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Abstract

In this article, some diagnostic systems and the preliminary results of the IR-T1**
(Iran-Tokamak 1) are presented. Different diagnostic methods, including an array of
soft X-ray detectors, visible spectrometer, electron cyclotron emission detector and
electromagnetic measurement systems have been used and the hard disruptive
instability occurring in the IR-T1 plasma during an ohmic heating discharge, under
a range of reproducible conditions for 3 > q(a) 2 2, is studied. It is found that the
disruption activity occurs when the value of the safety factor at the plasma edge

becames less than q(a) <2.7.

Introduction

The IR-T1 is a small air-core transformer tokamak
with circular cross section and without conducting shell
and divertor, Its aspect ratio is R/a= 45 cm/12.5 cm. The
operation regime according to the original design is
q(a)>3.0 (where q(a) is the safety factor at the plasma
edge) [1-31.

The major goal of this paper is to study the hard
disruptive instability occurring in the IR-T1 plasma,
which limits the maximum plasma current and the plasma
density [4-6]. It has been known that the global
magnetohydrodynamic (MHD) equilibrium of a tokamak
is subjected to various forms of instability whose growth
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rates depend on the local values of the plasma gradient,
magnetic shear, current density, etc. [7]. These give rise
to perturbations which have the general form:
&= & exp {i (m8-no + w} )]
with helical structures which generally are most
pronounced on or close to these surfaces at some radius
(r), where the field line helicity matches that of the mode.
If m and n are small integers, these are known as 'rational
surfaces' and satisfy the condition @(r)=m/n, while m and
n are respectively referred to as the poloidal and toroidal
mode numbers. Here, 8 and ¢ are poloidal and toroidal
angles, respectively. These small non-axisymmetric fields
are resonant at low-order rational surfaces (safety factor
g=1,2,3...) in the plasma [8]. In the q(a)>2.0 disruption,
there is a q=2 rational surface which is the pre-condition
of the growth of m/n=2/1 Mimov oscillation [1,9-10]
related to most of these kinds of disruptions. This mode
couples with the g=2 surface which is the location of a
strong plasma Mirnov instability. Mirnov oscillations in
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tokamak plasma are commonly explained by the tearing
mode theory [1,11]. Eachmode (in particular the current
~ and flow fluctuations related to it), characterized by the

poloidal and toroidal mode numbers mand n, is localized
around its corresponding resonant surface. It is only
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when the amplitudes of the tearing modes becomes large -

~ enough that the resulting magnetics islands begin to
- pverlap, that the coupling between different modes
becomes strong and leads to a disruption [9-16]. The
- chainofevents altogether called ‘disruption'is discussed
in [16-20], the main phases of which are; I initiating
event; II thermal quench and III current quench.

Since mainly in the regime of g(a)s4, the most
important modes of concern here are m/n=3/1, the

resonant is on the g=3 surface, 2/1 on g=2, and 1/1 is
associated with gs1. , ,
The next section illustrates the main diagnostic

systems in our experiment. Another section describes
the typical experimental observationsin disruptionevent
“and results. These results were obtained during one year

of operation (1996) without using resonant helical fields

(RHFs) and have been restricted to those shots which -

produced consistent and reproducible data.

Diagnostics

Different diagnostic methods which we have used

include: soft X-ray (SXR), electron cyclotron emission
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(ECE) and visible radiations emitted by the plasma and -

magnetic field measurements. Figure 1 shows the top
view of the IR-T1 tokamak and the diagnostic systemson
it.

- Soft X-Ray Detectors

" The principal detector array on the IR-T1 employs 23

silicon surface barrier detectors (ORTEC type TB-18-
25-300) which view the plasma through a common
window. This consists of a horizontal slit, 3 X 25 mm,

covered with a 3 um thick formver absorption foil with-
aluminum coating (4000 A thick) to exclude the visible -

light and vuv line radiation [21,22]. The sensitive area
of each detector element is about 50 mm?. Each
detector - thus - views a different chord through the
plasma column whose minimum radii are respectively
-11,-10,...,+10,+11 cm above the median plane of the
plasma. The X-ray flux received by each diode is then
due to the X-ray emission integrated along the chord for
the whole volume viewed by the detector. A second array
of similar design, but with 13 detectors viewing only the
lower half of the plasma, is located 90° poloidally from
the above array. The response of both X-ray systems is
limited at low energies by the absorption of the formver
- window and at high energies by the thickness of the
silicon detector. The energy range of the detected soft X-
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Figure 1. Plan of the IR-T1 showing the configuration and
diagnostic positions such as, the Mimov coils, ECEradiometer
system, visible spectrometer and the two soft X-rgy detector
arrays used for detecting the MHD activity, relative to the
limiter.

ray is about 600 eV to 20 keV. The signals are digitized
with 8 bit accuracy by means of a data acquisition
system.

Visible Spectrometer ;

To study the behavior and monitor the visible line
emissions, Ho, HB, and some of the line intensities of
lightimpurities, e.g. carbon, oxygen and nitrogen atoms,
a visible (or near ultraviolet) spectrometer with a
wavelength range of between 3000A-7000A and 0.6 cm
space resolution, in which there is a two-lens image
system in front of the spectrometer entrance slit and a
multichannel optical fiber attached to its exit slitis used.

Electron Cyclotron Emission (ECE) Detector
Second harmonic X-mode ECE from plasma is
measured by a S-channel heterodyne radiometer with
corresponding frequency in Ka-band range. Each channel
contains a gundiod, local oscillator with a fixed frequency
of 35-39 GHZ, attenuator, mixer and directional coupler.
ECE signal is received by pyramid horn followed by X-
band wave guides, then converted into an intermediate
frequency by mixer. ‘

Magnetic Measurement System
Figure 1 shows the positions of the various arrays of
coils, which are all oriented to respond to the time
varying poloidal field components (B, as mounted



J.Sci..R. Iran

around the torus. These components are conveniently

studied with small magnetic search coils, sometimes
referred to as ‘Mimov coils’ {7]. These arrays are
toroidally and poloidally distributed; one (known as the

M(12,12)) contains 12 radial and 12 poloidal coils.

Another array, M(8), consists of eight poloidal coils

around the outside of the vessel. The frequency response :

of the coils and their output circuit are flat (i.e. signal
proportional ta frequency) up to at least 30 kHz, the

highest frequency of interest in IR-T1 experiments, The |

signals from each coil are digitally recorded, normally at
250 kHz sampling rate. Also, other magnetic
measurement systems which include: 10Rogowsky coils,
8loop lines and 2 sine saddle coils 2 cosine coils, are used
tomeasure the plasma current, loop voltage and horizontal
displacement of the plasma, respectively.

Description and Discussion of the
Experimental Results

The major parameters of the IR-T1 are: Ip<49 kA,
Bé= 5-9kG, . = (0.7-3) X 10 cm?, Te(0)= 130 - 250
eV, Ti(0)= 50-80 eV, Zeff < 2 [1], discharge duration is
about 20 ms and its plateau phase is about T= 6 ms. Other
parameters of the IR-T1 are summarized in Table 1.
These parameters are compared with three different and
well-known tokamaks.
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The observations described here have all been made
within the following experimental parameters before
disruption activity:

Major radius R=45cm

Plasma current Ip=45kA
Toroidal field B¢ =~ 0.55 tesla
Pulse duration T=15ms

Central electron temperature Te(0) = 175 eV
Line average central

electron density fie = 1.1 x10%cm?®
Impurity level Zeff< 1.7

Figure 2 shows the typical hard disruption waveform
occurring in adischarge with q(a)=2.2-2.5in the plateau
phase of the IR-T1 ( in this paper, we have followed
convention by defining q(a) in its cylindrical
approximation; q(a) = 2 nB¢ a*u, Ip R.). Several
characteristic features of the hard disruption instability
areidentified as follows; Figure (2-a): The major decrease
in the plasma current after two small positive spikes, the
so-called vertex, are close to 12.2 and 12.5 ms. (2-b): A
series of negative spikes on the loop voltage (especially
two strong negative spikes corresponding to plasma
current vertices) are shown. (2-¢): The measured
horizontal displacement shows that the plasma has an

Table 1, Comparison between the basic characteristics of the IR-T1 with some of typical tokamaks

Machine R B, Ip Vieop Te(0)  ne(x10%)
(em) (G) &A) W) (keV)  (cm?)
PLT 130 35 500 2 0.85 14 |
TFR 98 25 200 25 12 45°
TOSCA 30 4 8§ 2 02 15
IR-T1 45 59 2050 122 0.2 0.7;3

Te SXR small m=2 Gas  Ref.
{ms)  sawtooth oscillation mode
freq. freq. freq.
(kHz) (kHz)on  (kHz)
SXR
9 0.11 23 23 He 8
25 04-1 5-10 10-16 H2 9
012 5-10 40-60 40-60  H2 10
05-2.5 25 20-25 20-25 H2 1,
21,22

75




Vol.10 Ne.1

Winter 1999 Ghoranneviss et al. J.Sci. I.R. Jran
Shot(No 183)itorofdal fleld=0.5-0. 7tesla ; 18 0ct.-96
| ip[kAl 2t S
a8l P - B,faul
321 Plasmg Current Mtr:?v :-'au-_u::- )lim.o{'a{Sig}ml
16} I ]
0 two ! .
" vertex i .
‘ ] | P ]
1 - (a) ] 2l Mirnov Onctiiation (e) 7
vieop(v) ]S afs)
‘ 13.8 ‘Safety Fact
LOOP VOLTAGE 2.5} R P;-xms s::e
) S 4 L { Cylindricai Approximatlion)
(b) ] (0
i HDfem) ] ECE Radiation ]
| oulward HORIZORTAL = ] - =igna ]
;5_ ‘ DISPLACEMENT au}
o W e eeepd .
‘ s inward ; 4
() ] (g) ]
Cli-Impurity 1 SOFT X~RAY ]
Signal . SIGNAL 7
(av} (AU)
2l @) ] -2f V, (h)
6 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18 21 24 27 30

time (miliseconds)

tiine(miliseconds)

Figure 2. The typical time evolutions of plasma parameters in disruption event on the IR-T1 tokamak: (a) plasma
current (kA); (b) loop voltage (v); (c) horizontal displacement signal (cm); (d) CII-impurity signal (arb. u.); (e)
Mirmnov coil signal (arb. u.); (f) the safety factor at the plasma edge (in cylindrical approximation); (g) ECE radiation
(arb. u.); and (h) central soft X-ray signal (arb. u.). The hard disruptive instability appears close to 12 ms. Disruption
occurs during ramp-down of plasma current, that is caused by the decrease in the safety factor at the plasma edge.
Positive plasma current spike and negative loop voltage spikes are clearly observed.

. inward motion due to instability. As shown, when the
- plasma is pushed inwards in major radius it causes a
_positive spike on the loop voltage. (2-d): An enhanced
. interaction between the plasma and the limiter which is
- evidént by an increase in the release of impurity shown
' by an increase in the emission of the CIII (A= 4644 A,
' 253s-2s3p)-impurity line, starting a few milliseconds

before the appearance of the negative voltage spike, and

initial plasma current vertex. (2-e): Typical dominant
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Mirnov oscillations (m/n=3/1 and m/n=2/1) on Mirmov
signal, which were measured by one of the external
poloidal field coils, are shown. In the ramp-up phase, the
dominant modeism/n=13/1, while the m/n=2/1 mode has
a relatively low amplitude up to three milliseconds
before the disruption. In this moment it started to growin
amplitude. Ascan be seen from this figure, the disruption
begins from a phase (I) of the MHD instability
development. Usually, this is the m/n= 2/1 mode [23]
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with relatively low amplitude as can be seen from the
signal of Mirnov coil (= 7-9 ms). In this time, the safety
factor in plasma edge is about 2.3, as shown in Figure (2-
f). The decrease of the electron temperature is shown by

a sudden drop in the electron cyclotron emission (ECE) -

of the plasma, as shown inFigure (2-g). Before disruption,
the ECE radiation from the plasma centre shows sawtooth-

like oscillations which affect the central part of the
discharge and level the electron temperature. The ECE

intensity decays with the development of the m/n=2/1
instability and precursors of disruptive energy loss in the
central part of the plasma appear. Deep dips in the ECE
emission (close to points of 6.5, 9.5, 11 and 12.1 ms)
indicate a strong loss of plasma energy.

Figure 3 shows the electron temperature development
(arbitrary units) as a function of minor radius at three -
different times before disruption event, This figure,

which is obtained by means of a 5-channel heterodyne
ECE diagnostic system, is quite in accordance with the

above results. Figure (2-h) shows that the soft X-ray

signal exhibited sawtooth-like oscillations from

approximately 3 to 9 ms. The major disruption is also-

recognized by the sudden drop in the central soft X-ray
emission close.to 12 ms. After the main burst, the
temperature in the plasma interior dropped significantly.
In addition, at phase Il of the disruption, a relatively fast
plasmaenergy release occurs as can be seen on ECE and
SXR signals close to 12 ms, After a phase of heatrelease,
current quench occurs which is in turn after vertex and
negative loop voltage spike. A few microseconds after
initial plasma current vertex, the sharp spike on SXR and
ECE emissions is observed. We think that this eventis in
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Figure 3. Electron temperature (arbitrary units) as function of
minor radius of tokamak at 10, 11 and 12 ms obtained by ECE
system.
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the direction of the generation of supra-thermal electrons,
as proposed by Shuller [18].

According to earlier predictions by Callen ez gl [10]
and Shuller {18], the timescale of the nonlinear interaction
of magnetic islands during thermal quench stage is:

Ty = (7;3; 462" @

in which 7, is the magnetic diffusion time and 1, is the
Alfvén time with respect to the poloidal magnetic field.
In this case, linear theory predicts a growth rate of
¥ = Tag 2 14 35, Although the growthrate coefficient
o depends on the current profile, which is not known,
o is of the order of unity [24]. For these parameters,
1= 0.062s and t,,= 1.13 x 107s, giving a magnetic
Reynolds number S= 1 /t, = 0.55 X 10*.

The range of grossly stable operating conditions can
be conveniently described by the so-called "Hugill
diagram", as shown in Figure 4. This is anormalized plot
of plasmacurrent [q(a)=(1,R/2ra’B ) I Jagainstnumber
density G:',RJB ). It characterizes theradiative propemes
of plasma respectxve to the ohmic heating, and it is
indirectly bound with the current density profile. To the
left of the line OA the density is too low to prevent the
current from being carried mainly or wholly by runaway
electrons, while to the right of the line OB the density is
s0 high that stable operation isprevented by the disruption
of the current channel (for a variety of reasons). The
curves OA and OB depend at least to some extent on the
degree of plasma purity, and thus on the state of vacuum
cleanliness, etc. Therefore, in the IR-T1 tokamak, the
disruption 'instability generally restricts operation to a
region q(a)s2.7.

Conclusion )

We have studied the hard disruptive instability
occurring in the IR-T1 plasma during an ohmic heating
discharge. It is found that the disruption activity occurs
when the value of the safety factor at the plasma edge
becomes less than 2.7. In this regime, there is the
sequence of the sawtooth-like activity and a strong m/
n=2/1 mode, which is similar to many tokamaks and
which grows to a large amplitude just before disruption.
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