClD) and calculated by 
EFIT (equilibrium code). This edge LIDAR data is than considered to be constant all 
over the flux surface and can easily be compared toother diagnostics plottedon the same 
flux surfaces. All the data is placed on the midplane, line 2 in tigure 27. 
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Figure 27: Line I is the edge LIDAR laser fine of sight, fine 2 is the midplane fine. 

In figure 28 several JET diagnostics are shown plotted along the midplane. These 
diagnostics are compared to the edge LID AR, to show their agreement for a typical 
plasma. 
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Figure 28: Camparing the edge LIDAR to several other edge resolving diagnostics. 
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5 CALIBRATIONS 

For the data processing, see appendix A3, eertaio calibrations are necessary before real 
measurements can be done. 
- Section 5.1 Raman calibration: 
Necessary to determine the vignetting curve, change in solid angle, of the collection 
system. This calibration is used, together with the laser energy, to calculate the actual ne. 
- Section 5.2 Relative calibration: 
Used todetermine the different gains and sensitivity of the detectors, used to convert the 
recorded signal into the number of photoelectron detected. 
- Section 5.3 Speetral calibration: 
Determine the exact width and the edges of the notch and edge filters in the spectrometer. 
This function is folded with the theoretica! relativistic speetral density function, so the 
theoretica! function is divided into four channels. 

5.1 The Raman calibration 

Ideally one would apply Rayleigh scattering to determine the vignetting curve of the 
collection opties. Rayleigh scattering is the scattering off the bound electroos in atoms and 
molecules. The scattered light is ofthe same wavelength as the incident light. For the 
LIDAR systems this wavelength is blocked out with a notch filter to suppress stray light. 
Therefore, Raman scattering is applied for the callibration. As the laser beam progresses 
through the Torus the fraction of scattered light collected by the frrst collection mirrors 
changes, see figure 29. For the Raman calibration the Torus is filled with N2, which is an 
inert gas. When a laserpulseis now fired into the Torus it will excite vibrational modes of 
the molecular bond between the two nitrogen atoms. This is what causes the Raman 
scattering. This would not work on single atoms, only on double atoms like 0 2, F2, H2, 
Ch, and N2. Nitrogen is inert, cheap and easy to handle. The Raman scattered wavelengtbs 
are very close to the Laser wavelength, therefore only the channel 1 detector can be used 
and a special ruby filter is used to filter out the laser wavelength. The pressure will be the 
same everywhere inside the vessel, approximately 200 mBar. 

The data returned by this measurement is a function of time, this time is then used for a 
time of flight calculation to get a function of position in the co-ordinate system of the 
Torus. Also the position has been mapped in the horizontal (r) position and not along the 
line of sight, see figure 30. This mapping to the r-axis is needed for the data processing 
software. Eventually we want to have the data mapped on the flux surfaces, but this differs 
from plasma to plasma, so it is not possible to do this before the actual plasma shape is 
known. 
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Figure 29: Vignetting. The change of the collection solid angle, L1.Q( r ), due to position 
difference and mirror misalignment. 
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Figure 30: Line of sight mapping on the r-axis. 

This calibration has been done for six input angles, so the different vignetting curves are 
known and the laser can be moved for better alignment with the plasma edge, also an 
interpolation is possible to expand to more positions in between. In tigure 31, the effect 
this calibration has on density profiles is shown fora typical JET pulse. 
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Figure 31: Here edge LIDAR data is shownfor a typical JET putse (55955@ 61.127 s). 
The x 's indicate the data befare calibration, the circles are the calibrated data points 
and the dashed line is the actual vignetting curve used. 

In most JET plasma pulses the edge of the plasma stays well away from the steep drop in 
solid angle, r = 3.45 - 3.8 m. 

In figure 32 the Raman curve is given along the r-axis. The different positions of the laser 
give different curves, not only because their angle is different, but also because their paths 
are of different length. In figure 33 thirteen pre-selected laser paths are shown. Because of 
historie reasoos there is a position 1.5 between 1 and 2. 
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Figure 32: Vignetting curvesjor positions 1.5,2,4,6,8,10,12. These are the original six 
laser positions, the remaining positions have been added laterand the Raman curve 
has been interpolated. See figure 33 and table 1 for the positions. 
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5 Calibrations 

Table 1: Laser positions on the Divertor back wal!, their distances (L) from the input 
mirror and angle (a) with the r-axis. 

Position r[m] z [m] L [m] a [o] 

1 2.310 -1.340 5.38476 28.3260 
1.5 2.360 -1.338 5.33984 28.5616 
2 2.365 -1.345 5.33880 28.6533 
3 2.381 -1.362 5.33296 28.8960 
4 2.397 -1.381 5.32819 29.1580 
5 2.408 -1.400 5.32789 29.3941 
6 2.411 -1.425 5.33759 29.6437 
7 2.413 -1.449 5.34777 29.8778 
8 2.412 -1.475 5.36164 30.1134 
9 2.411 -1.501 5.37559 30.3477 
10 2.401 -1.528 5.39789 30.5414 
11 2.405 -1.550 5.40567 30.7638 
12 2.421 -1.625 5.43077 31.5301 

200 

100 
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-100 

220 240 260 2EIO 

150 2 00 250 300 3 50 400 450 500 

300 

Figure 33: The thirteen pre-set positions of the laser on the inner divertor wal!. Counting 
from top to bottom, keeping in mind that the secondfrom the top is called '1 .5' because 
it was added after the restart. 
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5 Calibrations 

5.2 The relative calibration 

This calibration is also called the 'moon' calibration, because a large white disk is 
illuminated to create a diffuse homogeneaus white light spot. The light souree is a 
calibrated Tungsten lamp, with a known broad band spectrum. The four detector channels 
detect the light coming from the moon. This moon is positioned between the frrst and 
second set of collection mirrors of the edge LID AR system, see tigure 34. 

mirrors 
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ma1n UDAR system 

·-· ·---

st 

= 
Figure 34: Edge LID AR relative calibration set-up, with the maan in-between the first and 

second colZeetion mirrors. 

With the relative calibration the output ofthe detectors with a known input can be 
determined. All detectors have a different output level, this has to be equalised before the 
data can be processed. Figure 35 gives the relative calibration curves. 
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Figure 35: Relative calibration curves for the jour spectrometer channels. 
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5 Calibrations 

To get all signals at the same level, data from channel 1 needs to be multiplied by 0.50, 
channel2 by 0.42, channel 3 by 0.72 and channel4 by 1.00. See figure 36 to see what 
effect this calibration has . 

Correction ... 

Figure 36: Here the actual eaUbration data is used, the data to which the eaUbration is 
appUed is illustrative. Also the difference between the two best-fit Gaussians is clear, 
the corrected curve will give a higher temperafure and density. 

5.3 The speetral calibration 

The speetral calibration or slit function is used for deterrnining the bandwidth and edges of 
the filters in front of the four detectors, see figure 37 for the result. For this calibration a 
Xenon are lamp is used it's light is passed through a Kratos monochromator and than down 
an optical fibre into the spectrometer. The Xenon are lamp is kept at a constant, 30 A, 
current while the monochromator is stepped through the wavelengths of interest, 490-690 
nm. 
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Figure 37: The speetral eaUbration curve for all jour channels. 

680 700 

-+-Channel1 
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_,._ Channel 4 

The notchfilter can clearly be seen to block the wavelength range from 652 nm to 657 nm, 
to block out the Da radiation. The dependenee on the light source, the Xenon are lamp, 
has been taken into account, see figure 38 for this souree calibration. 
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Figure 38: The xenon light souree calibration. 
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This calibration is then combined with the theoretica! fit curves to form a theoretica! fit for 
every channel. As described in the data processing in appendix A3. 
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6 Results 

6 RESULTS 

6.1 Introduetion 

Fortheup-sealing of fusion plasmas to ITER proportions it is important to understand the 
physics behind ELMs better. ELMy H-mode plasma configurations are the prime 
candidate fora Tokamak type fusion power plant. Their confmement is better than L-mode 
discharges and, unlike internat transport harrier plasmas, they can be run in steady state. In 
one ELM event up to 10% ofthe total plasma energy content can be released. Due to the 
fast transient nature of these ELM events the power load on the di vertor tiles can be 
destructive. In order to make ELMy H-modes an acceptable option fora reactor, current 
studies are aiming at reducing the amplitude of a single ELM while maintaining the good 
confmement characteristics ofthe plasma [4] . 

ELM events can bedescribed theoretically with a combined Ballooning, kink instability 
model [10, 11], where ballooning instahilities are pressure gradient driven and kink 
instahilities are current driven. Important input for such a model is data of the edge 
pressure gradient and the edge current profile. Experirnentally, these are hard to obtain. 
This chapter deals with the determination of the edge pressure gradient and pedestal width 
in ELMy H-mode discharges at JET. For Ballooning and kink mode analysis the pressure 
gradient just before an ELM is important, since this gradient indicates the critica! gradient 
that would trigger the mode. We will also try to show the evolution ofthe edge gradient 
during an ELM period. The results of the analysis are described here. Application of the 
measurements as input for theoretica! models is beyond the scope of this report and will be 
discussed elsewhere. 

6.2 Tools and diagnostic optimised configuration 

Traditionally, the tools used to quantify the pedestal in ELMy H-modes at JET are the 
ECE radiometer for the electron temperature, edge charge exchange for the ion 
temperature, and the edge interferometer channel for the electron density [12] . However, 
to monitor the edge gradient in electron density and temperature a special edge LID AR 
diagnostic was developed. The edge parameters measured by this system generally suffer 
from instrumentallirnitations and the gradient can not be resolved. For this purpose a 
special plasma shape was developed (see below). Furthermore, the edge LIDAR 
diagnostic yields only 6 measurements per discharge at 1Hz repetition rate. Therefore the 
timing of the diagnostic has to be selected carefully to the heating phase of the plasma. 
Timing of the laser with respect to an ELM is not possible and therefore has to be 
performed at random. Since we would like to exarnine the pedestal behaviour around 
ELMs, a database of shots has be created so the random laser shots can used to gain 
knowledge about the ELM behaviour. For this, timing with respect to an ELM has been 
introduced, the ELM phase. It is represented by a number between zero and one, where 
zero is on top of an ELM and one is just before an ELM. See tigure 39. 
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Figure 39: ELM phase, this represents the timing with respect to an ELM. 

The Diagnostic Optimised Contiguration (DOC) ensures that the edge LID AR line of sight 
has the optimum angle with the last closed flux surface of the plasma. 

6.3 DOC-U, DOC-L & HT3 

Two special H-mode plasma shapes have been developed by Marc Beurskens and Marco 
de Baar, the Diagnostic Optimised Configurations, DOC-U (upper) and DOC-L (lower) . 
These configurations have been designed to improve diagnostic accessibility ofthe 
plasma. The Upper version was designed specially for the edge LIDAR, soit can resolve 
the gradient and it also has good alignment with the Lithium beam (section 2.7.3). The 
DOC-L is designed for the infra red cameras and is not very useful for the edge LIDAR, as 
will be shown later, section 6.6.3. Figure 28 shows the difference between DOC-U (light 
blue) and DOC-L (dark blue). 
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Figure 40: DOC-U (light blue) and DOC-L (dark blue). 
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6 Results 

The HT3 was oot specially designed to accornmodate diagnostics, but this shape happens 
to have a good form for the edge LID AR soit penetrates deep enough to see the pedestals 
and still resolve the gradients. 

Whether or oot a gradient cao be measured depends on the spatial resolution of the system. 
To determine whether a measured gradient is realor limited by the system resolution we 
convolute the system resolution (12 cm) with a step function and compare this with the 
measured data, see tigure 41 . This also shows that the system resolution is much smaller 
than the pedestal width. 
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Figure 41: System resolution convoluted with a step function to get the theoretica! 
maximum resolved gradient. The theoretica[ curve is steeper than the actual data, 
which means it is resolved. 

The edge LIDAR resolves about 50% ofthe HT3 gradients and almost always reaches the 
pedestal, for DOC-U these numbers are 60% resolved and no pedestal reached and for the 
DOC-L 40% ofthe gradients are resolved and still the pedestal is oot reached. 

Table 2: Instrument limitations 

Resolution Penetration Te min ne 
[cm] (p) [eV] [m-3] 

Edge LIDAR 1.5 (DOC-U) 0.98 200 5xlO' lS 
3 (DOC-L) 0.95 200 5xl01lS 
2.5 (HT3) 0.95 200 5xl01lS 

ECE 2 0.0 -500 
Interfera meter - -0.85 5xl017 

Edge Charge Exchange 2.5 0.75 -100 

6.4 Pedestal analysis techniques 

For analysis of the pedestal width and edge gradient on JET the following diagnostic 
systems are available: ECE, interferometry, core LID AR and Edge LID AR. 
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6 Results 

We have developed three techniques to analyse the pedestal data, the ftrst two are based 
solely on the edge LIDAR while the third also used the interferometer. 

6.4.1 Manual determination of the pedestal width and edge gradient from the data 

When the Pedestal is reached by the laser beam, it is very straightforward to determine the 
pedestal temperature and density. One can read them from the graphics given by a 
programme that plots the data as a function of p, see ftgure 42. 
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Figure 42: A density plot, which clearly shows that edge LIDAR reaches the pedestal on 
this shot. JPN 55272 at 61 .127 s. IAD3 and IAD4 are the line-averaged densities 
given by inteiferometer chords 3 and 4 respectively. 

lfthe pedestal is not reached by the edge LID AR laser beam then both edge and core 
LIDAR are used todetermine an approxirnate pedestal position and its values. Since the 
spatial resolution of the core LID AR is much lower than that of the edge LID AR it will 
not detect the pedestal edge, see ftgure 43. By interpolating the core LIDAR data and 
extrapolating the edge LID AR data it is possible to get a reasonably good estirnate of the 
actual pedestal position and values. 
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Figure 43: Estimated fedestal position: p =0,9788 m, estimated pedestal density: 
ne=2.9078x1019 m·. P again indicates the pedestal. JPN 55435 at 67.875 s. 

The same technique can be applied for the temperature and pressure. However, the values 
ofthe temperature for edge LIDAR and core LIDAR are quite different. Todetermine an 
estirnated temperature the same position, p, is used and the temperature is taken halfway 
between the extrapolated edge LIDAR data and the interpolated core LIDAR. See 
figure 44 for this process and also for the determination of the pedestal pressure, which is 
done in the same way. 
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Figure 44: Pedestal temperafure and pressure if edge LIDAR does nat reach the pedestal 
top. The blue line indicates the pedestal position as determined infigure 43. 
Te = 477.905 eV and Pe = 1942.17 N!m2

. JPN 55435@ 67.877 s. 

This method of determining the temperature, and therefore pressure, is not accurate. As 
can be seen in figures 43 and 44, the core LID AR density is close to the edge LID AR 
density but the temperature and pressure are not. lt has to be taken into account that the 
values determined in this way are estimates. And if an accurate temperature or pressure 
measurement ofthe pedestal is needed, the edge LIDAR laser beam really has to penetrate 
the plasma deep enough to reach the pedestal. 

This method can be used to estimate the pedestal width and pedestal height, when both are 
know, one can calculate the pedestal gradient ne,ke9ol L1 . Because a linear gradient is 
assumed here it will usually give an underestimate ofthe gradient. 

6.4.2 Tangent hyperbalie fit to the data 

lf the gradient is resolved, the width of the pedestal, l1, can be estimated by the manual 
method described above. Alternatively a systematical parametrie approach can be applied. 
Por instanee a Tanh can be fitted to the data, with an estimated pedestal height given by 
the interferometer (lnterferometer, LAD3 and LAD4) fora density fit and the ECE fora 
temperature fit. In tigure 45 an example is given for both these methods. 

The temperature pedestal height is on the 'knee ' of the ECE data, this 'knee ' is also 
indicated in tigure 45. Note that for both methods the edge LIDAR data does not 
necessarily have to reach the pedestal. Ho wever, these methods only work if the actual 
gradient is resolved by edge LIDAR. The pedestal gradient is calculated by taking the 
tangent at the steepest point ofthe Tanh fitted to the edge LIDAR data. 
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Figure 45: Estimations of the pedestal width by using the Tanhfit and taking 
the 5% - 95% values, fora) density and b) temperature. JPN 55277 and JPN 55924. 

6.4.3 Deconvolution of interferometer data 

When the gradient is not resolved, but the pedestal is reached edge LID AR data can be 
combined with the line averaged interferometer data, LAD4, when a flat top H-mode and a 
linear gradient is assumed. The line averaged density, n e.LAD4, and the edge LIDAR 
pedestal density, n e, KE9D, are related toeach other as : 

n,,lM< = ( !- ~ }..XE9D • (17) 

where ~ is the pedestal width and L is the chord length of LAD4. Rewriting this we get, 

~ = (l- n e,LAD4 }· 

n e,KE9D 

(18) 

See tigure 46 for clarification. 

Edge LIDAR 
n e,ped 

LID4 

L 

0~--~----------------------------------~~ z---. 
Figure 46: At first the integral wilt be taken over the entire chord of LID4, then, under the 

assumption that de pedestal width is equal at bath ends, this is translated into a 
pedestal width along Rmid· Where Z is the vertical coordinate of the Torus. 
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6 Results 

The LAD4 chord length, L, is 1.16 m, ne,LAD4 and n e, KE9D are deterrnined so the ~·scan 
be calculated. The ~·s deterrnined in this way arealong the interferometer line of sight, 
they still have to be mapped onto the rnidplane (section 4.4) . This leads to the two ~ · s , one 
at each side of the chord, being mapped on top of each other. See tigure 47 for 
explanation. 

2 

e 

-1 

2 3 35 
ltajor Rad1us [11] 

Figure 47: An explanation of the mapping-of pedestal widths determined by the 
inteiferometer combined with the edge LIDAR. 

When this interferometer line of sight is mapped onto the rnidplane, the dashed line 
through the centre ofthe plasma, the two pedestals, ~1 and ~2. will be mapped on top of 
each other. At frrst we assumed ~1 and ~2 to have the same size, during the mapping this 
was proven correct. To give an example: ~ 1 = 0.167 m, ~2 = 0.167 m, ~ = 0.029 m. 
When the pedestal height is known, the average pedestal gradient is ne, KE9DI~. 

6.5 Comparing the edge LID AR with other diagnostics 

Other diagnostics are capable of measuring the edge gradient, but none of them can 
measure both temperature and density. So, frrst a comparison between different 
diagnostics . 

6.5.1 Edge LIDAR vs. ECE 

The ECE Heterodyne Radiometer (KK3) is capable of measuring the plasma edge electron 
temperature. After selectinga number of JET pulses with comparable parameters and then 
selecting those edge LID AR shots which are in a relevant time window and not too close 
to an ELM. For most ofthe shots used the pedestal was not reached by edge LIDAR and 
the manual method described in section 6.4.1 was used. The results are show in tigure 48. 
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Figure 48: Camparing edge LIDAR with ECE. 
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As can be seen in tigure 48 the temperatures measured by both methods seem to agree. 
This contirrus that indeed the temperature pedestal value is well determined when using 
the metbod described in tigure 44. 

6.5.2 Edge LIDAR vs. Interferometer 

The interferometer provides a line-integrated density and nota point-to-point spatial 
resolution. This makes it very susceptible to, for instance, peakedness for the chords that 
measure the plasma core. And the edge chord, LID4, is greatly influenced by the pedestal. 
In tigure 49 the edge LIDAR date is compared to LAD3 and LAD4. The interferometer 
Line lntegrated Density, LID3 and LID4, are frrst translated to the Line A veraged 
Densities, LAD3 and LAD4 respectively, by dividing the LID3,4 by its chord length. 
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Figure 49: Camparing the pedestal height as determined by edge LIDAR ta the pedestal 
height determined by the twa interferameter chards IAD3 and IAD4. 
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6 Results 

LAD3 is higher than edge LID AR because of the peakedness of the plasma profile, while 
LAD4 is below the edge LID AR values because it integrates over the pedestal insteadof 
ju st taking the pedestal height. The assumption of taking the mean value of LAD3 and 
LAD4 as the pedestal height (green triangles in tigure 49) seems well justified, especially 
for low density. At higher densities the deviations of the LAD3 increases, this is probably 
due to the plasma profiles becoming hollow, negative peakedness, so the core density is 
below the pedestal density. Note that only that data is used where the edge LIDAR 
actually reaches the pedestal, otherwise the interferometer can not be deconvoluted. 

6.6 The three plasma shapes analysed 

6.6.1 HT3 

The HT3 plasma shape has a high triangularity, 8 = 0.45. And was used for high delta 
research and a search for type 11 ELMs A beniticial ELM type in terms of plasma 
confmement and emission of energy and particles during the crash. The pulse list can be 
found in appendix A4. 
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Figure 50: The HT3 configuration. 

The HT3 shape is a very usefull shape for the edge LID AR, it has a high triangularity and 
therefore the edge LIDAR laser beam is tangential to the plasma edge. This can beseen in 
the results as 50% of the gradients are resolved and the pedestal is almost always reached. 

The pedestal width is determined using the Tanh metbod and the rnanual method (6.4.1) 
and then plotted against the ELM phase, to look for a correlation between ELM phase and 
pedestal width. 

In tigure 51 there seems to be a slight increase in pedestal width with increasing ELM 
phase, although the spread of data is too large to give a defmite conclusion. Both methods 
are shown here to show that they agree. 
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Figure 51: The pedestal width, .1, as ajunetion of ELM phase. 
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The pedestal gradient as a function of the ELM phase, again both methods are shown. 
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Figure 52: Pedestal gradient as function of ELM phase. The gray symbols are unresolved. 

Again a very large spread and defmitive conclusions cannot be made, although it does 
seem to be constant. Which is not what we would expect, especially the gradient was 
expected to react to the ELM phase, rnaybe we are not close enough to an ELM and the 
gradient reeovers earlier from an ELM than the width. 

Even though no clear condusion can be drawn from these results one more thing can be 
shown and that is the correlation between pedestal width and pedestal gradient, see 
figure 53. 
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Figure 53: The pedestal gradient as ajunetion of pedestal width. Green is resolved, grey 
is unresolved. 

A strong correlation can be seen between the pedestal width and the pedestal gradient, 
although when we just look at the resolved data, green squares, the trend is less obvious. 
More data would be useful. The average pedestal width measured is 5 cm, extremes 
3 - 6 cm indicating a spread in the determination of about 30%. 

6.6.2 DOC-U 

The Diagnostic Optimised Configuration, DOC, was designed to accommodate a number 
of diagnostics, mainly the edge LID AR and Lithium beam. Later a lowered down version 
was designed and the original DOC was renamed to DOC-U, and the new shape was 
named DOC-L. The pulse list can be found in appendix A4. 

f 0 

- 1 

2.0 2.5 3.0 3.5 4.CI 
hiafor raci'u13(m) 

Two series used: 

1) lp = 1.2 MA 
Br= 1.2 T 
Pmr= 4.5-7 MW 
8= 0.3-0.4 

2) lp= 2 MA 
Br= 2.4 T 
Pmr = 9.7 - 12.3 MW 
8= 0.32 

Figure 54: The Upper Diagnostic Optimised Configuration, DOC-U. 

Even though the triangularity is less than that of the HT3 plasmas, the laser beam is more 
tangential to the last closed flux surface at the bottom. And 60% of the gradients is 
resolved, the pedestal however is not reached. 

45 



6 Results 

When camparing the different methods todetermine the pedestal height. We get a similar 
picture as for the HT3. But because edge LID AR does not reach the pedestal we use 
LAD4 for the horizontal axis, see tigure 55. 
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Figure 55: Platting the pedestal height as determined by the different diagnostics. 
Because he edge LIDAR does not reach the pedestal top l.AD4 is usedfor the 
horizontal axis. 

Edge LIDAR is lower than LAD4, which proves that edge LIDAR does not reach the 
pedestal top. As expected, Tanh and LAD3 are higher than LAD4. 

Here the Tanh method seems the most reliable, because the pedestal is not reached but a 
good estimate is made by using the mean value of LAD3 and LAD4 and the gradient is 
determined by the edge LIDAR data. The 1.2MA/1.2T plasmas have both type I and type 
111 ELMs, which have different characteristics and are plotted separately in tigure 56. 
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Figure 56: Pedestal width and gradient plotsjor the 1.2MA/1.2T JETpulses, the red data 
points are type 1/1 ELMs. The white symbols are unresolved. 

Type 111 ELMs reach higher density and forma separate group, more so for the width than 
the gradient. The pedestal width increases with the pedestal height. The gradient 
apparently decreases with increasing pedestal density. 
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Figure 57: For the 2MA/2T JET pulses the same trend can beseen as f or the 1.2MA/1.2T 
pulses, he re the type lil ELMs also re ach higher density and f orm a separate group. 
The white symbols are unresolved measurements. 

Note especially the difference between Tanh and manual in the right graphof figure 57, 
the manual method clearly underestimates the gradient, which was to be expected since 
this method calculates an average I:!Jne,KE9D and the Tanh fit uses the point of steepest 
gradient. So the manual method will always underestimate the gradient when compared to 
the Tanh fit. Again the type lil ELMs forma separate group at higher pedestal densities. 

When the 2 MA plasmas are compared to the 1.2 MA plasmas, see figure 58, one can see 
the difference. 
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Figure 58: Camparing the 2 MA plasmas with the 1. 2 MA plasmas. The white symbols are 
unresolved. 

The 1.2 MA plasmas have, in general, a lower pedestal density, the pedestal gradient is 
lower and the pedestal is wider. But they do show the same trends: decreasing gradient 
with increasing pedestal height and increasing pedestal width. 
To get a better overview, all these results are plotted together against the normalised 
density, which is the pedestal top density divided by the Greenwald density limit [13], 
n e,gwd in tigure 59. 
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6 Results 
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Figure 59: The different plasmas and ELM types plotted against the normalised density. 

When cernparing the pedestal widths (ne, Te and Pe) for the 2MN2T, we see that they all 
have the sameaverage pedestal width, tigure 60. 
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Figure 60: The pedestal widthfor density, temperature and pressure in the 2MA/2T 
plasmas_ 

The average pedestal width, in 2 MA DOC-U for density, temperature and pressure is 
2 - 4 cm. The spread in data is large but the density pedestal width shows an increase, 
while temperature and pressure seem to be constant_ Note that the pressure is calculated 
from the density and temperature. 

Like for the HT3 plasma the correlation between pedestal width and pedestal gradient is 
strong, see tigure 61. 

0.8 

The two different plasma contigurations, 1.2 MAand 2 MA, have different curves_ As was 
already expected from tigure 58_ For L2 MA we get an average pedestal width of 4.5 cm, 
for 2 MA plasmas 2.9 cm, note that forthese averages only the type I ELM plasmas are 
used_ Also these curves show us that apparently the pedestal height is almost constant, 
independent of the pedestal width or gradienL This becomes visible when looking at the 
fitted curves, for both 1.2 MAand 2 MA plasmas the curve is Grad = Ax/1-0.s, where A is 
a constant_ 
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Figure 61: Strong correlation between pedestal gradient and pedestal width. The 
difference between 1.2 MA plasmas and 2 MA plasmasis clearly visible. 

6.6.3 DOC-L 

The lower Diagnostic Optimised Configuration, DOC-L. This plasma shape is designed 
for the divertor infrared cameras, and does not really have any other diagnostics in mind. 
The idea however was that since it is the same plasma shape, just lowered down the 
characteristics should be the same as for DOC-U. Unfortunately the plasma shape had to 
be adjusted more than originally intended. The pulse list can be found in appendix A4. 
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Four series: 

1) lp= 2 MA 
Br= 2.4 T 
Pror = 10.6 - 12.3 MW 
8= 0.27 

3) lp= 1.2 MA 
Br= 1.2 T 
Pror = 7 MW 
8= 0.27 

2) lp= 2 MA 
Br= 1.8 T 
Pror = 8.7- 12.1 MW 
8= 0.27 

4) lp= 2.5 MA 
Br= 2.7 T 
Pror = 9.3- 12.6 MW 
8= 0.27 

Figure 62: The Lower Diagnostic Optimised Configuration. 

Since this plasma shape is a lowered down version of the DOC-U the laser beam will 
penetrate the plasma further, this leads to 40% resolved gradients and still the pedestal is 
not reached. 
When makinga comparison between the different diagnostics we gettigure 63. Because 
edge LIDAR does not reach the pedestal top we use LAD4 as the horizontal axis. 
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Figure 63: Camparing the different diagnastics. 

Edge LIDAR seems to be close to the pedestal top, because it is close to the Tanh fit , 
however it is visible that it does not quite reach the pedestal. 
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Figure 64: Camparing the different plasma currents. The white symbals are unresalved. 

The gradient increases with pedestal height and the pedestal width decreases with pedestal 
height. This trend is visible in all three plasma configurations shown in figure 64. The 
difference between different plasma currents, seen in DOC-U, is not visible here. 

The correlation between gradient and width is visible as it is in DOC-U, see tigure 65 . 
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Figure 65: Correlation between pedestal width and pedestal gradient. 

The difference between the different plasma configurations is not as pronounced as in the 
DOC-U. 

In the next figure we plotted the pedestal width for the electron temperature, density and 
pressure. 
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Figure 66: The temperature, density and pressure pedestal width. 

The trends seem to be different than those seen in DOC-U, but the spread in data is large 
about 50%. The average value is about 50% higher. 
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7 Conclusions 

7 CONCLUSIONS 

The spread in determined pedestal width is 25% for DOC-U and 50% for DOC-L. This is 
visible in the spread in the graphs shown in the previous section, this spread is either 
caused by statistics, instrument limitations or real physics. Since the pedestal width is 
much larger than the system resolution it is likely that this spread is not caused by the 
system resolution, but by statistics. Although there is a very large spread in the data, trends 
can be detected when a database is produced and a large number of discharges and laser 
shots are plotted together. 
At low plasma current, 1.2 MA, the pedestal is a factor 1.5 - 2 wider than at higher plasma 
current, 2 MA. The pedestal ofDOC-L is about 50% wider than the pedestal ofDOC-U, 
but this might be due to the resolution limitations of the edge LID AR for DOC-L plasmas, 
an unresolved gradient willlook wider and has a lower gradient than the real thing. 
Density, temperature and pressure pedestal widths are of the same order of magnitude for 
each plasma configuration. 
In table 3 the results gained from the created database are summarised. 

Table 3: The results summarised. 

Property 
DOC-U DOC-U DOC-L DOC-L 

1.2 MA/1.2T 2MA/2.4T 1.2MA/1.2T 2MA/2.4T 
~ ne (cm) 2-6 2-4 5-12 3-8 

~Te (cm) - 2-4 - 8-4 

~ Pe (cm) - 2-4 - 5.5 

Grad ne (m4
) 50- 150 50-350 50- 100 75-300 

Grad Pe (kPa!m) - 50-350 - 50-250 

7.1 Recommendations 

From this work it is clear that the edge LIDAR is a useful tooi for the plasma edge 
diagnostics. The recent update, where the laser line of sight has been modified, has proven 
useful for edge alignment on different plasma shapes. However, the edge LIDAR time 
resolution (laser frequency) is too low to be able to measure the time evolution of a single 
plasma shot. Currently, work is being done to get new and faster detectors, which should 
improve the spatial resolution. Producing the current database of edge LID AR data is very 
labour intensive, collecting the data comparing the data from different shots and 
comparing it to different diagnostics, the development of a software package for this 
would greatly increase the usefulness of the diagnostic. 

The analysis of edge pedestal width and gradient will be used as input for modelling. The 
discussion of this application stretches beyound the scope of this report, and will be dealt 
with elsewhere. 
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7 Conclusions 

Due to great constraints for diagnostic access to jet plasmas it is hard to design a system 
that fulfills the very demanding physics of edge measurements. Given that the typical 
parameters of the edge plasma require a resolution of less than 1 cm. 
An error bar of 10% for pedestal width and gradient would be desirable, the jet edge lidar 
system yields a resolution varying from 1.5 to 3 cm , see table 2, depending on the 
penetration. The accuracy is typically 10% for the electron density and 15% for electron 
temperature, at a plasma density, ne, of 1019 m-3

. 

Typical edge densities are in the range 1x1019
- 5x1019 m-3 at the top down to 1x1018 m-3 

in the vicinity of the last closed flux surface. 
Therefore it can be concluded that the jet edge lidar system does not fulfil the above 
requirements. From individual profiles it is not possible with the accuracy needed, by 
databasing ho wever, trends, as a function of plasma current and triangularity, can be made 
visible. 
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8 Single photoelectron event measurements 

8 SINGLE PHOTOELECTRON EVENT MEASUREMENTS 
OF RESPONSE TIME OF MCP PHOTOMUL TIPLIERS 
(ITT F4128) 

8.1 Introduetion 

To determine the advantages of using new detectors for the edge LID AR Thomson 
scattering diagnostic, it is necessary to know the response time of the current detectors 
(ITT F4128 MCP photomultipliers). Estimates ofthe response time of these detectors plus 
the digitizers have been made by creating and measuring the duration of single 
photoelectron events. 

8.2 Experimental set-up 

V Bias V Me P Van 

~ e~~~ e-.~~ 
t t t 

Photocathode MCP Anode 

Figure 67: The gated MCP photomultiplier, VBias is raised to 130 V to gate the detector, 
VMcP = -3.3 kV is responsiblefor the detector gain and Van= 300 V 

Light from a -lOOOW Xenon are lamp was used to illuminate the input slit of a Kratos 
monochromator. Light from the exit slit was focussed onto a fibre optie. The light from the 
fibre was directed to channel2 ofthe spectrometer by a 25mm diameter, 50mm focal 
length lens. The gain of channel2 was maximised by setting the High Voltage to -3.3kV. 
See figure 67 for a sketch of the photomultiplier. 

A neutral density (ND) filter was placed at the entrance of the optical fibre to reduce the 
input light. A wavelengthof 640 nm was used, which is in the waveband detected by 
channel2. The driving current ofthe xenon lamp (also used for the edge LIDAR relative 
calibration) was set to 30 A The ND filter is changeduntil an attenuation is reached where 
only single separate peaks are detected. These are considered to be the single 
photoelectron events, where a single electron is excited out of the photocathode. The 
single photoelectron is amplified by the MCP (microchannelplate) and then accelerated to 
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8 Single photoelectron event measurements 

the anode. The output current pulseis detected using the digitizer. See tigure 68 fora 
set-up sketch. The single photoelectron events should give the fastest response time of the 
system, detector plus digitizer. Three digitizers (oscilloscopes) are used; the currently used 
HP-Intinium 1.5 GHz BW, the borrowed LeCroy 5 GHz BW and the Tektronix TDS 540, 
500MHzBW. 

Edge LID AR detector box 

Figure 68: Sketch of experimentalset-up 1. The light souree is connected to the 
monochromator via an opticalfibre. 

8.3 Results 

Oscilloscope settings HP-Infmium 1.5 GHz BW: 
Set the scope to 8 Gs/s, use input channel 1. 
Store a baseline in memory 1: 10 mV/div, 2 ns/div. 
Channel1: 10 mV/div, 2 ns/div. 
Set math1 to subtract memory 1 from channel1: 2 mV/div, 2 ns/div. 

In tigure 69, two single photoelectron events, as measured in the way described in 
section 8.2, are shown. 
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Figure 69: Two single photoelectron events in channel 2. 
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8 Single photoelectron event measurements 

The measured total system response times are: 'r101 = 750 ± 30 ps and 'r101 = 815 ± 30 ps for 
event 1 and event 2 respectively. 

A further set of ten single photo-electron events were observed: 
Measured FWHM: 660 ps, 650 ps, 757 ps, 773 ps, 736 ps, 765 ps, 801 ps, 691 ps, 900 ps, 
and 903 ps. 
Average: 'rtot = 763.6 ± 87.7 ps 

The experiment wasthen repeated using the LeCroy 5GHz BW oscilloscope 
The settings were: 

20 Gs/s using input channel 2. 
Store a baseline in memory 1: 10 mV/div, 2 ns/div. 
Channel2: 10 mV/div, 2 ns/div. 
Set math1 to subtract memory 1 from the channel2: 2 mV/div, 2 ns/div. 

Measured FWHM: 460 ps, 380 ps, 371 ps, 540 ps, 380 ps, 520 ps, 340 ps, 440 ps, 320 ps, 
and 580 ps. 
Average: 'rtot = 433.1 ± 89.6 ps. 

In figure 70 plots of the two scopes are compared. 
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Figure 70: Typical traces of a single photon-electron eventon a) HP-Infinium scope, b) 
LeCroy oscilloscope. 

The experiment wasthen repeated using the Tektronix 500 MHz BW oscilloscope 
The settings were: 

1 Gs/s using input channel 1. 
Store a baseline in reference 1: 10 mV/div, 2 ns/div. 
Channel1: 10 mV/div, 2 ns/div. 
Set math1 to subtract reference 1 from the channel1: 2.5 mV/div, 2 ns/div. 

Measured FWHM: 1.32 ns, 1.12 ns, 1.56 ns, 1.60 ns, 1.12 ns, 1.60 ns 1.00 ns, 1.44 ns, 
1.04 ns, 1.12 ns. 
A verage: 'rtot = 1.292 ± 0.24 ns. 

57 

18 20 



8 Single photoelectron event measurements 

8.4 Analysis 

8.4.1 Original setting 

When usingrrot = r;;g +r~et, it is possible to make an estimate ofthe response time ofthe 

detector. 

Since it is known from theory that rdig = ~ B~, with K= 3 and the bandwidth set to 1 

GHz, we get 'rdig ~ 350 ps. 
This then gives 'rdet = 663 ± 34 ps and 'rdet = 736 ± 33 ps for the two events detected. 

8.4.2 HP-Infinium 1.5 GHz BW, LeCroy 5 GHz BW and Tektronix 500 MHz BW. 

1: HP-Infinium 1.5 GHz BW: 'r10 r,I = 763.6 ± 87.7 ps. 
Using the previous analysis this would give: 'rdet = 678.7 ± 97.3 ps 

2: LeCroy 5 GHz BW: 'rw t,2 = 433.1 ± 89.6 ps. 
Since this is a 5 GHzscope we will get 'rdig,2 = 66.67 ps. This would give: 'rdet = 427.9 ± 
90.5 ps. 

3: Tektronix 500 MHz BW: 'rrot,3 = 1.292 ± 0.24 ns. 
Since this is a 500 MHz scope we will get 'rdig,2 = 666.67 ps. This would give: 'rdet = 1106.7 
± 272.6 ps. 

This seems to be very strange since nothing has been changed on the detectors. 
Maybe K-:j::. 3, since we now have two independent measurements this can be checked. 

(19) 

(20) 

'rdet is equal for both systems, since we did not change anything on the detector. !"101,1 and 
!"101,2 are the measured response times of the entire detection systems, while 'rdet is the 
actual detector and rdig,I and 'rdig,2 the actual digitizers. 
So combining equations 19 and 20 yields: 

(21) 

Since the scope band widths are given, BW1 and BW2, rdig,I and rdig,2 can be calculated, 
leaving Kopen for the moment; 
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8 Single photoelectron event measurements 

with BW1 = 1.5 GHz, BW2 = 5 GHz, 'rtot,I = 763.6 ± 87.7 ps and 'rtot,2 = 433.1 ± 89.6 ps 
equation 22 gives 1C = 1.0 1. Then using equation 19 or 20 with this 1C gives the detector 
response time: 'rdet = 385 ps. The detector response time specified by the manufacturer is 
'rdet = 300 ps. 

Tektronix: Combining the Tektronix with the HP gives 1C = 1.8, combining the data with 
the LeCroy oscilloscope gives 7C= 1.6. And a calculated 'rdet of 668 ps and 415 ps 
respectively. 
Table 4 below shows the possible combinations. 

Table 4: Possible combinations of data to calculate 'rdet· 

K LeCroy HP Tektronix 

'rdet1,2 1.01123 385 ps 385 ps 

'rdet2,3 1.80927 419 ps 669 ps 669 ps 

'rdet1,3 1.63482 415 ps 646 ps 415 ps 
theory 3 428 ps 731 ps 1107 ps 

By minimising the difference we get 1C= 1.692 with detector response times of 417 ps, 654 
ps and 522 ps, for LeCroy, HP and Tektronix respectively. 

8.5 Conclusions 

The calculated 7Cis much lower, almost a factor two, than expected from the theory. 
The detector response time provided by the manufacturer is 300 ps, this time cannot be 
found in our data. 

However section 8.4.1 gives the same total response time as the time used in the edge 

LID AR data analysis, which is 'r
10 1 

= -r~et +-r];
8 

= .J6502 + 3502 = 738 ps, so the total system 

response time used until now does seem to be justified. 

The method used above to calculate the detector response time does not seem to lead to 
consistent results and this is not understood at the time of writing of this report. 
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9 Beam dump characteristics 

9 BEAM DUMP CHARACTERISTICS 

Beam dumps will always cause some light scattering, an experiment has been set up to get 
a general idea of the level of scattering. A beam dump of metal blades has been proposed 
fora new High resolution Thomson scattering system at JET. Since the reflection is 
polarisation dependent we look at both horizontal and vertical polarisation. There are two 
possible set-ups one to get a total integrated reflection and one to get apolar plot. 

9.1 Metal blades integrated 

A set of sharp metal blades stacked together will form an efficient beam dump because the 
reflection of the laser willlead it further into the dump and only a small fraction will make 
it back out. 

Laser 
Laser beam 

Dump 

Figure 71: Metal blades as a beam dump 

9 .1.1 Experimental set-up 

Because we are more interested in the total reflection of the dump than in the actual 
reflection pattern, the set-up can be simplified totheset-up shown in figure 72. 

__ / ____ __ __.-InpUÎ~~~;- - -

Beam dump Collection lenses 

h 
x Laser diode 

Figure 72: Set-up Jor the blade beam dump. The input laser is either polarised in the x or 
the z direction. The numbers 1,2,3 and 4 indicate the measurement positions. 
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9 Beam dump characteristics 

Two beam dumps are available, one that has nat been cleaned and is dirty with dust, and 
one that has been recently cleaned. 

9.1.2 Results 

• Dirty blades 
Light input level: 290 

Blades and polarisation 
parallel 

Blades and polarisation 
perpendicular 

• Clean blades 
Light input level: 290 

Blades and polarisation 
parallel 

Blades and polarisation 
perpendicular 

9.1.3 Conclusions 

Position 
1 
2 
3 
4 

Position 
1 
2 
3 
4 

Position 
1 
2 
3 
4 

Position 
1 
2 
3 
4 

Light level Fraction 
5.33 1.8x10·2 

1.12 3.9x10·3 

1.89 6.5x10·3 

1.79 6.2xl0·3 

Light level Fraction 
0.75 2.6x10·3 

0.39 1.3x10·3 

0.20 6.9x104 

0.15 5.2x10·3 

Light level Fraction 
4.11 1.4x10·2 

1.16 4.0x1o·3 

1.14 3.9x10·3 

1.94 6.7x10·3 

Light level Fraction 
0.63 2.2x1o·3 

0.27 9.3x104 

0.27 9.3x104 

0.29 l.Oxl0-3 

For the dirty blades the reflection is less for the perpendicular alignment than for parallel 
alignment of the polarisation, by an average factor of 7 .8. 
This is an average factor 5.4 for the clean blades. So for bath cases it would be best to 
have the blades and polarisation perpendicular. With the perpendicular alignment the clean 
and dirty blades reflect almast the same fraction of light. In the parallel set-up however, 
the clean blades reflect a factor 1.2 less. 

Concluding, the perpendicular set-up is recommended, whether the blades are clean or 
dusty does nat seem to make much difference. If a parallel set-up has to be used, the clean 
blades are slightly better. 
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9 Beam dump characteristics 

9.2 Metal blades, polarplot 

The previous section gives the total integrated reileetion coming from the beam dump. In 
this section we willlook at the actual reflection pattern. 

9.2.1 Experimentalset-up 

The set-up will be slightly changed to get the set-up shown in figure 73. 

Beamdump h 
x 

Laser 

D 
Detector 

Figure 73: Experimentalset-up todetermine the reflection pattern. 

In this set-up the detector can be moved around the laser diode. In this way the light 
intensity has been measured in the 17 places shown in figure 74. The polarisation will also 
be changed to get perpendicular and parallel results. The laser used is slightly different, it 
has an elongated spot which covers several blades at once, so we do nothave to make a 
po lar plot for 4 different positions. Because of this shape only parallel alignment of 
polarisation and blades is used. 

I I 11 I 
I I .. ······ . ~ I 
I ,, ... I ... ,_L I 

:u.· .... ··· I I : ·· .. JO: I I 
I 0 I 13 I ·a I 
L•· I ,. I \ I -· I .. ······ 

... 
" ..... 12 • 4 l- '"· b. CA 

I / I I I ' 
I I I 
I 
I 

9 :13 I 
5 

I I 
I I I I 
I I • I 
I I I 
I I 17 I 
I \ I I I 
I I I I ... 
I 6()1 I r 8 I t · I 

•.1 I ··· .. ·-- ~ · 
,,/ I I i 

~ . I I ..·i 
l 'ö I 17 I dl 
:14' I I I 16: I I " !·/ I I I I 
I I "'? " ' I 
I I I I 
I I ol5 I I 

Figure 74: The 17 detector positions, an extra bright spot wasfound at position 17. The 
black dots are actual holes in the dump. 
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9 Beam dump characteristics 

9.2.2 Results 

Light input level: 43000 

Parallel 
Position Level Fraction 

1 0.97 2.26 10-5 
2 0.88 2.05 10-5 
3 1.13 2.63 10-5 
4 0.93 2.16 10-5 
5 0.60 1.40 10-5 
6 1.02 2.37 10-5 
7 1.35 3.14 10-5 
8 1.15 2.67 10-5 
9 0.40 9.30 10-6 
10 0.49 1.14 10-5 
11 0.83 1.93 10-5 
12 0.48 1.12 10-5 
13 0.25 5.81 10-6 
14 0.44 1.02 10-5 
15 0.89 2.07 10-5 
16 0.47 1.09 10-5 
17 30.6 7.12 10-4 

So the resulting pictures will be: 

0.83 ..... o 
~é / r· . : . . . r ····... b4V 

J ! " Jll} ·f\J.! 88 - ~ 
0()3' : u; : \ 

.'Cll 11 f:' , I. 
I ·· I 

I I I I 
I I I I 

0·60 1······" .-······i··· .............. I 0 7: 0 0 
(:1" aker }; 1 

f"········ ........ .! ......... ·········1 I 

0. 5 

, I I I . I i 

'1.02 !30· ti..1s : i 
q I p : i 

P.4 i J~3.~ //! ._4t 
I 0 .. I I I '" I 

: ' · ... : 089 : . • ·· : 
: [' . . :J. . · : : 
I I I I I 
I I I I I 
I I I I I 

a I I I I I b 

Figure 75: Parallel: a) Results in numbers, b) results in gradients of grey, the lighter the 
dots the higher the light level. 
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10 Appendices 

10 APPENDICES 

Al Derivation of TS backscattering 

Since Thomson scattering is nothing but the interaction of EM-waves with an electrically 
charged mass, everything that happens can be described using the Maxwell equations. 
Combining the following Maxwell equations: 

- - an VxE=--
dt ' 

- - an 
VxH=l+-, 

dt 

and taking M = 0, P = 0 we get 

- 1 - -H=-B-M , 
Jlo 

- - - 1 d2 Ê aJ 
Vx (VxE) +? dt 2 = -J.L0 a;· 

(23) 

(24) 

Now we want to deterrnine Ë in R , when J is the current density from a single, oscillating, 

electron, J = qv(t') . Since we are looking from a certain distance R, we shall use the 

retarded time: 

, IR- ren! R- s · r(t') 
f=t- zf- . (25) 

c c 

See figure 76 for the geometry and definition of parameters. The scattered electric field Ës 

in position R at time t, created by an electron which is being accelerated in position r at 
time t', solving equation 24, is given by the Lienard-Wiechert potentials in the far field 
region [5]: 

(26) 

where 'ret' indicates that this section of the expression has to be evaluated at the retarded 
time. The incident radiation accelerates the electron, and is given by: 

- E . [ - l E;(r,t') = __IQ_exp j(k; · r -m/) 
2 

(27) 

where i indicates the incident wave and t' indicates the retarded time. 
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I 
I 

I 

_.:ö 
,·_:.~~-······· 

- / 
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Scattering 
electron 

JÇ .· { / ./ 
.. ·· 

...... /·· ········· 
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\': / . 

• •• •• 
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Figure 76: Geometry and definition of parameters. 

When using Lorentz's law, 

and 

(28) 

- dmv d ïi - .:. 3 -( v · v } F=--=m0 g ~ F=m0 yv+m0y v - 2- (29) 
dt dt v 2 c 

1- -
c2 

( 
v2 )-1 - ïi .:. 1dv 

with y = 1- 2 and ma is the electron rest mass. With f3 =- and f3 = --, and 
c c c dt 

combining equations 28 and 29, this then yields: 

(30) 

Which then finally leadsustoa function for the acceleration the electron experiences: 

/i(r,t')= _e_[Ëi + P x lf x Ëi )- P(ft · Ëi )] 
cmor 

(31) 

In equation 31 it can be seen that a proton under acceleration from the same field as an 
electron will experience a far, approximately a factor 1800, lower acceleration. And 
equation 26 then shows that the field created by the proton will be much lower as well. 
What can also beseen from equation 26 is that one will find no scattered field along the 

electron axis of acceleration, that is in the direction of i3. A 90° angle to polarisation gives 
the highest intensities. 
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10 Appendices 

A2 Spatial resolution of the edge LID AR 

A different, simpler, explanation of the spatial resolution of the edge LID AR system, than 
the one given is section 3.3. This explanation uses the total time resolution to derive the 
spatial resolution without talkingabout theseparate factors, r1, 'rdet and 'rdig· This makes it 
simpler but less complete. 

x Scattering volume 

0 

Figure 77: With a time resolution of t, the LIDAR system will give a spatial resolution of 
c 

M=-t. 
2 

Because the light has to travel forward and back in a time t, the laser pulse plus scattered 
light can only travel a eertaio distance: 11L=(cl2)t which with formula 15 gives: 

(32) 

The resolution along the line of sight will therefore be 12 cm. 
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10 Appendices 

A3 Data processing 

As has been shown insection 3.2, equations 13 and 14, Te can be derived directly from the 
fitting parameter a1 and ne is derived from fitting parameter ao. But how is the measured 
data transformed into the actual temperature and density profiles? 

We have a number, i, of channels which all supply a time-signal trace, several calibrations 
and calculations are applied to these traces, see figure 78a, this then gives the final 
Thomson scattering signals, Si [number of photons/unit solid angle] and the noise level, CJi. 
From the theory a table of densities, ne' [1019 m-3

] is producedat 1 J laser energy and unit 
solid angle. A look-up table is used because otherwise a large number of iterations would 
have to be done, so this really speeds up the data analysis. This data is then combined with 
the theoretica! values, Fi, in a least squares fit routine by Levenberg and Marquardt [14]: 

2 _ ~ (S; -F;ne'f 
x -~ 2 ' a; 

(33) 

where i indicates the channel number. In this routine i is minimised, so by taking the 
partial derivative of i to ne' and setting it to zero one gets: 

ne'=1 ·1019L F;Sl a i22 . 
i Is; /a; 

(34) 

The value of i at this point in the Te-ne' field is calculated from equation 33. The actual ne 
is then calculated from ne' using the calibrated variatien of the solid angle of observation, 
vignetting curve, and the measured laser energy. The measured ne and Te are then used to 
calculate the electron pressure, Pe, using the ideal gas law. The error is calculated by 

taking the i min+ 1, which then gives the upper and lower temperature, Te u , TeL and density 
U L ne ,ne . 

The signal processing is best shown in a flow-chart [8] seen in figures 78a and 78b. 
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I scattering angle) I 

I , 

Table of speetral 
density functions, 
folded with speetral 

slit function 0 
(phot./channel Fi 
at n.=lx1019m·3

, 

Et=l J 
unit solid angle, dQ) 
100 eV < T. < 5 keV 

;·· ······································································································· ·· ············: 
l CALIBRATIONDATA l 

( one set per speetral channel) 

Digitizer sweep speed 
[ns/pixel] 

Speetral slit function 

Time interval 
Time mark - inner wa11 

Gain vs. MCP 
voltage 

Single photoelectron signa] 
[m Vns/p.e.] at full gain 
(Rel a ti ve calibration) 

No. of photoelectrons per 
photon scattered into unit 
solid angle 

Vignetting along line of sight 

uuo 
~, 

Figure 78a: Data processing flow-chart. 
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10 Appendices 
r-----------------------~ 

Noise level r:ll. 
of photons t....::J 

Thomson seattered signal 

0 [No. ofphotons per S· 
unit so lid angle] l 

Table of speetral 
density funetions 
folded with 
speetral slit funetion 
(Photons/channel r;;l _____."_ 
at ne = lxl019m-3 ~ -----,..

El= 1 J 
Unitsolid angle) 
100 e V < Te < 25 ke V 

Vignetting along the 
line of sight 

Laser energy 
E1 

For a number of steps in Te: 
Find minimum of 

xz = L (si -;i)z, 
i ai 

the conesponding density is given by 

L (F;Si I ai2 ) 

I 1 1019 i 
ne = . -=I=-(r-siz-; a-i2~)" 

i 

Find absolute minimum of X2 

... ,. 
Xz =x2 +1 mm 

~TL,TU 
e e 

nu'= n '+a' e e e 

nL'= '-a , 
e n e e 

Figure 78b: Second part of the data processing flow-chart, with the results. 

70 
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A4 Pulse listsof HT3, DOC-U and DOC-L 

HT3 pulses 
High delta and search for type 11 ELMs 

JPN PI u se type KE9D. t1me 
55262 HT3 NBI + ICRH 59.625 

60.625 
55263 HT3 59.625 

60.625 
61.625 
62.625 

55264 HT3 NBI 59.127 
60.127 
62.127 

55266 HT3 NBI +ICRH 60.127 
61.127 
62.127 
63.127 

55267 HT3 no gas 60.127 
63.127 

55268 HT3 no gas 60.127 
62.127 
63.127 

55269 HT3 no gas 60.127 
63.127 
64.127 

55270 no CATS, type I ELMs 60.127 
61.127 
62.127 

55271 HT3 62.127 
64.127 

55272 Compound ELMs 61.127 
64.127 

55273 no CATS, type I ELMs 62.127 
64.127 

55276 HT3 NBI + ICRH 50% gas 60.127 
62.127 

55277 HT3 NBI + ICRH 65% gas 60.127 
64.127 

71 



10 Appendices 

DO C-U 
ó = 0.32 @ 1.2 MA/1 .2T. NBI- 62- 70 

JPN PNBI (MW) Gas Rate Hge <ne>lngwd F ELM (Hz) Gomment 
(1 0 22 s-1 ) (high PNsl) (high PNsl) (high PNsl) 

55926 4.5 - 6.2 0 1.3 0.63 33 Type I 
55927 4.5-6.2 1 1.02 0.85 85 Type I 
55932 4.5 - 6.2 2.5 0.9 0.91 200 Typelil 
55928 4.5-6.2 3.3 0.85 0.9 300 Type 111 
55931 4.5-6.2 4.2 0.8 0.95 ? Type 111 
55929 4.5 5.3 0.63 1 ? L-Mode (?) 

DO C-U 
ó = 0.32 @ 2.0 MA/2.4 T. NBI- 58-64.7 

JPN PNBI (MW) Gas Rate Hge <ne>lngwd FELM (Hz) Gomment 
(1 0 22 s·1) (high PNsl) (high PNBI) (high PNBI) 

55955 12.3 0 1.1 0.8 17 Type I 
55973 10.3 1 1.07 0.77 25 Type I 
55957 12.3/11.1 2 1.02 0.8 40 Type I 
55956 12.3 3.5 0.9 0.84 55 Type I 
55958 11.0-9.7 7.2 0.85 0.89 ? Type 111 
55974 10.4 11 .2 0.77 0.88 ? Type 111 

DO C-U 
ó 0 42 öl up= OW= 0 4 @ 1 2 MA/1 2 T NBI 58 64 7 - -

JPN PNBI (MW) Gas Rate FELM (Hz) Gomment 
( 1 0 22 s-1) (high PNsl) 

55425 7 0 44 Type I 
55433 7 0.6 70 Type I 
55432 7 1.1 100 Type I 
55435 7 1.8 130 Type I 
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DO C-L 
ó = 0.27@ 2.0 MA/2.4T. NBI flat top- 58- 64.7 

JPN PNBI (MW) Gas Rate Hga <ne>/ngwd FELM (Hz) Gomment 
(1 022 s-1 ) (high PNsl) (high PNsl) (high PNsl) ELM-type 

55925 6.4 0 ? ? 190 lil 
55933 11 0 1.15 0.66 ? compound 
55934 12.2 0 1.18 0.68 ? compound 
55951 12.3-10.6 0 1.12 0.69 ? compound 
55935 12.5 1 1.14 0.68 23 I 
55936 12.2 1 1.1 0.67 22 I 
55937 12.2 1.7 1.05 0.71 30 I 
55938 12.2 2 0.97 0.76 35 I 
55939 12.2 3.4 0.89 0.76 55 I 
55952 10.7 3.4 0.86 0.76 45 I 
55947 12.3 4.7 0.86 0.76 60 I 
55948 10.7 6 0.8 0.8 80 I? 
55949 11 6.7 0.78 0.84 100 111? 
55950 11 9 0.76 0.87 ? 111? 
55953 12.3 10.7 0.74 0.89 ? 111 ? 

DOC-L 
ó = 0.27@ 2.0 MA/1 .8T. NBI flat top- 58- 64.7 

JPN PNBI (MW) Gas Rate Hga <ne>lngwd fELM (Hz) Gomment 
(1022s-1) (high PNsl) (high PNsl) (high PNsl) ELM-Type 

55981 12.1 3.5 0.97 0.91 17 I 
55984 8.7 1 0.98 0.92 4 I 
55986 12.1-10.5 1 1.06 0.66 18 I 

DO C-L 
o o 25 ol up= OW= 0 3 @ 1 2 MA/1 2T NBI fl t t a op- 58-64.7 

JPN PNBI (MW) Gas Rate FELM (Hz) Gomment 
(1 022 s-1 ) (high PNsl) ELM-type 

55426 7 0 16 I 
55428 7 0.7 44 I 
55427 7 1.1 46 I 
55429 7 1.4 50 I 
55430 7 2 100 I 
55436 7 2.6 130 I 

DO C-L 
o o 25 ol up= OW= 0 3 @ 2 5 MA/2 7T 

JPN PNBI (MW) Gas Rate Hga <ne>/ngwd FELM (Hz) Gomment 
(1 022 s-1) (high PNsl) (high PNBI) (high PNBI) ELM-type 

55920 11.1 0 1 12 230 I 
55921 12.6-9.3 0 1.2 16.5 high I 
55922 11 0 1.2 18.8 0.8 I 
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