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Investigations of low g, discharges in the SINP tokamak
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Abstract. Low edge safety factor discharges including very w1 < g, < 2) and ultra lowga

(0 < ga < 1) have been obtained in the SINP tokamak. It has been observed that accessibility of
these discharges depends crucially on the fast rate of plasma current rise. Several interesting results
in terms of different time scales likg,,, T etc have been obtained using a set of softwares developed

at SINP. From fluctuation analysis of the external magnetic probe data it has been found that MHD
instabilitiesm=1,n=1 andm= 2, n =1 etc. play major role in the evolution of these discharges.

To investigate the internal details of these discharges, an internal magnetic probe system has been
developed using which current densjy and other related parameters have been estimated. By

carrying out a resistive stability analysis, evidence of the above-mentioned MHD instabilities have
again been found. The physical processes lying behind the accessibility and evolution ofdhe low
discharges have been thoroughly investigated.
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1. Introduction

Discharges with a wide range of edge safety factors (@ < 5.0) [1-4] have been ob-
tained in the SINP tokamak. This range includes the nogréNQ), very lowq, (VLQ)

and ultra long, (ULQ) discharges. The log, (LQ) discharges [5-8], especially the ULQ
discharges [9-11] have been obtained in a very small number of machines throughout the
world. Moreover, the lowg, discharges are considered to be beneficial and interesting
from both technological and physical point of view [4]. Thus, the physical processes lying
behind the accessibility and evolution of these discharges are still interesting phenomenato
be studied. In this paper we are going to present some of the results obtained from several
experimental and numerical investigations carried out in relation to the accessibility and
evolution of the lowg, regime in the SINP tokamak.
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2. Experiments and results related to the accessibility of the low, discharges

Itis possible to access the lay regime in the SINP tokamak by carrying out a systematic
and detailed study of various operating parameters. Details of this tokamak and the experi-
ments have already been published in various works [1-4,12]. Thedalischarges have

been obtained in a specific parameter space as follows: limiter ragjusg¢m 0.065 m

to 0.045 mB; from 0.44 T to 0.33 T, secondary voltage freen60 V to =~ 90 V and gas

filling pressure B;,) > 3.0 x 10“ torr. In these experiments, the base pressure was kept
atas 2 x 10~/ torr. Only some low power discharges were carried out for the conditioning
of the vessel. We have used loop voltage coil, Rogowskii coil, Mirnov coils, hard X-ray
detection system etc in these experiments.

Our results indicate that one of the main reasons for gettingglgwischarges in the
SINP tokamak is the fast rate of rise of the plasma current. Factors such as the low toroidal
field and high gas filling pressure also have important contributions. Some other factors
like presence of the conducting shell [2,3], surrounding the vacuum vessel, may also have
some contribution in the setting up process. Loop voltage, plasma curgrand the
edge safety factog, for a typical ULQ discharge are shown in figures la, 1b and 1c
respectively. It is seen thap rises very fast and also linearly up to 2h8 and at this
time a positive jump in the loop voltage is observed. This positive jump is sustained up to
350-400us. Immediately after this positive jump, rate of rise of the plasma curight (
falls considerably.

Using data analysis software developed during the present work, a vast amount of data
collected from more than thousand lay discharges have been analysed in detail. One
such software is ‘ANDIS’ (ANalysis of DIScharge) which can calculate the time evolution,
carry out peak analysis etc. of almost 30 plasma parameters with or without user interven-
tion in a very short time< 2 min). Several time scales (Alfven time (us), confinement
time (=~ 50 us), current rise timeX 1 ms), MHD time & 50 us), resistive diffusion time
T (=~ 300 us), time to cross differert, barriersTg, (varies from 20Qus to 500us)) etc.
have been studied in detail in relation to the accessibility of theglpdischarges obtained
in our machine. Interesting results in terms of effective plasma resistiyity, ¢z, Tq, €tc.
have been obtained [4,12]. The most important among these is as follows: if the relation

T
G+l g (1)
R

holds, it is possible to cross the mode rational surface barrier representpd ere
0a + 1 represents the previous mode rational surface barrier. For exaniplejfrg) < 1,
thega = 1 barrier can be crossed and the discharge enters into the ULQ regime [4]. Details
of these results have already been published [4].

In the initial current rise phase, plasma current is almost linear. Using this and from
the definition ofta (da = 2@%8[/uoRlp) (Ip = (Ip/Tga) Tg, = 1pTg,), we have obtained a
general relation foffg, (the time to cross the rationag}, values) [3]
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whereB; is the toroidal fielda andR are the minor and major radii respectively. Now, for
0a = 2 one can get the relation betwegyy B andlg1 as given in [13]. Foga = 1, the
relation betweeiT, /By andI'F;l is as follows:

)
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Figure 1. (a) Loop voltage, §) plasma current,d) edge safety factor of an ULQ

discharge.
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In order to compare the experimentally obtained data with eq. (3), we have figitBd

vs. a2l-1 as a scatter plot (figure 2). Carrying out a least square fit for this scatter plot, we
have obtained the relation [14]

T, 1 a;
O P ]
B V¥~ 3355510 2 R,

Considering eg. (1) and also the conditiphB; = constants 4.5 uQ mT (wheren* =
plasma effective resistivity poaz/ Tg) it has been possible to get the equation

+3072 (4)
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Figure 2. (T, /By) us/kG vs.a®l; m?s/MA.

whereC = 1.8 x 10’ Amp m/s. From eq. (5) it is clear that the required value of the rate
of rise of the plasma current to cross the mode rational barrier representpgdvayies
inversely with the value af, itself and the major radius of the tokamak. For a particular
tokamak, since the major radisis constant, the required rate of rise depends only on
the value of the mode rational barrier to be crossed. The mmn‘q;um getting lowqa
discharges have been found tollg@ 22 MA/s for VLQ andlp > 30 MA/s for ULQ [12].
Runaway electrons have also been found to take part in determining the accessibility of
the low g, discharges [15]. These relations establish the fact that theylogischarges
obtained in the SINP tokamak fall in the general pattern ofdavaischarges obtained in
other machines, where lowy discharges are possible. In other words, the accessibility of
the lowq, discharges depend on certain parameterslhkgas filling pressur;, , B; and
limiter radiusa etc. It has also been found that the requitgdo get lowg, discharges

is bounded in the parameter space by a minimum value of the gas filling preBgurag
was obtained in Repute-1 [13]. This minimum requugus inversely proportional t, .

In Repute-1,

: _ 10°
Ip (As 1)25><W (6)

was obtained [13] whereas in the SINP tokamak

10’

Ip (As™) > ——
Aadtie P (mtorr)

(7)
was obtained. This scaling is in agreement with the conventional understanding that the
current ramp up has to be rapid enough to achievelggboth VLQ and ULQ) discharges
and lowq, operations can be obtained rather easily with hi

From the external magnetic coils, we have estimated the evolution of the MHD instabili-
ties in the current rise phase of the lgwdischarges by using another software developed,
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namely MASA (MAgnetic Signal Analysis). This software relies heavily on correlation
and spectral techniques. It has been observediia®, n = 1 instability plays a major
role in the VLQ discharges. In the ULQ discharges, ithe- 1, n = 1 instability plays a
similar role. In addition, for the latter discharges, the- 3,n = 2 mode also seem to have
some role. It seems that the large positive spike observed in the loop voltage is a direct
consequence of these instabilities.

The above results relating to the accessibility of (pndischarges in the SINP tokamak
led to the following conjectures:

e Dueto Iargd'p, the toroidal current density &) profile remains hollow for a consid-
erable period of time. Such a profile is known to be resilient to instabilities important
in the lowga regime. Thus, the discharge gets enough time to incigeeed access
the lowq, regime.

e Dueto Iargel'p, the instabilities do not get enough time to grow because the related
resonant surface is lost within a very short time.

As a consequence, the resulting amplitude of the instabilities remain small and the
plasma survives even in the layy operating regime. In order to verify our conjectures, we
carried out experiments to find out the internal structure of the plasma.

2.1 Experiments and results related to the evolution of the discharge

For a low temperature, small tokamak device, an internal magnetic probe (IMP) is known to
be a good diagnostic for elaborate measurements and are widely used for similar purposes.
We designed and fabricated an internal magnetic probe array consisting of ten pickup coils.
Each of these coils is:34 mn¥ in cross-section and are wound on a teflon strip. The teflon
strip is inserted inside a quartz tube of 6 mm inner diameter and 8 mm outer diameter. The
frequency response of the coils were measured to be 100 kHz. This response sufficed our
purposes because we were mostly interested in the MHD fluctuations which are known to
lie below 100 kHz. In order to avoid ground loop problems, ends of the coils were tightly
twisted and connected to a set of differential amplifiers. The array could be inserted inside
the tokamak vessel from a vertical or a horizontal port. The schematic diagram of the
internal magnetic probe system is shown in figure 3a. The placement of the probe inside
the vacuum vessel is plotted in figure 3b. Using the same probe coil windings (A), poloidal
(Bg) and toroidal B(p) magnetic field profiles were measured depending on the orientation
of the coils. There is also a provision for measuring radial magnetic Bausing the
set of coils (B) shown in figure 3a. We have measured the poloidal magneticHiga{(
discrete spatial points using this probe applying Faraday’s law of induction which can be
written asd®/dt = induced e.m.f., wher® is the magnetic flux.

Evolution of the toroidal current density profil(je‘p() is obtained in two steps: (i) the
temporal evolution 0B, profile is reconstructed from the discrete measured valuBg of
(i) assuming cylindrical symmetry, the temporal evolutiorj Qﬁs obtained using

j-td
J‘4’_uordr

(rBg)- (8)
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Figure 3. (a) Schematic diagram of the internal magnetic probe. A — direction of wind-
ing for measurind3,/B ), B — direction of winding for measuring:. (b) Placement of
the internal magnetic probe inside the tokamak vessel.

Both the above are accomplished using the software ‘REPRO’ which is the abbreviation
of the words ‘REconstruction of PROfiles’. This user friendly software is written by us
during the course of this work.

In the toroidal system the plasma column normally experiences a horizontal shift. Ac-
cordingly, we have corrected the field profiles so that we can plot them not as a function of
the geometrical minor radius, but as a function of the radial coordinate, whose origin is the
shifted axis of the displaced flux surfaces [16]. The polynomial fitting of the uncorrected
field components are

n
By(r) =Y ar@+l), 9)
6 j;J j
The corrected field profiles (valid for small shifts) may in fact be written as
4 jAZ 2j+1
By(r) = j;)aj (1— r_2> r , (10)
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whereA is the central plasma displacement. At this point it should be mentioned that in the
cold plasma like ours the shift of the plasma column is smalBs mm). The coefficients
of the polynomials&;) are evaluated in the least-square sense using the singular value
decomposition (SVDS technique. During fittily, it was considered th&, =0 atr =0
and it is equal tquylp/2map atr = ap. The temporal evolution of these properti€s, (
j(p etc.) have been obtained automatically by carrying out the analysis once aftétgach
wherelt is a desired time gap.

The fitted B, profiles in the rising phase of the discharge are shown in figure 4a at
210us and 56Qus after the initiation of the discharge. Evolutionjqj(r) andq(r) pro-
files typically found in the rising phase of an ULQ discharge are shown in figures 4b and
4c respectively. At 21@s after the initiation of the dischargja‘p(r) profile was hollow
(figure 4b) and the correspondingr) profile shows negative shear (figure 4c). At 560
us, thej(p(r) profile (figure 4b) is parabolic and so thi¢r) profile (figure 4c) changes
to a monotonic shape. More detailed equilibrium reconstructions using a Grad—Shafranov
solver (once again, developed during the course of the present investigation), was found to
yield similar results as regards tljlg(r) andq(r) profiles. Thej(p(r) profile in a lowqa
discharge was found to remain hollow up to the positive jump in the loop voltage signal.
After that it was found to change to a parabolic shape indicating the penetration of current
towards the center of the plasma column. Tgeprofile shape changes from hollow to a
parabolic one in a time scale of the order of resistive diffusion time (350x4ph the
low g, discharges obtained in this machine. We also mentioned that an important relation
betweerly, andtg [4] had been obtained in our case. So, we think that fis one of the
most important time scales related to the Ipydischarges obtained in the SINP tokamak.

Thus, it was possible to experimentally verify our first conjecture regarding the shape of
the current density profile in the logy discharges. It is seen that th&(r) profile remains
hollow till g5 ~ 1.33 for ULQ discharges amgh ~ 2.0 for the VLQ discharges.

2.2 Stability analysis

In order to verify our second conjecture, we carried out detailed stability analysis of the
LQ discharges in the current rise phase. With this goal in mind, we have developed a one-
dimensional resistive stability analysis code which can handle multiple resonant surfaces
[17]. Using the current density profiles obtained experimentally, we calculated the growth
rates §) of a large number of MHD modes. At this point it should be mentioned that the
external magnetic probe coils in the SINP tokamak are very few (only four in the poloidal
direction). Moreover, since they are quite far from the plasma (even outside the vessel),
it is difficult to accurately diagnose the onset, duration and the growth rate of the MHD
modes using the external coils only. This is specially true for the instabilities residing in
the inner region of the plasma. So, this stability analysis code is very importantin our case.
From these growth rates and the duration for which the relevant resonant surfaces existed,
it was possible to find out the effect of these MHD modes. For example, the estimated
growth time (J/y) of various modes at early rising phase, before the positive jump in the
loop voltage and around that jump for an ULQ discharge are written in tables 1, 2 and
3 respectively. Thej(p(r) profile shape was hollow in the early rising phase, less hollow
just before the positive jump in the loop voltage and around the positive jump it was of
parabolic shape.
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Figure 4. (a) By profiles in the rising phase (216 and 56Qus) of the ULQ discharge.
(b) jq, profiles in the rising phase of the ULQ dischargg.q(profiles in the rising phase

of the ULQ discharge.

Table 1. Growth rate of MHD modes at the early rising phase.

Average growth time

m/n  Time span fis) g o Oa (us)
3/1 70-95 Hollow 3.69-2.67 4.68-3.25 >50
2/1 120-150 Hollow 2.52-2.25 2.69-2.10 >15

Table 2. Growth rate of MHD modes before the positive jump of the loop voltage.

Average growth time

m/n  Time span fis) g o Oa (us)
3/2 160-210 Less hollow 2.14-1.68 1.96-1.48 >20
11 230-300 Less hollow  1.35-1.33 1.37-1.17 >10

It is seen from table 1, in the early rising phase of the discharge, that most of the modes
are stable except 3/1 and 2/1. Their average growth times &fgus and> 15 us respec-
tively. The time for which they reside inside the plasma ig2&nd 3Qus respectively. So,
these growth times are large in comparison to the time span for which they stay inside the
plasma. Before the occurrence of the positive spike in the loop voltage (results are given
in table 2), only 3/2 and 1/1 modes are found to grow. Their average growth times are
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Table 3. Growth rate of MHD modes around the positive jump of the loop voltage.

Average growth time

m/n  Time span (s) j(p o Oa (us)
1/1 300-330 Parabolic 1.33-1.08 1.17-1.12 >10
4/5 350-500 Parabolic  0.87-0.55 1.07-1.02 Stable
2/3 400-500 Parabolic 0.66-0.55 0.97-1.02 Stable

> 20 us and> 10 us respectively. Since the 3/2 mode remains inside the plasma for a
relatively short period of time~ 50 us), this mode is likely to affect the evolution only

to a small extent. However, the same is not true for 1/1 mode. In fact, this mode is
found to grow even after this period and up to 380(as shown in table 3) with a similar
average growth rate. As a result, this mode is likely to have a very important influence
in the overall temporal evolution of the plasma discharge. The positive spike in the loop
voltage occurs during this period of time (255-359, the largest spike being observed

at ~ 325us. Thus, it seems that the 1/1 mode was the most probable cause behind the
sudden positive surge in the loop voltage. After the positive spikes, the discharge enters
into the ULQ regime, so the presence of the 1/1 mode is not very much relevant. This
analysis supports the second conjecture except for the 1/1 mode made above and the results
obtained experimentally.

3. Conclusions

It is possible to access the logy regime (both VLQ and ULQ) in the SINP tokamak

by adopting the method of fast current rise. The other important factors are thg; Jow

low ap and high gas filling pressure. The setting up process is also believed to be aided
by some other factors like presence of the conducting shell and presence of tAe low
impurities. Analysis of the experimental data has yielded various interesting and important
relations between several plasma parameters which need to be satisfied in order to set-up
low g, discharges. An array of internal magnetic probe has been designed and fabricated
and used to estimate tljg(r) profile and other internal details of the plasma. It is seen
that thej(p(r) profile remains hollow in the initial phase of the discharge and becomes
parabolic after a positive spike in the loop voltage. In the ULQ discharge, the hollow
j(p(r) is sustained for a longer time than in the VLQ and NQ discharges. The current
penetration in the lowg, discharges takes time of the order of the resistive diffusion time.
The positive spike in the loop voltage and the current penetration are found to be related
to the growth of MHD instabilities. The time scatg is one of the most important time
scales in relation to the accessibility of layy discharges. The results obtained from the
resistive stability analysis have been found to corrborate the above conclusions. However,
to complete the investigation we need to know the temperature and density profiles of
the low g, discharges. Detailed numerical modeling will also help in understanding the
underlying physical processes. Some of these works have been started already [17] and
others will be considered for future investigations.
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