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AbstratDisruptions in tokamaks our as sudden fall of plasma urrent and lost ofmagneti on�nement with dangerous onsequenes on the integrity of themahine. In order to obtain a su�ient gain from thermonulear fusion re-ations, it is neessary to operate in onditions of high urrent, pressure anddensity. In this regime disruptions an our and pose a danger for the de-vie. It is important to lassify the auses of disruption and develop strategyfor disruption avoidane and or/mitigation.This PhD projet onerns the identi�ation of a preursor signal of dis-ruption and the development of an algorithm for real-time alert to preditdisruptions in tokamaks applying a Singular Value Deomposition (SVD) tomagneti signals. The analysis has been applied to the magneti Mirnovsignal of the FTU and JET tokamaks. Disruptions are often aompaniedby the onset of magneti islands loated on low values of q=m/n rationalsurfaes, where m and n represent respetively the number of toroidal andpoloidal revolutions of the fore lines of the magneti �eld. The appliationof SVD to Mirnov oils signals has long been used in several tokamaks forthe study of Magneto Hydro Dynamis (MHD) ativity, deteting the pres-ene of the MHD instabilities and haraterizing the (n,m) mode numbers.From the appliation of SVD to the �utuations of the poloidal magneti�eld aught by Mirnov oils have been extrated useful markers related tothe presene of instabilities and to the probability of the ourrene of adisruptive event. These markers are the entropy H that desribes the phaseoherene in Mirnov oils and the marker P1 related to the presene of thedominant ouple (m,n). In this thesis has been identi�ed a preursor of dis-ruption through the study of the time evolution of the markers during theplasma disharge. This work has arried out proessing 2046 FTU plasmashots and 2044 JET plasma shots. The result of the analysis is the develop-ment of a set of algorithms based on the SVD analysis of the MHD ativitysignals aught by Mirnov oils that provides a disruption preursor able toreognize up to 82% of the disruptions; 79% of the reognized disruptionsare identi�ed 20 ms before the urrent quenh for the FTU tokamak and 50ms before the urrent quenh for the JET tokamak.1
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Thesis OverviewThis PhD projet is part of researh on ontrolled thermonulear fusion, itonerns the identi�ation of a preursor signal of disruptions in tokamakdevies and the development of an algorithm for real-time alert to preditthem.The ontrolled thermonulear fusion o�ers a large and important �eld of re-searh: from the soio-eonomial point of view for the growth of the energyrequirements, from the engineering and tehnologial point of view to thedevelopment of sophistiated experimental devies, from the physial pointof view in order to study the plasma in partiular temperature and densityonditions. A major limitation to fusion goals is made by the onset of magne-tohydrodynami instabilities in plasmas. These instabilities if not ontrolledan lead to disruption, i.e. the sudden fall of plasma urrent followed bythe loss of on�nement. Disruption is very dangerous for the integrity ofthe reator beause the energy stored in the plasma is abruptly released tothe wall mahine. The study and predition of disruption is therefore a fun-damental researh topi in this ontext. In this work, the preursor signalis determined through the analysis of the results obtained by applying aSingular Value Deomposition (SVD) algorithm to Mirnov magneti signals.The analysis has been applied to the magneti Mirnov signals of the ENEAtokamak FTU (Frasati Tokamak Upgrade) loated in Frasati (Italy) andafter that the same analysis has been adapted and applied to the magnetiMirnov signal of the tokamak JET (Joint European Torus) Culham, UK. Thepresent PhD researh work has been supported by a sholarship �naned byPolitenio di Milano, under the supervision of Prof. Gabriele D'Antonafrom Politenio and Dr. Carlo Sozzi from Istituto di Fisia del PlasmaIFP-CNR Milan (Italy).Chapter 1 starts with a brief introdution to ontrolled thermonulear fusion.It follows with a desription of a tokamak, underlining the most importantparameters in the study of stability. Then it proeeds by introduing themain magnetohydrodynamis instabilities that bring the tokamak plasma todisruption. The resulting magneti �eld in a tokamak is the sum of a parti-ular ombination of a poloidal magneti �eld and a toroidal magneti �eld.The ratio between the number of toroidal and poloidal revolutions of thefore lines of the magneti �eld is de�ne as q=m/n. Disruptions are often3



4aompanied by the onset of magneti islands that arise from the develop-ment of Magneto Hydro Dynamis (MHD) instabilities. The most dangerousmagneti islands are loated on low rational values of q. A brief desriptionof the disruption and some basi about the existene of disruption predi-tion, avoidane and mitigation have been introdued.Tokamak devies are equipped with di�erent measurements and diagnostisystems in order to understand plasma physis in extreme situations, as highdensity and temperature. There are several diagnostis devoted to the studyof plasma instabilities and MHD mode detetion, the signals used in thisanalysis are the �utuations of the poloidal magneti �eld aught by a setof Mirnov oils. The desription of the diagnosti and measurements of in-terest in this topi, i.e. magneti measurements as Mirnov oils is providedin hapter 2.The desription and the appliation of a Singular Value Deomposition (SVD)to FTU Mirnov oils and the introdution of the physial quantities whihare fundamental in this researh of the disruption preursor are addressed inhapter 3.The main parts of this thesis are hapter 4 and hapter 5 that desribe theresearh in the identi�ation of a disruption preursory marker and the ap-pliation to the FTU and JET Mirnov oils signals respetively. Some usefulmarkers of instabilities an be extrat from SVD analysis of Mirnov signals.Among various markers, in this analysis are very useful the entropy H thatdesribes the phase oherene in Mirnov oils and the marker P1, related tothe presene and the stability of the dominant mode (m,n) in the plasmadisharge. The investigation starts from the evidene that H → Hmin where
Hmin is a value lose to 0 in disruptive shots and proeeds with the analysisof the plasma disharge in the plane H-P1. The key issues of the work arethe identi�ation of markers related to the ourrene of disruption and thetest that are good preursors if they maximize the number of right alarmsand minimize the number of false alarms with an alarm time su�ient totake preautionary measures.The result of the analysis arried out at FTU provide a disruption preursorable to reognize up to 82% of the disruptions and 79% with 20 ms of warn-ing time before the plasma urrent quenh. The analysis applied to JETmahine allows to reognize up to 79% of the disruptions, at least 50 ms inadvane. The results are enouraging and for the importane of the topi ofresearh it will be useful to ontinue the work with further investigations assummarized in hapter 6.



Chapter 1Introdution to ControlledFusion, Plasma TokamaksInstabilities and Disruptions1.1 Controlled thermonulear fusionNulear fusion was �rst proposed by Eddington in 1920, to explain the energymehanisms that support the Sun and other stars. A quantitative theory ofthermonulear fusion was advaned in 1928 by Atkinson and Houtermansto desribe the rated power output of 300 Wm−3 in the Sun. This theory,when it was not yet known the existene of the neutron, assumed the fusionof four protons to form a α partile. Over the next deade, more detailedmodels explained the energy balane in the stars based on fusion reations:the proton-proton hain and the arbon yle. These reations are too slowand require high density and have ross setions too small to be observed inthe laboratory.The fusion reation that will be used in the �rst reator is the deuterium-tritium reation
D + T →4 He+ n+ 17.6MeVgiven that at the same power gain, the threshold temperature is lower, lesson�nement is needed. Moreover, this reation provides more power at agiven plasma pressure. The energy produed in a reator must balane theenergy used to bring the reator in fusion onditions and this priniple is ex-pressed by the Lawson riterion. For a D T reation the Lawson riterion [8℄is written as

nτET ≥ 1021keV s/m35



6 1.2. Tokamakwhere n is the partile density, T the temperature and τE the energy on-�nement time.There are two di�erent approahes to fusion: inertial on�nement and mag-neti on�nement. In the �rst approah the plasma is reated and om-pressed in a very short time (10−11 − 10−10s) by bombardment with energybeams of laser light or partiles of small quantities of material ontainingdeuterium or tritium in high density (n ∼ 1031m−3) until reahing fusiononditions. In the magneti approah, partiular on�gurations of magneti�elds are used to on�ne for times greater than 1 seond a plasma at lowdensity (n ∼ 1020m−3) whih is heated up to the temperature of ignition.The inexhaustibility of the soures, the safety, the environmental and eo-nomi aspets make thermonulear fusion an important and interesting �eldof study. The ontinuous demand for energy and the slow exhaustion of en-ergy resoures require the development of new tehnologies and researhes.Researh in the �eld of thermonulear fusion is very hallenging both fromthe tehnologial point of view and from that of the study and understandingof plasma physis.1.2 TokamakTokamak is the most ommon on�guration for the study of a magnetiallyon�ned thermonulear plasma in whih are largely onentrated the researhon fusion. The name tokamak is a Russian aronym for toroidal hamberwith magneti oils (TOroidal'naya KAmera v MAgnitnykh Katushka-kh).It is an axisymmetri on�guration in whih there are a toroidal �eld pro-dued by external oils and a poloidal �eld generated by a toroidal urrent�owing in the plasma. The toroidal �eld alone does not allow on�nementof plasma beause positive ions and eletrons onstituting the plasma in thepresene of the only toroidal �eld would be subjet to a drift motion in oppo-site diretions. In order to have an equilibrium in whih the plasma pressureis balaned by magneti fore it is neessary also to have a poloidal magneti�eld. The ombination of the toroidal �eld and poloidal �eld gives rise tomagneti �eld lines whih have a helial trajetory around the torus. Thetoroidal �eld is produed by a set of magneti oils surrounding the plasma,while the poloidal �eld is produed by the urrent produed by the plasmathat ating as the seondary winding of a transformer and this urrent �owsin toroidal diretion [4, §1℄. The shemati representations of a tokamak withmagneti �eld oils, magneti �eld lines and urrents required to on�ne theplasma are shown in �g. 1.2 and 1.1.In �gure 1.1 we note the presene of external oils that realize auxiliary mag-neti �elds for the ontrol of position and shape of the plasma. The plasma



Introdution to Controlled Fusion, Plasma Tokamaks Instabilitiesand Disruptions 7has the property of being a good ondutor and an be heated by an induedurrent from the outside. In 1.1 is shown how the plasma behaves like theseondary winding of a transformer, whose primary is outside. The urrentreates the poloidal �eld and heats the plasma through the so-alled ohmiheating or resistive heating. The ohmi heating alone is not su�ient toreah the ignition temperature, then are used auxiliary heating systems suhas radio frequeny heating and neutral beam heating.The main goal of plasma tokamak researh is to demonstrate the sien-ti� feasibility of thermonulear fusion. A useful and important engineeringparameter is the gain, de�ned as the ratio Q
Q =

Pfus

Paux
(1.1)where Pfus is the power produed by thermonulear reations and Paux isthe power provided by additional heating systems. The fusion reation isself-sustaining when all losses are balaned by the heating of the plasmaprodued by the alpha partiles Pfus and is no longer need to injet powerfrom the outside. Thus, the ignition ondition is reahed when Q → +∞,atually Q �nite (> 1) allows to gain more than what is expended [9℄. Fordeepening knowledge, see [4, §1℄.We have seen above that in a tokamak the magneti �eld is the vetor sumbetween a toroidal magneti �eld Bφ and a poloidal magneti �eld Bθ, thefore lines of the magneti �eld are helial and lies on isobari surfaes. An-other important parameter is β de�ned as the ratio between plasma pressureand the magneti �eld pressure

β =
2µ0p

B2
(1.2)whih an vary from 0 to 1 and is onneted to the stability of the plasmaand is a measure of how e�ient the magneti �eld is at on�ning plasma.The stability is expressed by the safety fator q. In axisymmetri equilibriumeah magneti �eld line has a value of q. The �eld lines follows a helial pathas it goes around the torus on its assoiated magneti surfae. If at sometoroidal angle φ the �eld line has a ertain position in the poloidal plane,it will return to that position in the poloidal plane after hange of toroidalangle ∆φ. The q value of a �eld line is de�ned as the number of times a �eldline on a �ux surfae goes around toroidally for one poloidal iruit:

q =
∆φ

2π
(1.3)greater stability orresponds to higher values of q. An important parameterharateristi of the balane ondition is the inverse aspet ratio, de�ned as

ǫ =
a

R0

(1.4)



8 1.2. Tokamakwhere a is the minor radius and R0 the major radius of the tokamak. Thisparameter has important impliation about the geometry of the mahine. Inthe limit ǫ << 1 it is possible to ignore the e�ets of the toroidal urvatureand desribe the geometry of the tokamak in ylindrial oordinates, other-wise it is neessary to introdue a desription in urvilinear oordinates. Inthe limit ǫ << 1 it is possible to use this approximation
q → Ntor

Npol
(1.5)whereNtor denotes the number of times that a magneti �eld line goes arounda torus toroidally and Npol is the number of times that a magneti �eld linegoes around a torus poloidally before joins up on itself. The safety fatoris very important in the study of plasma stability. In the next subsetionwe will see that on the surfaes on whih the magneti lines of fore of the�eld B have a rational step (rational surfaes) q = m

n is rational, m and nare integers and are de�ned as poloidal and toroidal mode numbers. Theyrepresent respetively the number of toroidal and poloidal revolutions of thefore lines of the magneti �eld [4, §3℄.

Figure 1.1: Shemati representation of a tokamak in whih are in evidene:the inner poloidal �eld oil and the plasma urrent i.e. the primary andseondary transformer iruits, the magneti iruit, the toroidal �eld oilsand the outer poloidal �eld oils [1℄.Over the past deades many tokamaks have been operated to investigatefusion siene and its sienti� feasibility for energy prodution. In this intro-
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Figure 1.2: Shemati representation of the geometry of a tokamak. TheMajor Radius and the minor radius are in evidene. All the magneti linesare shown: the poloidal �eld, the toroidal �eld and their ombination asresultant helial �eld.dution we remember projet as ASDEX Upgrade in Germany, Tore Suprain Frane, FTU in Italy, JET in UK, JT-60U in Japan, TFTR and DIIIDin the USA but many other devies have been operated all over the world.All the studies of plasma physis among these tokamaks are a fundamentalontribution to ITER (International Thermonulear Experimental Reator)projet, the ambitious fusion devie with the aim to demonstrate the si-enti� and tehnology feasibility of ontrolled thermonulear fusion with asigni�ant value of Q fator. ITER projet born at the end of last enturyfrom an international ollaboration and the plant is under onstrution inCadarahe (Frane).1.3 MHD instabilities and disruptionsThe range of operation of tokamaks is limited by Magnetohydrodynami(MHD) stability and by the e�ets of MHD instabilities. A plasma on�nedin a tokamak is prone to MHD instabilities that may a�et the energy andon�nement time of partiles or lead in some ases to disruptions. Disrup-tions are abrupt unontrolled events involving a sudden loss of the magnetion�guration, ooling the plasma and ontaminating of impurities and aredangerous for the integrity of the mahine. Disruption-free operation in a



10 1.3. MHD instabilities and disruptionstokamak system is limited by maximum plasma urrent, maximum eletrondensity and maximum plasma pressure (β) [10℄. The ontrol of the growthof instability or identify a disruption preursor signal and develop a real timealgorithm for disruption preditions is of fundamental importane beausethe onsequenes of disruptions in large tokamak as ITER are very severe.In every tokamak there is an inentive to obtain an aeptable balane be-tween maximum plasma performane and disruption frequeny but in largetokamaks there is more attention in ontrol instabilities, avoid disruptionourrene and mitigate onsequenes.1.3.1 Magneti islands and tearing modesThe ideal Magnetohydrodynamis desribes the interation between a per-fetly onduting �uid and a magneti �eld. The plasma, despite being agood ondutor, has a small but �nite resistivity. The addition of resistivityto ideal MHD equations allows to magneti �eld lines to break and reonnetin a new topology. The rational surfaes with onstant magneti �ux andpressure tear, allowing to fore lines of the magneti �eld to reonnet andonsequently reating helial magneti islands strutures. In �gure 1.3 a)we an see a simple example of the reonstrution of a equilibrium pro�lefor the FTU disharge 29473 at t=0.818 s while in b) the experimental SoftX-ray tomography in whih is evident the presene of magneti island stru-tures. A tokamak an also operate in the presene of magneti islands, buttheir evolution and the unontrolled growth an lead to disruption. Modesof lower number are the most unstable. The most important and dangerousare those with m/n = 3/2 and m/n = 2/1.A lass of resistive instabilities are the tearing modes (TM), the tendenyfor the magneti on�guration of a plasma to break up into magneti is-lands in order to redue the magneti energy in the regions away from theislands. TM our as helial perturbations of the urrent and temperatureof the plasma loalized around the rational surfaes rapidly rotating [11℄.Tearing modes instability may take plae around the magneti surfaes withlow rational values of the ratio m/n, limiting the performane of a tokamak.Neolassial Tearing Modes (NTM) arise from the modi�ation of the boot-strap urrent as a result of the redution in the temperature and densitygradient whih drive this urrent [4, §7℄.1.3.2 DisruptionsDisruptions an arise as onsequene of the growth of MHD instabilities andare dramati events in whih after a omplete loss of urrent the plasmaon�nement is suddenly destroyed. Disruptions pose a serious problem fortokamak operations beause their ourrene leads to a large mehanialand thermal stress to the wall mahine. The onsequenes of disruptions
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Figure 1.3: Cross setion of a) equilibrium nested �ux surfaes for the FTUdisharge 29473 at t=0.818 s ompared to (b) the experimental soft x-raytomography with island strutures for the FTU disharge 29473 at t=0.818s [2℄.are more dangerous in tokamaks of larger dimensions. In order to have asu�ient energy gain from the fusion reations it is neessary to operateat high β value. This sheme involves working suh as high urrent, highmagneti energy and high plasma parameters: situations in whih the our-rene of disruption is inevitable and very dangerous for the integrity of themahine. Therefore minimize the numbers and the gravity, study auses anddetermine preursor signals that an avoid disruptions are very importantresearh subjets.Usually in literature with the name major disruption is indiated the sud-den and unontrolled lost of plasma on�nement, while minor disruptions orpre-disruptions mean the initial step or a series of intermediate phenomena.Major disruption are preeding by a weakening of the magneti shear in theplasma ore, as onsequene of the growth of instabilities or minor disrup-tions, loked mode or NTM development, impurity aumulation and so on.During a minor disruption the magneti �eld lines fastly reonnet, withouta large energy lost and urrent deay.Major disruptions are lassi�ed in two main ategories: density limit disrup-tions and low q disruptions [12℄. Given a plasma urrent, if there is a limit tothe plasma density reahed without having a disruption, we have a so alleddensity limit disruptions. The impurity radiation inreases with density andthis lead to a ontration of plasma temperature and to the development ofMHD instabilities and as onsequene a fast deay of plasma urrent. Thelow q disruptions our if the urrent deay and the energy loss are due to a



12 1.3. MHD instabilities and disruptionsgrowth of MHD instabilities when q reahes a ritial value.The operational limits imposed by disruptions in terms of density and safetyfator are ommonly represented in the Hugill Diagram [13℄. The Hugill Di-agram for JET tokamak is shown in �gure 1.4 where qa denotes the safetyfator at the edge of the plasma and nR
Bφ

is the Murakami parameter, where
n is the plasma density, R the major radius of the tokamak, and Bφ thetoroidal magneti �eld. In �g. 1.4 plasma operation with ohmi heatingalone in the shaded region are preluded by disruptions, when is used addi-tional heating the density limit is inreased as shown by the dashed line [3℄.

Figure 1.4: Hugill Diagram for JET tokamak [3℄.1.3.3 Physis and phases of disruptionsThe physial proesses that ause disruptions are quite ompliated and a-tually studied. The main auses of disruptions an be found in the evolutionof unstable urrent pro�les whih lead to large amplitude tearing modes, es-peially the growth of an m = 2 mode; the existene of magneti �eld errorsseem to provide a seed for the growth of TM. The impurity that fall into theplasma and the development of vertial instability in elongated tokamaksalso lead plasma to disruptions.During density limit disruptions it is possible to reognize four phases:1) Radiative ontration phase;2) Preursor instabilities phase;3) Energy quenh phase;4) Current quenh phase.



Introdution to Controlled Fusion, Plasma Tokamaks Instabilitiesand Disruptions 13This phase are brie�y summarized as follows:Radiative ontrationThe �rst sequene during a density limit disruption is the radiative on-tration. The impurity radiation sets a limit to the plasma density. Thedensity rises and a fration of heat loss transforms in radiation and thermalondutivity dereases. When is reahed 100% radiation temperature andradiation pro�les an ontrat. This ontration drives MHD instabilities inthe plasma. The physis of ontration is quite omplex but an exhaustivemodel an found in [12℄.Preursor instabilitiesAfter the start of radiative ontration magneti osillations appear. Thesemagneti osillations have low poloidal and toroidal mode numbers and areassoiated with magneti islands at the orresponding rational magneti sur-faes. The island rotates produing the osillation in the magneti �eld. Thegrowth of magneti osillations are measured outside the plasma by Mirnovoils (see next hapter). A simple example of the behavior of the growthof instabilities is shown in �gure 1.5. The growth of the magneti �utua-tion dB

dt
before the urrent deay is related to the growth of the assoiatedmagneti island.Energy quenhThe energy quenh (or thermal quenh) is the main feature haraterizingdisruption and follows the initial MHD preursor growth phase. During theenergy quenh there is a loss of plasma thermal energy typially ourringon a timesale of several ms. The evidene for the urrent �attening is theobservation of a negative voltage spike due to the �ux hange indued bythe inrease of plasma urrent, as shown in 1.6 for a FTU disruptive shot.Current quenhAt the end of a disruptive event the plasma urrent falls to zero in a timedepending on plasma onditions. The reason of plasma deay depends bythe previous plasma ooling and the onsequent resistane inreasing. Theplasma, after the energy quenh, is very old and more resistive and thetoroidal eletri �eld provided by the ohmi loop voltage is not able to main-tain the plasma urrent that �nally deays. The ooling of the plasma duringthe urrent quenh phase brings a hange in plasma indutane. The hangein indutane is very rapid and gives rise to the large spike in the plasmaurrent.The rapid deay in plasma urrent generates strong fores on the vauum
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Figure 1.5: FTU plasma disruptive disharge 36252. The plasma urrent(red) and a simple example of Mirnov oil �utation dB
dt (magenta) are shown.
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Figure 1.6: FTU plasma disruptive disharge 36252. Plasma urrent (red),eletron temperature Te (magenta), loop voltage (violet). Zooming in arounddisruption time t=0.987 s is evident that the plasma urrent inreases, theeletron temperature Te falls and negative voltage spikes at disruption.



16 1.4. Other instabilitiesvessel that are very dangerous for the integrity of the mahine.The urrent quenh phase of disruptions in elongated plasma on�gurationsas JET is vertially unstable. Vertial instability is not itself a disruptionbut an lead to a disruption through the redution of the surfae q value. Ifthe vertial ontrol is lost the plasma moves vertially and an lead to verylarge urrents and strong fores on the vessel. During vertial displaementevents (VDEs), that ommonly a�et elongated tokamaks, the loss of verti-al stability gives rise to halo urrents. The high eletri �elds inherent inthe urrent quenh phase of a disruption or VDEs an onvert a onsistentfration of initial plasma urrent in runaway eletron urrent.1.4 Other instabilitiesIn order to omplete this essential summary on instabilities and disruptions,we remember also the existene of sawtooth osillations, mode loking, error�eld instabilities and Edge Loalised Mode (ELMs).Sawtooth osillationSawtooth osillations are periodi MHD mixing events that our in the en-tre of plasma tokamak where the safety fator q ≤ 1. They are observed asrelaxation osillations of temperature and density visible in the entral partof the plasma. The emission inreases slowly, and then ollapses rapidly asthe instability ours with the harateristi waveforms osillation of tem-perature and density that gives the name. Kadomtsev proposed a modelinvolved a fast reonnetion of the magneti surfaes during the instabilityin order to explain the rapid ollapse. There is a disagreement between the-ory and experiment over sawtooth osillations that are interesting argumentof study.Mode lokingA onduting wall on the vauum vessel is able to lok a mode. In preseneof �nite amplitude perturbation the interation between the plasma and thewall ats to redue the phase veloity and the frequeny of the instabilities.This phenomenon bring to an abrupt halt of osillations. Figure 1.7 shows atime trae for a ase where the plasma is slowed and halted. The magnetisignal gives the frequeny and growth of MHD instability. The redutionin frequeny shows the slowing down of the plasma rotation. The signalmeasures the time rate of hange of the magneti �eld as seen by a oiloutside the plasma, the removal of a huge part of osillation indiates the�nal mode loking. The magneti signals rotates with the plasma thanksto its high eletrial ondutivity. The perturbed magneti �eld extends to
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Figure 1.7: Magneti signal shows the frequeny and the growth of MHDinstability. The redution in frequeny orresponds to a fall of the veloity,the removal of the gross osillation indiates the �nal mode loking [4℄.the onduting material surfaes surrounding the plasma that are not highlyonduting. As the instability grows the drag inreases and the plasmais brought almost to a stop. In presene of mode loking, it is generallyno more possible to stabilize the mode and it will grow until the lose ofon�nement. For this reason mode loking onstitute a signi�ant limitationon the operational parameters ahievable in tokamaks [3℄.Error �eld instabilitiesSmall deviations from toroidal symmetry introdues perturbing omponentsto the magneti �eld and an lead to the growth of the m = 2 modes. Error�eld instabilities an arise from the internal winding struture of oils, fromthe onnetions to the oils and from misalignment of the oils. Errors �eldare related to the saturation of island width and it is lear that reduingtheir magnitude avoid disruptions. Larger tokamaks an be more sensitiveto mode loking and error �elds sine the suseptibility of plasma tokamaksto error �eld indued mode loking seems to inrease with major radius andwith toroidal �eld. The study of tolerability for error �elds and avoidingmode loking are fundamental issue for future reator tokamaks.ELMsThe transition from low on�nement mode (L-mode) to high on�nementmode (H-mode) in tokamak operations is aompanied by the observation inthe H-mode phase of periodi Edge Loalized Mode of instabilities (ELMs).These instabilities, deteted by magneti pik up oils and soft X-ray diodes,



18 1.5. Disruptions auses and lassi�ationauses a redution in density and temperature in the outer zone of the plasmaand the periodi behavior onstitutes a relaxation osillation followed by theonsequent lost of on�nement [4, §7℄.1.5 Disruptions auses and lassi�ationDisruptions an our in di�erent regions of the plasma and arise from di�er-ent onditions, for these reasons the de�nition of a preursor is not univoaland its de�nition is often based on the statistial data analysis on the ex-periene of several years of plasma operations. The researh of disruptionauses ontributes to de�ne better strategy to mitigate or prevent their on-sequenes. A reent survey of disruption auses at JET has been arried outin [14℄. Although di�erent tokamaks don't operate in the same operationalrange, the results of this survey on JET ould be seen as quite representa-tive for the general operations of a large tokamak. This paper has taken intoonsideration 2309 intentional and not intentional JET disruptive plasmadisharges in the previous deades (2000-2010). Often the events that leadto a disruption are a omplex ombination of several destabilizing fators, asMHD instabilities, radiation instabilities at the edge, vertial instabilities.Moreover a highly omplex pattern of hain of events led to disruption. Tak-ing in aount not only the physis instabilities that lead to disruption butalso the sequene of events and the root auses, the main results are that alldisruptions at JET have been eventually pushed lose to an operational limitresulting in the onset of physis instabilities that for unintentional disrup-tions are: edge radiation instabilities, mode loking, growth of internal kinkmodes, vertial position instability and too low a safety fator. Consideringthe root auses that initiate the hain of events the main root auses of JETdisruptions is due to neolassial tearing modes (NTM) followed by humanerror or operational mistake. Tehnial and human mistakes introdue a nonphysis fator to the ourrene of disruptions. Reduing the disruption ratein tokamak experiments requires to understand more deeply the physis ofthe phenomenon and at the same time prevent operator errors.In 2011 started at JET operations with a new part Beryllium and part Tung-sten ITER-like Wall (ILW). The introdution of the new ILW leads to theneed to revise the operational senarios and the ontrol shemes valid forthe old arbon-wall. After this installation the disruption rate, i.e. thefration of disharges that disrupt unintentionally, inreases to 10% [15℄. Asurvey similar to the analysis for the previous arbon-wall operations hasbeen arried out identifying the dominant ause of disruptions during the2011-2012 ILW operations in high levels of high-Z impurities and high oreradiation [15℄.The omparison of the disruption lassi�ation system reported in [15℄ witha di�erent devie is useful in order to formulate universal riteria for dis-



Introdution to Controlled Fusion, Plasma Tokamaks Instabilitiesand Disruptions 19ruption avoidane and predition. The same lassi�ation system has beenapplied, when possible, to the lassi�ation of disruption auses in ASDEXUpgrade [16℄. The same lassi�ation of disruptions developed for JET re-sults to be valid also in ASDEX, with a di�erent ourrene perentage foreah lass of disruption. This fat is dependent on the di�erent heating sys-tems, ompetenes and experimental ampaigns between the two the devies.1.6 Disruption predition, avoidane and mitiga-tionThis setion reports a review of method and tehnique to predit and avoiddisruptions or mitigate their onsequene. In literature [10℄, [17℄ are presentseveral approahes to disruption studies and an divided into three groups:1) investigation and implementation of a reliable real-time disruption pre-dition or an advane warning method in order to avoid the ourrene ofdisruptions;2) intervention to avoid the growth of instabilities before the thermal quenh;3) mitigation and amelioration of the e�ets, to redue the severity and theonsequene of disruptions.Among the tehniques of predition we remember statistial methods, as ar-ti�ial neural networks and support vetor mahine (SVMs), that are om-putational systems apable of building general models, by learning from thedata, the so-alled training proess [18℄. By deteting signi�ant patternsin the available data, a omputational system based on mahine learningonepts an take deisions or make preditors about new data oming fromthe same physial soure. It is worth mentioning the Advane Preditor OfDISruption (APODIS) [19℄ implemented in JET's Real Time Data Network,a projet started in 2008 with the aim of developing a disruption preditorfor JET that overomes the problems of earlier preditors [20℄. APODIS inan engineering system able to learn from past situation, rather that a systemrelated to the investigation of physis auses.A possible method, largely used at FTU, for disruption ontrol aiming atdisruption avoidane is given by the use of the eletron ylotron resonaneheating (ECRH) [21℄. This method onsists in the additional heating of theplasma through the absorption by eletrons injeted int the plasma witheletromagneti waves at eletron ylotron frequenies.While all the tehniques for disruption avoidane and mitigation are be-ing tested and ontribute with some degree of suesses, the strategy fordisruption avoidane and/or mitigation in large size tokamaks is subjet ofative researh. Disruptions our operating in high performane onditions,therefore it is important to lassify them on the one hand, on the other handantiipate their ourrene. For this reason the de�nition of a preursor sig-nal of disruption is urrently a interesting argument of researh and in this



20 1.7. Summarythesis a method to derive a real time signal preursor of disruption is pro-posed proposed through the analysis of the results obtained by applying anSingular Value Deomposition (SVD) algorithm to Mirnov magneti signals.1.7 SummaryWe have begun the hapter with a brief introdution of thermonulear fusionand a short desription of the tokamak, the most studied devie for magnetion�nement. Then we have introdued the MHD instabilities that lead todisruption, basi argument of the thesis. Moreover we have reviewed the op-erational limits of plasma tokamak, the physis and the auses of disruptionsand the tehnique to predit, avoid and mitigate them.



Chapter 2Measurements and DiagnostiSystems
2.1 IntrodutionThe experiments involving fusion plasmas on�ned in tokamaks, require spe-ial physial onditions suh as high density and temperature, and to operatewithin on�ned magneti �elds. Diagnosti systems present in a tokamak aredesigned to solve several tasks. They are very omplex and onsist of severalmeasuring instruments that an provide information on the plasma parame-ters of interest. Tokamaks are equipped with several ategories of diagnostis.The diagnostis an be ategorized by the parameters they measure or byexperimental tehnique. Sine di�erent diagnostis an measure the sameparameter, it is more useful ategorize diagnostis by measured quantitiesand in this way we an distinguish: magneti measurements, plasma par-tile measurements, eletromagneti emission from bound or free eletrons,neutral atom diagnostis and muh more [22℄. Sine the topi of this thesisonern MHD instabilities, in this hapter the main diagnostis used in thisresearh area of researh are shown.In the previous hapter we have underlined the neessity and the impor-tane in researhing and improving the knowledge in MHD ativity. Themain tokamaks like JET or FTU are equipped with a wide range of diagnos-tis whih are suited to the study of MHD instabilities and disruptions. Theidenti�ation of MHD perturbations in the present thesis deals with timingsignals assoiated to osillations of the magneti �eld (Mirnov osillations).In the following setions we illustrate the operation of magneti diagnos-tis and then some mention of the main non magneti diagnostis for MHDdetetion. 21



22 2.2. Magneti diagnostis and Mirnov oils2.2 Magneti diagnostis and Mirnov oilsMagneti measurements are important for the analysis and the ontrol ofMHD instabilities, but also provide real time data to measure and ontrolthe urrent, the shape and the position of the disharge. Magneti measure-ments are fundamental and essential in plasma fusion researh. Magnetidiagnostis are external to the plasma volume and passive. The measure-ments are valid over the full range of plasma and temperature and duringsuh events as disruptions [5℄.It is useful to introdue the expression of the magneti �eld ~B measurableoutside the plasma. In an axisymmetri on�guration as the tokamak, in aylindrial oordinate system (R,φ,Z) the magneti �eld an be expressedin term of two salar funtion F and ψ as [5℄
~B = R−1(Fφ̂+∇ψ × φ̂) (2.1)where φ̂ is a unit vetor in the diretion of symmetry and

RBφ = F (2.2)is the toroidal �eld strength, while
RBθ = |∇ψ| (2.3)the poloidal �eld. The easiest and di�used method to make a measurementof the magneti �eld in a given point is the use of oil as probes. Here wefollow the same terminology of [5℄ where a loop is a single losed turn of aondutor, a oil is a series of many loops and a magneti probe is a oil thatmakes a loal measurement of the magneti �eld. The term indutive sensorsindiates di�erent forms of indutive loops measuring the voltage indued bya variable magneti �eld. A shemati view of the ommon indutive sensorsused in fusion devie in shown in �gure 2.1.The physial priniple is very simple, being Φ the magneti �ux linked byan indutive sensor, aording to the Faraday's law, the voltage di�erene

V at the terminals of a onduing loop is equal to the rate of hange of themagneti �ux Φ that is linked by the loop
V = −dΦ

dt
. (2.4)The magneti �ux is determined by the integration of the voltage signal fromthe loop. Coming bak to the �gure 2.1 we see brie�y how these indutivesensors operate and whih parameter measure.The Rogoswski oils are the most di�used diagnosti for plasma urrent mea-surements. They onsist of toroidal oils whose axes forms one or moreomplete loops around the urrent to be measured. In ondition of small



Measurements and Diagnosti Systems 23diameter and small spaing between turns respet to the gradient sale ofthe loal magneti �eld, the urrent linked by the oil I an be extrat from
Φ = µ0nAI where n is the number of turns per unit length and A is theross setional area of the oil [22℄, [5℄.A diamagneti loop is a loop that links the plasma olumn, ideally loate ina poloidal plane in order to minimize oupling to the poloidal �eld. Diamag-neti loop is used to measure the toroidal magneti �ux for the purpose ofestimating the thermal energy of the plasma.A �ux loop is simply axisymmetri loop for poloidal �ux measurements, use-ful for plasma ontrol and equilibrium reonstrution.A magneti �eld probe is a small oil measuring one omponent of the mag-neti �eld strength, used in plasma ontrol, equilibrium reonstrution anddetetion of MHD instabilities. The total �ux linked by a magneti probeis Φ = NAB‖ with N the numbers of the turns in oil, A the area of theoil and B‖ the loal magneti �eld omponent along the axis of the oil.The high frequeny �utuations aused by plasma instabilities an be mea-sured by the unintegrate voltage −V = dΦ/dt = ωNAB‖ where ω is thefrequeny of the �utuation. Usually sensors measure �utuations in thediretion tangent to the surfae and perpendiular to the toroidal diretion,in the poloidal plane.A Saddle loop onsists of a large single turn or multiturn oil in a roughlyretangular shape, mounted on the vauum vessel wall or other struturenear the plasma. The dimension of a saddle loop are intermediate between a�ux loop and a magneti probe. A saddle loop an work both as a magnetiprobe then as a measure of �ux di�erene. Saddle loops are used for equilib-rium reonstrution data and for deteting non axysimmetri �elds ausedby nonrotating MHD instabilities [5℄.The ideal loation of indutive sensors for the diagnosis of fast events isinside the vauum vessel, in order to avoid its eletromagneti shielding.2.2.1 Magneti measurements and MHD mode detetionThe most widely used diagnosti for the detetion and the lassi�ation ofMHD instabilities is an array of small magneti loops. The Russian sientistS. V. Mirnov was the �rst to use arrays of multiturn oils oriented to measurethe poloidal omponent of the magneti �eld, the so alled Mirnov oils [23℄.An array of Mirnov oils is a suitable tool for detetion and analysis of modestruture, thanks to the possibility of measuring the time evolution of themagneti �eld perturbation along the torus. Mirnov oils an detet insta-bilities in a frequeny range from a few Hz up to few hundreds of kHz.The osillatory magneti signals are the time derivative of the poloidal mag-neti �eld at the edge of the plasma as measured by the voltage indued ina pik-up oil.In Chapter 1 has been shown that the reonnetion of magneti surfaes



24 2.3. Non magneti diagnostis for MHD detetion

Figure 2.1: Shemati �gure of a toroidal plasma showing indutive sensorsand Rogowski oil [5℄.forms magneti islands loalized in the plasma. The magneti perturbationis detetable outside the plasma with the Mirnov oils. The instabilitiesrotates toroidally and through magneti measurements at di�erent toroidaland poloidal positions it is possible to determine the struture, the ampli-tude and the frequeny (Fourier analysis) of the magneti perturbations. Thespetrograms of magneti probes signal, generated by the Fourier analysison suessive short time windows, show the time evolution of the amplitudesand frequenies of several tearing modes [5℄. In �gure 2.2 is shown a spe-trograms and mode analysis for FTU shot 36252.The use of oils allows to detet perturbations at the plasma edge with smallamplitude. Instabilities usually rotates and magneti oils detet the timederivative of the magneti �eld even when magneti perturbations are only
10−4-10−3 of the equilibrium �eld. Stationary perturbations as mode lokingan be detet using an appropiate ombination of several oils so as to elimi-nate the equilibrium �eld. In addition, usually mode loking ours when theinstabilities have grown in amplitude, making easier the detetion [4, §10℄.
2.3 Non magneti diagnostis for MHD detetionIt is worth to mentioning other routinely used non magneti diagnostis inthe study and the observation of MHD instabilities.
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Figure 2.2: Spetrogram of magneti probe signals in FTU, showing the timeevolution of the frequenies of several tearing modes for the shot 36252. Themode numbers are obtained from other analysis. Bottom: frequenies anddevelopment of tearing modes; middle: n values; up: m values. The olorsale on the rights indiates di�erent value for n and m.



26 2.3. Non magneti diagnostis for MHD detetionEletron Cylotron EmissionThe Eletron Cylotron Emission (ECE) is a widely used diagnosti tool intokamak for spatial distribution of plasma eletron temperature Te(r) mea-surements. A plasma in fusion onditions is fully ionized and omposed byeletrons and ions. The plasma is subjeted to fores indued by the ele-tromagneti �eld, generated by harges and urrents internal and externalto the plasma. In the presene of an external magneti �eld, the plasmabehaves like an anisotropi and inhomogeneous dieletri medium. The mo-tion of gyration of the eletrons around the magneti �eld lines takes plaewith disrete angular frequeny ω = nωce and aelerated along spiral tra-jetories. They emit eletromagneti energy in n harmonis of the ylotronfrequeny [24℄, [25℄. The ylotron frequeny is ωce = eB
me

, where e is theeletron harge, me the eletron mass and B the magneti �eld. Moreover,in a tokamak the magneti �eld varies with the inverse of the major radius
B ∼ 1/R. The emission of radiation at the seond harmoni in the extraordi-nary polarization is diretly proportional to the plasma eletron temperature,for plasma with high temperature and density [24℄. ECE diagnostis providea good spatial (a few m) and temporal resolutions (down to miroseonds).If the plasma is optially thik in a large enough frequeny interval, whilethe magneti �eld varies monotonially trough the plasma, eletrons at dif-ferent radial position emit at di�erent frequenies: from the relationshipbetween frequeny and plasma radius, the temperature pro�le an be obtaindiretly from a measurements of the ECE spetrum. Di�erent instrumentsare applied for measurements as Mihelson interferometry, Fabry-Perrot in-terferometry, grating polyrhomator, eterodyne reeivers and many others.Through these various instruments it is possible to reonstrut the temper-ature pro�les. The ECE Mirnov ross-orrelation provide information onthe instability presene and on its loation. The instability position an beevaluated in real time alulating the amplitude and the phase of the loal
Te �utuations by applying, for example, a dual phase lok-in algorithm [26℄to signals oming from ECE and from Mirnov diagnostis.Soft X-ray (SXR)The bremsstrahlung radiation in a ionized plasma arises from the satteringof free eletrons by plasma ions. This emitted radiation in a fusion plasmatakes plae in the Soft X-ray (SXR)1 energy domain. The bremsstrahlungemissivity per unit volume per solid angle per unit frequeny an be written1A plasma emits eletromagneti radiation due to a variety of interation proess be-tween eletrons, ions and not fully ionized atoms, in a energy range equivalent to thetemperature of the plasma from a few to several keV. The eletromagneti radiation be-tween 100 eV and 10 keV is alled Sof X-ray (SXR) radiation.
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ǫν = 5.0× 10−54

n2eZeffgff√
Te

e−hν/Te (Wm−3sr−1Hz−1) (2.5)where ne is the eletron density, Te the eletron temperature, hν the photonenergy, Zeff the e�etive harge of the plasma and gff a quantum mehani-al orretion fator. Spatial plasma perturbations that loally hange Te or
ne suh as sawteeth osillations or MHD modes ause a signi�ant hangein SXR emission.The SXR emissivity an be detet along line of sight, and spatially informa-tion about the perturbations an be obtained by tomography if a su�ientnumber of lines of sight are available. SXR are usually detet by siliondiodes haraterize by an extremely fast response, typially less than onemiroseond. Also pinhole ameras with more than 100 sensors viewing theplasma from orthogonal diretions are used, with an exellent spatial andtemporal resolution. This diagnosti has been applied to the study of saw-tooth osillations, disruptions and MHD modes [4, §10℄.2.4 SummaryIn this hapter we have introdued the main magneti diagnostis used inplasma tokamaks and we have desribed the Mirnov oils, whih have beenused to ollet experimental data elaborated in the analysis, as shown in thenext hapters. In addition, to omplete the overview of the main diagnostisused in this researh area, we have introdued ECE and SXR diagnostis.
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Chapter 3Appliation of SVD Algorithmto Mirnov CoilsIn this work the preursor signal of disruption is determined through theanalysis of the results obtained by the appliation of a Singular Value De-omposition (SVD) algorithm to magneti Mirnov signals.This hapter provides a brief desription of the SVD algorithm and an ex-ample of appliation to FTU Mirnov oils.3.1 Mathematial bakgroundWe brie�y illustrate the mathematial basis for understanding the applia-tion of singular value deomposition to magneti signals. A signal sampled atmultiple M spae positions and multiple N time instants an be deomposedthrough a biorthogonal deomposition [28℄. Consider the sampled signal aswritten in a matrix form as follows:
(Y )ij = y(xj, ti) (3.1)with i = 1...N and j = 1...M .The deomposition of this signal is sought into a set of orthogonal time andspaes series

(Y )ij =

K∑

k=1

Akφk(xj)ψk(ti) (3.2)where
(Y )ij =

N∑

i=1

ψk(ti)ψl(ti) =

M∑

j=1

φk(xj)φl(xj) = δkl (3.3)and
K = min(M,N) (3.4)29



30 3.1. Mathematial bakgroundproviding a separated temporal and spatial desription of the sampled signal.This deomposition an be omputed through a singular values deomposi-tion of the matrix (Y )ij written as follows:
(Y )ij = V SUT (3.5)where V is an N×M orthonormal matrix, S is a diagonalM×M matrix and

U is a M ×M orthonormal matrix. Expanding the previous matrix produtit is lear that the the olumn of the matrix V and the olumns of the ma-trix U are respetively the ψk funtions and the φk of equation 3.2 while thediagonal values of matrix S are the oe�ients Ak of the same equation. Itis thus lear that the singular value deomposition of the matrix Y is a meanto obtain its biorthogonal deomposition. Columns of matrix V S are alledprinipal omponents and desribe the ommon temporal evolution of thesignal as seen from the di�erent sampling positions. Columns of matrix Uare alled prinipal axes and desribe the spatial omposition of the signal.They an be though as a still piture of the evolving signal taken from allsampling positions.The SVD tehnique has the advantage that, in pratie, most of the singularvalues are very small ompared to the few dominants one. For this reasonSVD is well known in the ontext of signal proessing as noise-�ltering teh-nique [29℄. The important physial parameters that one an extrat fromthis mathematial tehnique are [30℄, [31℄ the global signal energy
E =

N∑

i=1

M∑

j=1

(Y )2ij (3.6)whih is equal to the sum of its singular values
E =

K∑

k=1

A2

k (3.7)The dimensionless energy
pk =

A2

k

E
(3.8)with the property of probability distribution

0 ≤ pk ≤ 1 and

K∑

k=1

pk = 1 (3.9)and it will be shown later that these are very useful indiators of MHDativity and so interesting preursor of disruptions. We have seen in the pre-vious setions that MHD perturbations an be seen as rotating perturbationloated aross helial magneti �eld lines on rational �ux surfaes and the



Appliation of SVD Algorithm to Mirnov Coils 31periodi magneti �eld perturbations are aught by Mirnov oils. A singlemode perturbation signals aught by a Mirnov oil an be written as
Yk(t) = Ak cos(θk − 2πνt+Θ) (3.10)where θk is a phase shift whih depends from the mode topology and fromMirnov oil loation in the tokamak, ν is the temporal frequeny of rotationof the mode and Θ is a phase shift ommon to all Mirnov array whih anbe negleted if the signal of one oil is taken as referene. In the ase of MMirnov oils loated at equispaed positions in a poloidal ross setion of thetokamak, the phase shift beomes:

θk =
2πm

M(k − 1)
(3.11)where m is the poloidal mode number of the rotating mode. If a signal of thiskind is a SV fatorized the resulting �rst two prinipal axes are sinusoidalfuntions that mimi the above phase distribution. Counting the numberof zero rossing of these prinipal axes and dividing by 2 yields the modenumber m. In referene [31℄ is shown the extension to uneven spatiallydistributed oils and the details of the appliation to FTU mahine Mirnovoils to obtain markers of mode struture and triggers to ontrol ation.In referene [29℄ we an �nd the appliation of SVD tehnique to the analysisof JET Mirnov oils and in [30℄ of Tore Supra Mirnov oils, while in the nextsetion it is shown the appliation to FTU.3.2 Appliation to FTU Mirnov oils signalsThe SV fatorization has been applied to FTU Mirnov oils signals and pre-sented mainly by C. Marhetto in [32℄, [33℄ e [34℄ and by C. Galperti [31℄.The ativity arried out during the PhD, presented in detail in hapter 4, isa proseution of these works, while in hapeter 5 is shown the appliation toJET Mirnov oils signals.FTU tokamak is equipped with 57 Mirnov oils installed at 6 di�erenttoroidal and 34 poloidal positions just inside the ports behind the toroidallimiter struture and the poloidal limiter [35℄, [32℄. Eah oil is omposedof loops with a diameter of 33 m. Mirnov oils are not disposed uniformlyalong the poloidal and toroidal diretion, moreover poloidal oils are situ-ated at poloidal angles whih an di�er by up to 30◦while toroidal oils aresituated at poloidal angles whih an di�er by up to 180◦. Before SV fator-ization the raw signals from Mirnov oils (12 hannels) must be preproessedfollowing these steps:1) Anti alias �ltering: the analog signals from Mirnov oils must be low-pass�ltered (Anti alias �lters) to avoid aliasing e�ets. Moreover the �lterredues the eletroni noise provide by the analog hains whih omprise



32 3.2. Appliation to FTU Mirnov oils signalsisolation transformers and ampli�ation units).2) High pass �ltering: the output signal from anti alias �lter is digitalized byan ADC at 100 kHz and then �ltered by a high pass �lter (HIGHPASS).The high pass �lter is used in order to eliminate the bias in suh a way thatall signals have zero time average.3) Signal normalization: in order to obtain that all the Mirnov oils have thesame sensitivity to magneti perturbations it is neessary to normalize theoutput signal from high pass �lter (NORM). This normalization is hosenso as to obtain normalized singular values.Sine SV fatorization works on set of data, time windowing (time win-dowing) is applied on sets of data. SV fatorization is performed on-line onsignals windows. A built in downsampling ation is present in SV fatoriza-tion sine provided result are related to the whole time window introduinga N times downsampling (N=100 number of samples in time windows).Given an array of signals sampled at multiple M spae positions (hannels)and multiple N time instants, the SVD algorithm omputes a set of M salarsalled Singular Values (SV), whih show the possible presene of modes andweight of eah of them. For every SV it provides an M dimensional vetoralled Prinipal Axes (PA) and N-dimensional vetor alled Prinipal Com-ponent (PC) whih desribes its mode number (m,n) and time evolution,respetively. The relevant MHD markers that an be extrat are:1) Likelihood Lnn,m, a useful indiator to lassify the mode topology, i.e.the m,n spatial struture of the MHD perturbation. Lnn,m evaluates howmuh the spatial struture of the experimentally detet perturbation is loseto a perfet helial m,n perturbation. The information provides by Lnn,mare not enough to take measures of ontrol and mitigation, beause it doesnot appear to be an indiator of instability [31℄.2) Singular values Entropy H
H =

−
∑M

k=1

SV 2

k

M log(
SV 2

k

M )

log(M)
(3.12)The entropy H is proportional to the square of the normalized singular valuesand desribes the phase oherene in Mirnov oils. From 3.7 and 3.8 H isbounded between 0 and 1. H → 0 indiates more instabilities.3) P1 and P2 markers

P1 =
SV 2

1
+ SV 2

2∑M
k=1

SV 2

i

(3.13)
P2 =

SV 2
3
+ SV 2

4∑M
k=3

SV 2

i

(3.14)These two indiators are the relative square magnitude of the two �rst ou-ples of prinipal axes, they are bounded between 0 and 1. P1 is related tothe presene of the �rst mode, i.e. the dominant ouple (m,n), while P2 is



Appliation of SVD Algorithm to Mirnov Coils 33related to the presene of the seond mode. More they are lose to 1, morethe �rst mode and/or the seond mode is unstable. Usually the dominantmode at FTU is m=2, n=1 but sometimes an be m=3, n=2. As desribedin hapter 1, the presene of a mode indiates the growth of MHD ativity,if the mode beomes unstable an our disruption.Data postproessing is performed on SVD output and �nally markers digitallow-pass �ltering (LOWPASS) is applied to provide suitable stable data tosubsequent ontrollers blok. All data proessing omputation time is lessthan 300 µs (with a sampling rate of 100 kHz, 100 samples data windowingand 12 Mirnov oils hannels sampling) enabling real time SVD signal de-omposition at output rates of 1kHz.Figure 3.1 presents all the steps desribed above.The markers extrated from SV deomposition are good indiators of the

Figure 3.1: Data path of the implemented real time version of the presentedanalysis tehnique.presene of MHD instabilities. In the next hapter is shown how these indi-ators an be inluded in an algorithm for disruption preditions.We have seen that the SVD tehnique is used in fusion researh in manytokamaks as JET, Tore Supra, FTU and at FTU the appliation to mag-neti signals from Mirnov oils for mode analysis (m,n). The originality ofthis work is the appliation of SVD to Mirnov magneti signals for FTUtokamak in order to determined a preursor and a real time alert signal ofdisruption. The analysis has been extended to JET tokamak.



34 3.3. Summary3.3 SummaryIn this hapter we have seen that given an array of M magneti signalswith N time samples, the SVD algorithm omputes a set of M salars alledSingular Values (SV) whih show the presene of instabilities and de�ne someindiators that are ritial in the researh of the preursor of disruption. Wehave introdued the entropy H and the marker P1, whose use is shown inthe next hapters.



Chapter 4FTU Data AnalysisThis hapter and the next one are the main part of the thesis work. Theaim of this thesis is to identify an indiator with a physial meaning that isable to reognize a disruptive event. One the indiator has been found, thenext step is the development of an alert algorithm to predit disruptions intokamaks, with the idea to implement the algorithm in real time. This workhas been developed in ollaboration with the Istituto di Fisia del Plasma(IFP-CNR) in Milan and has been applied both to the tokamak FTU andJET (for JET see the next hapter). In this hapter a desription of theanalysis arried out at the Frasati Tokamak Upgrade FTU is given.We have seen in the previous setion that the SVD tehnique is used infusion researh in many tokamaks as JET, Tore Supra, FTU. We have seen atFTU the appliation to magneti signals from Mirnov oils for mode analysis(m,n). The originality of this work is the appliation of SVD to Mirnovmagneti signals for FTU tokamak in order to determine a preursor and areal time alert signal of disruption. In hapter 1 has been shown that existmany methodologies for disruption preditions, avoidane and mitigations.It is important to underline that disruption predition is a fundamental prerequisite to put into operation any avoidane or mitigation tehnique. Thedesign of disruption preditors mainly takes into aount the ahievement ofpreditions, right alarm (RA), with high suess rate, low false alarm (FA)rate and enough antiipation time to at.4.1 FTU Frasati Tokamak UpgradeFrasati Tokamak (FT) Upgrade (FTU) is a medium size tokamak with airular ross setion. It is situated in Frasati (Italy) and it is operativesine 1989. The major radius is R0 = 0.935 m and the minor radius is
a = 0.305 m. FTU is an high magneti �eld devie, haraterized by a largeurrent density value j ∝ B

R [6℄, [36℄. Being a high magneti �eld ompattokamak it has the advantage of produing thermonulear grade plasma at35



36 4.2. FTU data analysishigh plasma density, low impurity onentration and relatively low beta sothat it is possible to operate with high MHD limits. The aim of FTU researhprogram are to develop relevant senarios for burning physis experimentsand improve in general physis understanding.The main parameters of FTU devie are summarized in table 4.1 while apiture of the mahine is in �gure 4.1. The magneti �eld is produed fromirular nitrogen-ooled magneti oils. The magneti �ux is generated froman air-ore transformer. The plasma shape is irular and is de�ned bypoloidal and toroidal limiters.Parameters valueMajor radius (m) 0.935Minor radius (m) 0.305Toroidal B �eld (T) 8Plasma urrent (MA) 1.6Max �at top duration (s) 1.6Temperature of the �rst wall (◦C) -100Repetition time (min) 20Maximum entral density (m−3) 4x1020Maximum eletron temperature (keV) 15Maximum energy on�nement (s) 0.12Table 4.1: Main physial parameters of Frasati Tokamak Upgrade.4.2 FTU data analysisIn this work the database of experimental results of FTU between 2008 and2012 has been analyzed. The database ontains the results of several ex-perimental ampaigns. Some experiments are devote to the study of MHDativity that has been intentionally aused, for example, by the neon in-jetion into the plasma [37℄. For this analysis 2046 plasma shots has beenseleted from the whole variety of experiments and analyzed. Among theseplasma shots were identi�ed 381 disruptions and 1665 regular terminations.The 2046 plasma shots seleted for the analysis are hosen if reahed a sta-tionary state haraterized by a plasma urrent plateau with a mean valuegreater than 200 kA. No plasma parameter as density, magneti �eld orplasma urrent has been onsidered to selet the data.For disruptive shots, the disruption time is de�ne as the plasma urrentquenh time tCQ. This parameter is omputed by the omparison withthe measured plasma urrent and pre-programmed urrent and by meansof moving average of plasma urrent derivative dIp
dt . If dIp

dt exeeds a suitablethreshold at time tCQ disruption event is reognized [38℄. Pre-programmed
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Figure 4.1: FTU mahine [6℄.urrent is de�ned as the urrent that is expeted to use in every single plasmaexperiment.The raw signals used in this analysis are aquired from FTU standarddiagnostis, partiularly magneti �utuations signals from the Mirnov oilssystem. The raw data are aquired with dediated analog-to-digital onvert-ers and elaborated using spei�ally developed algorithms in order to detetthe presene of the MHD ativity, to trak its radial position, to haraterizeits poloidal and/or toroidal mode number and to swith on the orretiveor mitigating ation as for instane powerful EC (Eletron Cylotron) wavesinjetion. The analog signals from oils Mirnov FTU are �ltered throughlow-pass �lter and sampled at a sampling rate of 100 kHz. In the pre-proessing data step the hannels Mirnov sampled are �rst high-pass �lteredthen normalized. The ode SVD has been online tested with a postpro-essing sampling of 1 ms. In this analysis have been used 12 signals fromMirnov oils system, the typial on�guration of the oils used in this workis shown in �gure 4.2. This system provides the �utuation of the poloidalmagneti �eld as shown in �gure 4.5. In the present work the SVD ode hasbeen applied on o�ine data, all the omputations and routines have beendeveloped in MATLAB. The o�ine simulations are arried out simulatingthe past FTU RT aquisition system i.e. data are aquired at 500 kHz andthen appropriately �ltered and resampled via software at a sampling rate of50 kHz in a window of 32 samples and the postproessing sampling is 0.64



38 4.2. FTU data analysisms. The aim of this thesis is using in Real Time a SVD algorithm identifying

Figure 4.2: Con�guration of the FTU Mirnov oils for the urrent work.a warning signal for disruption. Before going into the details of the analysiswe see the trend of the harateristi parameters introdued before, in orderto distinguish a disruptive shot from a regular one. In the �rst hapter itwas explained that a feature of disruptions is a typial urrent quenh in theplasma urrent. In the third hapter have been introdued the quantitiesrelated to the presene of MHD instability, the entropy H
H =

−∑M
k=1
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k

M log(
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k

M )

log(M)
(4.1)the P1 marker

P1 =
SV 2

1
+ SV 2

2∑M
k=1
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(4.2)and we have explained that the entropy H desribes the phase oherene inMirnov oils, it is H is bounded between 0 and 1 and H → 0 indiates moreinstabilities, P1 is related to the presene of the �rst mode and more P1 → 1,more the �rst mode is unstable. In this hapter and in next one we explainthe use and importane of these two indiators in the investigation of a real-time disruption preursor. We represent graphially the temporal trend ofthe urrent and the entropy for the two types of event: disruption and regulartermination. In �gure 4.3 is shown the di�erent time evolution of plasma



FTU Data Analysis 39urrent for a disruptive shot (red) and for a regular termination (green).The disruptive shot presents a urrent quenh at the time tCQ=1.20 s. In�g. 4.4 is shown the di�erent trend of entropy for the same disharges. Inthe �gure is in evidene the desending behavior of entropy for the disruptiveshot at the disruption time. Sine in the presene of a low value of entropywe expet more instabilities and onsequently the probability of a disruptiveevent inreases, then the �rst step in this analysis is to alulate the averagevalue of entropy H in a time window of 10 ms around its minimum, 〈Hmin〉.These quantities are shown for the whole dataset in �gure 4.6.

Figure 4.3: Plasma urrent trend for the disruptive shots 36239 (red) andfor the regular termination 36245 (green).A good estimator as disruption preursor will maximize the numberof disruptions reognized (right alarms) and minimize the number of falsealarms (regular shots exhanged for disruptions). The referene level of en-tropy deteted depends on the spei� harateristis of the sensors as po-sition, noise and so on. The algorithm reads magneti signals oming from12 Mirnov oils and from the history reonstrution of the oils in FTU itis possible to distinguish six di�erent on�gurations. In this work have beenonsidered both an analysis of the entire database and the analysis for threedi�erent on�gurations. These three on�gurations are hosen suh as thosethat ontain a great number of experiments, su�ient for statistial analysis.Consider a partiular on�guration is equivalent to onsider a limited periodof time. The three di�erent on�guration are alled 1, 3, 12.In the set of disruptive shots the goal of this work is to maximize the num-
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Figure 4.4: Entropy trend for the disruptive shots 36239 (red) and for theregular termination 36245 (green).

Figure 4.5: Exemple of �utuation of poloidal magneti �eld from a Mirnovoil signal for the disruptive shot 36239. The peak of the �utuation appearsin orrespondene of tCQ=1.20 s.
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Figure 4.6: Entropy mean value for disruptive shots (red) and for regularterminations (green) for all shots. The mean value is alulated in a timewindow of 10 ms around the minimum.

Figure 4.7: Perentage of disruptive shots (red) and regular terminations(green) for H intervals.



42 4.2. FTU data analysisber of right alarms and onsequently minimize the number of missed alarms.Right alarms are disruptive shots reognized by the preursor signal as dis-ruptions. In the ensemble of disruptive shots it is possible to identify theperentage of right alarm RA and missed alarms MA with the property
RA+MA = 100%.In the set of regular terminations the goal of this work is to minimize thenumber of false alarms, these are the shots that do not have a disruptiveurrent deay but the estimator reognizes as disruptive. In the ensemble ofregular shots it is possible to identify the perentage of no alarms and falsealarms with the property NA+ FA = 100%.The two ensembles of events disruptive shots and regular termination areonsidered independent, they are shots seleted and hosen from the database,their �nal behaviour is well known and the probability to reognize a dis-ruptive event in the �rst set of events does not depend from the probabilityto reognize a regular termination in the seond.In order to determine a threshold that distinguishing the H value betweendisruptions and regular shots, we onsider 10 entropy disrete intervals ofstep 0.1 with 0 < H < 1 and we alulate the perentage of frequeny ofexperimental date for eah intervals as shown in 4.7. While in �gure 4.6 thevalues 〈Hmin〉 for the two ensembles disruptive shots and regular termina-tions are not well distint, in �gure 4.7 appears learly that the value of thehigher peak related to disruption shots is lower then the higher peak relatedto regular terminations.We onsider the umulative funtions of the two sets in order to determine athreshold S on 〈Hmin〉. This threshold S should onsent to individuate rightalarm as disruptive events under the threshold S and no alarms as regularshot events over the threshold S. Let fd(H̃) be the umulative funtion forthe set of event of disruptive shot, that is the probability to have a value of
H̃ between 0 and S

fd(H̃) = Pd(0 < H̃ < S). (4.3)Let fr(H̃) be the umulative funtion for the set of event of regular termi-nations, that is the probability to have a value of H̃ between 0 and S
fr(H̃) = Pr(0 < H̃ < S) (4.4)so the probability to have a value of H̃ between S and 1 is (1− fr)

(1− fr(H̃)) = Pr(S < H̃ < 1). (4.5)The probability that a disruptive event is below threshold S and a regularevent is above threshold S is given by the produt of the umulative
F (H̃) = fd(H̃) · (1− fr(H̃)). (4.6)The highest value of F identi�es the best estimate of the threshold.The best threshold orresponds to the peak value of F that results to be
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S = 0.7. The value S=0.7 allows to reognize the 69% of right alarms and79% of no alarms.In �g 4.8 are shown the umulative funtion for disruptive events fd(H̃)(red), umulative funtion for regular terminations fr(H̃) (green) and prod-ut F (H̃) = fd(H̃) · (1− fr(H̃)) (yano).

Figure 4.8: Cumulative funtion for disruptive events fd(H̃) (red), u-mulative funtion for regular terminations fr(H̃) and produt F (H̃) =
fd(H̃) · (1− fr(H̃))(yano) .The hoie to evaluate H around the minimum is on�rmed to be a goodhoie by the fat that for 60% of disruptive shots the di�erene betweenthe time orresponding to the minimum of H and the time of disruptionis less than 20 ms. The mean value of H around its minimum is relate tothe probability of ourrene of a disruptive event but is not an estimatorgood enough for an e�ient warning signal sine the threshold found does notlearly separate the two sets of events, and it is needed a further investigationto determine a signal preursor more appropriate and e�ient.4.3 Study of entropy trend and time evolution ofplasma dishargeAt this point, the interest is to study in detail the time behaviour of entropy.At this stage, the attention is foused to a time interval of 300 ms. A timeinterval of 300 ms is su�ient both to appreiate the presene of instabilitythat lead to disruption and take ations to mitigate it. This time intervalfor disruptive shots is taken before tCQ, while for regular terminations we



44 4.3. Study of entropy trend and time evolution of plasmadishargeonsidered 150 ms before H minimum and 150 ms after it.This investigation reveals the existene of three di�erent time behaviour: thetime evolution of entropy before disruption an be desending, inreasing orstationary while the entropy for a regular termination appears to be station-ary. These di�erent trends are well shown in 4.9 that represents entropy timeevolution for the the disruptive desending and inreasing plasma shots and4.10 for stationary disruptive shot and for a regular termination.We mentioned above the expression (see equation 4.2) and meaning ofthe marker P1, introdued in Chapter 3. In the previous hapter we haveseen that an indiator of the presene of MHD ativity is the marker P1.We want to analyse the simultaneous behavior of the two indiators of insta-bility studying in detail the time evolution of plasma disharge in the planeH(t)-P1(t). For onveniene of reading, we insert the graphis in a polarrepresentation, in order to highlight the angular variation. The hromatisale represents time axes, as illustrated in �gure 4.13. The time evolutionof plasma disharge in the plane H(t)-P1(t) for disruptive shots with thethe same di�erent trends desending, inreasing and stationary is shown in�gure 4.11. It is interesting to ompare with the typial time evolution ofplasma disharge in the plane H(t)-P1(t) for a regular termination, shownin �gure 4.12.

Figure 4.9: Entropy trend for a) disruptive desending shot 33337 and b)disruptive inreasing shot 34393 in the time interval [ tCQ-300 ms, tCQ ℄.Figures 4.9 and 4.10 underline entropy dereasing, inreasing and station-ary trend as time funtion, while in 4.11 and 4.12 it is possible to observe alsothat di�erent plasma shots present a di�erent angular variation. From thisimportant evidene, therefore, has been analyzed in detail the time derivativeof the ratio H/P1.
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Figure 4.10: Entropy trend for a) disruptive stationary shot 31896 in thetime interval [ tCQ-300 ms , tCQ ℄ and b) regular termination 33177 in thetime interval [ t(Hmin)-150 ms , t(Hmin)+150 ms ℄.4.4 Disriminator between disruptions and regularshotsThe investigation exposed in the previous setion has highlighted how thebehavioral di�erenes between a disruptive plasma shot and a regular termi-nation an be distinguished not only by the value and time trend of entropy,but also from the simultaneous evaluation of entropy and P1 marker duringplasma disharge.One important step in this analysis is to explore the behavior of plasma dis-harge in the plane H(t)-P1(t). In order to �nd a disruption preursor westudy the trend of H(t)-P1(t), of the time derivative of H(t)/P1(t) and ofthe square root of moving variane of the time derivative of H(t)/P1(t). Inthis setion, we illustrate in detail the study of the square root of movingvariane, mvd, whih appears to be the best andidate as an indiator ofdisruption. Being
x(t) =

d

dt
(
H

P1
) (4.7)the moving variane mvd2 is omputed in time interval of 40 samples andis de�ned as the di�erene between the moving average of the x2, E[x2(t), t]and the square of the moving average of x, E[x(t), t]2

mvd2 = E[x2(t), t]− E[x(t), t]2 (4.8)We show the temporal trend of the variable mvd to see if it allows to dis-riminate a disruptive event by a regular, whih means if we an identify
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Figure 4.11: Time evolution of plasma disharge in the plane H(t)-P1(t) for desending shot 33337, inreasing shot 34393 andstationary shot 31896 in the time interval [ tCQ-300 ms , tCQ ℄. The meaning of hromati sale is shown in �gure 4.13.
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Figure 4.12: Time evolution of plasma disharge in the plane H(t)-P1(t)for regular termination 33177 in the time interval [ t(Hmin)-150 ms ,
t(Hmin)+150 ms ℄. The meaning of hromati sale is shown in �gure 4.13.

Figure 4.13: Chromati Sale for a) disruption pitures 4.11 and b) regulartermination 4.12.



48 4.4. Disriminator between disruptions and regular shotsin it a preursor of disruption. In �gure 4.14 it is shown the omparisonbetween the mvd trend for six di�erent disruptive plasma shots (red) andthe trend for 6 di�erent regular termination (green) in on�guration 3. Thedi�erent behavior is lear so we try to identify a disriminator for disrup-tion predition on mvd and establish a threshold on it. From 4.14 we an

Figure 4.14: Comparison of the square root of the moving variane trendbetween six disruptive shots (red) and six regular termination (green) hosenin on�guration 3. The dot line represent the best threshold ThMVD=300.observe that disruptions appear to have lower values of mvd than regularterminations. We proeed with the statistial analysis in order to determinea threshold on mvd below whih an event an be onsidered as disruption.We alulate for both the ensembles the perentage of shots that goes belowthe threshold ThMVD=50, 100, 150 ... 500 more than N=1,5,10,20 times inthe disharge. Disruptive disharges that go below the threshold more thanN times in the shot are reognized as right alarms RA otherwise as missedalarms MA. Regular terminations that never go below threshold more thanN times in the shot are reognized as no alarms NA, otherwise as false alarmsFA. The perentage of right alarms RA and no alarms NA as funtions ofthe threshold are shown in 4.15 for on�guration 3. The probability to re-ognize a right alarms in disruption ensemble and at the same time no alarmsin regular termination ensemble as funtion of the threshold is the result ofthe produt between right alarms and no alarms. The threshold orrespond-ing to the peak of this produt, shown in �gure 4.16 individuates the bestthreshold that maximize the probability to have at the same time RA in the



FTU Data Analysis 49�rst set and NA in the seond one. From this analysis we an establish thata threshold ThMVD = 300 provide to reognize a right alarm if the mvd ofa disruptive shot drops below the threshold for more than N=5 times.This analysis has been done for the whole time duration of the shot neglet-ing the �rst 300 ms to avoid physis plasma transients. From the study ofthe time evolution of the plane H(t)-P1(t) we an onlude that the squareroot of the moving standard deviation of the time derivative of H/P1, mvdis a good disriminator between the two ensembles in order to determinatea threshold that allow to reognize disruptions. In table 4.2 are summarizedall the results. In on�guration 3, ThMVD=300 onsents to reognize the82% of right alarms and 77% of no alarms.

Figure 4.15: Perentage of Right Alarm RA (red) and No Alarm (green) asfuntion of ThMVD for on�guration 3. The dot line represents the thresholdThMVD=300.4.5 Disruption alarm timeThe e�ay of a good disruption preursor signal is not only related to thereognition of the higher number of right alarms and the lower number offalse alarms, but also requires the detetion of an alarm time su�ient totake preautionary measures. The onept of su�ient time depends on theavoidane and/or mitigation tehniques that are used and on the inherenttime sale of the tokamak. At FTU the avoidane and mitigations are real-
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Figure 4.16: Produt between perentage of Right Alarms RA and NoAlarms NA as funtion of the threshold ThMVD for on�guration 3. Thehigh peak for N=5 is in orrespondene of ThMVD=300.
Con�guration 1 3 12 allthreshold value 300 300 150 250RA 70% 82% 52% 67%MA 30% 18% 48% 33%NA 70% 71% 77% 73%FA 30% 29% 23% 27%Table 4.2: Summary of FTU results: perentage of right alarms (RA), missedalarms (MA), no alarms (NA) and false alarms (FA) individuated with athreshold on the square root of the moving variane of the time derivativeof H/P1. The results are presented for every on�gurations and for all thedata analized.



FTU Data Analysis 51ized through injetion of ECRH [21℄.Let's see how to determine an alarm time on the preursor based on the av-erage value of H around the minimum. The threshold has been established�nding the absolute minimum value of H during the plasma disharge andonsidering an average value in a time window of 10 ms around the minimum.The result does not hange by varying the time window: 10 ms, 20 ms and40 ms give the same result. We have established that a shots in the ensembleof disruptive shots with 〈Hmin〉 < 0.7 will be reognized as a right alarm.Sine this researh will be implemented in a real-time algorithm it is usefulto de�ne an alarm time using the indiator 〈Hmin〉 as preursor. The ideais to determine for every disruptive disharge after how many seonds thevalue of the entropy alulated by SVD falls below the threshold S = 0.7 atleast 5 times. We neglet the �rst 300 ms to avoid plasma physis transientsand being experimental data so �utuating we onsider a moving average ofthe entropy H. The numbers of disruptive shots reognized as right alarmsat the time tALARM as funtion of the time distane tCQ − tALARM fromthe disruption are shown in �gure 4.17. From the �gure we an extrat thatvarying tCQ − tALARM the 56% of disruptions are reognized 100 ms in ad-vane, the 63% 50 ms in advane and the 69% 20 ms in advane.The researh of disruption alarm time for the preursor based on mvd om-pletes the work. The alarm time is de�ne as the time orresponding to have5 points of mvd under the threshold 300. We take in onsideration plasmadisruptive shots of the period relative to on�guration 3 where the disruptionpreursor is able to reognize up to 82% of the disruptions. Negleting the�rst 300 ms to avoid plasma physis transients, the results of the omputa-tion of the warning time are shown in �gure 4.18 In this way for on�guration3, with a threshold on mvd=300 the 79% of disruptions are reognized with20 ms of warning time before the plasma urrent quenh, the 74% 50 msin advane and the 62% 100 ms in advane. The results are summarized intable 4.3.warning % RA H<0.7 % RA mvd<300
tCQ − tALARM > 20ms 69% 79%
tCQ − tALARM > 50ms 63% 74%
tCQ − tALARM > 100ms 56% 62%
tCQ 69% 82%Table 4.3: Summary of FTU results: perentage of right alarms in relationto the warning time for both the indiators.The algorithm based on the SVD analysis of the MHD ativity signalsfrom a set of FTU Mirnov oils provide a disruption preursor able to reog-nize up to 82% of the disruptions, and 79% of disruptions are reognized with
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Figure 4.17: Number of right alarms reognised with the indiator 〈Hmin〉in the time interval tCQ − tALARM . The 69% of disruptions are reognizedat least 20 ms from the disruption.

Figure 4.18: Number of right alarms reognized with the indiator mvd inthe time interval tCQ − tALARM for on�guration 3. The 79% of disruptionsare reognized at least 20 ms from the disruption.



FTU Data Analysis 5320 ms of warning time before the plasma urrent quenh. In FTU tokamak,experiene on�rms that 20 ms are enough to trigger ations for avoiding ormitigating urrent deay and disruption.4.6 Results and onlusionsThe physial investigation of a preursor signal of disruption and the iden-ti�ation of a su�ient alarm time to take measures of ation, suggests thepossibility to re�ne and implement a real-time algorithm for disruption pre-ditions, based on the SVD analysis of the MHD ativity signals from a setof FTU Mirnov oils. Sine this method appears to be e�ient for the FTUtokamak, the same analysis has been developed and applied to the JET toka-mak, as explained in the next hapter.This work has been inluded in the poster "Real-time analysis of magnetohy-drodynamis instabilities in the FTU tokamak" presented at the Conferene"Italian National Conferene on Condensed Matter Physis", FisMat 2013,Politenio di Milano, Milan (Italy), 09-13 September 2013 [39℄.
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Chapter 5JET Data AnalysisIn the previous hapter has been shown the researh of a disruption pre-ursor through the development of algorithms based on the SVD analysisof signals from Mirnov oils for FTU. The results appear to be interestingand enouraging, the robustness of the method an be demonstrated, forexample, testing the analysis on the experimental data of another mahine.In this hapter the analysis already arried on FTU is repeated on JET, amahine very di�erent for the shape, the size, the harateristi parametersand the plasma on�nement. Being JET a devie more omplex, in whihan our further physial phenomena, it is interesting to see if the samemethod is e�ient. Moreover, sine bigger is the tokamak more the onse-quenes of disruption are dangerous, in a big size devie as JET the researhof a disruption preursor is very important.5.1 JET Joint European TorusJET Joint European Torus is one of the world's largest tokamaks, with aplasma volume of about 90 m3 and it was built up at the begin of 80s inCulham Siene Centre (Oxfordshire, UK). It is a D-shape plasma tokamakwith the major radius of 2.96 m, the minor horizontal radius of 0.96 m and thevertial minor radius of 1.60 m. It is the only mahine apable of operatingwith the deuterium-tritium fuel mix of future ommerial reators. In 1997a world reord was ahieved at JET: 16 MW of fusion power were produedfrom a total input power of 24 MW, a 65% ratio, the equivalent to a release of22 MJ of energy. Today, its primary task is to prepare for the onstrutionand operation of ITER, ating as a test based for ITER tehnologies andplasma operating senarios [1℄. The major innovation and harateristi ofJET is the D-shape toroidal �eld oils and the D-shape plasma ross setionwith an elongation of 1.7.The main parameters of JET devie [40℄ are summarized in table 5.1 and ashemati representation is shown in �gure 5.1.55



56 5.2. JET data analysisParameters valueMajor radius (m) 2.96Horiz. minor radius (m) 0.96Vert. minor radius (m) 1.60Toroidal B �eld (T) 3.5�4Plasma urrent (MA) 4.8Max �at top duration (s) 60Maximum entral density (m−3) 2x1020Maximum eletron temperature (keV) 20Table 5.1: Main physial parameters of Joint European Torus.

Figure 5.1: Simpli�ed utway design of JET mahine. The person on thebottom gives an idea of the dimensions [1℄.5.2 JET data analysisThe shots seleted for the analysis are hosen from JET database between2012-2013. For this time period the on�guration of 16 Mirnov oils is known.We seleted 2044 plasma shots, 457 disruptive shots and 1587 regular ter-minations. Before starting the analysis it was neessary to develop an algo-rithm in MATLAB to verify the presene of Current Quenh and omputedthe urrent quenh time tCQ. The algorithm for Current Quenh detetion



JET Data Analysis 57implemented is similar to the one used at FTU. For disruptive shots, thedisruption time is de�ne as the plasma urrent quenh time tCQ. This pa-rameter is omputed by the omparison with the measured plasma urrentand referene urrent and by means of moving average of plasma urrentderivative dIp
dt . If dIp

dt exeeds a suitable threshold at time tCQ disruptionevent is reognized. Referene urrent is de�ned as the urrent that is ex-peted to use in every single plasma experiment. Di�erently from FTU, thisquantity is not a pre programmed urrent but it is onstantly update in realtime. From the omparison between plasma urrent and referene plasmaurrent has been possible to selet a stationary urrent interval in order tohoose regular shots.The time length of typial JET plasma shots is about 60-70 seonds, theurrent ramp during 20 seonds. It is not possible to test the algorithm forthe whole plasma disharge duration and we omputed the analysis for just1 seond. Even here all the odes are written in MATLAB, in partiular theall to the reading of the oils makes the ode quite slow. An analysis in atime interval of 1 seond remains su�ient for mitigation or take measuresto avoid disruption.For the 457 disruptive shots the seletion of the time range for the analy-sis is trivial, 1 seond before disruption. For the 1587 regular terminationswe deided to onsider a random time interval in a phase in whih the ur-rent is stationary and are obviously available data of the oils whih are notolleted for all the duration of the disharge. In the seleted shots, theabsolute value of plasma urrent plateau has a mean value greater than 1MA. The Mirnov signals are olleted by the KC1M diagnosti system, a 2MHz, 14 bits ADC system loated at JET, it an be onneted up to 23 mag-neti signals from Mirnov oils and up to 32 non magneti soures, as ECE.The analog signals from Mirnov oils are aquired at frequenies higher thanthose of interest for MHD ativity, they are �ltered and resampled and alledby an appropriate routine at 250 kHz in the JET software, �ltered �rst bya seond order low pass butterworth �lter at 60kHz after by a seond orderhigh pass butterworth and proessed by SVD in windows of 256 samples andthen postproessed at 1 ms. In this analysis have been used 16 signals fromMirnov oils system, the typial on�guration of the oils used in this workis shown in �gure 5.2.After the seletion of disruptive shots with the alulation of the orre-sponding urrent quenh time, after the seletion of regular terminations andthe development of a ode to determine the time range for the analysis, wefollow the same proedure used at FTU. The analysis stars from the resultsof SVD, using the evident markers for the presene of instabilities, i.e. theentropy and P1 marker, in order to identify a threshold on the mean value ofthe entropy around its minimum and to verify if disruption preursor basedon the square root of the moving variane of the time derivative of H/P1 is
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Figure 5.2: Con�guration of the JET Mirnov oils [7℄. The oils used in theurrent work are marked in red.e�ient.Firstly it is helpful to see the di�erent trends of the harateristi quantitiesfor a regular termination and a disruptive shot. Figure 5.3 shows the om-parison of plasma urrent between a regular termination 82036 (green) and adisruptive shot 82034 (red). As said above, the urrent plateau is longer then20 s, to appreiate the di�erene and the urrent quenh shape the �gure isrestrited before the disruption of the shots 82034 that ours tCQ = 57.57s. In �gure 5.4 we �nd the behaviour of the entropy, the indiator of ourinterest in order to predit disruption. We see the di�erent trend betweenthe regular shot 82036 and the disruptive shot 82034. This value, as saidbefore, is alulated in just on seond. The x axes represents the time, forthe disruptive shot is the interval long 1 s before tCQ = 57.57 s while for theregular termination is a random seond in the �at top. Also in JET plasmadisharges is evident a di�erent behaviour of entropy trend for disruptiveshots and regular terminations. We remember that in hapter 3 was pointedout that H → 0 is index of the presene of instabilities and following thesame steps of hapter 4 we omparison the average value of entropy H in atime window of 50 ms around its minimum, 〈Hmin〉. The interval of 50 msfor the average has been hosen in relation to a postproessing sampling less�ne. The values of 〈Hmin〉 for disruptive shots and regular terminations areshown for the whole dataset in �gure 5.5.The purpose of this analysis is to verify that the marker found maximizesthe number of right alarm and minimize the number of false alarms. Also in
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Figure 5.3: Plasma urrent trend for the disruptive shots 82034 (red) andfor the regular termination 82036 (green).

Figure 5.4: Entropy trend for the disruptive shots 82034 (red) and for theregular termination 82036 (green). The x axes represent the time, on [ tCQ-1s, tCQ℄ for the disruptive shot, while the time for the regular terminationis hosen random as explained in the text.
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Figure 5.5: Entropy mean value for disruptive shots (red) and for regularterminations (green) for all shots. The mean value is alulated in a timewindow of 50 ms around the minimum.this study the two ensembles of events disruptive shots and regular termina-tion are onsidered independent.In order to determine a threshold that distinguishing the H value betweendisruptions and regular shots, we onsider 10 entropy disrete intervals ofstep 0.1 with 0 < H < 1 and we alulate the perentage of frequeny ofexperimental data for eah intervals as shown in 5.6. We onsider the u-mulative funtions of the two sets in order to determine a threshold S on
〈Hmin〉. This threshold S should onsent to individuate Right Alarm as dis-ruptive events under the threshold S and No Alarms as regular shot eventsover the threshold S. Let fd(H̃) be the umulative funtion for the set ofevent of disruptive shot, that is the probability to have a value of H̃ between0 and S

fd(H̃) = Pd(0 < H̃ < S). (5.1)Let fr(H̃) be the umulative funtion for the set of event of regular termi-nations, that is the probability to have a value of H̃ between 0 and S
fr(H̃) = Pr(0 < H̃ < S) (5.2)so the probability to have a value of H̃ between S and 1 is (1− fr)

(1− fr(H̃)) = Pr(S < H̃ < 1). (5.3)The probability that a disruptive event is below threshold S and a regularevent is above threshold S is given by the produt of the umulative
F (H̃) = fd(H̃) · (1− fr(H̃)). (5.4)



JET Data Analysis 61The highest value of F identi�es the best estimate of the threshold.The best threshold orresponds to the peak value of F that results to be
S = 0.6. The value S=0.6 allows to reognize the 79% of right alarms and67% of no alarms.In �g 5.7 is shown the umulative funtion for disruptive events fd(H̃) (red),umulative funtion for regular terminations fr(H̃) (green) and produt
F (H̃) = fd(H̃) · (1 − fr(H̃)) (yano). We an onlude that the analysisarried out on FTU has also a positive result on JET. The indiator basedon the average value of entropy around its minimum has been on�rmed tobe related to the probability of disruption and appears to be a good disrim-inator between the two sets disruptions-regular terminations.

Figure 5.6: Perentage of disruptive shots (red) and regular terminations(green) for H intervals.5.3 Study of entropy trend and time evolution ofplasma dishargeWe analyse here the entropy trend behaviour limiting the analysis in a timewindow of 300 ms, i.e. the interval [ tCQ-300 ms , tCQ ℄ for disruptive shotsand time interval [ t(Hmin)-150 ms , t(Hmin)+150 ms ℄ for regular termi-nations. We reognize the presene of three di�erent trend for disruptiveshots asending and desending shown in �gure 5.8 and stationary that isompared to the entropy trend for a regular shots in �gure 5.9.We proeed with the investigation studying the simultaneous behavior of the
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Figure 5.7: Cumulative funtion for disruptive events f1 (red), umulativefuntion for regular terminations f2 (green) and produt f1 ·(1−f2) (yano).two indiators of instability studying in detail the time evolution of plasmadisharge in the plane H(t)-P1(t). We �nd again the same three di�erentbehaviour asending, desending and stationary for disruptive plasma shotsthat are shown in a polar representation for the time interval tCQ-300 ms,
tCQ �gure 5.10 while the hromati sale is explained in �gure 5.12. Theomparison with the typial trend of a regular termination is shown in �gure5.11 in the time interval [ t(Hmin)-150 ms , t(Hmin)+150 ms ℄. The polarrepresentation allows to highlight the angular variation.

Figure 5.8: Entropy trend for a) disruptive desending shot 83980 and b)disruptive inreasing shot 83187 in the time interval [ tCQ-300 ms , tCQ ℄.
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Figure 5.9: Entropy trend for a) disruptive stationary shot 84077 in the timeinterval [ tCQ-300 ms , tCQ ℄ and b) regular termination 82036 in the timeinterval [ t(Hmin)-150 ms , t(Hmin)+150 ms ℄.5.4 Disriminator between disruptions and regularshotsThe investigation exposed in the previous setion on�rmed the same be-havioural di�erenes between a disruptive plasma shot and a regular termi-nation found for the analysis of FTU. Disruptive shots an be distinguishedfrom regulars by the entropy and by the simultaneous time behaviour of en-tropy and P1 marker during plasma disharge. After these on�rmations, weproeed omputing the square root of moving variane of the time derivativeof H/P1 in time windows of 40 samples, mvd. We show the temporal trendof this variable to see if it allows to disriminate a disruptive event by a regu-lar, whih means if we an identify in it a preursor of disruption. In �g 5.13we represents the omparison of mvd for six di�erent regular shots and sixdi�erent disruptive shots. In order to determine a threshold on mvd belowwhih an event an be onsidered as disruption we alulate for both the en-sembles the perentage of shots that goes below the threshold ThMVD=20,40, 60 ... 400 more than N=1,5,10,20 times in the disharge. Disruptivedisharges that go below the threshold more than N times in the shot arereognized as right alarms RA otherwise as missed alarms MA. Regular ter-minations that never go below threshold more than N times in the shot arereognized as no alarms NA, otherwise as false alarms FA. The perentage ofright alarms RA and no alarms NA as funtions of the threshold are shownin 5.14.The probability to reognize a right alarms in disruption ensemble and at
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Figure 5.10: Time evolution of plasma disharge in the plane H(t)-P1(t) for desending shot 83980, inreasing shot 83187 andstationary shot 84077 in the time interval [ tCQ-300 ms , tCQ ℄. The meaning of hromati sale is shown in �gure 5.12.
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Figure 5.11: Time evolution of plasma disharge in the plane H(t)-P1(t)for regular termination 82036 in the time interval [ t(Hmin)-150 ms ,
t(Hmin)+150 ms ℄. The meaning of hromati sale is shown in �gure 5.12.

Figure 5.12: Chromati Sale for a) disruption pitures 5.10 and b) regulartermination 5.11.
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Figure 5.13: Comparison of square root of the moving variane trend betweensix disruptive shots (red) and six regular termination (green). The dot linerepresent the best threshold ThMVD found.the same time no alarms in regular termination ensemble as funtion of thethreshold is the result of the produt between right alarms and no alarms.The threshold orresponding to the peak of this produt, shown in �gure 5.15individuates the best threshold that maximize the probability to have at thesame time RA in the �rst set and NA in the seond one. From this analysiswe an establish that a threshold ThMVD = 60 provides to reognize a rightalarm if themvd of a disruptive shot drops below the threshold for more thanN times. Note from �gure the that the threshold does not hange varyingN=1,5,10,20. We have veri�ed that the detetion rates are not signi�antlydi�erent varying N=1,5,10,20 and then we reasonably deide to �x N = 5,sine we want to identify a disruptive event as soon as possible.This analysis has been done in the whole time interval of 1 seond wherewe alulate the quantities of interest for this analysis. From the study ofthe time evolution of the plane H(t)-P1(t) we an onlude that the researhthreshold of the square root of the moving variane of the time derivativeof H/P1 (mvd) is able to disriminate the two ensembles disruptions-regularshots, a threshold ThMVD=60 allows to reognize the 63% of right alarmsand 79% of no alarms.5.5 Disruption alarm timeWe have explained in setion 4.5 that a good preursor requires the detetionof an alarm time su�ient to take preautionary measures. We have deter-mined an alarm time on the preursor based on the average value of H around
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Figure 5.14: Perentage of Right Alarm RA (red) and No Alarm (green) asfuntion of ThMVD. The dot line represent ThMVD=60.

Figure 5.15: Produt between perentage of Right Alarms RA and NoAlarms NA as funtion of the threshold ThMVD. The high peak is in orre-spondene of ThMVD=60 and oinide for N=1,5,10,20.



68 5.5. Disruption alarm timethe minimum. The threshold has been established �nding the absolute min-imum value of H during the plasma disharge and onsidering an averagevalue in a time window of 50 ms around the minimum. We have establishedthat a shots in the ensemble of disruptive shots with 〈Hmin〉 < 0.6 will bereognized as a right alarm. Sine the aim of the researh of a disruptiondetetion is to implement it in a real-time algorithm it is useful to de�nean alarm time using the indiator 〈Hmin〉 as preursor. We determine forevery disruptive disharge after how many seonds the value of the entropyalulated by SVD falls below the threshold S = 0.6 at least 5 times. Asexplain at the begin of this hapter, the analysis has been arried out in justa seond before the disruption. The experimental data are so �utuating andwe onsider a moving average of the entropy H. The numbers of disruptiveshots reognized as right alarms at the time tALARM as funtion of the timedistane tCQ − tALARM from the disruption are shown in �gure 5.16. Fromthe �gure we an extrat that varying tCQ− tALARM the 72% of disruptionsare reognized 500 ms in advane, 78% 100 ms in advane and the 79% 50ms in advane. For a mahine as JET 50 ms are enough to take preaution.

Figure 5.16: Number of right alarms reognised with the indiator 〈Hmin〉in the time interval tCQ − tALARM . The 79% of disruptions are reognizedat least 50 ms from urrent quenh time.The researh of disruption alarm time for the preursor based on mvdompleted the work. The alarm time is de�ne as the time orresponding tohave 5 points of mvd under the threshold 60. The numbers of disruptive
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Figure 5.17: Number of right alarms reognized with the indiator mvd inthe time interval tCQ − tALARM . The 63% of disruptions are reognized atleast 50 ms from the disruption.shots reognized as right alarms at the time tALARM as funtion of the timedistane tCQ− tALARM from the disruption is shown in �gure 5.17 From the�gure we an extrat that varying tCQ− tALARM the 53% of disruptions arereognized 500 ms in advane, 63% 100 ms in advane and the 63% 50 msin advane. For a mahine as JET 50 ms are enough to take preaution.All the results are summarized in table 5.2.warning % RA H<0.6 % RA mvd<60
tCQ − tALARM > 50ms 79% 63%
tCQ − tALARM > 100ms 78% 63%
tCQ − tALARM > 500ms 72% 53%
tCQ 79% 63%Table 5.2: Summary of JET results: perentage of right alarms in relationto the warning time for both the indiators.5.6 Results and onlusionsThe analysis arried out for FTU for the researh of a preursor disruptionhas been on�rmed to be valid also for JET mahine.



70 5.6. Results and onlusionsThe development of set of algorithms based on the SVD analysis of the MHDativity signals from a set of JET Mirnov oils provide a disruption preursorbased on the square root of the moving variane of the time derivative ofH/P1 able to reognize up to 63% of the disruptions with 50 ms of warn-ing time before the plasma urrent quenh. For JET mahine, an estimatorbased on the entropy mean value around minimum turns to be more e�ient,being able to reognize up to 79% of the disruptions, with 50 ms of warningtime before the plasma urrent quenh.



Chapter 6Conlusions6.1 SummaryThe aim of this work is the researh of a disruption preursor and the devel-opment of a real time warning algorithm through the analysis of the resultsobtained by applying the Singular Value Deomposition (SVD) tehnique toMirnov oils signals in plasma tokamaks.While many tehniques are available today for disruption avoidane and mit-igation with some degree of suesses, atually there is not any strategy thatonsent to fully predit and avoid all disruptions. The de�nition of a pre-ursor signal of disruption is urrently an interesting argument of researhand in this PhD thesis an original method to determine a preursor signal isproposed.SVD is a tehnique widely used in tokamaks for the study of MHD ativ-ity, it allows suessfully to individuate the presene of the modes and todetermine the mode numbers (n,m). The signals used in this analysis are�utuations of the magneti �eld aught by an array of small multiturn oils,the so alled Mirnov oils. The signals have been opportunely �ltered andresampled at the frequeny of interest for MHD ativity.Through the Singular Value analysis is possible to extrat useful markers ofthe instabilities presene, suh as the Entropy H and the marker P1. Theentropy H is proportional to the square of the normalized singular valuesand desribes the phase oherene in Mirnov oils signals. The entropy anassume values in the range between 0 and 1 and lower values of the entropy
H are indiative of the presene of instability in the plasma.The P1 marker is the relative square magnitude of �rst ouple of prinipalaxes, it is bounded between 0 and 1. P1 is related to the presene of the �rstmode, i.e. the dominant ouple (m,n). The more P1 is lose to 1, the moreunstable the �rst mode is. The presene of a mode indiates the growth ofMHD ativity, if the mode beomes unstable a disruption an our.2046 plasma disharges olleted between 2008 and 2012 have been seleted71



72 6.2. Future worksfrom the FTU database. No threshold parametrization related to the plasmaengineering parameters suh as toroidal magneti �eld, plasma urrent anddensity has been used. The signals onsidered have been normalized, havingthe advantage to be independent from sensor alibration and signal ampli-tude. We distinguished 1665 regular terminations and 381 disruptions with-out taking any lassi�ation on the auses that lead to a disruptive urrentquenh.From the appliation of SVD analysis to a set of FTU Mirnov oils [31℄ theentropy has been resulted to be a good marker for the presene of MHD insta-bilities. The investigation of the disruption preursor starts with the studyof entropy time evolution during the plasma disharge. The two ensemblesdisruptive shots and regular terminations have been seleted and onsideredseparately, evaluating the mean value of entropy around its minimum. Thisis a good andidate in order to disriminate disruptive shots from regularterminations. The result of our analysis is the identi�ation of a �rst pre-ursor of disruption, based on entropy mean value around its minimum, ableto reognize up to 69% of the disruptions with 20 ms of warning time beforethe plasma urrent quenh. A further and deeper investigation of the planeH-P1 has brought to the individuation of a preursor based on the squareroot of the moving variane of the time derivative of the ratio H/P1. Thislast disruption preursor is able to reognize up to 82% of the disruptions,79% at least 20 ms of warning time before the plasma urrent quenh.The same analysis have been adapted and repeated for Mirnov oils signalsoming from JET mahine, in order to test the robustness of the algorithmin di�erent devies. We have analyzed 2044 plasma disharges olleted be-tween 2012 and 2013: 457 disruptive shots and 1587 regular terminations.Also in this ase we do not distinguish disruption auses and no thresholdparametrization has been established. The developed algorithms based onthe SVD analysis of the MHD ativity signals from a set of JET Mirnovoils provide a disruption preursor based on the square root of the movingvariane of the time derivative of H/P1 able to reognize up to 63% of thedisruptions, 50 ms before the plasma urrent quenh. For JET mahine, anestimator based on the entropy mean value around minimum seems to bemore e�ient, being able to reognize up to 79% of the disruptions, at leastwith 50 ms of warning time before the plasma urrent quenh.6.2 Future worksThe results presented in this PhD thesis, based on the appliation of SVDalgorithm in the researh of a preursor signal of disruption are enourag-ing, but more detailed investigations are however needed. We show here theaspets that deserve to be explored and developed further to omplete the



Conlusions 73analysis.We have pointed out that the analysis has arried out without any infor-mation about the engineering parameters of the mahine. An interestingproseution will be therefore try to parametrize the analysis ontextualizingto physial meaning introduing for example thresholds related to plasmaparameters suh as magneti �eld, plasma urrent and density.The markers identi�ed in this analysis an be used in order to lassifyingdisruption auses. For this purpose it is mandatory: analyzing in detail theplasma disharge studying the evolution of di�erent plasma and mahineparameters, distinguishing not intentional from intentional disruptions andtaking in aount experimental onditions. Moreover, it should be impor-tant to fousing on the preursor phases preeding the instability and on theplasma development before the thermal quenh. The investigation on a pos-sible orrelation between time dependene of the markers and the disruptionevolution should be done for improve our analysis.
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