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A b s t r a c t 

We present the first resuits of the program for the characterization of 

the thermal flux on the FTU poloidal limiter during disruptions. Data on 

power fluxes are obtained by using an infrared detector and a set of 

thermocouples. Two peaks in the limiter thermal load, corresponding to 

the thermal ( up to 500 MW/m^) and magnetic quenches, are well 

resolved by the infrared detector allowing the time correlation with 

other fast diagnostic measurements. 

The dependence on the main plasma parameters of the intensity and 

time evolution of the thermal f'ux to the limiter is discussed. 
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1. Introduction 

Disruptions are one of the most serious problems to be solved in 

order to build a Tokamak based fusion reactor. At present, in both small 

and large devices, disruptions are responsible for damages on plasma 

facing components as well as for forces on the whole machine structure. 

Even if in a reactor disruptions should be completely avoided, in the 

near term machines, like ITER, the divertor plates are foreseen to be 

submitted to power load as high as 120 GW/m- during the phase of the 

thermal quench of a disruption [1]. Self protecting mechanism? are 

expected to reduce material erosion by a factor of ten [2] but they are 

not able to prevent serious stresses of the structures. 

A careful comprehension both of the mechanisms leading to the 

abrupt loss of plasma thermal and magnetic energy and of the way this 

energy is deposited on the structures inside the vacuum vessel are 

therefore of great importance in order to limit the number of 

disruptions and the damages they cause. 

On the FTU machine [3], despite the rather low energy input to the 

discharge (presently up to 2 MW of Ohmic input power for a 1.5 s 

discharge duration), thermal load on structures facing the plasma, i.e. 

the poloidal limiter, can reach reactor relevant values, due to the 
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smallness of the area involved during the disruption. In this paper the 

release of plasma energy to the FTU limiter during a hard disruption is 

studied by an infra red detector and a set of thermocouples. 

2. Experimental apparatus 

The poloidal limiter used in the FTU machine consists of two 

massive partial rings with a poloidal extension of 150° and 60°, centred 

around the inboard and the outboard mid plane respectively. They 

support 22 mushroom shaped pieces (Fig. 1). The plasma minor and 

major radius are 0.30 and 0.935 m respectively. An infra red single 

point detector, using a Peltier cooled HgCdTe crystal, sensible in the 

range 2-5 urn. looks at the two lowest mushrooms of the inner ring with 

no spatial resolution, through a magnesium fluoride window located at 

the end of the upper port. A ZnSe lens just in front of the detector, 

focuses the thermal radiation from the limiter on the sensor (1 mm-

area). The signal output of the detector is sent to a closely located 

amplifier and then to the FTU data acquisition system. Acquisition 

frequency limits the time resolution to 3.0 10*4 s: for the most recent 

shots it has been improved to 10 '4s . Shielded thermocouples, routinely 

used to get information about the energy lost by conduction-convection 

during steady state discharges [4] are embedded within the head of 

eight mushrooms (six in the inner part of the limiter. two in the outer). 

No time resolution during the 1.5 s duration of the discharge is possible, 

the hot junction being 4 mm under the mushroom surface. Information 

about the poloidal distribution of the energy lost by the plasma during 

disruptions can be inferred by comparing two discharges with the same 
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plasma parameters, but differing only in the current termination, a soft 

landing one and a disruptive one. as done elsewhere [5]. 

3. Results 

A set of 35 discharges terminating with a hard disruption was 

selected for which infra red detector and thermocouple signals as well 

as data from ECE polychromator. bolometer and magnetic measurements 

were available. Plasma current and density at the onset of the 

disruption range between 0.4 and 1.15 MA and between 5.0 101 9 and 

2.5 102 0 m~3 respectively. The toroidal magnetic field is 6 Tesla. the 

working gas deuterium, the limiter material inconel and the wall 

material stainless steel (AISI 304 LN). 

In fig. 2 the typical temporal evolution of the infra red detector 

signal (10"4 s time resolution) during a density limit disruptions is 

shown together with the plasma current (TO-0 s time resolution) and 

electron temperature (5.0 1 0 0 s time resolution) at two different radial 

position ( 0.0. and +0.18 m from the chamber geometrical centre). 

The infra red detector signal, proportional to the power radiated 

by the limiter surface, is converted into a temperature signal from 

which, by deconvolution. it is possible to obtain, as shown in fig. 2. the 

time evolution of the power flux impinging onto the lowest mushrooms 

of the limiter. This signal elaboration involves some approximations: to 

obtain the surface temperature the effective emitting area has been 

estimated by using a 2D finite element thermal code (PDE Protran) and 

making simulations with different decay length of the energy flux 

impinging onto the limiter: a weak dependence of the emitted power on 

the energy decay length has been found so that it has been possible to 

assume an average value of the emitting area for all the shots. The 



9 

emissivity of the inconel has been obtained by comparing the 

temperature measured by the infra red detector with the temperature 

given by the thermocouples embedded into the mushroom about 30 s 

after the plasma discharge, when temperature distribution inside and on 

the surface of the mushrooms can be considered homogeneous. Such an 

"in situ" calibration has been done only up to a temperature of about 

600 °K; another "ex situ" calibration curve has been obtained by using a 

black body calibration source. This second curve was in the range 300-

1200 °K, and was obtained simulating the geometrical constrains of the 

FTU machine. The "ex situ" curve has been multiplied for a constant 

factor to let it superimposing to the "in situ" curve in the common 

temperature range. In such a way a unique curve has been obtained in 

the full operation temperature range. 

From the flux measured by the detector the thermal and the 

magnetic quench phases of the disruption can be easily distinguished, as 

previously found on other machines [6]: the first quench causes a huge 

power peak that, for shots with high acquisition frequency (10 KHz), 

shows a rise time only in a few cases longer than the acquisition time; it 

is possible to conclude that in FTU this rise time lasts typically 100 u.s or 

less: the second quench shows a long (up to 10 ms) plateau, if the 

plasma current decay is "slow", or a shorter peaked high level signal 

(but never lasting less than two ms) if the current is decaying faster (fig 

2). 

In correspondence to the first peak a sudden decrease of the 

central as well as an increase of the outer plasma electron temperature 

is seen. Such a behaviour is clearly shown by all the 12 channels of the 

polychromator probing the central and outer part of the plasma cross 

section. Only two channels have been reposed in fig. 2 for sake of 
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simplicity. A real energy expulsion is taking place with a time constant 

comparable with the acquisition time (50 us) of the polycromator. 

In fig. 3 the impinging power (in arbitrary units) is plotted as a 

function of the plasma thermal energy at the onset of the disruption. 

Despite the large spreading of the values, probably due to the low time 

resolution, a direct proportionality is recognizable. 

Assuming that during the thermal quench the plasma is 

preserving its steady state magnetic configuration whilst the energy 

decay length is increasing [7, 8] we can make an estimation of the 

energy impinging on the whole limiter; the power flux ranges between 

1.5 and 5.0 10$ W/m^ that, for a total mushroom surface of about 0.06 

m - and a thermal quench time of 100 (is. results in a deposited energy 

ranging between 0.9 and 3.0 KJ. This corresponds tc 5-10% of the total 

thermal energy content of the plasma, typically ranging between 10 and 

70 KJ. If the energy decay lengths (not measured during disruptions in 

FTU) are long, it is correct to think that a comparable percentage of the 

plasma thermal energy has to go onto the limiter support. Even so the 

energy lost by conduction-convection is still estimated to be a rather 

low fraction of the total plasma thermal energy. 

From bolometric measurement it seems that a large part of the 

plasma energy is radiated during the disruption but the relative 

contribution to the thermal and magnetic energy losses and the total 

amount cannot be estimated being the bolometric signals integrated for 

ten ms. Only an estimate of the lower limit of the total energy radiated 

during the disruption is possible being the bolometric signals all 

saturated in this plasma discharge phase; from such an evaluation it is 

possible to say that at least 60% of the total energy is radiated away. 

The fastest diagnostic (10*3 s) measuring the radiated power is 

the Jobin Yvon UV spectroscopy probing the plasma radiation in the 
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frequency range 1028-1036 10"9 m where there is a strong 

contribution from the 0 VI line: from such a diagnostic it is possible to 

see that a first radiation increase, at least in the UV range, occurs in 

correspondence to the thermal quench but during the magnetic quench 

the radiation is still increasing. 

The poloidal distribution of the heat flux impinging on the limiter 

as the total effect of the thermal and the magnetic quench can be 

inferred from fig 4: the temperature increase of the thermocouples 

embedded within the mushrooms, relative only to the disruptive portion 

of the discharge, is reported as a function of the poloidal angle. A strong 

peaking of the heat flux profile around the inboard mid plane is clearly 

seen, suggesting a rapid movement of the plasma towards the inner 

limiter during the disruption, as expected because the current decay is 

too fast to be followed by the vertical field and as confirmed, in a 

qualitative way, by magnetic measurements. Moreover post mortem 

analysis of the limiter mushrooms show heavy damages (large melting 

and loss of material) concentrated around the mid plane, that cannot be 

explained in terms of normal discharge fluxes, as suggested by 

thermocouple measurements during non-disruptive discharges. 

Assuming an increasingly asymmetric heating during the current 

quench as a consequence of the plasma column movement, the absolute 

value and the time evolution of the energy lost to the region seen by the 

detector during the current quench cannot be extrapolated to the whole 

limiter differently from the case of the thermal quench. 

In any case the signal measured by the infra red detector during 

the magnetic quench remains high despite the increasing distance from 

the plasma, where net current is flowing. This suggests that the plasma 

is still filling the whole vacuum chamber and the limiter part that is not 

suffering the contact with the "central" plasma is plunged in a wide 
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scrape off layer. In any case the signal measured by the infra red 

detector during the magnetic quench remain high despite the increasing 

distance from the plasma, where net current is flowing. This suggests 

that the plasma is still filling the whole vacuum chamber. The limiter 

part that is not suffering the contact with the "central" plasma is 

plunged in a wide scrape off layer. 

In effect, when the absence of any run-away electrons allows a 

reliable electron temperature measurement..the energy deposited onto 

the limiter during the magnetic quench seems to be driven by a small 

cold plasma. This is shown by the central channel of the polycromator 

that rises to a value of =200 eV after the thermal quench. For the 

external channel the plasma has a temperature below the threshold 

sensitivity limit of the diagnostic ( =100 eV); the presence of the cold 

plasma is also confirmed by Michelson interferometer measurement but 

no more information about the plasma dimensions can be inferred 

because of la^ > of spatial resolution. 

This is reminiscent of the experimental results of post disruptive 

plasma studies in TFR [8] and of the modelling of fast plasma current 

decay shots in JET [9]. 

With regard to this last model it should be noted that the current 

decay time in FTU is never faster than 2 ms so that according to the 

definition of a "fast" disruption made in ref. [9], i.e. disruption for which 

the currem decay time is tj[s] < 0.02 a2 (a [m] being the plasma minor 

radius ), so that no "fast" disruptions take place in our machine. Efforts 

are to be directed towards the understanding of the role played by 

impurity fluxes Li FTU disruptions. 
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4. Conclusions 

The energy deposited on a portion of the FTU poloidal limiter 

during a hard disruption has been measured by an infra red detector 

and a set of thermocouples. 

The contribution of thermal and magnetic quench were well 

resolved, allowing a comparison with other fast diagnostics to be carried 

out. Very high values (up to 5.0 IO** W/m^) of specific power during the 

thermal quench were found, to be ascribed to the smallness of the area 

interacting with the disrupting plasma. 

During the current quench the I-R detector signal is probably the 

result of the limiter heating by a rather cold plasma encircling the 

plasma carrying the net current that is moving towards the inboard mid 

plane, as confirmed by thermocouple measurement. 

The major part (at least 60%) of the plasma thermal and magnetic 

energy seems to be radiated during the disruption, but a more 

quantitative evaluation was not possible, due to bolometer signal 

saturation. 

The foreseen spatial and time resolved thermography of the 

toroidal limiter that will be installed on the inboard mid plane of the 

FTU vacuum chamber, is expected to give a major contribution to the 

comprehension of the energy release mechanisms during hard 

disruptions. 

B i b l i o g r a p h y 

[1] D.E. Post (ed.), ITER Physics, ITER Documentation, Series n° 21, chap. 

4 (IAEA, Vienna. 1990) 



14 

[2] M. Ciotti, G. Maddaluno, A. Sestero, Proc 20th European Phisical 

Society Conference on Controlled Fusion and Plasma Physics, Lisboa, 

Portugal, 26-30 July 1993. 

[3] Frascati Tokamak Upgrade, Euratom-Enea Association, Frascati, Rep.. 

82-49, October 1982. 

[4] M. Ciotti, C. Ferro, G. Franzoni, G. Maddaluno, Proc 20th European 

Phisical Society Conference on Controlled Fusion and Plasma Physics, 

Lisboa, Portugal, 26-30 July 1993. 

[5] A.C. Janas et al., J. Nucl. Mat. 196-198 (1992), 602 

[6] TFR Group, Thermal load on the TFR tokamak limiter during 

additional heating pulses and major plasma disruptions, Report EUR-

CEA-FC-1114- August 1981 

[7] K.H. Finken et al., Nucl. Fusion 32 (1992), 915 

[8] TFR Group, Study of the post-disruptive plasma in the TFR tokamak, 

Report EUR-CEA-FC-1226- August 1984 

[9] DJ.Ward, Nucl. Fus., Vol. 32, N° 7 (1992), pp. 1117-1123 



15 

Mushrooms 
ith embedd 

thermocouple 

a=0 3m 

Infrared detector 
"line of sight . 

Fig. 1 - The FTU limiter with the location of the embedded 
thermocouples and the line of sight of the infra red detector 
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Fig.2 - Temporal evolution of a) the plasma current; b) the infra red 
detector signal; .) the specific power load onto the two lower 
mushrooms; d) the ECE signals, central (dashed line) and outer chords 
( + 0.18 m); e) Jobin Yvon spectrometer signal for a "fast" mode current 
decay 
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Fig.3 - Power on the two lower mushrooms of the 
internal limiter during the thermal quench as a function 
ot ihe thermal plasma energy 
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Fig. 4 - Temperature increase difference as measured 
by thermocouples for two shots differing only for the 
current decay mode: a disruptive one and a soft land 
current decay 


