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Abstract. A tokamak plasma discharge having an increase in duration accompanied with enhanced
runaway electron flux has been experimentally studied in this paper. The discharges have been
appl
obtained by controlling the applied vertical magnetic field (Bv ) to below a critical value. Such
discharges have been observed to have ‘negative edge plasma currents’, detected using an internal Rogowskii coil (IRC). We have tried to correlate the runaway behaviour with the negative edge
plasma currents and have explained that these observations are a result of beam plasma instabilities.
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1. Introduction
The well-known problem of beam–plasma interactions has recently been a subject of
renewed interest in laboratory as well as space plasma studies [1–4]. This interest has
gained significant importance on account of its role in laser–plasma interactions [5], fusionrelated studies [6–8] and gamma ray bursts (GRB) [3]. The current filamentation instability
[9–11] has been the subject of research, recently, especially with the return current formation and the subsequent plasma heating effects [12] that these interactions can lead to. The
complexity and types of beam–plasma instabilities are so varied that the conditions under
which the given beam–plasma interactions occur determine which of the instabilities will
dominate [13]. Keeping in mind the wide range of phase space that the interactions can
take place, it is important to study these beam–plasma interactions under different possible
conditions.
In the ohmic discharges of the SINP tokamak, we observed ‘negative edge plasma
currents’ at the edge region (r/a ∼ 0.7–0.8, where a = 7.5 cm is the position of the
DOI: 10.1007/s12043-011-0153-9; ePublication: 7 October 2011
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limiter) in a narrow window of externally applied tokamak parameters [14]. It is interesting to observe the enhancement of plasma current duration in discharges wherein negative
currents are seen. We present these results in this paper and correlate it with the appropriate
beam–plasma instability criteria.
Section 2 gives a brief description of the SINP tokamak and the diagnostics used in
this paper. Section 3 contains the experimental results. The profile measurements carried
out using an Internal Langmuir Magnetic Probe (ILMP) and an Internal Rogowskii Coil
(IRC) along with plausible models to explain their existence are presented in §4. The
models discussed are based on the circuit equation for the induced voltage and reconnection
theory.

2. Diagnostics
The SINP tokamak (R0 = 30 cm, a = 7.5 cm) is a small iron core machine having a
circular cross-section and plasma position control using capacitatively discharged vertical magnetic field (Bv ) and a conducting shell. The limiter bremsstrahlung monitor used
is a 3 by 3 NaI(Tl) detector [15] calibrated directly in terms of energy. We have used
an internal Langmuir magnetic probe (ILMP) system which can simultaneously measure
the floating potential and poloidal magnetic signals at given radial locations on a shotto-shot basis. An IRC has also been developed, details of which have been given in
ref. [14].
In addition to these diagnostics, we have the loop voltage (Vloop ) coil to measure the
toroidal electric field (E T ), Rogowskii coil for the discharge current (Ip ) measurements,
cos and sin coils for the horizontal (hor ) and vertical (ver ) position measurements respectively, a current transformer for the vertical field measurements and toroidal flux loop for
the measurements of poloidal beta (βp ) and energy confinement times (τE ).

3. Experimental results
For the present set of experiments, we kept all parameters like BT = 0.8 T, E T = 30.6 V/m,
filling pressure ( pfill ) = 0.2 ± 0.15 mTorr and a = 7.5 cm constant and varied Bv from
54 mT to 6.75 mT. We observed that at lower Bv , the discharge showed an enhancement in
the discharge duration along with a slight reduction in the peak values of the plasma current
compared to discharges at higher Bv .
Figure 1a shows that the total plasma current (Ip ) after an initial fall to about half its
value, began to recover again. The plasma current attains a peak value of ≈17.9 kA (A in
figure 1a) in 498 μs and then decreases to ≈8.83 kA (B in figure 1a) in about 1000 μs.
Thereafter, Ip remains constant for about 1 ms, then falls slightly and remains constant for
another 1 ms at a lower value of Ip before finally decaying to zero. The total discharge
duration is about 4.5 ms which is about three times larger than that of discharges with
Bv = 54 mT. HX emission is seen in the extended phase (figure 1b) during the inward
motion of the plasma column. The loop voltage (figure 1f) and Ip are rather quiet, in
these phases. The horizontal plasma column (figure 1c) is observed to move inwards/
outwards respectively with the increase/decrease of discharge current in the improved
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Figure 1. Salient features observed in an extended discharge (a) discharge current (Ip ),
(b) 3 by 3 NaI(Tl) output (HX) in MeV, (c) horizontal plasma column motion (hor )
in mm, (d) vertical electric field (E v ) in kV/m, (e) poloidal magnetic signal from the
probe in the upper ILMP system (dBp /dt|u ), (f) loop voltage (Vloop ) in V.

confinement-mode like extended discharge zone (after point B). One also observed
decreased magnetic fluctuation levels in magnetic probes (figure 1e) as measured from
the ILMP. The drop in loop voltage (Vloop ), in the extension phase, also suggests a possibility of plasma heating (figure 1f). The plasma heating is manifested with the observation
of increase in energy confinement time from an order of 0.5–2 μs, at around point A, to
∼10–20 μs at around point B (figure 2f).
We summarize the salient features of the enhanced duration discharges in the SINP
tokamak as follows:
• The loop voltage signal in the extended region (i.e. region after point B in figure 2a)
shows a gradual decrease in its absolute value, indicating a possibility of plasma
heating within the discharge.
• The edge fluctuations are also observed to decrease in magnitude (figures 1d and 1e),
indicative of reduction in fluctuation-induced losses.
• A rough estimate of the energy confinement time (τE ) also shows an increase
(figure 2f) with the extension in plasma current.
It has also been estimated that at point B the MHD equilibrium condition is matched
(figure 2c), which is quite likely resulting in better confinement and the subsequent current
extension of the discharge.
Pramana – J. Phys., Vol. 77, No. 6, December 2011
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Figure 2. Features observed, from detailed analysis, in an extended discharge regime:
(a) discharge current (Ip ), (b) 3 by 3 NaI(Tl) output (HX) in MeV, (c) applied vertical
eq
magnetic field evolution (Bv (t)) and required equilibrium magnetic field (Bv ) (in mT),
(d) ratio of poloidal to vertical magnetic field (Bp /Bv ), (e) total plasma inductance (L tot )
(in μH), (f) energy confinement time (τE ) (in μs).

4. Profile measurements
4.1 Experimental observations
From figure 2e, we see that in the extended discharges the inductance has changed significantly which could have been due to changes in profiles also. So, similar to other
experiments in low-temperature tokamak plasmas, we decided to carry out edge profile
measurements using magnetic probes.
We performed a radial scan (upto r = 5 cm, i.e. 2.5 cm from the limiter edge), using
ILMP placed at the top port, to obtain the poloidal magnetic field profile. This yielded
some very interesting results. The raw signals, obtained from various radial locations on
a shot-to-shot basis, are shown in figure 3. The plot indicates that as the current begins to
decay from its peak value, a reversal in the magnetic field (∼ −5 mT) is observed towards
the edge of the plasma column (6 cm < r < 7 cm), subsequently becoming positive at
a = 7.5 cm. In fact, the magnetic field which is almost zero in the range 7–7.5 cm, is
observed to increase in its absolute value as we go inwards from r = 6 cm to 5.5 cm. This
observation is seen from the peak of the discharge current (600–700 μs) till 3000 μs. From
these data, we attempted to reconstruct the current density profile using Ampere’s law and
considering cylindrical symmetry.
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Figure 3. (a) Discharge current (Ip ) variation during the ILMP scan with the poloidal
magnetic field (Bp ) temporal evolution while ILMP is located at (b) r = 7.5 cm,
(c) r = 7 cm, (d) r = 6.5 cm, (e) r = 6 cm and (f) r = 5.5 cm. All values of r
given are distances from the chamber minor axis.

The evolution of the current density radial profile, for the extended discharge, thus reconstructed is presented in figure 4. It is to be noted that the estimates are difference between
data at two different radial locations, which are themselves obtained on a shot-to-shot basis.
It is observed that as the plasma current falls from its peak value, the current increases
from zero at 7 cm to ∼ 2.25 MA/m2 at 6.5 cm. Thereafter, one observes the current density
to decrease as we go further inwards, with the current density even going negative, to as low
as 3 MA/m2 at 5.5 cm. This behaviour is observed until 2800 μs, and after that the current
density drops to zero throughout the radial scan. In fact, a reversal in current density is
observed at r < 5.5 cm just after point A (figure 2a) and moving further inwards with time.
As the discharge was getting perturbed with further insertion of the ILMP, the entire radial
profile variation was not obtained. The magnetic profile itself, being a difference between
two shot-to-shot discharges, brings errors into the calculations. Thereafter, estimating the
current density from the gradient of the magnetic field implies a multiplication of the initial
error itself. This decreases the reliability in the estimated values. It would therefore be
better if one can substantiate these inferences, through more direct means.
For this purpose, we used a direct method of current measurement, i.e. with the IRC
(figure 5). Interestingly, we found at least two channels of negative current, after the
current starts to decay from point A (figure 2a). Herein, one finds that the current profile is initially confined towards the edge and as the current rises, the current is seen to
slowly move inwards, until the current peaks at ≈650 μs, after which we observe negative
current channels. In fact, between 750 μs and 1100 μs the current in the outer region, i.e.
Pramana – J. Phys., Vol. 77, No. 6, December 2011
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Figure 4. The depiction of total discharge currents (a) of the shots taken with the ILMP
at different radial locations and contour plot of the current density profile ( jT (r )) variation (b) for the extended discharge. The values in the colour bar indicate current density
in MA/m2 .

from the edge of r = 7.3 cm to r = 4.8 cm, is seen to be almost negative. This region
corresponds to the phase, wherein the current decays from its peak value, i.e. the negative
current channel is seen to exist before the extended phase (point B in figure 2a). Thereafter,
as the current is sustained at a steady value, positive current channels begin to appear at the
edge (7 cm < r < 7.5 cm) and (5.5 cm < r < 6.5 cm) interspaced by the negative current
channels. Around 1950 μs, the positive and negative current channels reach almost same
absolute values (∼125 A). After this, one observes the discharge current to begin to decay
once again. These observations seem to indicate that the negative currents play a role of
plasma heating in the discharge.
To further elucidate the role of negative currents in enhanced confinement properties,
we have performed similar IRC scans in a discharge with a shorter duration (figures 6 and
7). This is also a high current discharge with Bv = 54 mT. But here, E T = 40.8 V/m
and pfill = 0.45 ± 0.15 mTorr. This discharge is termed as Case 2 for the rest of this
paper. The most interesting fact observed is the absence of negative currents in Case 2.
This observation definitely indicates that the discharge extension phase is associated with
the presence of negative currents within the discharge.
4.2 Explanation for enhanced runaway electrons
We also note that the presence of negative currents and related plasma heating are observed
to be associated with enhanced limiter bremsstrahlung or hard X-ray (HX) flux emission.
1140
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(a)

(b)

Figure 5. The depiction of total discharge currents (a) of the shots taken with the
Rogowskii coil at different radial locations and contour plots of the current profile variation, split into five temporal section for better clarity (b). The plot depicts results during
another insertion of the internal Rogowskii coil on a different day. The values in the
colour bar indicate current in A, as measured by the IRC.

This implies that runaway electrons also play a role in better confinement properties. To
understand the role of huge bursts of HX emission (WRE |max ∼ 1.5 MeV) seen in Case 1,
a numerical estimate of the energy, that the runaways could be accelerated to, was made
using a simple acceleration model in the presence of an accelerating field (qE):
d(γ v)
= q E + mγ vν,
(1)
m
dt
where m and v are the rest mass and velocity of the particle under acceleration, γ is the
relativistic factor, E is the accelerating electric field (for this case, E = Vloop /2π R) and ν
is the Coulombic collision frequency. In the case of runaways, one can consider the second
term to be negligible.
Using this simple acceleration model and observing that the loop voltage increases from
∼30 V to 60 V in ≈500 μs in Case 1 between points A and B (figure 2a), one finds that
the maximum runaway energy that can be attained by the runaway electrons is 1.5 MeV
which is of the same order as observed in Case 1. Hence, the runaways generated within
the discharge can attain the observed bremsstrahlung emitted energy as a result of the net
loop voltage accelerating force present within the discharge column.
Since the runaway electrons are usually collisionless, one can even correlate the losses
with increased magnetic activity. Keeping this in mind, we compare a magnetic signal and
the HX bursts, for the extended discharge case (figure 8). The magnetic signal has been
Pramana – J. Phys., Vol. 77, No. 6, December 2011
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Figure 6. The depiction of a typical short discharge internal Rogowskii coil (IRC)
scan. (a) One typical total discharge current of the set of discharges, wherein the IRC
was recorded on a shot-to-shot basis. The IRC data estimated at different radial locations are shown: (b) r = 7.3 cm, (c) r = 6.8 cm, (d) r = 6.3 cm, (e) r = 5.8 cm,
(f) r = 5.3 cm, (g) r = 4.8 cm. All values of r given are distances from the chamber’s
minor axis.

filtered in various frequency bands. For comparison, we present the magnetic signal filtered
in the range of 20–50 kHz. Figure 8a shows the discharge current from the initial rise phase,
to the point at which an extension in the discharge current is observed. The region from the
point of extension to the point at which the discharge almost quenches is seen in figure 8d.
Magnetic activity, during these two periods, are shown in figures 8b and 8e respectively.
Figures 8c and 8f show the corresponding HX bursts. Around the peak phase, wherein
increased localized current islands are observed from the IRC plots (figure 5), one finds
a correspondence of the HX bursts (during 400–950 μs) to enhanced magnetic activities
(figure 8c). So the HX burst, during this phase, could be the result of a confinement loss of
the runaways from the discharge triggered by magnetic reconnections. Another interesting
feature that one observes is that during ≈1000–1600 μs no HX burst is observed. This
corresponds to a decrease in the magnetic fluctuation levels, indicating a better confinement
for the runaway electrons also. In fact, one observes HX bursts ≥1.5 MeV a further 200 μs
later. This is in conjunction with our acceleration model results also. In the extended phase,
one again observes an absence of the HX bursts (2364–3164 μs) during a period wherein an
increased magnetic activity is observed (figure 8f) along with a simultaneous fall in plasma
current (figure 8d), from 6 to 2 kA. In fact, the instance of observance of the growing mode
(2364–2700 μs) corresponds to the disappearance of HX bursts. Once the mode decays, the
HX bursts (≥1.5 MeV) are observed to reappear after about 500 μs. Figure 8 thus seems
to indicate that as the current sustains itself, corresponding to an inward plasma column
1142
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(a)

(b)

Figure 7. (a) The depiction of total discharge currents in a regime wherein the discharge current is short. (b) Contour plots of the Rogowskii coil output recorded at
different radial locations on a shot-to-shot basis (b) which has been split into four temporal section for better clarity. The values in the colour bar indicate current in amperes
(A), as measured by the IRC.

motion (figure 1d), runaways are also found to be liberated during this period. It is thus
quite possible that the HX liberation is probably due to equilibrium losses, wherein the
applied plasma current is sufficient to confine the thermal plasma but not the runaways.
Thereafter, in the quiet region (wherein runaways are absent in the extended phase), there
is an outward shift in the plasma column motion and a fall in the plasma current. The
correlation between the fall in discharge current, enhanced fluctuation levels and observed
runaway electron losses, in the extended discharge duration phase, seem to indicate that
plasma heating within the discharge is a result of some possible beam–plasma interaction
mechanism.
4.3 RE beam–plasma interaction mechanism
The observance of the negative currents may be the effect of a beam of electrons passing through an almost cold plasma subsequently heating the plasma discharge, through the
return current instability [16]. There are however different possible beam–plasma interactions [13,17,18] that could occur which include the two-stream (both wave vector k
and electric field E along beam direction), Weibel (wave vector k along beam direction
and electric field E perpendicular to beam direction), filamentation (wave vector k perpendicular to beam direction and electric field E along beam direction), to name a few,
and the excitation of the appropriate instability depends clearly on the ratios of runaway
Pramana – J. Phys., Vol. 77, No. 6, December 2011
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Figure 8. Plots depicting features during periods (a)–(c) before the extended phase and
(d)–(f) after the extended phase: (a) and (d) discharge current, (b) and (e) magnetic
signal (20–50 kHz filtered) from an edge magnetic probe, (c) and (f) HX bursts in MeV.

beam density to background plasma electron density (α = n r /n p ), cyclotron frequency to
plasma frequency ( B = ωce /ωpe ), electron mass to ion mass (μp = m e /m i ) as well as the
relativistic factor (γRE ).
From the negative current channel width, one could assume the runaway beam radius
aRE = 0.005 m. The average electron density and electron temperature evolution of the
two discharge cases (Cases 1 and 2) were estimated from diamagnetic flux loop measurements and subsequent circuit analysis technique (figure 9). For the experimental conditions
presented in this paper, one can consider μp = 1/1836. To get the approximate factor α,
we observe that the average electron density and electron temperature evolution, at peak
current, of the two discharge cases (Cases 1 and 2) are respectively (n e = 6 × 1018 m−3 ,
Te = 3–4 eV) and (n e = 11 × 1018 m−3 , Te = 8–10 eV) (figure 9). In the extended
discharge duration (Case 1), temperature is observed to be sustained at ∼4 eV and density
n e = 2×1018 m−3 . In Case 2, however, the temperature continues to rise to Te = 11–12 eV
till about 1650 μs, thereafter collapsing in about 300 μs. Since our observations have been
confined mainly towards the edge of the plasma, we make rough estimates of edge (i.e.
0.06 m < r < 0.07 m) density and temperatures, for both discharge cases, considering
parabolic profiles for density and temperature. Hence for the extended discharge duration
the densities are in the range n e = (1–10) × 1017 m−3 whereas in Case 2, these are in
the range n e = (1–6) × 1018 m−3 . The corresponding temperatures can be assumed to be
Te ≤ 2 eV for Case 1 and Te ∼ 2–5 eV for Case 2. These would imply that α is ∼0.3–0.7
1144
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(a)
Case 2

Case 1

(b)

Case 2

Case 1

Figure 9. The evolution of the (a) average electron density n e and (b) average
electron temperature Te for Case 1 (black, solid line) and Case 2 (red, dashed line).

for the extended discharge conditions and ≤0.03 for Case 2. These densities also imply that
ωpe ≈ 17.8–56.4 GHz for Case 1 and ωpe ≈ 56.4–138.2 GHz for Case 2, which implies
plasma skin depth, δω = c/ωpe , is in the range of a few mm in both discharge scenarios.
The gyroradius can be estimated, using the plasma temperatures of a few eV, as stated
above, and the magnetic field of ≈0.2 T at plasma centre to 0.16 T at the plasma edge, give
values of a few tens of μm. This clearly vindicates our earlier assumption that the tokamak
discharges under consideration in this paper can be considered to be cold plasma.
The growth rates of various beam–plasma interactions have a dependence on α in the
numerator which also implies an increase in the possibility of such interactions in Case
1. The ambient magnetic field 0.8 T implies an edge magnetic field (at ρ = r/a = 1) of
0.64 T with ωce varying from 140.74 GHz at the center to 112.64 GHz at the edge. For Case
1, it is found that B varies from 1.76 at the centre to 6 at the edge. Similarly for Case 2,
the variation is 0.75 to 2. Thus, one need to consider beam–plasma interaction scenarios
in the range of B > 1. Finally, considering the runaway energy ranges observed in the
above discharges, it is seen that γRE ≤ 4.5 for Case 1 and γRE ≤ 2.6 for Case 2.
With this information regarding the discharges, and since for both discharge cases α <
1, we could look at the growth rates of less dense beam–plasma unstable modes for the
filamentation (δF ), two-stream (δTS ), oblique (δM ), Buneman (δB ) and upper hybrid-like
(δUHL ) instabilities. These growth rates are respectively given by [13,17]:

α
δF = β
ωp
(2)
γRE
√ 1/3
3α
ωp
(3)
δTS = 4/3
2 γRE
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√ 1/3
3α
δM = 4/3 1/3 ωp ,
2 γRE
1 α 1/3
ωp ,
4 γRE
√
3
δB = 4/3 R 1/3 ωp
2
δM =

δUHL =

1 α 1/2
ωp ,
2 B

B

B

=0

>1

(4)
(5)
(6)

B

> 1.

(7)

Thus, for Case 1, {δF , δTS , δM , δB , δUHL } ≡ {0.317, 0.21, [0.331, 0.044], 0.056, 0.14−
0.23}ωpe with {α, B , μp , γRE } = {0.5, ∼1.8–2.75, 1/1836, 4.5} whereas for Case 2 {δF ,
δTS , δM , δB , δUHL } ≡ {0.092, 0.082, [0.155, 0.03], 0.056, 0.079}ωpe with {α, B , μp ,
γRE } = {0.03, ∼0.75–2, 1/1836, 2.6}. The two terms in the square bracket indicate the
growth rate δM for B = 0 and B > 1. These observations indicate the possibility of
filamentation instability being a dominant mechanism in Case 1. However, the two-streamfilamentation oblique beam–plasma instability could also be triggered in discharges similar
to Case 1. On the other hand, discharges similar to Case 2 are observed to have growth
rates for all possible beam–plasma instabilities around the same order, which are also an
order less than that observed for filamentation instability in Case 1. These estimates could
thus explain the observation of structured positive and negative current layers, at low values
of Bv , as the onset of filamentation instability, with the return currents being trapped in the
wave vector generated perpendicular to the magnetic field.
4.4 Role of Bv
One still needs to understand the role of vertical magnetic field (Bv ) in the extended discharge phenomenon resulting from the return current plasma heating. For this purpose,
appl
we compare the evolution of the applied vertical magnetic field (termed Bv in figure 10)
eq
eq
and the estimated equilibrium vertical magnetic field (termed Bv in figure 10). Bv is the
vertical magnetic field that is required to just sustain the plasma column at the minor axis
eq
of the torus. The expression for Bv is given as [19]


μ0 Ip
8R0
li − 3
βp +
+ ln
.
(8)
Bveq =
4π R0
2
a
βp is the poloidal beta of the discharge and li is the internal inductance factor. We have
eq
eq
estimated Bv , assuming βp + l2i ∼ 1. It is seen that Bv is proportional to the discharge
current. Hence, its evolution will depend on the evolution of the discharge current itself.
From figure 10b, one observes that in the initial stages of shorter discharge (figure 10a),
appl
eq
appl
Bv coincides quite well with Bv . Bv is observed to continue to increase and become
eq
greater than the required Bv , only once the discharge begins to decay after it encounters
minor disruptions. On the other hand, for extended discharge (figure 10c), one finds that as
eq
appl
the current rises to its peak value, the required Bv is quite high compared to Bv (figure
10d). Considering the fact that the equilibrium coils are capacitively discharged in the SINP
tokamak and the fact that in Case 1 the applied equilibrium magnetic field was much less
1146
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(a)

(c)

(d)
(b)

appl

Figure 10. A comparison of Bv , the evolution of the applied Bv (black, solid line)
eq
and the required Bv , the equilibrium Bv (red, dashed line) for the short (Case 2) and
extended (Case 1) discharges respectively: (a) discharge current and (b) Bv evolution
for Bv = 54 mT, (c) discharge current and (d) Bv evolution for Bv = 6.75 mT.
eq

than the required equilibrium magnetic field (Bv ) at peak current, the plasma column was
not pushed inwards, as in Case 2. This possibly enabled the generated runaway beam to
interact with the background plasma resulting in the filamentation of the beam and associated return currents. Thereafter at point B, the applied equilibrium field was sufficient to
confine the plasma for a longer time.

5. Estimation of diffusion coefficient
In order to confirm that better confinement plays a role in the beam–plasma interaction
process for discharges similar to Case 1, an estimate of the runaway diffusion coefficient
(DRAE ) is made, so as to cross-check whether there is a change in the runaway diffusion
coefficient, as the discharge transits to the extended phase. For this purpose, we estimated
DRAE , using Myra et al [20] methods of measurements from the correlations of the HX
bursts with the plasma column shift.
Measurements of high-energy electrons in the SINP tokamak is confined to the observance of limiter bremsstrahlung [15]. Hence using the simple diffusion equation [21]


δ
δn
δn
=
DRAE
(9)
δt
δr
δr
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the diffusion coefficient is calculated, from the mean plasma column velocity ( vp ) during the bursts. DRAE under these conditions are then calculated by solving eq. (9), to
obtain [21]
2 dur

2 vp
tHXR
DRAE =
,
(10)
π
(1 − F̃RAE )
max
is the normalized hard X-ray flux. WRAE is the average
where F̃RAE = WRAE /WRAE
max
runaway energy and WRAE is the maximum runaway energy emitted during a burst period of
dur
. There being no plasma control feedback system in the SINP tokamak, the dynamics
tHXR
of the plasma equilibrium is time-dependent and the column shift is now made by the
discharge dynamics itself. We measured DRAE for the two discharges (Cases 1 and 2), and
found that there is a decrease in DRAE in the former compared to the latter. In Case 1,
we found that DRAE ∼ 1.3 × 10−6 m2 /s after point B whereas it was of the order of
4.3 × 10−5 m2 /s at the peak phase. In Case 2 we find that as the current decays, DRAE is
estimated to be ∼ 0.022 m2 /s in the decay phase. This very rough estimate would indicate
that the high-energy electrons are better confined in the extended discharges and hence can
play a vital role in the plasma heating process.

6. Discussions
An internal Rogowskii coil (IRC) has been used to make direct measurements of the edge
currents of the cold plasma tokamak discharge. The difference from earlier current profile
investigations in the SINP tokamak was that, previously internal magnetic probes (IMPs)
were used to estimate the current profiles [22] instead of the IRC used here. The former
measured the magnetic profile variation from which the current profile was reconstructed,
as analysed in the ILMP observation of figure 3. The advantage of using the IRC over the
ILMP technique is that the IRC can measure the localized fluctuations much better than the
ILMP.
The IRC was utilized for studying discharges with extended current duration, compared
to normal discharges. A distinct factor of the extended discharges in the SINP tokamak is
that the extension, controlled by the vertical magnetic field (Bv ), has a huge amount of hard
X-ray flux ejected out from the plasma column, with reduced magnetic fluctuations. We
have made use of an IRC and has been able to show that the improvement in confinement
properties is observed in the presence of sustained negative currents. These negative currents have been observed to be initiated after the fall of the discharge current from its peak
appl
appl
value and is observed to be related to a reduced Bv . At higher Bv , these negative currents are not observed. Hence the sustenance is also related to the evolution of the vertical
magnetic field, wherein an overcompensation pushes the plasma column inwards in Case
2 whereas in Case 1 the plasma column is better confined resulting in the interaction with
the beam–plasma component. The emission of this hard X-ray flux and correlation with
the existence of negative currents have been associated with the triggering of beam–plasma
filamentation instability. The filamentation instability conditions are difficult to observe
in present-era tokamaks. However, the low-temperature plasma discharges in the SINP
tokamak along with suitable conditions of {α, B , μp , γRE }, resulted in triggering of the
instability.
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Measuring the return current instabilities using Rogowskii coils in tokamaks is a first
to the best of our knowledge. Further, these filamentation instabilities have been observed
to disappear for discharges similar to Case 1 with Bv greater than a critical value. The
discharges have also been observed to terminate faster thereafter. This is in concurrence
with the theoretical observations of Stockem et al [10]. Thus our experiments also give
useful experimental insight to observations relevant to astrophysical phenomena.
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