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The experimental advanced superconducting tokamak (EAST) is the first full superconducting tokamak with a
D-shaped cross-sectional plasma presently in operation. Its poloidal coils are relatively far from the plasma due to
the necessary thermal isolation from the superconducting magnets, which leads to relatively weaker coupling between
plasma and poloidal field. This may cause more difficulties in controlling the vertical instability by using the poloidal
coils. The measured growth rates of vertical stability are compared with theoretical calculations, based on a rigid
plasma model. Poloidal beta and internal inductance are varied to investigate their effects on the stability margin by
changing the values of parameters ay and v, (Howl et al 1992 Phys. Fluids B 4 1724), with plasma shape fixed to
be a configuration with £k = 1.9 and § = 0.5. A number of ways of studying the stability margin are investigated.
Among them, changing the values of parameters « and [; is shown to be the most effective way to increase the stability
margin. Finally, a guideline of stability margin Ms(k,l;, A) to a new discharge scenario showing whether plasmas can
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be stabilized is also presented in this paper.

Keywords: vertical instability, growth rate, stability margin

PACC: 5255, 5235P, 5255G

1. Introduction

Tokamak plasmas with elongated cross sections
tend to be unstable to an axisymmetric mode, lead-
ing to a vertical displacement of the plasma. During
the vertical motion, the plasma current decays, owing
The ves-

sel experiences a vertical reaction force as it attempts
[1-5]

to its interaction with the vacuum vessel.
to slow down the plasma motion. The experimen-
tal advanced superconducting tokamak (EAST) is the
first full superconducting tokamak (superconducting
poloidal and toroidal coils) with a D-shaped cross-
sectional plasma presently in operation. In the first
experimental campaign, we successfully obtained re-
liable plasma initiation, current ramp up and RZIP
control (RZ stands for R and Z positions, and IP for
plasma current). The principal goal of the second
operation campaign was to obtain a shaped diverted
plasma by using optimized plasma control algorithm.
Limiter, single null and double null diverted configu-
rations were produced in this campaign. 6!

Some of EAST discharges were disrupted after
failure of feedback control of the vertical instabil-

ity. Omne main reason was that the poloidal coils
were relatively far from the plasma due to the nec-
essary thermal isolation from the superconducting

magnets, [7]

which led to relatively weaker coupling be-
tween plasma and poloidal field (see in Fig.1). Under
this circumstance, a better passive stabilization will
serve as the control field provided by the active con-

trol coils.

The present work is to investigate the stability
margin of EAST device with equilibrium configura-
tion by using the EFIT codel® and to further guide
a new discharge scenario, and so we can obtain valu-
able information on whether the plasma can be verti-
cally stabilized. The remainder of the present paper
is organized as follows. In Section 2, we describe the
passive structure of the EAST tokamak and then de-
termine the stability boundary (critical decay index).
The plasma response model, measurement results of
the growth rate of vertical stability and the compar-
ison between calculations and measurements are pre-
sented in Section 3. The primary results and the com-
promising parametric study are described in Section
4. Summary and discussion are given in Section 5.
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EAST geometry

R/m

Fig.1. Cross section of the EAST device, showing the lo-
cations of all the 14 poloidal field (PF) coils and inner con-
trol (IC) coils (single null plasma configuration) and the
double vacuum vessel that is composed of 80 segments.

2. EAST tokamak

The EAST is designed to be up-down symmet-
ric, (see in Fig.1) and its structural parameters are
R=18m,a=045m, B, =3.5T, and [, =1 MA
for highly elongated plasma with x = 1.9. It can be
operated in very flexible plasma shapes, for example,
in double null or single null configurations with elon-
gation Kk = 1-1.9 and triangularity § being up to 0.65.

Vessel mode 1
0.14

Vessel mode 2

The vacuum vessel is a continuously welded structure
with low toroidal resistance (~76 (€2) and a D-shaped
cross section. To be fully capable of producing differ-
ent configurations, the EAST is equipped with a set of
12 independently powered poloidal shaping coils and
a pair of water-cooled fast copper coils inside the vac-
uum vessel (see IC1 and IC2 in Fig.1). The fast coils
are powered by a fast power supply and used to sta-
bilize plasmas with high vertical growth rates.

2.1. Passive structure

The vacuum vessel is made of 8 mm thick stain-
less steel plates. Port holes in the vessel make the
electromagnetic modeling difficult. Instead of a com-
plicated three-dimensional representation, a toroidally
symmetric model determining spatial distribution of
the effective resistivity is chosen. The vacuum vessel
is composed of 80 segments (40 segments for the inner
vessel and 40 segments for the outer vessel as shown
in Fig.1). Figures 2, 3 and 4 summarize the features

of the vessel for the version of passive structure.
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Fig.2. L/R time constant of vacuum vessel eddy current
mode versus vessel mode number.
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Fig.3. Normalized current distribution in the vessel wall for the first 6 vessel eigenmodes, where x axis represents
segment number of the vacuum vessel and y axis refers to normalized current amplitude.
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Fig.4. Flux contours associated with the first six eigenmodes of the vessel.

Figure 2 shows eigenmodes of the vacuum vessel, which are arranged in decreasing order of L/R time. The

second mode with decay time 7, = 13 ms dominates in terms of passive stabilization. Details of this analysis

method are well documented in Refs.[9]-[11].

As shown in Fig.3 for the first six eigenmodes, we see that the

vessel eigenmodes 2 and 5 are up-down asymmetric modes while the other eigenmodes are up-down symmetric.
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Thus the vertical plasma position stabilization is
chiefly due to modes 2 and 5. The flux distributions
corresponding to eigenmodes (1-6) are presented in
Fig.4, showing the radial field components associated
with modes 2 and 5.

2.2. Critical index

As is known, the growth rate of the vertical insta-
bility of an elongated plasma depends on the destabi-
lizing curvature of the external field (quadrupole field)
and on the stabilization function of the passive struc-
ture surrounding the plasma. The passive structure
circuit equation can be written as

OYsp 0% -

Mssjs sIs IS: Sy 1
+ RoIs + 92 oL Ve (1)

where M and R are the mutual inductance and resis-
tance matrix of the structure, V is the voltage, the
subscripts s and p refer to the structure (including
poloidal coils and passive structure) and the plasma
respectively. Solving the force balance equation and

defining the decay index n as('?

1 9Bn

at the point of ideal instability, allowing growth rate
y — 00 as N — M, the critical index n. is given by!'?!

1 OM OM s

= ——Trd M* Sl S N (it
Ne 27TBzOIpO { ss ( 9z P> ( P9y ) } )
3

where Tr denotes the matrix trace, I, is the vector

of plasma current element on the grid. Ignoring the
plasma current distribution, expression (3) can be sim-
ply expressed as

n! = 2R0Tr MsglaMSp OMps ’
ol Jz 0z

(4)

where I' = In(8Ry/a) + A — 3/2 is the Shafranov ver-
tical field coefficient with A = 3, +1;/2.

Figure 5 shows critical decay index (n.) plotted
as a function of A, ignoring the plasma current dis-
tribution. Note that this curve is for Ry = 1.85 m,
and a = 0.45 m. If we treat A over a range of 0.8
2.5 as typical parameters of EAST discharge, n/, will
drop down from 2.2 to 1.4. For any EAST discharge
n/ne. > 1, the plasma will move on an Alfven time
scale after a vertical position perturbation because the
surrounding conducting structures no longer slow the
instability to their resistive time scale.

0.5 1.0 1.5 2.0 2.5 3.0

Fig.5. Critical decay index (equation 4) vs. Shafranov A.

3. Open loop growth rates

3.1. Plasma response model

The system of plasma, poloidal field (PF) coils
and passive structure can be described by using circuit
equations derived from Faraday’s law, and radial and
vertical force balance relations for a presented plasma
equilibrium. The linearized model equations for the
currents in PF coils and vessel and the plasma cur-
rent are respectively given as follows:

M.+ R+ M} I, + M1, =V,
M1, + RoI, + M I+ M}, I, =0,
M;PIP + RPIP + M;cIC + M;va = Vnoa (5)

where I, V and R represent current, voltage and re-
sistance respectively; the subscripts ¢, v and p rep-
resent PF coil, vessel and plasma respectively; V,,, is
the effective voltage used to drive plasma current by
non-inductive sources; M}, = Mgy, + X is plasma
modified mutual inductance, where a,b € {c,v,p},
with M, being the usual conductor-to-conductor mu-
tual inductance and X,; being the plasma motion-
mediated inductance. The plasma response matrix
Xap, representing changes in flux due to plasma mo-
tion, is a function of equilibrium current distribu-
tion and vacuum field. As an example we consider
Xap = Xap(7¢, Ze, Ip) by using the rigid model. The
dynamic equation (5) can be written as

MI+RI=V

with I = [I7,I7, L), V = [VZ,0, V)",

c v

The conductors-only portion of the matrix M
given by
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+( 9z oL T or, 8IC> ped +< 9z oI, = or, 6IU> ped

must be symmetric and R is a diagonal matrix (all its
elements are positive or zero). Therefore the eigenval-
ues cannot be imaginary. Note that those undefined
notations follow those in Ref.[14].

3.2. Comparison between model and ex-
periment

The vertical instability growth rates have been
measured experimentally in the EAST for several
shots.
the position feedback control loops during the quasi-

The measurement is performed by opening

stationary phase and observing the growth of the ver-
tical displacement via the magnetic diagnostics. The
proportional integral derivative (PID) feedback gain
was set to be zero by using a pre-programmed switch.
A typical example of an unstable vertical displacement
with the feedback cut is shown in Fig.6. The experi-
mental values of growth rate are evaluated by fitting
the time evolution

2(t) = 20 + §zelio 1D,

Z/m

Z /m

The initial time, tg, is chosen to be the moment after
feedback control loops cut, and the final time, ¢, is se-
lected to be the moment before significant non-linear
effects occur. Otherwise the system will enter non-
linear regimes, i.e. the two terms dg,/dt and di;/dt
will be included in Eq.(5).'%! In this paper, we fo-
cus on the stability margin extrapolation with simu-
lated configurations. Non-linear terms are not intro-
duced as disturbances into the calculation. Moreover,
the evolution of the growth rate obtained by using
the linear model fits the experimental results several
milliseconds after vertical displacement event (VDE)
happens, ' i.e. this approach is suited to the control
design and can provide an understandable picture in
the vertical stability. A comparison between model
prediction and experimental result is shown in Fig.7.
Note that all points are taken from different discharges
(Ip = 200 kA), with the feedback control set to be
zero. The linear model appears to be able to predict

the growth rate of vertical instability correctly.

Z/m

g g
~ ~
N N
1.4 1.8 22 1.4 1.8 22
R/m R/m
3.009 s 3.010 s

Fig.6. Loss of vertical position control with a feedback cut at 3.0 s for EAST discharge No. 4619.
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Fig.7. VDE model predicted vs. experimental growth rate
with the feedback cut to zero.

4. Extrapolating stability margin

with simulation results

What determines the growth rate is the prox-
imity of the plasma current distribution to the pas-
sive structure. A larger fraction of the current closer
to the structures may lead to a lower growth rate.
This can result from a number of factors, such as,
plasma shapes (elongation, triangularity and aspect
ratio (A = R/a)['™18]) and profiles (internal induc-
tance and poloidal beta). In this section, we will inves-
tigate the influence of all parameters mentioned above
on growth rate. Note that triangularity ¢ is fixed to
be 0.5 during the simulation, since the EAST is a D-
shaped device with a small range for 9.

4.1. Plasma equilibria

In an axisymmetric toroidal system, the MHD
equilibrium Grad-Shafranov equation can be written

as
A™p = —poRJy
and
_ / po F'F (¢)
Js = RP" (¢) + IR (6)

Here, 9 is the poloidal magnetic flux per radian of
the toroidal angle ¢ enclosed by a magnetic sur-
face, F' = 2rRBy/po and By are the poloidal cur-
rent function and the toroidal magnetic field, and
A* = R*V - (V/R?). The pressure gradient P’ and
the poloidal current F'F’ are defined as polynomials,

and
FF/(U]) = Z’Ynyn(x)v (8)

where x = (¥ — o)/(¥1 — o) is the normalized
poloidal magnetic flux, ¥y and w; are the poloidal
magnetic flux on the magnetic axis and at the plasma
boundary, and 0 < x < 1.

The parameters o, and =, determining the
plasma profile were well documented in Ref.[19]. Here
The
magnitude of the pressure gradient is changed by vary-

we repeat the salient points in that reference.

ing oy, and the ratio 1 /v2 determines internal induc-
tance.

4.2. Simulation results

As mentioned earlier,[20] Bp collapse in a highly
elongated plasma discharge may cause a vertical dis-
ruption. Firstly, the influence of 3, on this instability
is investigated by numerical calculation. The value of
B, is scanned by varying the parameter aq in Eq.(7).
The vertical growth rate with respect to poloidal beta,
calculated by using the model mentioned above, is ob-
tained at {; = 0.95, 0 = 0.5, k = 1.9 and I, = 1 MA,
and it is displayed in Fig.8. As shown in the figure,
the growth-rate drops monotonically with the value
of 3, increasing. The corresponding variation of the
current-density profile is plotted in Fig.9. The cur-
rent density located on the outer-side increases as the
value of 3, goes up from low to high. Plasma current
distribution is closer to the outer structure, that is
to say, low-(3, equilibria are unstabler to the vertical
instability for these fixed plasma shape and internal

inductance.
450
I, = 1 MA(DN)
;= 1.
= 400t P=19
) " 6 =0.55
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@ " ; = 0.
s 3501 AN
&
E w7
8 .
& 300 —
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Fig.8. Vertical growth-rate as o function of B, with
l; =0.95+0.1.
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Fig.10. Decay index n and critical index (—n.) plotted
against internal inductance l;, where curves with solid
symbols represent decay index and curves with open sym-
bols refer to critical index.

Figure 10 presents the decay index n and critical
index n. as a function of [; separately. As is shown,
both n and n. increase with (3, increasing. It is inter-
esting to see that the n. curves are relatively weakly
sensitive to I; but quite sensitive to 8,. This is prob-
ably because the ploidal beta has a stronger effect on
I" than the internal inductance. In Fig.11, the stabil-
ity margin ms (ms = n./n — 1) and the growth-rate
are presented against [; separately. Results are shown
for three different values of 3,, i.e. 0.1, 0.4 and 0.8.
The stability margin indicates that some of these cases
in simulation will be ended due to VDEs with high
growth rates.

0.6 0.8 1.0 1.2 1.4 1.6

Internal inductance

Fig.11. Growth-rate (a) and stability margin (b) versus
internal inductance [; with A = 3.95 4 0.02.

Finally, the effects of the elongation and the as-
pect ratio on vertical stability are investigated with
By = 04, § = 0.5 (for typical Ohmic discharges of
EAST) and [l; varying from 0.8 to 1.5.
where elongation values are 1.68, 1.75 and 1.90 and

The cases

the aspect ratios are 3.95 and 4.19 are investigated
separately. An example of plasma boundary for the
simulation with A = 3.95 is shown in Fig.12. With
A =
tained results are similar to those shown in Fig.12 and

4.19, major and minor radii varied, the ob-

not presented here. The stability margin M(k,;, A)
and the growth rate ~v(k,l;, A) versus I; at different
values of aspect ratio and elongation are plotted in
Figs.13(a) and 13(b) respectively. We note that the
maximum stability margin drops rapidly with elonga-
tion degree increasing. The minimum stability mar-
gin, corresponding to the ideal n = 0 stability limit,
is theoretically given by M; = 0. However, in prac-
tice, the margin magnitude must be a small positive
number. The minimum stability margin will be re-
ported with the plasma that is not sufficiently dis-
rupted, after several campaigns. It is reported that
DIII-D and TCV have operated at My = 0.02 and
M, = 0.03 respectively, while large tokamak, like JET,
operates at much higher stability margin, specifically
M, > 0.3.12)
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Fig.12. Outline of the fixed boundary in simulation with
A = 3.95.
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Fig.13. Stability margin (a) and growth-rate (b) versus

internal inductance I; with 8, = 0.4, A = 4.19 £ 0.01
(solid curves), and A = 3.95 + 0.02 (dashed curves).

5. Summary and Discussion

We have demonstrated that low-3, equilibria are
more unstable than the vertical instability for a fixed
plasma shape and I; = 0.95 (see Fig.8). This is be-
cause the radial force Fr moves the current centroid
(Shafranov shift) outward gradually due to the value
of 3, increasing. One might conclude that increasing
Bp could modify the current density, thus benefiting
the stabilization of VDEs. However, in this way the
passive stabilization will be weakened due to the de-
creased critical decay index as shown in Fig.10. At
l; ~ 1.0, a rough calculation shows that when the val-
ues of 3, are 0.1 (case I), 0.4 (case II) and 0.8 (case
III), the growth rates are about 750 1/s for case I, 40%
less than case I for case II, and 80% less than case I for
case III. In the same circumstances, the critical decay
indexes are about 2.26 for case I, 12% less than case
I for case II, about 25% less than case I for case III.
The stability margin magnitudes for cases IT and III
improve only by 0.02 and 0.04 compared with that of
case I by increasing polodial beta. To further inves-
tigate l;, we choose case II as displayed in Fig.11(b).
The stability margin magnitude improves by 0.07 as
l; decreases from 1.0 to 0.8. We conclude that for
a higher stability margin magnitude, plasma with a
lower I; is stabler than that with a higher 3, for the
EAST device.

As expected, in Fig.13(a), solid curves that rep-
resent stability margin magnitudes for A = 4.19 lie
below dashed curves that denote those for A = 3.95.
This scenario accords with that described in Ref.[11].
Furthermore, all the curves are approximately paral-
lel to each other. The values of AM,, owing to the
aspect ratio dropping from 4.19 to 3.95, are almost
a constant (0.04) at x = 1.68, 1.75 and 1.90. Only
changing aspect ratio (3.8 < A < 4.3) is insufficient
to avoid big disruption of VDE’s for elongations of up
to 1.90.

In summary, it is clear that lowering the values of
elongation and internal inductance is a more effective
way to increase the stability margin magnitude than
other ways (say, changing the values of A and 3,) in
the EAST. We believe that the results in Fig.13 can
serve as a good guidance to the choosing of k, I; and
other parameters for the vertical stabilization control.
We emphasize here again that the EAST poloidal field
coils are relatively far from the plasma. So we have to
keep the plasma at a lower vertical instability growth-
rate level, or have to mount passive plates inside the
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vessel to further extend the stability margin. In fu-

ture, the stability margin of controllable plasmas to-

ward the ideal instability limit can be investigated un-

der lower plasma current to alleviate the operation risk

of the superconducting magnets and thermal shield
due to VDEs.
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