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Abstract

This paper describes the development of electromagnetic plasma burn-through model. Full cir-
cuit equations describing the currents in solenoid, poloidal field coils, and toroidally conducting
passive structures have been integrated into the differential equation system of the plasma energy
and particle balances in DYON. This enables consistent calculation of the time-evolving loop volt-
age at a plasma position only using operation signals in a control room, which are current (or
voltage) waveforms in solenoid and poloidal field coils and prefill gas pressure. The synthetic flux
loop data calculated in the modelling agrees well with the measurement in MAST, confirming va-
lidity of the loop voltage calculation. The electromagnetic modelling also enables calculation of 2D
time-evolving poloidal magnetic flux map, thereby modelling the plasma volume evolution during
the plasma break-down and burn-through phase. Only using the control room operation signals
used in 34 ohmic start-up discharges with the direct induction start-up scenario in MAST, the elec-
tromagnetic plasma burn-through modelling has reproduced the time-evolution of plasma current,
electron density and temperature, and plasma volume, showing a reasonable level of agreements
with experimental measurement.

1 Introduction

Tokamak start-up consists of three phases: plasma break-down, plasma burn-through, and plasma
current ramp-up. The induced high loop voltage or injected electromagnetic wave enables plasma
break-down, generating a plasma at a low degree of ionization in a prefilled hydrogen isotope gas.
Since the degree of ionization is low in this phase the electron-neutral collisions are dominant|[1].



This justifies the Townsend break-down theory, which calculates the minimum toroidal electric field
requried for plasma break-down Erpg,nsend at a given prefill gas pressure p(0) and an effective length of
open magnetic field lines Ly i.e. Erownsenda = a(p(0))L¢[2] where « is the mean number of collisional
ionizations by an electron travelling in 1 meter (the explicit equation indicated in (17)). As the
degree of ionization further increases, the energy loss rate of electrons and ions rapidly rises due to
the increase in atomic reactions such as ionization, radiation, and charge exchange. This impedes the
increase in T, and high ohmic heating power or Electron Cyclotron Heating (ECH) is required to
overcome the energy loss until achieving sufficient ionization. Full ionization of Deuterium could be
achieved at T, less than 5eV[3], but fully stripping low Z impurities e.g. C%*, or O%* (i.e. Impurity
burn-through) requires a few tens of eV[4]. After passing the peak energy loss in the plasma burn-
through phase, the reduced electron energy loss enables the increase in T, thereby increasing plasma
current with decreasing plasma resistance. Since the loop voltage or ECH power needed for sufficient
plasma burn-through is much higher than that for plasma break-down, the main hurdle for successful
tokamak start-up is in the plasma burn-through phase[5].

Operation scenarios for tokamak start-up are usually sought with the trial-and-error method when
a new device is built. Once a few operation recipes are found in the device, the scenario is usually not
further optimized. So far, this approach has not had a serious problem in present devices, although
it often made a few months of delay to starting scientific experiments. However, it is likely that the
approach is not enough in future devices. It is foreseen there will be a challenge in plasma initiation
in ITER, which is a large superconducting device. The maximum toroidal electric field available in
ITER is about 0.3 V/m[5], which is much lower than the value typically used in present devices e.g.
1 V/m in JET. In addition, the large L/R time 77, r! resulting from the large thick vacuum vessel in
ITER would make the plasma control complicated[6]. Considering about a decade of delays of ITER
construction, successful immediate generation of ITER first plasma without any operational issue is
of crucial importance. For this reason, it is now vital to optimize the ITER start-up scenario with
reliable plasma burn-through modelling.

Plasma burn-through modelling is also important to design a new device such as Spherical Tokamak
for Energy Production (STEP)[7]. In a spherical tokamak, due to the limited space and the high
neutron irradiation in the centre column it is beneficial to have a thin or even no solenoid. However,
this would significantly increase the uncertainty of plasma burn-through. In order to design a new
spherical tokamak, it is essential to assess with numerical modelling the feasibility of plasma initiation
and current ramp-up with a limited or zero loop voltage induced by the solenoid.

DYON is a plasma burn-through simulation code, developed and validated in JET with carbon
wall[8] and ITER-Like wall[9], and used for ITER prediction[10]. Consistency of DYON with other
mainstream plasma burn-through simulation codes, SCENPLINT[11][12][13] and BKDO0[14][15][16],
was verified by the code comparison conducted as a joint activity in Iternalnational Tokamak Physics
Activity (ITPA) - Integrated Operating Scenario (IOS) group. Brief history of development of the
plasma burn-through codes is summarized in [17], which reports the code benchmark activity. One
of the main findings in [17] is that the vessel eddy currents and the evolving plasma volume could
significantly affect the simulation results.

In JET modelling with DYON]8][9], the eddy current was assumed only in the structure supporting
the divertor (called MK2 structure) as it is the only toroidally conducting passive structure in JET.

)

' A characteristic time for eddy currents in the vessel structures to decay i.e. I = Ipexp(—
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Two circuit equations (i.e. plasma current and the eddy current in MK2) were enough to simulate
JET discharges reproducing measured experimental data in the modelling. However, such simplified
circuit equations might not be sufficient in other devices including ITER which has more toroidally
conducting structures. With this motivation, full circuit equations describing all toroidal conducting
vessel structures, solenoid, and PF coils have been integrated in DYON. The upgraded DYON not
only allows proper modelling of vessel eddy currents but also calculation of loop voltage at the plasma
region with the input of control room operation scenarios such as power supply voltage or coil currents.
Loop voltage calculation at the plasma region is of importance as it could differ from the measured
value at the vacuum vessel due to the stray field, in particular, for tokamaks with no iron core e.g.
ITER.

Plasma volume is an imporant parameter in the plasma burn-through models which solve the
energy and particle balance in 0D i.e. calculation of volume-averaged T, and n.. Since there is no
measured data available in the burn-through phase, in previous modelling the plasma volume was
prescribed with assumed values, which allow reproducing experimental data such as D, emission[17].
This approach was useful to validate the plasma burn-through model, but would give a large uncer-
tainty if the model is used to optimize operation scenario in future devices or to assess a new tokamak
design. For predictive modelling, consistent calculation of plasma volume with a physics-based model
is necessary. Hence, we have developed a plasma volume model in DYON. Implementation of the full
circuit equations enables simulating the time-evolution of 2D poloidal magnetic flux map (i.e. ¥ map)
in the vacuum space. This allows assessing the Townsend break-down condition in each field line, and
estimating the plasma volume.

This paper will report the development and validation of an electromagnetic plasma burn-through
model where the evolving plasma volume is consistently calculated. In section 2, the development
of full circuit equations and the plasma volume model are introduced. Section 3 describes ohmic
plasma initiation with the direct induction scenario in MAST, and compares simulation results against
experimental data from a typical direct induction discharge. With the simulation settings used to
reproduce the MAST discharge, prediction capability of electromagnetic DYON simulation are assessed
comparing the simulation results against 34 discharges, which were randomly selected among direct
induction discharges in MAST. Section 4 provides the conclusion.

2 Development of electromagnetic plasma burn-through model

2.1 Full circuit equation

The RL circuit equation system describing electric currents in tokamaks consists of plasma current,
active coil currents and induced currents in passive conducting structures, all of which are linked
one another through mutual inductances. To calculate the loop voltage at the plasma region, the
differential equation system of circuit equations should be solved consistently.

We could first consider the simplest case which is a single coil loop without any other coils nearby.
The consumption of the coil voltage applied by external power supply V. is decomposed into the

resistive voltage (Vg = R.I.) and the inductive voltage (V = d—tc), where I. and R, are the electric

current and resistance in the coil loop, respectively. 1. is the magnetic flux enclosed by the coil loop,
and is calculated as 1. = L.I. where L. is the self-inductance of the coil loop. If the coil geometry is



dL.

fixed (i.e. 0 0), which is the case in experiment devices, the inductive voltage can be replaced
dl.
ith Lo—:
wi T
d dl,
‘/c:VR"’VL :Rclc"‘ ;/;C :RCIC"‘LcditC

Now we consider multiple coil loops and toroidally conducting vessel structures (i.e. passive loops)
nearby where magnetic fluxes are linked one another and the position of each loop is fixed. The system
of circuit equations with n loops of coils and vessel structures have the following matrix form:

— — dI_>
Vo = Realow + Moy 2" M)

where Xz is a n x 1 column vector of voltage applied by external power supply, to coil loops and
toroidally conducting passive structure in the vacuum vessel (hence zero for the vector elements corre-
sponding to the vessel components). Ei is a n X n diagonal matrix of resistances in the coil loops and
the vessel components. I, is a n X 1 column vector of currents in the coil loops and the vessel compo-
nents. M, is a n X n symmetric matrix of inductances in coil loops and vessel components. In M.,
non-diagonal elements and diagonal elements are mutual inductance and self-inductance, respectively.

In order to include the plasma current, (1) is extended by attaching the plasma current I, in the

(n + 1)th row of the corresponding column vectors. In other words, V., and I—cv) are extended to ‘7&;
and Iy, which are (n+1) x 1 column vectors. The plasma resistance R, is added in the (n+1,n+1)
element of PTCZ The mutual inductances between I, and both coils and vessel components are attached
in the (n + 1)th row and column of m , and the plasma self-inductance is added in the (n+1,n —i—_l))
element. The extended mutual inductance matrix is My, which is a (n 4+ 1) x (n + 1) matrix. Ieyp,



Veopy Revp, and M, can be explicitly written as

e Vel Vet | Ry O -+ 0 0 - 0]
I Vea Vea 0 Ro -+ 0 0 - 0
— : — : : . . e : : e :
Icvp: Ivl a‘/;vp: ‘/vl = 0 ;m: 0 0 va 0 0
e Via 0 0 0 -+ 0 Ry -+ 0
L IP J _‘/plasma_ L 0 | L 0 0 cee 0 0 ce Rp_
[ Ler MCI,CQ Mcl,c3 T Mcl,vl Mcl,v2 Mcl,vB s Mch_ (2)
MCQ,CI LCQ MCQ,C?) e MCQ,’UI MCQ,UQ MCQ,’U3 e MC2,p
McS,cl Mc3,c2 L3 T Mcg,vl Mcgﬂ)g Mc3,v3 .. McS,p
j@cvp = le,cl le,e2 le,c3 e Lvl le,v2 MvaUS s le,p
Mv??d MU2702 MU2703 T MU?,vl Lo Mv27v3 T MUQ,Z?
MU3,Cl M’U37C2 M’U3,C3 e M’L}S,’Ul M’U3,’U2 L’U3 o o M'U3,p
L Mp,cl Mp,cQ Mp,cS . Mp,vl Mp,v? Mp,v?) . Lp ]

Compared to the circuit equation system without I,,, one of the main differences in the extended
circuit equation system is that the mutual inductance could evolve in time, as the position and shape

d —
of a plasma current could change in time. This makes an additional term dtcvp I, in the extended

circuit equation system as shown below:

— — d?@ I
chp = E)p[cvp cvp =
E——)—) d 5@ — Wdl
= Rewp Icvp + dcvp Icvp cup

Pt
(m 8?@(@8}2 85@07},,82 d?)—> Wdlwp 3)

OR 8t 07 Ot dt Teup + Meup dt

Note, R and Z are the radial and vertical position of each current element, respectively. All current

8?@01,]0 OR 3MCW 0Z
— and 97 o have all zero elements except

the elements corresponding to the mutual inductances of I, with coils and vessel components i.e.
the last row and column. This is because the positions of coils and vessel components are fixed (i.e.

loops are assumed to be toroidally symmetry.

OR 0z 8
= 0 and — = 0), whereas I, position could change in time (i.e. 75 0 and 75 0). Note,
ot ot
ﬁj@m OR 65@01@ OR

(n +1,n + 1) element in

an —— is defined as zero. This is because the plasma

self-inductance is not only a function of the radial position R and vertial position Z but also of the
minor radius and elongation. Hence, the time derivative of plasma self-inductance is included as a



d
separate (n 4 1) x (n + 1) matrix d—tp, where (n + 1,n + 1) element is the time derivative of plasma

self-inductance i.e. %, and all the other elements are zero. L, is calculated with the evolving plasma
parameters from the plasma volume model, which will be introduced in section 2.2. (3) is equivalent

to the following explicit matrix presentation:

-  TdlT
Lcl Mcl,cQ Mcl,c?) Mcl,vl Mcl,vZ Mcl,v3 Mcl,p d(}i
r 7 c2
V::l McZ,cl Lc2 Mc2,c3 Mc2,v1 Mc27u2 Mc2,v3 Mc2,p dg]lt
‘/02 Mc3,cl Mc3,c2 Lc3 Mc3,v1 Mc3,v2 Mc3,v3 Mc3,p d(zg
0 le,cl le,c2 le,cB Lvl le,v? le,vS le,p dzl
dl,
0 Mv2,cl Mv2,02 Mv2,03 Mv2,'u1 L’U2 Mv2,v3 Mv2,p WQ
. MU?),CI Mv3,02 Mv3,c3 Mv3,v1 MU3,U2 LU3 Mv3,p d{ﬁ?’
o | s : : : : : : :
| Mper Mpez  Mpes Mpwr Mppo My w3 Ly | %
_ OMc1,p OR | OMec1,p Z 7
Ra 0 - 0 0 ... apdR | » 0Z
OR Or 0z Ot
0 R e 0 0 OMec2 p OR 4 OMca,p 7
2 oR or 9Z ot
OM, oM,
S 0 o 0 Bty By
OMy2. OR OMy2.p 87
0 0 - 0 Rz oR or * 07 ot
OMc1,p R OMc1,p 8Z OMuy1,p R OMuy1,p Z R, + dLy
L OR Or 0Z 0ot OR Or 0Z 0t P dt -
(4)
—
Rearranging (3) for dc:p , the differential equation system describing all toroidal currents in a

tokamak is derived,

Aoy _ o OMey OR  OMoy8Z  dL,. — -
dt - cup ( cvp_( cvp+ 8R E‘i‘ 82 E—FW) cyp) ()

If the power supply voltﬂe applied to each coil is available to use as input data, the elements cor-
responding to coils in Vi, (i.e. Vi, Ve, --) are directly given while the other elements for vessel

1,
components and the plasma current are zero. In this case, (5) can be solved for —-2

. However, it

is more common in tokamaks that the coil current data is available to use, rather than the power
supply voltage data, as the cgrents are easier to rountinely measure. In the casg_gf using coil current

dlI,
—2) are calculated by

—
as input data (i.e. I. and ——), the vessel currents and plasma current (i.e. pn

dt

Icl
IcQ
Ivl
Iv2




solving a subset of (4) corresponding to the vessel components and plasma current:

m Lo
dt
dlco
dt
- dlc3
0 le,cl le,c2 le,c3 Lvl le,vZ le,v?) le,p di
0 Mv2,cl Mv2,c2 MU2,C3 MvQ,vl Lv2 Mv2,v3 Mv2,p
| = Mv3,cl Mv3,02 Mv3,c3 MvS,vl Mv3,v2 Lv3 Mv3,p d{izl
. M dl’uQ
. : . . : . : dt
0 dl,3
L Mp,cl Mp,c2 Mp,c3 Mp,vl Mp,vQ Mp,v?) Lp ] dt
dL,
L dt
anlyp OR 8M’U1 ,P oz
0 0 R 0 R or T oz ot
n 0 0 0 R
ndl,p OR ndl,p oz del,p OR del ,P oZ de
R 87“+ oz ot oR 8r+ 9z ot Ry +
(6)
Since there is no power supply directly connected to vessel components and I;,, the column vector in
the left-hand-side of (‘_2 is zero. Splitting the first term in the right-hand-side of (6) into two parts
dl,
d P , We can rewrite (6) as
dt dt ’ (6)
:ff\va
— — - _dI -
0 le,cl le,c? le,c3 dlc1 Lvl le,v2 le,vS le,p d?qzl
0 Mv2,cl Mv2,02 Mv2,c3 dcjlﬁz Mv2,v1 Lv2 MvQ,v3 Mv2,p dqf
dl,
= Mv?’,cl M’U3,02 MUS,CS d(%; + Mv3,v1 Mv3,v2 L’U3 MvS,p dt3
0 . . dt . )
0 . . . . . . . . d.[
| Mper  Mpea  Mpes | Mpwor Mpw2  Mpas Ly | e
8Mu1,p OR anl,p o0z
0 R 0 - "%t oz o
+ 0 0 Rv2
8JMcl » OR 8Mcl p 0Z anl,p OR anl,p oz de
R aﬂr 9z ot aR or T 0z ot R+




H
dl,
Rearranging (7) to solve for d—:p, the following differential equation system is derived:

_dIvl_ - -

dﬁlt le,cl le,c2 le,c3 T dle1
df Mv2,cl Mv2,c2 Mv2,03 e &
dgzg = — Euvp_l Mv?),cl Mv3,c2 Mv3,c3 T ﬁ
. : ) . : dt
L %” i | Mper Mpea  Mpes i
8Mv1, OR 8le, oz
0 0 - R 0 - Sr*a% T oz ot
Byac 0 0 - 0 Ry '
vp ) ) :
OMe1,p OR ‘ Merp oz . ... OMuip9R ‘ Mnpoz R %d&
OR Or 0Z ot OR Or 0Z Ot P dt
(8)
_>
Icvp . dva . . . . .
Note, the last row of ;o (5) or 5 o (8) correspond to the circuit equation for I,,, which can
also be explicitly written:
dL,I,  dibe, I, dL,
0=R,I,+ 7 + T R,I, + LPE o Iy — Vieop 9)

Vioop 1s the loop voltage induced to I, by the coil currents and vessel eddy currents, and is calculated

Ccv

as ———, which is a n x 1 column vector of the magnetic flux induced by the time evolution of the
dl,

currents in coils and vessel components. Rearranging (9), we can get the differential equation for ditp
as follows,

dl 1 dL

5 (Vi Ry~ 521, 0
where

— — — — —
V dwcv _ deTICv _ (]W)TdIC”U 8MPT 67RI—_> + aMpT 87ZI—>) (11)
o =g T P dt | OR ot T oz ot

J\TPT is the transpose of a n x 1 column vector ]\7;, which corresponds to the mutual inductance of I,
with coils and vessel components.

The plasma current position R and Z could be calculated by solving radial and vertical force
balance equations, but in the present modelling they are prescribed by input data. The plasma self-
inductance L, is a function of plasma volume geometry i.e. major radius Ry, minor radius r,,
and elongation, which is calculated by the plasma volume model (described in the next section). In

Icl_

Ivl
Iv2




addition to the plasma geometry, calculation of plasma resistance I, needs T, and Z.f;. Depending
on the input data availability, either (5) or (8) is solved together with the existing differential equation
system in DYON. This enables consistent calculation of I, and currents in the coils and the vacuum
components with time-evolving R,,. Following is the summary of the differential equation system in
DYON, which describes the plasma energy and particle balance. More details about DYON can be
found in [8][9][10][17][18][19].

3d(neTe)
57 :Poh+Paux_(P'iz+Prad) _Pequi_Pecon
5 dt :Pequi_PCX_]Dicon
dn? 1
D __ 1+—0 D 0—1+4
W_’}/DVV(VP<UU > rec nenpt — VP < ov >Diz nenty
n
0 té)tal
D z+—(z-1)+ o + ,in
-V ZZ<UU>ch npny )+ o172
dny VP
D 0—1+4 0 1+—0 1+
at _7p<UU>DZZ NeNp— < OV >pee Mellp
1+
ZZ< >z+—>z 1)+ no +_nD dV
ov ICCE D V dt
p I z>1 ™D
dn? VI
I 0—1 0 1 0 1
W:f v, <O'U>IZ+TL6 V T nen, T
D ?
1+—>0 1+ ,in
nD +
V L ylwy
dn;* VI 1 12 241 1 1
di = 7 <ov >y nenf— < ov > nenpt+ < ov ST nenIJr <ov >t nengt
P
D VD nl-i- dV
24+—14+ 0 24 14—0 .0 14+  "°T
+ 2 <ov> nHn < ov> n
va I,cx D1 va I,cx DNy I V dt
dn'f (z—1)+—z+ (z—1)+ +—(z+1)+ (z4+1)+—2+ (z41)+
z— zZ z— z zZ zZ z z
T =< o0 >, Neny —<ov>p nen?r—i— <ov>p. NeNj
D
z+—(z—1)+ o+, Vn (z+D+—2+ 0 (z+1)+
— < ov >”ec eTZ[ + v <o >ch npny
P
D z+ z+
U gy SEP D 0 e npt  ngtdv,
V;) I,cx D'y - ‘/p dt
(12)

2.2 Plasma volume model

t in each mesh grid cell in the vacuum space i.e. Ry.;q and Zg.;q can be calculated with coil currents
I.4, vessel eddy currents I,4, and plasma current I,, of which the radial and vertical positions are



R and Z. Mutual inductances are determined by the relative position between each mesh grid and
current i.e. M(Rgrids Zgrid, Reurrent, Zeurrent). % in each mesh grid is then calculated as the sum of

the contributions from all currents :
U(Rgria, Zgria) = > M(Rgria, Zgria, R, 7)oy (R, Z')
c#
+ ZM(Rgm'd>ZgridaR”vZ”)Iv#(R”aZ”) (13)
v
+ M(Rgricb Zgrida R, Z)Ip(Rv Z)

The radial and vertical magnetic fields and the induced loop voltage (and toroidal electric field)
in each mesh grid cell are calculated by derivatives of @b(Rgrid, ng-d) with respect to Rypid, Zgrid, and
time, respectively:

o 1 81/}(Rgrida Zgrid)
27ngrid ang’d

1 ad}(Rgm‘d» Zgrid)
277Rgm’d 8]%g'rz'd

BR(RgTid) Zgrid) =

BZ(Rgridy Zgrid) -

Ic R/, Z/
Woop(RgTidy Zg’rid) = — Z M(Rgrid7 ng»d’ R/7 Z/)#(dt)
c#
I, RH, VA
- ZM(Rgmd, Zgrids R, Z”)#(dt)
T (14)
IL,(R,Z
- M(Rg’l‘id7 Zg’r‘ida R7 Z)p(dt’)
8M(Rg7“id7 Zg'l‘id7 R7 Z) aR
- —I,(R,Z
8Al:’v)griol ot p( ’ )
aM(Rgrida ng’da R, Z) o0z
- —1 Z
aZgrid ot p(R’ )
Vioop(Rgrids Zgria)
Ey(R T Z, rid) = PR gme 9
¢( grid; £g d) 97 Rypid

Br(Rgrid, Zgria) and Bz(Rgrid, Zgria) in (14) and the toroidal magnetic field By(Rgrid; Zgrid)(=

By(Ro)R
M, where Ry is the major radius to the vacuum centre.) enables the field-line-following

calculation. In other words, if Rg.qx and Zg.;q are the radial and vertical position at kth point on
an open magnetic field line, we can calculate the next mesh grid point after traveling a step length Al

along the field line i.e. Rypigr+1 and Zgprid p+1-

Bpr
Rgrid,k-l—l = Rgrid,k + 5 . 5 5 Al
\/BR,k + Bz " + By (1)
B By
Zgrid,k+1 = Zgrid,k + Al

\/BR,k2 + Bzi% + By x?

10



Here, Al is a constant length, and it should be sufficiently short considering the curvature of field
lines. If not, the mesh grid points calculated with the field-line-following could deviate from the field
line. However, too short Al would require unnecessarily significant computation time. For MAST
simulations, 5cm is enough to follow the field lines. K =1 and £ = N indicate the starting point and
the end point of the field-line-following calculation, respectively. Thus, in an open field line, £ = 1 and
k = N corresponds to each grid point arriving at the vessel wall, while in a closed field line, k = N
is at the same grid point as k = 1 after one poloidal turn of the field line. Since the total number of
points of field-line-following calculations in a field line is NV, for open field lines the connection length
of the field line is calculated as Lopen, = NAL, and this allows the calculation of the averaged electric
field parallel to the magnetic field.

Bo.k
2 2 2
VB + Bhi+ BY,

k=N
Zk:l E”(Rgm‘d,k’ngrid,k)
N

E\(Rgrid k> Zgridk) =

E¢ (Rgm'd,k: ) Zgrid,k)

(16)

<E||>:

For open field lines, < E >is compared to the Townsend electric field ErTownsend, Which is the
minimum electric field required for Townsend break-down to take placel[5].

1.25 x 10*p[Torr 93.758 x p[Pa
ETownsend [V/m] = [ ] [ ]

" In (510p[Torr|Lopen|m])  In (3.8253p[Pa) Lopen|m)) (17)

< Ej| > in all magnetic field lines crossing the mid-plane are individually compared with ETownsend-
Figure 1 is an example of this assessment in a MAST discharge #27512, which will be used to validate
the electromagnetic burn-through model in the next section. The solid lines with different colors
in Figure 1(a) indicate Epoynsend i €ach open magnetic field line crossing different major radius
positions on the mid-plane, which are calculated by (17). Lgpen, was calculated with the field-line-
following in (15), and p was measured at 3ms when plasma break-down first occurs. < Ej > in the
field lines are indicated by triangles with the same color as the corresponding solid lines. Lgpe, and the
major radius on the mid-plane in each field line are shown in the legend. Towards the high field side,
Erownsend are reduced as Lopen increases. Although the poloidal field null is near the vessel centre
(R ~ 0.6m), Lopen is actually longer near the centre column. This is because By is higher at smaller
R. On the other hand, < E|| > increases towards the high field side as the circumference is shortened.
As a result, the field lines at R = 0.23,0.51, and 0.8 meet the Townsend break-down condition i.e.
< E| >> Erounsend, Whereas the field lines at 1.09m and R = 1.37m don’t. The comparison at the
measured prefill gas pressure at 3ms is also shown over the major radius in Figure 1(b), indicating that
the Townsend break-down condition is met only for the high field side i.e. R = 0.2 ~ 1.05m. When
an open field line meets the Townsend break-down condition, it is assumed that plasma particles are
present there, and the volume occupied by the open field line is included in the plasma voume. If field
lines are closed, the volume within the closed field lines are also counted. As will be shown later, the
plasma volume is dominated by the open field lines at the beginning of break-down, and as plasma
current increases, it is gradually taken over by the volume of the closed field lines.

With the modelled plasma volume, the major radius of plasma volume R, is calculated as the
centre of mass, and the minor radius 7,.; is found by the distance from the major radius to the first
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wall. The plasma elongation « is estimated by k = (maa:(ng-d) — min(ng-d)) /(2ry01). The plasma
inductance for a conventional tokamak with a large aspect ratio[8] is calculated as:

S8R0l l1
s+ - —2) (18)

Tvol K 2

Lp = MORvol (ln

For a spherical torus with a small aspect ratio, the plasma inductance formula is derived in [20] and
[21] as:

(1 — 6) ll

Ly = poRyo X (fA X m + 5) (19)
where
_ Tol
B Rvol
8 (20)
fa=(1+1.81Ve+2.05¢)in(=) — (2 +9.25v/e — 1.21¢)
€

fB =0.73(v/€) x (14 2 — 66° + 3.7¢%)

Consistent calculation of Ly, also improves the confinement time model with a better physics ba-

B I

2o eap(2D) 7220,
in which the evolving connection length during the transition from the open field to closed field lines

was estimated by the increase in I, in the exponential term. In the new confinement time model, the
parallel particle transport is calculated with the averaged length of open field lines < Lypen, > and

the ratio of the open field lines to the total field lines, and the perpendicular particle transport is
calculated with Bohm diffusion:

sis than the models used in present burn-through modelling codes (i.e. Ly = 0.25xa

-1 -1 —1
T =Tl + g
S < Lopen > y # of open field lines where (. — T. +T;
il = Cs # of total field lines 5 mp (21)
a h 1 Tel[eV]
Tyl = where v =
P UBohm Bohm 8 a[m]B¢ [Tesla]

3 Validation of electromagnetic plasma burn-through model

3.1 Ohmic plasma initiation with direct induction scenario in MAST

There are two plasma initiation scenarios in MAST, namely merging compression and direct induction[23][24].
Figure 2 shows the solenoid and poloidal field coils in MAST. The former scenario was to trigger the
plasma break-down near P3 coils by rapidly ramping up the currents in P3 coils and inducing a high
loop voltage nearby. The P3 coil current reduces towards 0[A] after the peak value, and this makes the
two plasma rings merged on the mid-plane. The merged plasma ring is further compressed with P4
and P5 currents to achieve plasma burn-through. After this, the magnetic flux swing in the solenoid
induces the loop voltage to increase the plasma current. The latter scenario directly uses the magnetic
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Figure 2: Schematic of solenoid and PF coils (Grey color) in MAST. The toroidally conducting vessel
sturctures are in Black color.

flux swing in the solenoid and induces the loop voltage near the magnetic field null. This makes the
plasma break-down and burn-through at the null, and also increases the plasma current. Although the
merging compression scenario has a benefit of reducing the magnetic flux consumption in the solenoid
(i.e. smaller Volt x Seconds) and was well routinely used in most MAST discharges, the merging
compression scenario would not be available to use in ITER or STEP as there will be no such in-vessel
PF coils. For this reason, we have selected a MAST discharge operated with the direct induction
scenario (27512), and performed electromagnetic simulations using the upgraded DYON code.

3.2 Simulation of a MAST discharge

Figure 3 (a) shows the operation currents (i.e. current in a single turn) in the solenoid and PF coils
used in #27512. The number of coil turns is indicated in the legend. The effective currents in each
coil, which are calculated by the product of the operation currents and the number of coil turns (i.e.
amperes X turns), were given to ?cvp in (5). The mutual inductance matrix and the resistance matrix
corresponding to the MAST design were also given to ﬁwp and ?Cvp in (5), respectively. Solving
the full circuit equations, the vessel eddy currents (see Figure 3(b)) and the evolution of 2D poloidal
magnetic flux map (see Figure 4) are consistently calculated. The evolving 2D poloidal magnetic flux
map is used to calculate the evolving plasma volume with the model described in Section 2.2. As can
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be seen in Figure 4, due to the open magnetic field lines, the plasma volume is extended to the vessel
wall at the beginning. The plasma volume shrinks to a smaller volume as the plasma current increases
and the field lines are closed. The first plasma volume data in EFIT is available from 30ms. At around
30ms, the field lines are also fully closed in DYON modelling results (see Figure 4). The calculated
plasma volume agrees well with the EFIT data[25] (see Figure 3(c)). Assuming toroidal symmetry of
the plasma geometry, the modelled plasma volume is also used to find the plasma self-inductance and
the plasma resistance (Figure 3(d) and (e), respectively). These were used to calculate the plasma
current evolution in the full circuit equations. The calculated plasma current agrees well with the
measured value, implying the validity of the electromagnetic simulation.

The simulation parameters used in the DYON modelling are summarised in Table 1. As shown in
Figure 3(a), the rate of change in the solenoid and PF coil currents before t=-10ms is small, and the
the induced vessel eddy currents at around -10ms are small enough to ignore. DYON starts to solve
the full circuit equation system from -10ms with the initial condition that the vessel eddy currents
in all passive structures are zero. The positive loop voltage at the plasma region starts to increase
from 0 seconds. Since the D, peak appears at 3ms in the photomultiplier tube measurement, the
field-line-following calculation and the Townsend break-down model starts to calculate the plasma
volume from 3ms, which are used to solve the differential equation system of the plasma energy and
particle balance. In the MAST discharge modelling, the field-line-following calculation was performed
for the magnetic field lines crossing 50 radial points on the mid-plane at every lms.

The initial condition of the electron temperature T.(t = 0) was assumed as 3eV, and the initial
degree of ionization (¢t = 0) was consistently calculated as 1% with v(0) = 2e — 3 x T1-[8]. Both the
prefilled Dy molecular gas temperature T}, and the initial Deuterium ion temperature T;(t = 0) was
assumed as the room temperature i.e. 0.026eV. This assumption was used to calculate the density of
the prefilled Deuterium atoms with the measured prefill gas pressure [Pa] at 0 seconds:

3o 2X p(0)[Pa]

noO)lm ] = T < 1.6e — 19

(22)
It was found that use of somewhat lower measured gas pressure improves the agreement with experi-
mental data in #27512. 75% of measured prefill gas was used as input. Since the gas pumping is not
modelled, the injected external gas fuelling data, of which the peak value is about 1e22[sec — 1], is too
high to be used as it is. 10% gas fuelling efficiency was identified for DYON to reproduce the measured
parameters in #27512. In addition, the measured gas pressure waveform in #27512 is about 10ms
behind the external gas fuelling waveform. Based on this, 10ms delay has been taken into account in
the input data of external gas fuelling.

The initial carbon content was assumed to be zero. Since the first wall material in MAST was
made of Carbon, Carbon atom influx was calculated with the plasma-wall-interaction model validated
against the JET with the carbon wall data in [8], where the chemical sputtering is defined as 0.03. To
represent a tiny amount of the impurities remaining from previous dicharges, 0.1% initial oxygen atom
content in the prefill gas was assumed as an initial condition. The evolving density of all impurity
charge stages was calculated in (12).

The loop voltage induction is a function of the rate of magnetic flux change in a toroidal loop, and
thus depends on a loop position (i.e. radius and vertical position). Without an iron core, which is the
case in most present devices including MAST, the loop voltage at a plasma position could be different
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Definition Symbol Value

Simulation time for full circuit equa- | tgs t =—0.01 ~ 0.5[sec]

tion

Simulation time for energy and par- | tpasma t = 0.003 ~ 0.5[sec]

ticle balance in a plasma

Simulation time for Townsend | tipwnsend every 0.001[sec| for ¢t = 0.003 ~ 0.5[sec]
break-down model

Number of field lines for field-line- | Nyieidtines 50

following calculation

Initial electron temperature T.(t =0) 3 [eV]

Initial ion temperature T;(t =0) 0.026 [eV]

Deuterium atom temperature T, 0.026 [eV]

Loop voltage at R = 0.65[m] Vioop(t) Modelled (see Figure 5)

Length of open field lines Lopen(t,N) Modelled (see (21))

Initial plasma current I,(t=0) 0 [A]

Vessel eddy currents at -0.01[sec] I,(t =-0.01) 0 [A]

Vessel eddy currents at O[sec] I,(t =0) See Figure 3

Dy gas pressure p(t =0) 1.2 [mPal(= 0.75x measured value)
External D atom fuelling I‘tD"t%(t) 0.1x Injected rate [sec™!] (in Figure 8)
Initial degree of ionization ~v(t=0) 0.01

Initial Deuterium atom density n%(t = 0) 5.5e17[m ™3] (i.e. see (22))

Initial Deuterium ion density ny (t =0) 5.55¢15[m ™3] (i.e. 1% of n%(0))
Deuterium recycling coefficient Yg 1

Initial Carbon atom density n(t =0) 0[m 3]

Carbon sputtering yield by D ions Yg 0.03

Carbon recycling coefficient YCC 0

Initial Oxygen atom density nd 5.55¢14[m=3] (i.e. 0.1% of n%(0))
Oxygen recycling coefficient YOO 1

Plasma volume Vp(t) Modeled (see Figure 4)

Plasma major radius Rpajor Modelled (see Figure 4)

Plasma pinor radius Trminor Modelled (see Figure 4)

Plasma elongation K Modelled (see Figure 4)

Vacuum vessel volume W 55[m?]

Internal inductance of I, L; 0.5 (i.e. uniform J, profile)
Auxilary heating e.g. ECH P 0[W] (i.e. ohmic burn-through)
Toroidal magnetic field By 0.4[T] at R=1[m)]

Table 1: Table of simulation parameters used in DYON modelling for MAST dischargge #27512.
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from the value measured at the vacuum vessel, and it should be calculated by modelling. Figure 5(a)
compares the loop voltage at the plasma position calculated by FIESTA[26] and DYON, using the
same coil currents in Figure 3(a). The two calculated voltage trajectories almost concide. Considering
about a decade of use and validation of FIESTA code in MAST, the good agreement verifies the newly
developed electromagnetic model in DYON. The calculated loop voltage at the plasma region can be
decomposed to the resistive voltage and the inductive voltage. In Figure 5, the resistive voltage is
larger than the inductive voltage until about 22ms. As will be discussed later, 22ms corresponds to
the time that carbon is sufficiently ionized so that the line radiation decreases. The validity of the
electromagnetic modelling in DYON has also been checked with the flux loop measurement in MAST.
Using the 2D psi map evolution in Figure 4, the induced loop voltage was calculated at the positions of
magnetic flux loops in MAST. Figure 5(b)(c)(d) show the calculated loop voltages agree well with flux
loop measurement at different positions which are the inboard mid-plane (R=0.18m and Z=0.015m,
calibration factor = 1.5), upper P3 coil (R=1.1m and Z=1.1m, calibration factor =40), and lower P3
coil (R=1.1m and Z=-1.1m, calibration factor =40), repectively.

So far, validation of plasma burn-through modelling has been only possible with a limited data set,
as measured data are usually not available in such an early phase. It is because the main diagnostics
system in present devices e.g. Thomson Scattering (TS) is optimized for the flat-top phase where T,
and n. are high. The Nd:YAG Thomson Scattering (TS) system [27] on MAST operates well for the
start-up phase since it is designed to measure a low T, (from 5e¢V) and n. (from 1el8[m~3]) using
its large collection solid angle. In MAST discharges, measured 7T, and n. are available from very
early time e.g. 5[ms], and the profile data with high radial resolution covers the break-down and the
burn-through phase i.e. 0 ~ 50[ms|. This provides exceptional data to validate plasma burn-through
models. Figure 6(a) and (b) shows the profiles of T, and n. measured by MAST TS system, where
the line of sight is aligned with the mid-plane. It is worth noting that the first measured profiles
of T, and n. at 5[ms] shows that the plasma initiation takes place from the inboard side, which is
qualitatively consistent with the modelled plasma volume in Figure 4. Another useful point to note is
that both T, and n. profiles are not much centrally peaked. One of the key underlying assumptions
in the mainstream plasma burn-through modeling codes (i.e. DYON, BKDO0, and SCENPLINT) is
that T, and n. are uniform across the radius in the burn-through phase. The measured TS profile
data justifies this assumption. Figure 6(c) and (d) compares the modelled T, and n. in DYON against
the time trace of the averaged TS data. The error bars in TS data have been calculated with the
root-mean-square of the statistical errors in each radial point. The time evolution of T, and n. in
DYON is within the experimental error bars, implying the dischage is well simulated in the modelling.

Plasma burn-through modelling could provide useful information to interpret the discharge in the
burn-through phase, and to optimize the operation scenario. For example, Figure 7(a) and (b) show
how the electrons and ions lose their energy, respectively. At the beginning (i.e ~ 8[ms]), electrons
lose the energy for the deuterium radiation and the equilibration, which is the heating power to ions.
At this time, ions mainly lose the energy for the charge exchange reactions. As can be seen in Figure
7(c), deuterium is fully ionized at around 8[ms|, and the deuterium radiation and the charge exchange
energy loss are reduced. At 15 ~ 20[ms], as C3* becomes the dominant charge level, a much larger
electron energy loss occurs due to the carbon radiation. The carbon radiation is significantly reduced
as the dominant charge level further increases to C**. After overcoming the carbon radiation, 7T,
stably increases with the ohmic heating, which allows the plasma current ramp-up.
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3.3 Statistical validation

To assess the prediction capability of the electromagnetic DYON modelling, 34 MAST discharges with
direct induction ohmic plasma initiation were randomly selected. The same simulation parameters in
Table 1 were identically used in all the 34 DYON simulations, and the control room input data such
as prefill gas pressure, external gas fuelling rate, and the coil current trajectories in the solenoid and
PF coils were individually given from experimental data. Figure 8(a) shows the measured gas pressure
in the 34 discharges. The prefill gas pressure at 0 sec is in the range of 1.1 ~ 1.7[mPa], and has the
peak value at around 15ms due to the external gas fuelling, which was also used as input data. Figure
8(b) shows the loop voltage measured in the flux loop located at the inboard mid-plane (R=0.18m
and Z=0.015m). The measured data was multiplied by 1.5 for calibration. The loop voltage waveform
is almost identical until 20ms, indicating that the same direct induction scenario was used in all the
34 discharges. Considering that 34 discharges were randomly selected, this reveals that the plasma
initiation scenario was only developed when the device was first explored after the construction, and
is not further optimized once one recipe working is idenified. This should be the case in most present
devices. For better validation of plasma burn-through models, dedicated plasma initiation experiments
(e.g. operation parameter scanning for plasma initiation) are required. Among the 34 discharges, 11
discharges start feedback control at around 20ms (the other discharges from 60ms), and the scenarios
used after 20ms are varying. Since the modelling was performed until 50ms, the different loop voltage
data in 20ms ~ 50ms are still useful for the statistical comparison.

Figure 9 compares I, n., and T, calculated by electromagnetic DYON modelling against 34 MAST
direct induction ohmic discharges. The colors of triangle symbols represent the time of comparison i.e.
blue at 50ms, red at 40ms, cyan at 30ms, and green at 20ms. The plasma currents modelled in DYON
agree very well with the measured values at all four comparison times (see Figure 9(a)). The plasma
currents at 20ms are all closely gathered at around 120kA in both calculated and measured. This is
not surprising as the identical loop voltage data was used until 20ms in all 34 discharges. The different
increase in plasma currents are clearer with time. Although the plasma currents of 34 discharges at
50ms are in a much wider range, they are still well reproduced in DYON, providing the confidence in
I, ramp rate prediction in the burn-through phase.

The electron temperature calculated also reasonably agrees with T'S measured electron temperature
(see Figure 9(c)), implying the plasma resistivity calculation should be in reasonable agreement as
well. Compared to the very good agreement in the plasma currents, the scatter in Figure 9(c) is larger.
This could be due to the TS error bars as shown in Figure 6(c) (e.g. 30eV at 50ms). Most electron
densities in 34 discharges at the four comparison time are in the range of 5 ~ 10e18m 3. As can also
be seen by TS measurement in Figure 6(d), electron densities in 34 discharges rapidly increase until
20ms, but do not further increase after 20ms. A few discharges have measured densities higher than
12e18[m~3]. They correspond to the discharges with high external gas fuelling, which is also indicated
by the increase in the gas pressure after 30ms in Figure 8(a). Since the external gas fuelling is one
of the input data in the modelling, the increase in electron density is qualitatively reproduced in the
calculated density, although they are about 30% undercalculated (see Figure 9(b)). This could be
partly due to the TS error bars (see Figure 6(d)) and also the uncertainty in the effective gas fuelling
coefficient, which is assumed as 10% in the present modelling.

Finally, Figure 9(d) compares the calculated volume in DYON against the EFIT plasma volume.
The first data of plasma volume in EFIT is available at 40ms, which is the time that the closed flux
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Figure 8: Control room operation parameters used in the 34 MAST discharges with direct induction
start-up : (a) Measured gas pressure (b) Measured loop votage in the flux loop at the inboard mid-
plane (R=0.18m, Z=0.015m, calibrated by x1.5)

surfaces are fully formed. As shown in Figure 4, field lines at 40ms are also fully closed in DYON
modelling and the calculated volume agree very well with the EFIT data. For complete validation
of the plasma volume model, measurement of plasma volume with open field lines is required. This
would require a dedicated experiments or novel processing of fast camera images.

4 Conclusion

Following the lesson learnt from the ITPA-TOS joint activity of plasma burn-through simulation code
benchmark [17], we have developed full circuit equations and plasma volume model in DYON. The
mathmatical derivation of the electromagnetic plasma burn-through model has been provided in this
paper. The electromagnetic model enables plasma burn-through simulations only with the control
room operation parameters such as coil currents (or voltages) in solenoid and PF coils and prefill
gas pressure. This new feature is necessary to perform predictive simulations and optimize operation
scenarios in a future device such as ITER and STEP. In addition, the plasma volume evolution during
the burn-through phase can now be consistenly calculated with the physics-based model, reducing
one of the main uncertainties that plasma burn-through modelling has had so far. The upgraded
plasma burn-through model has successfully reproduced 34 MAST discharge with the direct induction
scenario, indicating the validity of the developed model and the prediction capability. For more
complete validation, dedicated experiments with operation parameter scanning and measurement of
plasma volume with open field configuration are needed. It will improve the confidence when using
the electromagnetic plasma burn-through model to optimize ITER operation scenarios and to design
STEP.
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Figure 9: Statistical comparison of the parameter evolution in time between DYON and measurement:
(a) plasma current (b) electron density (c) electron temperature, and (d) plasma volume. Each symbol
indicates the time for comparison. TS stands for Thomson Scattering measurement. The first data of
plasma volume in EFIT is available for 30 ~ 40ms.
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