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ABSTRACT. 
Several diagnostics (soft X-ray, Thomson scattering, 

high frequency waves, and vacuum ultraviolet speotrcscopy) have 
been used on TFR Tokamak plasmas in order to show that the soft 
X-ray relaxations are mainly due to electron temperature relaxa
tions, with only small variations of the electron density. Values 
of A T e o / T e o up to 17 v and of A n e c / n e o of a few % or less have 
been measured. 

* L. EHRIQUES and F. SAND (Laborator:'.o Gas Ionizzati, Associazione 
EURATOM-CNEN, Frascati, Italy)have taken part in this work. 
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1. - INTRODUCTION. 
Since the first obsei ration on the soft X-ray signals 

or internal disruptions (VON GOELER et al, 1974) (a saw-tooth 
modulation apparently correlated with the position of the q = 1 
surface ; q being the safety factor), they have been observed in 
almost every Tokamak plasma (VERSHKOV et al, 1973 ; T.F.R. Group, 
1975 : DUNLAP et al, 1975 ; SMITH, 1976). Although the theoreti
cal explanation for their existence is not completely satisfac
tory, it is generally assumed that they are due to electron tem
perature relaxations, rather than variations of the electron 
density or the effective charge. However, very little experimen
tal evidence for this Is available. We wish to present here seve
ral experimental facts, obtained under many experimental condi
tions ir. the TFR Tokamak, which prove that the soft X-ray dis
ruptions are almost entirely due to electron temperature relaxa
tions. 

2. - EXPERIMENTAL. 
2.1 - Soft X-ray intensity. 

The soft X-ray signal from a typical TFR discharge is 
shovm in figure 1, together with the time evolution of a few pias 
ma parameters. The experimental set-up used has already been des
cribed by several people (see, for example VON GOELER, 1974). The 
soft X-ray signal A roughly follows the plasrr.a current shape, but 
a superimposed saw-tooth oscillation appears when the central 
electron temperature T reaches its maximum. This saw-tooth os
cillation exhibits an m = 0, n - 0 mode structure, and it is 
detectable whenever q(a) é 12 (a being the limiter radius, 
set at 20 cm in the experiments presented here). Its period 
A t varies from 0.5 ms at low electron densities to S ms at 
the highest electron densities obtained. Figure Z shows these 
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relaxations as a function of chord height h , together with 
q(r), calculated from the Thomson scattering electron tempera
ture profile, with the assumption that the effective charge 
2, f f(r) = est. Note that the photographs shown were taken on 
different shocks, and that, therefore, no temporal correlation 
can be deduced from them. Whereas near the axis the relaxations 
show a rapid decrease (fall-time Sî V 3 0 A t ) followed by a slow 
increase, as one. looks further out in the plasma they pass 
through a minimum amplitude and then they increase again, but 
reversed (i.e., a decrease of the signal in the inner part of 
the plasma corresponds to an increase in the outer part). These 
relaxations occur at the same time everywhere in the plasma 
(within the lO^is time resolution of the detection system), but 
the fall-time of the reversed saw-tooth and the time at which 
the maximum cccurs increase with radius. Figure 3 shows a well-
known result, i.e., the chord height at which AA/A = 0 is clo
sely related to the radius where q = 1 (q being calculated as 
described above). It must be noted that, in order to obtain the 
true experimental relationship between these two parameters,one 
should take into account the .integration along the chord of the 
X-ray signal. 

Beside the features outlined above, quite generally a 
sinusoidal oscillation with an m = 1, n = 1 mode structure is 
superimposed on the saw-tooth oscillations. We shall not be, 
however, concerned here with this mede. 

The soft X-ray emission seen through an absorber 
depends on the electron density n , the electron temperature T 
and the effective charge Z ... through a relationship of the type 
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f(Z _.) being a function of Z f f , which depends on the relative 

importance of free-free and free-bound radiation. In our case, 

given the absorbers used in the detection system, ÛC ~ 2. It is 

evident from (l) that the saw-tooth mode seen on the soft X-ray 

signals may be due to relaxations on one of the three quantities 

n , T , Z /.r, or to a combination of the three (accompanied or 

not by profile modifications). 

We shall show in the following that the experimental 

evidence points to the electron temperature as the major respon

sible for the soft X-ray relaxations. However, very little evi

dence on eventual profile modifications has been obtained up to 

now, apart from the fact that the soft X-ray relaxations reverse 

outside the q = 1 surface. 

2.2 - Microwave interferorr.etry. 

The 2 mm multichannel microwave interferometer has 

been used in order to measure the density relaxations associated 

with the internal disruptions. Figure 4 shows the results obtai

ned c~ the central chord for a discharge with I = 140 kA and 

B. = 25 kG. They show line density (cm" ) relaxations (correla

ted with, and having the same sign as, the X-ray signal) of the 

order of 1 %. This value decreases as the density increases, 

getting to 0,5 % or less at the highest densities. Moreover, 

measurements performed en a chord outside the a_ •--• 1 surface 

have shown that these relaxations are in this case reversed, 

thus pointing to a profile modification. Unfortunately, the 
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quality of the overall measurement was not good enough to per

form the Abel Inversion procedure during one saw-tooth period. 

2.J - High frequency waves excitation. 

The fast magnetosonie ws.ve has been generated in a re

gime where the damping length of the wave is about 20 times the 

circumference of the torus (see Equipe T̂ ïH,, 1976, for experimental 

detail-). In such conditions a sharp peak In '"he wave amplitude 

is observed whenever the density value matches the conditions 

required for an eigenmode In the Tokamak cavity. During the cur

rent plateau, the average density varies vory slowly and each 

resonant peak is much larger and modulated at a frequency exact

ly correlated with the soft X-ray relaxations (Pig. 5).Three dif

ferent periods have to be distinguished in the signal. Ati and 

At* correspond to half ' he normal width of the peak in the ab-

s«;noe of disruptive den.-iit;/ fluctuation? and are dire"tlj- rela

ted to the damping rate of the wave. During these two periods the 

secondary peaks have a triangular shape with the sharp face 

oriented toward the inside of the envelope if the average elec

tron density n approaches the value needed for the matching 

of the cavity. This orientation reverses when n g departs from 

this value. In the central period, A t „ , each . econdary peak has 

the same amplitude but occurs at a time which varies from the 

top of the saw-tooth (point B on fig. 5) to the bottom (point C). 

This behaviour can be entirely described if we assume 

that the variation of the wave number K.. is a superposition of 

a slow and a saw-tooth-like variation. The wave field is maximum 

whenever the K curve crosses the K = n„ /R line (R being the 
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major radius of the torus, and n an integer). During the time 

interval A t ~ the slow evolution of the plasma parameters results 

in a variation of K^ which exactly compensates the relaxation of 

K during a disruption. 

In order to obtain quantitative results we have made 

the reasonable assumption that during a disruption the variation 

01' the density profile is the dominant effect in the dispersion 

relation, whereas the effect of the slow variation comes mainly 

from the increase of the total number of particles N. Typically, 

as deduced from microwave interferometry, N varies by 0.5 "' 

during the interval At„. 

The dispersion relation in a cold, inhomogeneous cylin

drical plasma has been solved assuming that 

•e. + i A r 2 « 
^= ~2~^c (4--J (2) 

In the experimental conditions (hydrogen plasma, e = 1, 

n e o = J.5 x 10 1 ; 5 cm"-5, B t = JO kG, I = 140 kA, \> =-- 70 MHz), 

six different modes can be generated corresponding to various 

combinations of the azimuthal (m) and radial (n ) wave numbers. 

Figure 6 shows the corresponding dispersion curves as a func

tion of n and e. From these curves we deduce that : 

eo 

i) the i^nsity profile becomes flatter during the 

sharp decrease of the saw-tooth ; 

ii) this effect is very weak and corresponds to 

A Ê = { 2± o.&)% 
e 

the uncertainnity on Ae/e coming from the ignorance of the type 

of mode which has been excited. 
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Trie flattening of the density profile during a dis
ruption is also supported by the microwave interferometry data 
presented in 2.2. However, we cannot completely exclude a 
simultaneous decrease of the total number of particles.. This 
effect would produce a decrease of K„ (fig. 6a), which adds up 
to the effect of the flattening. Using the curves of figures 6a 
and 6b we find that the two effects combine in such a way that 

4« N N 
where *4 and a refer respectively to variations during a 
disruption and during the interval /it_. Consequently, the va
riation of the electron density on the axis is rather insensitive 
to the assumptions, and we find 

2.4 - Thomson scattering. 
Compared to the preceding diagnostics, Thomson scat

tering has the advantage of being a local measurement. In order 
to get informations on the fluctuations of T and n , the expe
riments were performance in the following way. The laser was 
fired with a fixed delay with respect to the onset of the plasma 
current. This mode of operation ensures a random phase relation 
between laser pulse and saw-tooth relaxation, i.e., a possible 
slight variation of the plasma characteristics during a long 
series of discharges should not lead to erroneous conclusions. 
A dual trace oscilloscope with delayed trigger and high sweep 
rate (typically 1 ms/div) was used to record a signal from the 
laser (by means of a fast photodiode) and a few period of the 
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relaxations on the soft X-ray signal before and after the laser 

r.ulse. These recordings were used in order tc measure the delay, 

t, between the onset on a relaxation and the laser pulse, and 

l'or the measurement oï the period, A t , of the relaxations. 

Within a series of Tokamak discharges under Identical nominal 

conditions, tills latter period was generally stable to ± 10 cf> 

around the mean value At . Shots showing larger deviations were 

discarded. Por the remaining "good" shots, the individual values 

of the period of relaxation were renormallzed to A t . in order 

to get T (t) and " e(t) diagrams. Although an individual T or 

n measurement is subject to perturbing phenomena, such as lack 

or complete reproducibility of the discharge and photon statis

tics, it is generally sufficient to accumulate 10 to 20 shots in 

order to be able to bring out their evolution during a relaxa

tion. Figure 7 shews an example, taken at r = 0 during a dis

charge with I = 140 kA and T t = 25 kG. In this particular case, 

A t = 1.3 ms and one obtains, during this time, A ï /T = 17 % m ° eo eo 

and A n /n é 4 Je. Similar results have been obtained on 

other discharges, with plasma currents up to 200 kA and toroidal 

magnetic field up to 40 kG. 

2.5 - Soft X-rays through foil absorbers. 

By using the absorber method to obtain the electron 

temperature from the soft X-ray emission, one can deduce directly 

the variation of T (due to the soft X-ray profile ; see fig.3). 

Figure 8 (top) shews the soft X-ray flux detected by two silicon 

barrier surface detectors through 20 am and 40 y,m of Al absor

bers, respectively ; it refers to a 300 kA, 50 kG discharge. A 

computer code; taking into accoung relativistic effects, profile 
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effects, and the value of Z .. (T.)'.R. Group, 1976) gives the 
value of the ratio R of the fluxes through the two absorbers as 
a function of T . The data shown in figure 8 (top) have been ana
lysed at the maximum and at the minimum of the saw-tooth. Using 
the computed R = f(T e) 

cutrve » w e obtain the evolution of the elec
tron temperature versus time in the two cases (fig.8, bottom).The 
fluctuation of T is, in this case, of the order of 12 %. 

2.6 - Soft X--ray spectral analysis. 
Informations on the causes of Internal disruptions may 

also be obtained by a fast r:easurement of the soft X-ray energy 
distribution. Indeed, spectral ai.ily^is of the X-ray emission 
should give explicitly the evolution of the electron temperature 
(practically the central one, due to the soft X-ray profile ; see 
fig. 3), through the energy distribution of the spectrum, and also 

p indications on the product n 2 (2 being the enhancement factor 
of the emission as compared to the bremsstranlung emission of a 
pure hydrogen or deuterium plasma ; ~Z is related to Z = f (, through 
the function r(Z p f) in eq.(l)). The main difficulty of the spec
tral analysis results from the limited speed of pulse height ana
lysers. A detailed descriptions of the system vsed will be given 
elsewhere (SAND and HNRIQUES, 1976) ; here we will only summari
ze the main features of this method. The spectral analyser uses 
a Si(Ii) detector with the usual electronic handling the signals. 
The pulse height analysis is performed by a commercial multi-
analyser (LAGEN 8000), which can acquire up to 64 spectra sequen
tially ; in practice, 8 spectra were usually tc'<en. The analyser 
was repeatedly triggered by the saw tooth signal Itself, as 
given by a barrier surface diode. The time interval after the 
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fast decrease of the signal amplitude was divided in 8 windows, 
each lasting 0.2 ms and separated by 0.1 ms. Spectra were taken 
by repeatedly adding the pulses during all the relaxations of 
many discharges (typically 20) ; provision was made to avoid re-
triggering of the apparatus in case of a relaxation shorter U.an 
tie scanning period. 

A typical result is given in figure 9 for a 300 kA, 
50 kO discharge ; in these conditions the relaxation period was 

A/ 
typically 2.5 ms, and Ah/I\ = 20 %. The observed temperature 
variation is of the order of 17 % ; the saturation which appears 
at the end of the period may be due to t:.e jitter of the saw
tooth period, which caused photons of the next relaxation to be 
counted by the last windows. On the other hand, the electron den
sity variation, calculated under the assumption that ~Z = est, 
is too small to be accurately determined by this method and it 
seems to be lower than a few $>. 

2.7 - Vacuum ultra-violet spectroscopy. 
A search for relaxations on the impurity emission lias 

been conducted with a vacuum ultra-violet spectrometer on 300 kA, 
50 kG discharges for which T "= 2 keV. For the dominant light 
impurity, oxygen, the last ion seen with our experimental appa
ratus is 0 * (the 2s-2p, ''S-.-̂ Pg transition at 1623 A). This ion 
has a relatively low ionization potential ( ~)C =- 7'10 eV), ar.d is 
therefore present in a shell located in the outer plasma region, 
at a position where the electron temperature is of the order of, 
but slightly lower than, the ionization potential. Space resolved 
spectroscopie measurements have shown that for these discharges 
the 0 profile is centered at about 14 cm, with a width of ~ '+ cm. 
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This ion Is therefore only present outside the q - 1 surface. No 
relaxations on its en.ission have been detected. On the other hand, 
the dominant heavy impurity, molybdenum, is not completely ioni
zed in the plasma center, and it is possible to study two recent
ly identified lines of Mo-30"1" and M o 3 1 + (HINNOV, 197*0. which are 
present in these discharges (molybdenum being the limiter mate
rial). These two ions have ionization potentials of the order of 

l800 eV and are therefore present only in the central hot plasma. 
'30+ Figure 10 shows the results obtained for Mo- , looking through 

the central chord. Although the signal is affected by a relati
vely important noise, it is evident that the Mo-̂  emission is 
modulated in correlation with the soft X-ray relaxations, but 
the rise-time of this modulation is longer (of the order of 0.5 
0..S ms). Note that the Mo-5 radiance increases when the soft 
À-ray signal decreases (during a disruption). Space-resolved 
measurements have shown that this modulation, as the X-ray rela
xations, decreases in amplitude when ^Jing towards the q = 1 sur
face, on whi.: it is practically zero. "Nothing can be said out
side this surface, since by then the radiance is to weak and the 
ôignal to noise ratio too small. Contrary to these observations, 
no modulations have been detected (above the noise level) on the 
Mo-̂  + radiance (Pig. 10, bottom). This fact by itself eliminates 
the possibility that these modulations are due to electron den
sity relaxations. Indeed, the impurity radiance is proportional 
to n n Q, where n is the ion density and Q the excitation rate 
coefficient. Therefore, n relaxations should equally influence 
the two ions. The excitation rate coefficient Q is a weak func
tion of the temperature and cannot, therefore, be solely respon
sible for the modulations. They must, therefore, be attributed 
to n z. 
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We will show in the following that these modulations 
are due to temperature relaxations modifying the coronal equili
brium. Spectroscopic evidence (Equipe T.F.R., 1975) has led to 
the conclusion that the two ions observed are those representa
tive of coronal steady state at these electron temperatures. It 
can, therefore, be easily seen on the diagram giving the Mo frac
tional abundance ar a function of T at coronal equilibrium 

e ^ 
(Fig- 11) that, if Mo-5 is at its maximum abundance, a 10-20 % 

relaxation on T will not change n,, , but will considerably in
crease n,Q . Additional support to this explanation has been re
cently obtained in discharges with a higher central electron 
temperature, of the order of 2.4 keV. In this case the modula-"50+ tions previously observed only on the Mo radiance were present 
also on the Mo-5 radiance, due to the fact that now Mo^ + is on 
decreasing part of the fractional abundance curve. 

However, although this qualitative explanation is satis
factory, there is a problem witl- quantitative calculations, since 
coronal computations for molybdenum are not reliable, the appro
priate dielectronic recombination rate coefficients being not y?r 
available. Indeed, as shown in figure 11, if only radiative re
combination is considered, molybdenum should be more than 31 times 
ionized in the plasma center. Even if one removes this objection 
by artificially assuming in the calculations the temperature for 
which Mo'1 is maxi.num in figure 11 (as it has been done in 
Equipe T.P.R., 1975). the time constants resulting ar too long 
(of the order of 6 ns) to explain the observed modulations. In a 
first attempt to remove this contradiction we have simply multi
plied the radiation recombination rate coefficients used in the 
coronal calculations by a factor, chosen in order to have the 
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right time constant and the right electron temperature. These 
calculations show that, for a 15 % relaxation on T , the Mo-"' + 

emission is strongly modulated, contrary to the Mo-̂  + emission. 
Although the procedure outlined above is logical, it is 

not very satisfactory not to be able to perform precise calcula
tions. We have, therefore, also performed the following calcula
tion. Dlelectronic recombination rate coefficients have been cal
culated for iron (see, for example, BRETON et al, 1976, and refe
rences therein). We have chosen the two iron ions belonging to the 
same sequences as the molybdenum ions observed and have performed 
the coronal calculations for them (Fe and Fe ) . Obviously, 
we have chosen for this the electron temperature at which the two 
ions are the most abundant. T (t) has been assumed to have the 
same variation as the soft X-ray signal, with A T e o / T e c = 15 % ; 

n (t) has been taken constant, and the initial conditions for eo ' 
n are those given by coronal equilibrium at the maximum tempe
rature. Owing to the coronal assumption (which is certainly sa
tisfied in the plasma center), for the conditions existing in 
the discharges studied, large modulations are observed on one 
ion line intensity, but not on the other (Fig. 12). Moreover, 
the resulting time constant agrees with the experimental one. 

5. - CONCLUSION. 
We have shown in this paper that the relaxations obser

ved on the ooft X-ray signals are correlated with relaxations on 
several diagnostics. The observations show that the internal dis
ruptions are primarily temperature relaxations (AT /T = 10-20$), 
with only minor variations of the electron density (An e o/n 
never more than a few %). Profile modifications , although 
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not directly observed, are inferred from the radial profile of 
the soft X-rsy saw-teeth and from the microwave interferometer 
results, luis conclusion seems to us valid even If we have, up 
to now, no experimental evidence of eventual modulations on Z ., 
(apart from the very small modulations due to oscillations in the 
coronal equilibrium). 
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FIGURE CAPTIONS. 

Soft X-ray signal and a few plasma parameters (plasma 
current I , loop voltage U, central electron density 
n . and central electron temperature T ) as a func
tion of time for a 140 IcA, 25 kG discharge. 

Soft X-ray signal at the current plateau as a function 
of chord height, p.nd safety factor a as a function of 
radius (calculated from the Thomson scattering data 
with Z e f f(r) = est.) for a 140 kA, 2';-. kG discharge. 
Note that the photographs were taken on different 
shocks and that no temporal correlation can be deduced 
from them. 

.̂ p.c'ial profiles of central electron density n and 
temperature- T and of the safety factor q (both from 
Thomson scattering), and chord profiles of the ampli
tude A of the soft X-ray signal and cf the relative 
amplitude A V « of '••••- =*'.' "C'_h rolar.'_t-!<-.nr.! net-
taken on 140 kA, 25 kG discharges. 

Line electron density (cm* ) relaxations as seen by 
the 2 mm microwave interferometer on the central chord. 
I = 140 kA, B. = 25 kG. p t 

Effect of density relaxations on the peak shape of 
the H.F. signal in a 140 kA, 30 kG discharge (photo
graphs), and effect of density relaxations on a toroi
dal eigenrr.ode of the fast magnetosonic wave, a) assumed 
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variation of the parallel wave number K.. ; b) wave 
amplitude as observed with a magnetic probe : c) average 
electron density deduced from microwave interferometry. 

Fig. 6 Dispersion curves for the fast magnetosonic wave as a 
function of n._ and e. eo 

Fig. 7 Central electron density n and temperature T varia
tion during one saw-tooth relaxation (from Thomson 

Fig. 8 

scattering). I = 140 kA, B. = 25 kG. P ^ 

computed by using the foil absorber method. The data 
nave been taken at the maximum and at the minimum of 
the saw-teeth (photograph). I 

Fig. 9 Variation of the electron temperature T and density 
n during one saw-tooth relaxation (from spectral 
analysis of the soft X-ra 0). I_ = 500 kA, D = 50 kG. 

p z 

Fig. 10 Radiance of Mo 3 emission line at 117 A and Mo v 

emission line at 129 A, correlated with the soft X-ray 
relaxations. I = 300 kA, B f c = 50 kG. 

Fig. 11 Fractional abundance f = n /Z-n^ of molybdenum ions 
as a function of electron temperature. Only radiative 
recombination is included in this calculations. 
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Pig. 12 Result of coronal equilibrium calculations during a 
few temperature relaxations ( 4 T e c / T e o = 15 i>> 

n = est.) for the emission intensity of two iron eo 
ions (Fe and Pe ) . See text for further explana
tions. 
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