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ABSTRACT

A benchmark of the Tokamak Simulation Code (TSC) plasma halo model has been
achieved by calibration against a DIII-D vertical displacement episode (VDE) consisting
of vertical drift, thermal quench, and current quench. Inclusion of a 1- to 4-¢V halo sur-
rounding the main plasma was found to be necessary to match simulation and experimen-
tal results for plasma current decay, trajectory, toroidal and poloidal vessel currents, and

magnetic probe and flux loop values for the entire VDE.






1. INTRODUCTION

Design of tokamak conducting structures is dominated by disruption-induced forces
produced by plasma motion and current decay. Understanding of the mechanisms of
disruptions and modeling with comprehensive, validated codes are essential for the real-
ization of next-generation tokamak fusion devices. Attainment of adequate disruption
characterization implies both augmentation of the meager experimental information on
plasma properties during disruptions and benchmarks of simulation codes against exper-
iment. We report here on a benchmark of the Tokamak Simulation Code! (TSC) for an
important class of disruptions that generate large localized forces on tokamak first-wall
components.

One type of disruptive discharge that has been especially troublesome in machines
with noncircular plasmas is a vertical displacement episode (VDE), in which there is a
loss of vertical position control followed by vertical motion and shrinking of the plasma
boundary. Typically the rapid loss of thermal energy begins when the safety factor near
the edge, ggs, goes below 2, and often the current decay does not occur until gg5 < 1.5
and the plasma is significantly off axis. The ensuing current decay often leads to large
loads on first-wall segments close to the decaying plasma.

During VDEs there will be large electric fields, large heat flux across the plasma
boundary, and gas entering the plasma from the wall. This causes a plasma halo to form
in the scrape-off region just outside the main plasma. Although the temperature in this
halo region is relatively low, it is sufficient to permit currents to flow both toroidally and
poloidélly. These currents may be produced by plasma motion, by diamagnetic flux
changes due to rapid loss of thermal energy, and by decaying current in the main plasma.
Damage to conducting structures in the Princeton Beta Experiment—Modification
(PBX-M) during disruptive discharges? is consistent with large poloidal currents enter-

ing the conductors from the plasma scrape-off layer (SOL). Recent observations34 of



DIII-D and Joint European Torus (JET) disruptions indicate that up to 20% of the initial
plasma current may flow between the SOL and the vacuum vessel. These poloidal SOL
currents can lead to vertical vessel forces that are larger in magnitude than forces from
the usual toroidal eddy currents.

Previous attempts have been made to model VDEs in tokamaks. Perhaps the most
relevant to this work is that reported by Jensen and Skinner.? They constructed a model
that computes a sequence of plasma equilibria which approximate the time evolution of a
DIII-D plasma during a VDE. By adding a tethering force to their plasma, they were able
to force the plasma to follow approximately the trajectory of a DIII-D disruptive dis-
charge. They then used the experimental values of the coil currents and adjusted the
plasma resistivity to minimize the difference between the experimental data and cor-
responding simulated quantities. Their results for the plasma trajectory, plasma current,
and vertical vessel forces were in approximate agreement with results deduced from
static magnetohydrodynamic (MHD) fitting analyses. Although the model of Jensen and
Skinner included a conducting halo, a single resistivity was used for both the halo and
the main plasma regions. In addition, no comparison with experimental poloidal mag-
netic fields was made.

In this analysis we use TSC, which is a numerical model of a free-boundary axi-
symmetric plasma that interacts self-consistently with nearby conductors. QOutside the
main plasma region in TSC there is a low-density, low-temperature (a few electron volts)
“halo” or SOL plasma in which force-free currents may flow along open field lines,
intersect conductors, flow along minimum impedance paths, and return to the halo
plasma. This TSC halo disruption model%7 has been used? to reproduce both the
dynamic plasma behavior and the passive stabilizing plate voltages measured during
PBX-M disruptions by incorporation of a 3-eV halo. A disruptive discharge of a

(circular) Tokamak Fusion Test Reactor (TFTR) plasma that moved radially inward after



thermal quench has also been simulated” with TSC with a halo. However, to date there
has been no comparison of TSC halo predictions with experimental VDE discharges for
highly elongated plasmas like those expected for the International Thermonuclear
Experimental Reactor (ITER).

TSC has also been used to predict the evolution of plasma motion, current decay,
induced eddy currents, and forces for the Burning Plasma Experiment (BPX) and ITER
Conceptual Design Activity (CDA) designs. These calculations®8.9 indicate very signifi-
cant modifications in force distributions for vertical disruptions with a plasma halo. It is
therefore important to calibrate the TSC halo model against experiment and to evaluate
the sensitivity of predicted results to plasma model parameters, initial conditions, and
structural design variants.

In this paper we describe the use of TSC to model all phases of a VDE in the DIII-D
tokamak. We selected shot 63458, a discharge for which data from a tile array in the
vacuum vessel yielded direct measurement!0 of poloidal current flowing between the
plasma SOL and the vessel. In the following sections we describe the TSC plasma halo
model, compare simulation and experimental results, and present some concluding

remarks.

2. TSC PLASMA HALO MODEL

TSC solves axisymmetric resistive MHD equations in a domain that includes a
plasma region, a plasma halo region, a vacuum region, and solid conductors. The compu-
tational grid is magnetically transparent, allowing control coils external to the grid to be
incorporated. Circuit equations with realistic feedback systems are solved for conductors
external and internal to the computational domain. Two-dimensional (2-D) velocity

stream and potential functions, poloidal flux functions, and toroidal field functions



describe the plasma, while surface-averaged MHD equations are used to evolve the
plasma densities and temperatures.
An inertial enhancement technique is used to reduce the stiffness of the plasma force

balance equation,

%[?--{-Fv(m)::JXB—"Vp. (D

The inertial and viscosity terms on the left side of Eq. (1) are multiplied by enhancement
factors chosen to make time integration feasible while keeping the left side small enough
compared with the right side so that its effect on the plasma evolution is negligible.
Selected cases must be repeated with smaller enhancement factors to assure convergence
in these quantities.

The equations solved by TSC! have been changed in several ways to allow a
description of the physics of a plasma with a surrounding halo. Let ' be the limiting
value of poloidal flux at the last closed plasma magnetic flux surface and ‘¥ be the flux
at the magnetic axis. We define the limiting value of the plasma halo region to be Wy =
Y1, + oYL — Wo), where a value of oy = 0.4 has been used in the calculations pre-
sented here. Thus, the region of the TSC computational grid that is not occupied by con-

ductors is divided into three subregions:

Yo <V <YL, plasma region
YL<¥ <V¥y, halo region
Yy <Y, vacuum region.

Regions of the domain that are topologically separated from the plasma region by an
additional separatrix are also treated as part of the vacuum region, regardless of the value

of poloidal flux.



The same field and momentum evolution equations are solved in all three regions.
However, the energy equations solved are quite different. In the plasma region, the tem-
perature is evolved in time according to a transport model as described in Ref. 11. In the
halo and vacuum regions, the temperatures are set to input variables Ty (halo) and Tv
(vacuum). Normally, T'y << Ty so that the halo region is a much better conductor than is
the vacuum region.

The halo region represents the SOL plasma. Toroidal current will normally be
~ induced in the halo region during a VDE in the same direction as the initial plasma
toroidal current. The halo current will develop a poloidal component to remain force
free. These force-free currents may flow along open field lines, intersect conductors,
flow along minimum impedance paths, and return to the halo plasma. The TSC halo
model] also takes into account purely inductive poloidal and toroidal current transfer due
to toroidal and poloidal flux changes, respectively. TSC main plasma and plasma halo
regions are depicted schematically in Fig. 1.

In the halo region, to a good approximation the halo plasma stays in zero pressure

force balance so that Eq. (1) effectively reduces to
JxB=0. )

The implementation of the halo physics capability in the TSC code also necessitated
modification of the boundary conditions used in the time integration of the 2-D variables
describing the toroidal field and the plasma velocity. The magnetic field is represented in

TSC in the usual way for an axisymmetric system,

B = Vo x V¥(R,Z) + g(R,Z)Vd , 3)



where (R, ¢, Z) form a cylindrical coordinate system, ‘W(R, Z) is the negative of the
poloidal flux per radian, and g(R, Z) = RBT. It follows from Eq. (3) that the current
density is given by

noJ = A¥¥Vo + Vg x Vo , 4

wheré the first term on the right side of Eq. (4) represents the toroidal current density and
the second term the poloidal current density. It is seen that the poloidal current is deter-
mined completely from the toroidal field function g.

The equation to advance g in time comes from Faraday’s law,

98

o+ R*Ve[-V$xE] = 0, 5)

where E is the electric field. If g;; is the finite difference approximation to the value of g
at the center of the computational zone (i, j) with area AA, then the discrete version of

Eq. (5)is

M 9
= - {Eedl = .
o > gij= ~ {Eed kzl Eg« Al ©)

where the contour integral on the right is around the four line segments that define the
boundary of the zone. This is illustrated in Fig. 2.

Equation (6) is solved everywhere on the computational grid. The evaluation of the
right side consists of splitting the line integral into four line integrals around the four line
segments surrounding the zone (i, j). Each zone corner is one of four types—plasma,
halo, vacuum, or conductor—and has the corresponding value of resistivity associated
with it. The resistivity of each segment is defined as the average of the resistivity at each
of the two endpoints. With the resistivity of the line segments so defined, one of two
expressions is used for the electric field on the line segments defined in Eq. (6). If at least

one endpoint is in the plasma, halo, or vacuum, the electric field is given by
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E=gV¢xv+(V¢ov)V‘P+£—1LVg><V¢, @)
0

where v is the fluid (plasma) velocity and a single value of Zesr is used for plasma, halo,
and vacuum. If both endpoints are of the conductor type, then the electric field is given

by

E=vexvo, )
Ho

where 1\ is the conductor resistivity.

The other boundary condition that had to be modified in TSC has to do with the
plasma momentum density, or velocity. This modification allows the plasma, halo, or
vacuum region to exist in a zone adjacent to a conductor. This necessitates imposing the
additional boundary condition that the normal component of the momentum density or
velocity be zero on a zone segment when both endpoints are of the conductor type.

In the TSC formulation, the momentum density m = Mjnv is represented in terms of

a stream function, a toroidal component, and a potential:

m=Vp x VA + VQ + Vo . )

Thus on a zone segment with both endpoints of the conductor type, we impose the
boundary condition

A=0 on segment endpoints, and
o2

— = 0  on the segment.
on

3. EXPERIMENTAL AND SIMULATION RESULTS
3.1 EXPERIMENTAL DATA

Data files for shot 63458 were extracted from the DIII-D data base. The data

included output in 1-ms time intervals from 31 poloidal magnetic probes, 41 poloidal



flux loops, 18 shaping (F) coils, 2 Ohmic (E) coils, power supply voltages, and various
signals used for feedback on F coils. Special TSC routines were developed to read, inter-
polate, and use the data for feedback systems, and to facilitate comparison of experimen-
tal and simulation results. Figure 3 is a cross section of the DIII-D device showing the
locations of the F coils, E coils, magnetic probes, flux loops, and vacuum vessel.

For this discharge, a tile current array in the divertor area yielded measurements of
current flowing poloidally between the vacuum vessel and the plasma SOL. In Fig. 4 are
shown plasma current, Zmag, and examples of tile currents vs time. This shot is charac-
teristic of a VDE in that extensive vertical motion and significant flow of current

between vessel and SOL occur before thermal quench.

3.2 STRUCTURAL MODELS AND INITIAL CONDITIONS

Detailed filamentary models were used to represent the vessel (218 filaments) and
the F and E coils (457 filaments). Test runs in which a constant toroidal voltage was
imposed on the computational grid and the toroidal field was rapidly ramped yielded
vessel L/R times of 6.9 (3.3) ms for toroidal (poloidal) current flow. A test of the TSC
vessel model was performed by ramping one of the E coils to a specified current with no
plasma present. The observed and simulation toroidal vessel currents, compared in
Fig. 5, are in excellent agreement. L/R times for the F and E coils were about an order of
magnitude longer than the 31-ms simulation time.

For the initial TSC equilibrium (z = 2664 ms) the poloidal flux, magnetic field, and
F coil currents were all in good agreement with experiment. The rms deviations in flux

and field were 0.003 Wb and 0.005 T, respectively.



3.3 TIME EVOLUTION OF THE VDE

The simulation was run from 2664 to 2695 ms in order to encompass the entire VDE
(vertical drift, thermal quench, and current quench). The plasma halo was characterized
by fixed flux width oy = 0.40, Zegr = 2.0, and temperature Ty that was constant within
the halo region but variable in time. From an initial value of 1 eV, Ty was increased to
2 eV at 2668.5 ms, to 3 eV at 2673 ms, and to 4 eV at 2679 ms to obtain best agreement
with the magnetics data. A simplified F coil voltage feedback scheme was used to main-
tain close correspondence between simulated and experimental F coil currents.

The TSC poloidal flux at a time (2680 ms) just before thermal quench is shown in
Fig. 6. Filamentary representations of the vessel and coils are also depicted. At this time
about 40 kA of poloidal current flows between the halo and the vessel bottom. Also
shown is the reconstructed equilibrium for ¢ = 2680 ms from the EFIT code.12 EFIT fits
the probe, flux loop, and F coil data using a variable SOL width and 24 vessel segments.
Excellent agreement is obtained for the magnetic axis and main plasma region; the TSC
halo extent is about 25% greater than the EFIT halo extent at this time.

In Fig. 7 we illustrate the development of poloidal current flow with contour plots of
the toroidal field function g at thermal quench time (2680 ms) and at two times during
the plasma current decay phase. The g contours are streamlines whose spacing is an indi-
cation of the relative intensity of poloidal current flow. Midway through thé plasma cur-
rent decay there is as much poloidal current flowing between the vessel and the halo
region as is flowing in the plasma region.

Fiéure 8 depicts the evolution of plasma current, toroidal vessel current, and
poloidal halo vessel current. The TSC plasma current is in excellent agreement with the
measured plasma current. TSC peak vessel toroidal currents (300 kA) and poloidal cur-
rents (170 kA) are in good agreement with the experimental values of 300 kA and

200 kA, respectively. The thermal quench was triggered at 2680 ms by enhancement of
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the radial thermal conductivity by a large factor leading to increased resistivity in the
main plasma and to the ensuing current quench. Also indicated in Fig. 8 are Ty values
and the corresponding time ranges.

Figure 9 presents a global view of the time evolution of the magnetic probe data and
calculated fields displayed on a cross section of the vessel. Each TSC curve and probe
data set are plotted at the approximate (R,Z) location of that probe. It can be seen that the
fields near the vessel bottom increase as the plasma moves down and decrease rapidly
during the current quench. In general, both the magnetics and flux evolution are tracked
rather well by the simulation. The extreme rms deviations in flux and field are 0.008 Wb
and 0.021 T, respectively.

It can be seen in Fig. 8 that for Ty = 4 eV the simulation plasma current, I, decays
in accord with experiment. Both the vertical speed and the current decay rate, dip/dt, are
quite sensitive to Tyy; dlp/dt is also affected by the value chosen for the radial thermal
conductivity enhancement factor, Fr. To test the sensitivity of our results to Ty, we
simulated the first half of the current decay phase with Ty = 6 eV and adjusted Fy to
give approximately the observed dlp/d:. We found that the extreme rms deviation in field
was twice as large as the value for the 4-eV case. Similarly, a 2-e¢V halo gives signifi-
cantly worse agreement with the magnetics data than does a 4-eV halo. This behavior
may be understood in terms of different effective current decay ratés in the halo and
main plasma regions. Larger Frc and higher T tend to give faster decay in the main
plasma and slower decay in the halo, thus leading to a different pattern of magnetic field
variation at probe locations near the halo.

Reconstructed equilibria for several times during this shot were generated with
EFIT. Figure 10 illustrates the good correspondence between TSC (curves) and EFIT
(circles) plasma parameters. As shown in Fig. 11, there is also good agreement between

the net vertical vessel forces as determined from the dynamic TSC simulation and the
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forces calculated with EFIT. At the time of extreme force, the contribution from poloidal

current is clearly dominant.

4. DISCUSSION AND CONCLUSIONS
4.1 EFFECT OF INITIAL CONDITIONS ON VERTICAL MOTION

The TSC simulation bcgins in a state slightly perturbed from an unstable equilib-
rium, and therefore small differences in the initial vertical displacement, Z;, will produce
different vertical trajectories. We consider these differences to be a reflection of the
physical situation, namely that the plasma is undergoing a period of exponential growth
in which small random fluctuations will be greatly amplified. We do not use a “tethering
force” or other artificial force to prescribe a particular trajectory. We do increase Ty at
three times during the 31-ms simulation to improve the agreement with magnetics data.
Higher Ty has the effect of retarding vertical motion.

In preparing the simulation presented here, we have spent a considerable amount of
time investigating the initial conditions that will reproduce the observed evolution of
magnetic fields and fluxes for shot 63458. We have found one such set of initial condi-
tions, corresponding to Z; = -0.1 cm and Ty = 1 eV, that gives very good agreement with
experiment. It is a validation of the TSC model that one can find any set of initial condi-
tions that leads to a dynamic simulation that agrees with so many features of the data for
the entire VDE time interval. -

However, it follows that a different set of initial conditions would give rise to con-
siderably different time trajectories than those observed for this particular disrupting dis-
charge and also to different force patterns on the vacuum vessel. This underscores the

point that, in trying to identify “most severe” disruption scenarios to bracket the design
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of a new device, a wide range of initial conditions must be explored, since the actual ini-
tial conditions for a given event will be impossible to predict a priori.

As an example of the effect of varying Z;, we show in Fig. 12 results from three halo
simulations, all with Ty = 1 eV, for t = 2664-2670 ms. During this time interval in shot
63458, the plasma drifted from near midplane to about 8 cm below midplane. We plot
ABms, the rms difference between TSC and experimental fields (summed over 31 mag-
netic probe locations), v§ Zmag for each case: Zj = —0.5 cm, -0.1 c¢m, and 0.4 cm. The
case with Z; = -0.1 cm gives by far the best fit to both the magnetics data and to the
evolution of Zmag. Therefore, we adopted this initial equilibrium with Zj = -0.1 cm and
Ty =1¢eV as the starting point for our complete VDE simulation. It should be noted that
many cases were run without a plasma halo. All such “no-halo” cases gave significantly
worse agreement with experiment than did the halo case adopted here. For example, for a
no-halo case with Zj = ~0.1 cm, ABpy at £ = 2670 ms is 20 times larger than the value for
the adopted halo simulation.

In Fig. 13 we compare vertical trajectories from four simulations with experimental
Zmag values deduced from the magnetic probe data for the first 6 ms of vertical drift.
Case (a), the adopted Z; = -0.1 cm , Ty = 1 eV simulation, agrees with experiment to
better than 1 cm over this time range. Both the no-halo case (d) and the Z; = -0.5 cm,

Ty =1 eV case (c) diverge rapidly from experiment after the first 2 or 3 cm of vertical
drift. For case (b), Zj was -0.5 cm, and Ty was decreased from an initial value of 4 ¢V to
1 eV att=2667 ms and fixed at 1 eV for r > 2667 ms. This case also agrees well with
experiment and shows that small differences in Z; can be offset by different Ty values
during the early part of the vertical drift when the plasma is still near midplane. How-
ever, after the plasma is more than about 2 cm below midplane (z > 2667 ms), Ty must

be approximately 1 eV to reproduce the observed trajectory.



13

4.2 Zeff

Estimates of Zegr in VDE-like situations are highly uncertain because of the poorly
known admixture of high-Z limiter and impurity material in the SOL. For the current
decay phase of shot 63458 we find Ty = 4 eV for Zefr = 2.0. Since Ny ~ Zeff T§3/ 2, our
simulation result implies 2.5 eV < Ty < 8.3 eV if 1 < Zefr < 6 and Ty is constant within
the SOL. If, however, Ty increases linearly across the SOL, then T could be as high as
16 eV at the inner halo edge for shot 63458. This value is consistent with SOL tempera-
tures of 15-25 eV measured for more recent VDE discharges in DIII-D using a newly

installed multipulse Thomson scattering system.

4.3 CONCLUSIONS

A simulation with a simplified F coil feedback scheme and with a 1- to 4-eV plasma
halo reproduces the plasma current decay evolution and gives reasonable agreement with
flux loop and magnetic probe data. The extreme rms deviations in flux and field are
0.008 Wb and 0.021 T, respectively. During the vertical drift phase the peak vertical
speed is 110 m/s, corresponding to a growth time of about 2.5 ms. During the current
decay phase the peak vertical speed is 220 m/s. Peak predicted and measured vessel
poloidal halo currents are 170 kA and 200 kA, respectively. The predicted evolutions of
plasma parameters and vertical vessel forces are in good agreement with values derived
from EFIT reconstructed equilibria.

Simulations with no plasma halo yield much faster vertical motion and significantly
worse ;greemcnt with magnetics and flux loop data than do halo simulations. Inclusion

of a halo with a temperature of a few electron volts in the TSC calculations is necessary

to obtain agreement with measured field and flux values for DIII-D shot 63458.
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Fig. 1. Schematic representation of TSC plasma and halo regions. The halo region
is bounded by the poloidally continuous vacuum vessel and by a specified increment in
poloidal flux.
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Fig. 2. The TSC computational grid has the toroidal field function g;; and the
velocity potential €2j; defined in cell interiors. The velocity stream function A;j and resis-
tivity 1;j are defined on cell vertices. The resistivity at a line segment center is the aver-
age of the values at the endpoints.
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Fig. 3. Cross section of the DIII-D device, showing the locations of the Ohmic
heating coils, the shaping (F) coils, the vacuum vessel, the flux loops, and the magnetic
probes. Source: L. L. Lao and T. H. Jensen, “Magnetohydrodynamic Equilibria of
Attached Plasmas after Loss of Vertical Stability in Elongated Tokamaks,” Nucl. Fusion
31, 1909 (1991).
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Fig. 4. Time traces of plasma parameters and diagnostic signals for DIII-D shot
63458. Shown are plasma current Ip, vertical position of the magnetic axis from EFIT Zy
(solid circles), soft X-ray chords viewing the initial location of the magnetic axis and
about 30 cm below, signals from a Dy photodiode viewing the bottom of the vacuum
vessel, and the three armor tile Rogowski loop signals. Source: E. J. Strait et al.,
“Observation of Poloidal Current Flow to the Vacuum Vessel Wall During Vertical
Instabilities in the DIII-D Tokamak,” Nucl. Fusion 31, 527 (1991).
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EFIT reconstructed equilibrium and (b) a TSC dynamic simulation. The halo boundary
and TSC filamentary representations of the vacuum vessel, F coils, and E coils are also
depicted.
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Fig. 11. Net vertical vacuum vessel forces as determined from the dynamic TSC
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