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The effect of the current density profile on the limit of the safety factor g(a)
in the non-circular tokamak TNT-A is described in this paper. The safety factor
q(a) is measured by magnetic probes and one-turn loops. The current density
profile is estimated from the shape of the plasma boundary with an equilibrium
code. A gas puffing system and pulse forming network (PFN) circuit for the
Joule current are used to control the profile. The limit of g(a) increases from 2.6
to 4.0 as the current density profile becomes flatter and the current density
profile parameter enters the unstable region for the m=3 and 4 external kink
modes. This limit of g(a) determines one of the boundary of the operational

stable region in TNT-A.

§1. Introduction

Research on stable discharges in tokamaks
with low safety factor g(a) and high plasma
density is important in order to obtain high
B plasmas. The region of stable operation was
studied in various tokamaks.!*? The boundary
of the stable operation region is determined by
the plasma density and the MHD instability.
The MHD instability determines the limit
of the safety factor (¢q(a) limit). To investigate
the MHD instability in the vicinity of the
q(a) limit, the current density profile was
measured directly by magnetic probes in
T-9% or was calculated from electron tempera-
ture profile T.(r) measured by Thomson
scattering in DITE® and JIPP-T-IL.Y In a
non-circular tokamak plasma, the current
density profile, as well as the decay index and
triangularity, is an important factor which is
used to determine the elongation ratio. The
relationship between the elongation ratio
K (=b/a: ratio of height to horizontal semi-
axis length), triangularity y and the decay index
Pindex (= —(R/Bz)(0B,/0R)) was studied in
Doublet II11.9

* Present address: Plasma Physica Laboratory,
Princeton University, Princeton, New Jersey 08544,
US.A.
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In this paper, the stable operation region
and the effect of the current density profile on
the g(a) limit are described in a non-circular
tokamak TNT-A.7'® To investigate this factor
which determines the g(a) limit, the current
density profile is estimated from the shape of
the plasma cross section measured by magnetic
probes and one-turn loops. An equilibrium
code for a non-circular tokamak EQUCIR®
is used to evaluate the current density profile.
In addition, the current density profile is cal-
culated from the T, profile measured by
Thomson scattering.

§2. Experimental Arrangement and
Measurement

TNT-A is a non-circular tokamak with a
major radius of 40 cm and a D-shape limiter,
36 cm high and 18 cm wide. The current in
eight shaping coils (vertical field coils) and
partial shell determines the decay index and
elongated plasma cross section. The decay
index is fixed to examine the effect of the cur-
rent density profile on elongation ratio in this
experiment. The plasma density is controlled
by gas puffing. A pulse forming network (PFN)
circuit for the Joule current is used to heat the
outer plasma region. As shown in Fig. 1, the
PFN circuit consists of six pairs of inductors
and capacitors and is connected to the main
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Fig. 1. Circuit diagram of the pulse forming network (PFN). Six pairs of inductors (L: 450 xH) and capa-
citors (C: 1.8 mF) are connected to a main bank (Cy: 1.4 mF).

bank. This circuit keeps the output voltage of
the main bank constant. We can increase or
decrease the plasma current by adjusting the
voltage of the PFN power supply and, in com-
bination with the gas puff, control the current
density profile. The voltage is set much higher
than 50 times the plasma loop voltage in order
to increase the Joule input power. The PFN
circuit is connected to the main bank when the
plasma loop voltage goes down below 1/50 of
the set voltage, usually 2~ 3 ms after the break-
down of discharge with the time constant of
7.7 ms. As we increase the plasma density with
the gas puffing, we set the voltage higher to
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Fig.2. Typical plasma current, loop voltage and
plasma line-average density waveforms produced
by the PFN and gas puffing.

obtain the flatter electron temperature and
current density profile. The heating suppresses
shrinkage of the current channel due to cooling
of the outer plasma region by gas puffing.
Typical plasma current, loop voltage and
plasma line-average density waveforms are
shown in Fig. 2. The plasma current wave-
form has a flat top for a period of 10 ms. The
electron temperature profile is measured by
Thomson scattering at the time of the density
flat top (t=10ms) to calculate the current
density profile. The toroidal magnétic field is
up to 4.3 kG. The plasma suffers from major
disruption caused by MHD instability at a
plasma current /,=10~20kA, and line-average
density 7i,=0.5~1.5x 103 cm ™3,

The shape of the plasma cross section is
calculated from the magnetic field and the flux,
measured with 12 pairs of magnetic probes and
9 one-turn loops located in the shadow of the
limiter. Using a simple flux function!® the
shape of the plasma cross section (triangularity
y, elongation ratio x), the circumference of
plasma boundary L, and the position of plasma
center are obtained as a function of time. The
safety factor g(a) is evaluated using the follow-
ing equation,

L?B,
q(a)_ZnuoRIp’ (1)
where R, B, and I, are major radius, toroidal
magnetic field and plasma current, respectively.
The electron temperature is measured by
Thomson scattering at several vertical locations
(—6.0cm<z<6.0cm) to obtain the profile.
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§3. Experimental Results

3.1 Region of stable operation and elongation
ratio

The stable operation region of TNT-A in
1/q(a), 7./(B/R) parameter space has three
types of boundary as shown in Fig. 3. Bound-
aries (A), (B) and (C) are determined by low
density limit, MHD instability (¢(a) limit), and
high density limit, respectively. The boundary
(A) gives a minimum density which is not re-
duced by lowering gas puffing. At boundary
(B), the plasma current suffers from major
disruption. The limit of safety factor g(a) de-
pends on the line-average density, which is
controlled by gas puffing and the plasma cur-
rent waveform. At this boundary, the g(a)
limit increases from 2 to 4 as the line-average
density is increased. The effective ion charge
estimated from the plasma resistivity and the
electron temperature profile is between 1.8 and
2.1. This boundary is determined by the cur-
rent density profile as described in Section 3.3.
The electron temperature decreases rapidly
and the discharge becomes resistive when the
parameters of the operating region are close
to the boundary (C). We deal with the bound-
ary (B) in this paper.

A scan of plasma density was performed with
a constant plasma current and #;,4,, to examine
the operational dependence of the elongation
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Fig. 3. Region of stable operation in 1/¢(a), 7/
(B:/R) parameter space in TNT-A. Open circles
show the inverse safety factor and the normalized
line-average density immediately before the dis-
ruption, which happens at boundary (B). The
boundary (A) gives a minimum density which is
not reduced by lowering gas putting. The electron
temperature decreases rapidly at boundary (C).
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Fig. 4. Elongation ratio and limit of the safety
factor at different values of line-average density.
Open circles are experimental results measured with
magnetic probes and one-turn loops. The dashed
line is determined by the least squares method.
(a) Elongation ratio as function of line-average
density for n;qex= —0.8, triangularity y=0.3 and
g(@)=3~4. (b) Limit of safety factor g(a);im;; as a
function of elongation ratio for nygex=—0.8,
triangularity y=0.3. The limit of safety factor
g(@)imir and elongation ratio are measured imme-
diately before disruption of the plasma current.

ratio on the plasma density. In this scan, the
voltage of PFN is adjusted to get the same
plasma current with different plasma density.
As is shown in Fig. 4(a), the elongation ratio
increases from 1.2 to 1.3 as line-average den-
sity is increased. This scan indicates that the
plasma is more elongated in higher plasma
density and larger Joule input even with a
constant 7;,4., value (= —0.8) in TNT-A. The
elongation ratio of the plasma is controlled
indirectly with the gas puffing and the PFN
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circuit at the fixed #;,4., value, from the opera-
tional point of view. In physics, the higher
elongation is due to the flatter current density
profile as described in Sec 3.2. Figure 4(b)
shows the limits of inverse safety factor 1/
q(2);im;¢ With various elongation ratio [with
various plasma density as known in Fig. 4(a)])
at the fixed toroidal field and 7;,4.x (= —0.8).
The limit of the safety factor increases from
2.2 to 4.0 as the elongation ratio is increased.
These g(a) limits provide the boundary (B) of
the stable discharge region in Fig. 3. As the
line-average density is increased with gas
puffing the current density profile becomes
flatter and the gradient of current density near
plasma boundary becomes larger. The large
gradient of current density causes the enhance-
ment of m=3 and 4 external kink modes in-
stability and increases the g(a) limit. The
details of the instability are described in Sec.
3.3. The PFN circuit has the role to suppress the
narrowing of the current channel and provides
the flatter electron temperature and current
density profile and higher elongation ratio in
the higher density plasma. The current density
profile can be controlled by the combination of
gas puffing and the PFN circuit, and the profile
has an effect on g(a) limit.

3.2 Elongation ratio and current density profile

The elongation ratio is a function of tri-
angularity, decay index and current density
profile. The plasma g is low (~0.2%) enough
that it can be assumed to have no sensitive
effect on plasma equilibrium. Decay index is
determined from the configuration of shaping
current flowing in eight shaping coils, and
triangularity is approximately constant in
TNT-A. The elongation ratio is determined
from the current density profile. To obtain the
relationship between the elongation ratio and
the current density profile, it is necessary to
evaluate the profile shape at the g(a) limit. The
relationship is obtained from the equilibrium
code EQUCIR. The elongation ratio is meas-
ured by magnetic probes and loops, and the
electron temperature profile is measured with
Thomson scattering to check the suitability of
the equilibrium code for TNT-A. The profile
parameter « of T, is defined by the following
equation,
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Fig. 5. Vertical dependence of electron temperature.
Open circles are the result of Thomson scattering
by laser, and dashed lines are T.=T(center)(1—
(z—20)*/b*)* determined by the least squares
method. (a) Peaked profile without gas puffing
for elongation ratio kx=1.16, and fitting profile
parameter a=2.5. (b) Rounded profile with weak
gas puffing for elongation ratio x=1.24, and
fitting profile parameter a=1.2. (c) Flattened profile
with strong gas puffing for elongation ratio k=1.26
and fitting profile parameter a=0.6.
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T.(z)=T.(center)(1—(z—2z,)*/b%)*, (2)

where z, is the vertical shift due to the field
curvature and b is the vertical semi axis length.
The location of the plasma edge is determined
by the magnetic surface which goes through the
limiter. The electron temperature of the plasma
edge is estimated to be 5eV~10eV from the
measurements of electric probes. The value
of the parameters T, (center) and « are deter-
mined by the least squares method using
measured values. The electron temperature
profile can be changed by control of the gas
puffing and PFN circuit as is shown in Fig.
5(a)—(c). Figure 5(a) shows a peaked electron
temperature profile without gas puffing and
with the PFN at low voltage which is not
enough to heat the plasma boundary. Figure
5(b) shows a rounded temperature profile
with weak gas puffing and sufficient PFN
Joule input. The combination of the strong gas
puffing and the PFN input at very high set
voltage provides a flattened temperature profile
as shown in Fig. 5(c). In these discharges, the
toroidal filed B,~3.5 kG and the safety factor
q(a) ~4. The profile parameter of T, decreases
from 2.5 to 0.6 and the elongation ratio in-
creases from 1.16 to 1.26 as gas puffing be-
comes stronger.

The current density profile is calculated
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Fig. 6. Elongation ratio as a function of current
density profile parameter. Open circles are the
result of magnetic probes and one-turn loop and
Thomson scattering, and solid line is the theoreti-
cal curve calculated with EQUCIR code for the
plasma f=0.2%, Hijeex=—0.8 and triangularity
y=0.3.
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from the T, profile assuming that j(z)oc
T.(z)*'* during the flat top of plasma current.
The relationship between elongation ratio and
the current density profile parameter v (=1.5¢)
is shown in Fig. 6. The vertical axis is the
elongation ratio measured by magnetic probes
and one-turn loops. The horizontal axis is the
current density profile parameter derived from
the electron temperature. The solid line is the
curve calculated by EQUCIR code and the
calculated values agree with experimental ones.
The parameters used in this calculation are
y=0.3 and n,,4.,= —0.8, in the case where the
decay index and triangularity are known, the
current density profile is obtained from the
elongation ratio without T, profile measure-
ment. Because the shape of the plasma cross
section is measured only with magnetic probes
and one-turn loops, the elongation ratio, as
well as the triangularity, can be obtained even
immediately before a major disruption. The
current profile at the g(a) limit can be cal-
culated from the elongation ratio.

3.3 Limit of safety factor q(a)

The plasma suffers disruption as the current
density profile becomes broader. Tearing
modes are measured by Mirnov coils. In
TNT-A, the poloidal field fluctuation®® is still
less than 19 for m=3 and 4 modes and 0.5%
for m=2 mode even immediately before the
disruption. Thus tearing modes are considered
to have no role in disruptions for this experi-
ment. Kink modes are not measurable, be-
cause the growth time is too short (~0.2 us)
compared to the period of the fluctuation
(~30 us). The dependence of the g(a) limit on
the current density profile is shown in Fig. 7.
The horizontal axis is the profile parameter
calculated from the value of the elongation
ratio by using the calculational curve in Fig. 6.
Experimental data shows that the limit of g(a)
increases from 2.6 to 4.0 as the profile param-
eter decreases from 0.8 to 0.2.

The unstable region of ideal external and
internal kink modes'? are also shown in Fig. 7.
The profile parameter v>1 is necessary for
stability with free boundary (without conduc-
tive wall). An additional sawteeth unstable
region appears on the basic v=1 stability
boundary with effect of finite mode number m.
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Fig. 7. Limit of inverse safety factor 1/g(a)iimic as
a function of the current density profile parameter.
Open circles are the result of calculations taken
from the values of the elongation ratio in Fig. 4(b),
by using calculational curve shown in Fig. 6. Left
and upper unstable region shows the ideal external
and internal kink mode, respectively. Poloidal
mode number m are indicated in the figure. The
shadow areas indicate the region which remain
unstable if there is a perfectly conducting wall at
the location of 2a (a: plasma radius) for m=3
and m=4.

When the profile parameter decreases to the
unstable region in which the ideal kink mode is
enhanced, the plasma current suffers a major
disruption. The stable region determined by
our experiment is wider than that from theory
because of the effect of the conductive wall.
When the wall is very close to the plasma
boundary, the external kink mode is com-
pletely suppressed. In the case of TNT-A, the
cross section of the plasma is D-shape, 18 cm
wide and 22 cm hight. The vessel has the
rectangular cross section, 24 cm wide and
60 cm high. The ratio of plasma radius to wall
radius is 1.3 (horizontally) and 2.7 (vertically).
Because the wall is located at a distance from
the plasma boundary in the vertical direction,
the external kink mode is not completely
suppressed.

The shadow areas indicate the region which
remain unstable if there is a perfectly con-
ducting wall at the location of 2a (a: plasma
radius). The boundary of this theoretical
unstable region agrees with experimental data
at the time of disruption on the boundary (B)
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in Fig. 3 in TNT-A, whose conducting wall is
located far from plasma boundary (effective
wall radius is twice as large as plasma minor
radius). When the profile parameter is in the
range, v=0.6~ 1.2, the m=3 external kink mode
determines the g(a) limit, and the effect of
higher kink modes (m>3) is neglected because
the higher modes have smaller growth rates.
As the profile parameter is decreased, the
plasma is more unstable for the kink mode and
m=4 kink mode (v=0.2~0.4) determines the
q(a) limit.

§4. Conclusion

The current density profile is calculated
from the shape of the plasma cross section
(elongation ratio x and triangularity y) with the
equilibrium code EQUCIR. Suitability of the
code for TNT-A is confirmed by the agreement
of experimental values and calculated ones in
the relationship between elongation ratio and
the profile shape parameter. The current den-
sity profile parameter at the g(a) limit is esti-
mated from the elongation ratio immediately
before the major disruption. This method is
more convenient than evaluation from T,
profile measured by Thomson scattering, since
the measurement of elongation ratio is possible
even immediately before a major disruption. It
is difficult to measure the T, profile by Thom-
son scattering immediately before a major
disruption, because it is unknown when the
disruption will occur. The limit of 1/g(a) de-
creases as the current density profile becomes
flatter and the profile parameter enters the
parameter region where the m=3 and 4
external kink modes are enhanced. These g(a)
limits determine the boundary (B) of the
operational stable region in Fig. 3. The agree-
ment of the experimental boundary (B) with
theoretical one in Fig. 7 explains that this
boundary is due to m=3 and 4 external kink
mode instability.
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