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A preliminary analysis of plasma current quenching is presented in this paper based on the disruption database. It
demonstrates that 26.8% of discharges have been disrupted in the last 2012 campaign, in addition, the plasma disruptive rate
grows with the increase of plasma current. The best-fit linear and instantaneous plasma current quench rate is extracted from
the recent EAST disruptions, showing that an 80%—-30% interval of the maximum plasma current is well fit for the EAST
device. The lowest area-normalized current quench time is 3.33 ms/m? with the estimated plasma electron temperature
being 7.3 eV~ 9.5 eV. In the disruption case the maximum eddy current goes up to 400 kA, and a fraction of currents are
respectively driven on the upper and lower outer plate with nearly 100 MPa—200 MPa stress in the leg.
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1. Introduction

The effect of disruption not only terminates the high
powerful discharges but also can cause severe damage to
some components inside the vacuum vessel through electron-
mechanical forces acting on the in-vessel component and ther-
mal loading on the first wall. A major disruption usually pro-
ceeds in three phases. The first phase is the thermal quench on
a time scale of less than 1 ms. This can be easily seen from
the rapid collapse of electron temperature obtained from the
measurement of the soft x-ray emission. The second phase is
the current quench normally on a time scale of up to 10 ms.
This phase shows the rapid decay of plasma current, owing to
the fact that too many impurities are injected into the discharge
and the plasma becomes more resistive, followed by a heavy
halo current and eddy current generated in the in-vessel com-
ponent. In the end, a fraction of plasma current sometimes is
converted into runaway electron beams because of the instan-
taneous decay of the plasma current. The detailed presentation
can be seen in the ITER disruption database (IDDB).[!-]

Analysis of plasma current quench (CQ) known as CQ
time is very important for ITER in-vessel component de-
sign and disruption mitigation duration. In experiments the
plasma CQ rate normally uses a linear fit waveform instead
of an exponential fit, and the linear decay definition is differ-
ent from device to device.['l As for the EAST tokamak,*! an
80%-30% interval of the maximum plasma current seems to
be a much better fit for the CQ period. This is because after the
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quench, the plasma current measurement includes a significant
quantity of induced eddy current flowing in conducting struc-
tures inside the vacuum vessel. These eddy currents decay on a
different timescale from the plasma current. Therefore, in the
determination of the CQ time, the data after the quench should
be excluded. Therefore, with this unique definition on EAST
the minimum CQ time is calculated to be 3.2 ms. For a better
comparison of the CQ time in disparate devices, the typical
CQ time is normalized by the plasma cross-sectional area (de-
noted as §). Based on some conventional tokamak (ASDEX-
U, ALCATOR C-MOD, DIII-D, JET, and JT-60U) results, the
lowest fcq/S for ITER is 1.67 ms/m?.5%! In the EAST dis-
ruption database, this limit boundary is 3.33 ms/m?, much
slower than that of the ITER design. As noted in Ref. [7],
the eddy current interacting with the poloidal field results in
a large J x B force on the structure component. Data demon-
strate that the maximum eddy current reaches 400 kA with the
—dI,/dt ~ 160 MA/s, simultaneously a fraction of eddy cur-
rent is driven on the outer divertor plate.

In this article, the disruption database is presented in Sec-
tion 2. The analyses of current quench and eddy current are
given in Section 3. Finally some conclusions are drawn from
the present study in Section 4.

2. Data set

In the experiment campaign of 2012, graphite tiles in the
low heat load area of the main chamber wall were replaced by
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molybdenum, while divertor components kept the graphite tile
as the first wall.[®° For measuring the plasma current, three
Rogowski coils were located in the in-vessel. Besides, two
Rogowski coils located in the out-vessel were for measuring
the eddy currents in the vacuum vessel.!'>!!] In this paper,
the database analysed just includes the discharges in the 2012
campaign with the total number of shots being 5743, which
are shown in Fig. 1(a), plasma currents typically are between
400 kA and 600 kA, and the highest plasma current is 652 kA
at discharge #42328.

0.6

to'tal sh:i‘)ts: 57'43 ' ' ' ' ' (d)
1 400 kA <I;p<600 kA:
~65%

0.3}

Frantion of cases in database

50 150 250 350 450 550 650 750 850
I,0/kA
1.0 — T T

L (b) group [ i
< is i ) .15
< 0.8} total disruptive shot: 1539 |
S | disruptive rate: 26.8%
£ 0.6}
la L
= 04rp
A 0.2¢ group II

50 150 250 350 450 550 650 750 850
IpO/kA

Fig. 1. (color online) (a) Distributions of plasma currents for all dis-
charges. (b) Distributions of plasma currents in the disruption database.
The data collected above are from the 2012 EAST experiment cam-

paign.

In the data collected above, the limited conditions for
the disruption case should be adjusted by the criteria that are
In this table it should be noted that (i)
Tdischarge 18 the duration time of the discharge, the length of

shown in Table 1.

pulse must be more than 600 ms; (ii) Tcq is the CQ time,
which means that the CQ time should be less than 50 ms, typi-
cally this value is in 10 ms; (iii) /, fina1 is the minimum plasma
current within 15 ms after the discharge has disrupted, this cri-
terion is for rejecting a minor disruption, such as some small
crashes in the discharge; (iv) I, is the plasma current before
CQ; (V) Iy max is the maximum plasma current; (vi) this cri-
terion is for rejecting shots that disrupt late in current ramp
down. Therefore, under these limited conditions, the disrup-
tion data are successfully obtained and shown in Fig. 1(b),
from which it is easily seen that 26.8% of discharges are dis-
rupted. The interesting thing is that the disruptive rate in group
I (200 kA < I,0 < 400 kA) is much higher than that in group
II: this is because group I occurs in the beginning of the cam-
paign: at that time the first wall was not clean enough for dis-
charge, so many impurities were injected into the plasma vol-

ume, and after many clean shots, the discharge became nor-
mal. In group Il it is easily seen that the plasma disruptive rate
grows with the increase of plasma current. In the next experi-
mental campaign, the heating powers of EAST will be 1-MW
ECRH, 12-MW ICRF, 4-MW-NBL('? and 10-MW LHCD re-
spectively. As the heating power increases, the plasma current
goes up to 1 MA, so disruption analysis becomes more and
more important for device safety.

Table 1. Criteria for disruption on EAST.

(iii) |, finat] < 0.1 MA

(Vi) Ipo /Ip,max > 1/3

(i) Tdischarge >0.6s (ii) TcQ < 0.05s

(V) |Io| > 0.1 MA (V) [lpmax| > 0.2 MA

3. Experimental result
3.1. Plasma current waveforms and quench rate

Current quenching usually follows thermal quenching.
As the plasma facing component is severely eroded by ther-
mal loading, many impurities are injected into the plasma
Typ-
major

volume, and plasma becomes much more resistive.
ically, disruption can be divided into two types:
disruption and vertical displacement event disruption.!'!
For the current waveforms of these two types, the lin-
ear quench rate (80%-30% maximum plasma current) is
a good fit as seen in Fig. 2, and normally the linear fit
method varies from device to device (80%—-20% current
for ASDEX-U and Alcator-C-Mod; 90%-10% for DIII-D,
TFTR, and J-TEXT; 100%-40% for JET, maximum d/,/dz
for JT-60U).[1>!141 However, on EAST the plasma current
typically decays slowly in the end at 30% current, which
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Fig. 2. (color online) The /,x and Zcengoia Waveforms for two types of
disruptions (#42154, #43886) with both using 80%—-30% linear fit.
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is possibly because much eddy current threads through the Ro-
gowski coil, which is located behind the first wall as seen
in Fig. 2. This scenario is suitable for both major disrup-
tion and VDE disruption. Therefore, the current quench rate
data are obtained by using this linear fit, a scatter plot of the
quench rate against the pre-disruption current density is shown
in Fig. 3. The 80%-30% quench rate is used to estimate the
current quench time (7cq) as seen in the next subsection.
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Fig. 3. (color online) Linear quench rate versus pre-disruption plasma
current density.

3.2. Normalized quench time

As discussed above, the Tc( is defined as

Teq = 20Tg0 = 2(T30 — Tso0), (1)

where 739 and 7g( are respectively the times for the plasma cur-
rent to decay. As seen in Fig. 4, the minimum 7cq is 3.2 ms;
most quench times concentrate in a range from 4 ms to 6 ms.
The quench time data collected are used to estimate the low-
est T7cq for ITER, theoretically Tcq = poa® /1, where a is
the plasma minor radius and 1), is the resistivity of the core
plasma. So for better comparing the devices with each other,
the quench times should be normalized by their correspond-
ing areas, as shown in Fig. 5, the lowest 7cq/S on EAST is
3.33 ms/m?. Listed in Table 2 are the plasma parameters and
the results from the database for CQ analysis on EAST.!3!
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Fig. 4. (color online) Distribution of current quench time. Most of CQ
times are between 4 ms to 6 ms, the minimum CQ time is 3.2 ms at shot
No. #42045.
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Fig. 5. (color online) Plot of density of pre-disruption plasma cur-
rent versus normalized quench time, S is pre-disruption plasma cross-
sectional area. The limit Tcq /S for EAST is 3.33 ms/m?, much lower
than the ITER limit.

Table 2. Plasma parameters and analysis results for current quench
database.

Ry/m a/m Kk s/m? (minth/S)/(ms/mz) min fcQ/ms  ty,/ms

1.86 045 1.8 0.96 3.33 32 15

To estimate the electron temperature of the plasma in
quench time, the plasma is considered as a simple series circuit
consisting of L and Ry, with Tcq = L/R, where L is the plasma
self-inductance, R is the plasma resistance, which is the char-
acteristic time of I, decay. Taking R as 2R, 1, /S, then tcq/S
can be defined as

TcQ/S = L/2nR,Mp. 2

Here, Tcq /S can be easily obtained from the database,
and plasma self-inductance LU'®' can be given by L =
MoRp(In(8R,/ap) — 2+ 1;/2), where ap is the plasma mi-
nor radius and /; is the plasma internal inductance. Taking
shot #42045 for example, the value of L is calculated to be
5.077 pH with a, ~ 0.451 m, R, ~ 1.844 m, and [; ~ 1.407.
The simplest form of the plasma resistivity parallel to the mag-

netic field, as evaluated by Spitizer,[!1 is
Npar[cm - Q] 2 0.65 x 10*Zegr In AT ' [K], (3)

where InA is assumed to be 10 for the temperature below
50 eV,[8] Z.g is estimated to be 4 ~ 6, Mpu = 0.1316 x
1073 Q-m, finally 7; can be written as

To[eV] = [Mpar/(0.65 X 10*ZerInA)) 723 /10, (4)

where 1 eV =10* K, therefore the plasma temperature can be
estimated to be in the range between 7.3 eV and 9.5 eV. Typi-
cally when 7cq/S < 10 ms/m?, the T, is estimated to be below
20 eV.

3.3. dI,/dt and eddy current

Except for the average quench rate discussed above, the
fastest instantaneous quench rate is also very important to ac-
cess the maximum eddy current. Normally a linear quench rate
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illustrates a global toroidal current decay, dIj / dfmax seems to
be related to the maximum eddy current, which can be seen
in Fig. 6(a), for the slower quench rate, the fastest instan-
taneous quench rate is usually several times larger than the
linear quench rate. It indicates that even in the slow quench
case, the maximum eddy current can be very high. However,
in the higher quench rates (such as QR(go_3¢) that exceeds
100 MA/s), there is little difference between df, /dtmax and
QR(g0-30), in other words as for the faster quench rate dis-
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ruptive case, using the linear fit definition and the maximum
current decay definition are both reliable.

Figure 6(b) shows the plot of the eddy current versus
di, / dtmax, it is clearly seen that the eddy current is consistent
with di /dfmax, even a lower quench rate can drive a 100-kA
eddy current, as the up divertor and the down divertor of EAST
are fixed to in-vessel by stainless steel supports on two sides,
and a fraction of eddy current flows along the plate through
the supports.
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Fig. 6. (color online) (a) Ratio of df,/dfyax to the linear quench rate against the linear quench rate, with the inset showing the
dl, / dtmax versus the linear quench rate and (b) eddy current versus — dl, / dtmax.

Fig. 7. (color online) Evolutions of magnetic flux reconstructions for discharge #43864.
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Fig. 8. (color online) Waveforms of (a) I,, (b) the plasma vertical positions, (c) d,/dt traces, (d) current driven in the upper plate,
(e) current driven in the lower plate, and (f) eddy current collected by the out-vessel Rogowski coil for the plasma up-going case (shot
#43884, dotted lines) and the plasma down-going case (shot #43864, solid lines).
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In this EAST campaign (2012), the plasma volume usu-
ally moves toward the outer-plate and then is disrupted. This
can be seen from the reconstruction of the plasma boundary in
Fig. 7, which is reconstructed by using the filament code. In
the VDE period when plasma keeps on shrinking and finally
touches the outer-plate, then a fraction of the halo current and
eddy current are driven in the plate and finally measured by
Rogowski coils,!”! which can be seen in Fig. 8. Discharge
#43884 is one of the plasma up-going cases, when plasma
moves upward, and a fraction of current is measured in the
upper plate (seen in Fig. 8(d)), but little current can be seen
in the down plate (seen in Fig. 8(e)). The same as the down-
going case (#43864), when plasma moves downward, a large
current is seen in the down plate. Figure 9 shows the dis-
tributions of plate current in the upward case (Fig. 9(a)) and
downward case (Fig. 9(b)) respectively. They both increase
with —dI,/dt increasing and the maximum plate currents ex-
ceed 40 kA. As the plate is designed to be up-down symmetric,
eddy currents driven on up and down plates are almost equal.
The maximum force density produced by the eddy current is
100 MPa~ 200 MPa, so it is very important to design the in-
vessel supports.
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Fig. 9. (color online) Values of current driven on up and down out plates
against dI,/ dfmax.

4. Conclusion

In this paper, the characterization of plasma current
quenching during disruption in the EAST tokamak is pre-
sented. A disruption database is successfully created, nearly
27% discharges are disrupted, and the disruptive rate increases

with the augment of plasma current. Therefore, the analysis of
disruption is an unavoidable problem for device safety.

This database preserves a physical basis for upgrading the
device in the future. Based on the disruption database, wave-
forms of plasma current can be better fit by using QR g_30)
of maximum plasma current, this unique fitting is a good fit-
ting for the cases of a quick current quench period and a slow
period. With this linear fitting, the limit boundary of 7cq/S is
3.2 ms, the area-normalized quench time is 3.33 ms/m? with a
cross-sectional area ~ 0.96 m? and plasma electron tempera-
ture is estimated to be 7.3 eV~ 9.5 eV.

Besides, the highest eddy current driven in the in-vessel
reaches 400 kA, with —dl, /dt ~ 170 MA/s. As the plasma
volume always drifts toward going out of the plate, a fraction
of current is easily driven in the plate, and then flows toroidally
through supports. The maximum force density produced by
the eddy current goes up to 100 PMa ~ 200 MPa, so disrup-
tion forecasting!’! and mitigation!?'! should be implemented
in EAST experiments.
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