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A B S T R A C T   

The evaluation of electromagnetic (EM) behaviour of tokamak components under disruption loads and its cor
relation with vertical instabilities is critical and characterizing the design considerations. This is particularly 
crucial for high-field and burning plasma experiments such as the SPARC tokamak, the compact prototype 
currently under construction by Commonwealth Fusion Systems (CFS). The combination of high toroidal mag
netic field (12.2 T) and high plasma current (8.7 MA) makes SPARC less tolerant to disruptions than currently 
operating research devices. In this context, recent efforts have been made to characterize the disruption loads in 
SPARC by conducting a series of analyses to estimate the EM response of the SPARC vacuum vessel (VV) during a 
plasma vertical displacement event (VDE). In this paper, the aforementioned analyses are used as starting point 
for a comprehensive characterization of VDE scenarios. These analyses are utilized to create a database of 
predictive disruption simulations, serving as synthetic experiments to generate and collect pertinent data for 
upcoming research studies. In this context, the paper discusses a preliminary description of an innovative VV 
synthetic displacements diagnostic, designed starting from disruption database, presented here, and by 
exploiting the MAXFEA-ANSYS combined use methodology as further step. The disruptive plasma scenarios 
database will be functional in estimating the displacement and strain fields of SPARC components using a limited 
set of VV indirect displacement measurements and integral plasma observations, such as plasma current and 
effective plasma position.   

1. Introduction 

SPARC stands for the smallest/soonest as possible, affordable, 
robust, compact (ARC [1]) reactor. SPARC is a tokamak designed by 
CFS, a privately funded company, and the Massachusetts Institute of 
Technology (MIT), a non-profit university. SPARC is expected to operate 
at high performance levels in terms of plasma current and magnetic 
field. Under such conditions, which are similar to those expected in 
future tokamak-based power plants, much lower tolerances for plasma 
instabilities and disruptions are anticipated compared to present 
research devices [2,3]. The acceptable frequency of these events is 
quantified by the economic impact they have on power production and 
on machine maintenance and downtime. Recently, a set of analyses to 
estimate the EM response of the SPARC VV during a VDE was carried on 
and reported in [4], where different scenarios were considered to 
characterize the disruption loads. Other considerable studies on the 

physics of SPARC disruptions can be found in [2] and [5], where in
vestigations on the natural disruption physics expected in SPARC are 
detailed. However, the literature on SPARC disruptions that specifically 
targets a comprehensive assessment of EM loads for engineering pur
poses remains limited. The perspective of employing detailed Finite 
Element Method (FEM) modelling to delve into SPARC disruption 
plasma dynamics across varied spatial parameters is presently 
underexplored. 

Starting from the aforementioned studies on SPARC disruptions, this 
paper discusses the use MAXFEA code, a 2D evolutionary equilibrium 
procedure [6,7], to exploit a large set of disruption scenarios for SPARC 
tokamak. MAXFEA has recently undergone extensive validation and 
verification activities against both experimental data and other predic
tive methodologies, as discussed in [8,9]. Similarly to those previous 
work, a detailed and self-consistent disruption simulation database 
(DB), has been constructed and will be presented here. Since MAXFEA is 
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a 2D axisymmetric procedure, the evaluation of 3D effects (i.e. local 
current and forces concentrations) is not covered in this context. How
ever, it should be noted that this paper is intended to be an initial study 
in fully specifying VDE loads from both EM and structural perspectives 
(see Fig. 1). Next steps will provide a complete loads specification, as 
detailed in [10,11,12]. Considering these factors, the significance of this 
study lies in addressing the deficiency in precise FEM modelling of 
SPARC disruption plasma dynamics, while systematically exploring 
various parameters of interest. 

Indeed, the ultimate objective of the present work, as shown in Fig. 1, 
is to develop a 3D SPARC synthetic VV deformations diagnostic by 
exploiting the MAXFEA-ANSYS combined use methodology, presented 
in [7,13,14,15]. This methodology aims to estimate displacement and 
strain field calculations, based on the VDE DB results, ultimately leading 
to stress measurements that characterize the SPARC VV. With synthetic 
diagnostics, the term refers to all those “indirect” measurements of 
displacement and strain field of components, which, under the 
assumption of small displacements and elastic, isotropic, and homoge
neous behaviour, translate into immediate measurements of stress. 
Indeed, it can be conceptualized as an "indirect" or synthetic measure
ment based on numerical calculation, rather than direct diagnostic and 
experimental measurement. The goal is to design and optimize the po
sition of displacement or deformation synthetic sensor at limited 
accessible points of the vacuum vessel. However, their positioning is 
determined by access constraints, and their quantity is limited by budget 
considerations. The establishment of the proposed numerical disruption 
database and the resulting 3D EM loads, extrapolated from collected and 
accurate plasma dynamics, possibly using machine learning (ML) 
models, will facilitate the development of modal reconstruction algo
rithms [16] for the selection of vibration modes. 

The paper is organized as follows. Section 2 deals with the 

description of the components included into the numerical model with 
the focus on SPARC plasma equilibrium reconstruction. This section also 
contains a study on the calculation of the growth rate (GR) for the 
characterization of the SPARC plasma vertical instability, performed 
through a simplified RZIp model [17]. Section 3 shows the proposed 
predictive methodology applied to SPARC and the respective outcomes 
in terms of plasma evolution and 2D EM loads, starting from the evi
dence provided in [4,18]. Finally, Section 4 deals with the construction 
of the predictive disruption simulation DB providing a large case of 
numerical VDEs for SPARC which will constitute the starting point for 
the subsequent work on VV deformation synthetic diagnostic. 

2. 2D SPARC numerical model description 

The proposed approach relies on the use of SPARC 2D axisymmetric 
MAXFEA FEM model for the disruption modelling. Concerning the main 
components of SPARC, the entire SPARC device is up–down symmetric, 
enabling symmetric double null (DN) operation (see Fig. 2). It can be 
seen in Fig. 2a, the VV has three ports at each toroidal location, one 
midplane port and a symmetric pair of off-midplane ports above and 
below [19]. Fig. 2b shows the poloidal cross-section of SPARC and the 
coils system. Central solenoid consists of a total of three pairs of high 
temperature superconducting upper and lower coils, labelled CS1, CS2 
and CS3 [19]. The machine has four upper and lower pairs of high 
temperature superconductor (HTS) poloidal field coils (PF) outside of 
the toroidal field coils (TF), labelled PF1 to PF4, moving outward in 
major radius. In addition, there are two pairs of copper coils that are 
internal to the toroidal field coils but external to the vacuum vessel [19]. 
Since these coils are primarily used to actuate the divertor magnetic 
field, they are labelled DIV1 and DIV2 upper and lower. These pair of 
coils are covered by a SS316 casing (again upper and lower). Finally, 
there is also a pair of vertical stability coils inside of the VV, labelled VS1 
upper and lower [19]. 

2.1. MAXFEA model and equilibrium reconstruction 

The SPARC MAXFEA numerical model includes the following 
components:  

• Vacuum vessel made of Nitronic-50 at 75 ◦C (magenta and dark blue 
areas in Fig. 3a), with ports modelled as equivalent resistivities 
calculated via a full-empty ratio in terms of volume to take into ac
count the toroidal discontinuity of the vessel in those areas (black 
dashed areas in Fig. 3a); 

Fig. 1. Flowchart of the proposed procedure from the 2D disruption DB to the 
development of synthetic diagnostics. 

Fig. 2. SPARC components Overview: a) 180◦ of CAD view of SPARC VV. b) 
SPARC poloidal cross-section [19]. 
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• PF coils represented by red areas in Fig. 3a;  
• VS coils (green areas in Fig. 3a) modelled as copper short-circuited 

coils with a top-bottom anti-series connection (6 turns each);  
• DIV coils (yellow areas in Fig. 3a) as independently supplied copper 

circuits (24 turns each) covered by a couple of casings made of SS316 
(cyan areas in Fig. 3a);  

• The divertor and first wall limiting surfaces are reported in blue (see 
Fig. 3a). 

Expanding upon the premise in the first point. The model developed 
is an axisymmetric 2D model, and the objective is to obtain an equiva
lent plasma response. There are several methodologies to account for 
this approximation and attempt to replicate the effect of real 3D struc
tures on the axisymmetric mode (n = 0), which are discussed in detail in 
[20]. The increase in resistivity based on the empty-full ratio for the 
ports is a first-order approximation to try to better retain the equivalent 
response of passives on the plasma. In addition, all the structures char
acterized by negligible effects in terms of poloidal field variation loads 
or plasma dynamic behaviours are neglected (such as purely toroidally 
discontinuous structures or components with small poloidal 

cross-section). 
An overview of the model is reported in Fig. 3 together with an 

example of equilibrium reconstruction. The starting DN plasma equi
librium reproduced with MAXFEA is shown in Fig. 3c in terms of last 
closed flux surface (LCFS), together with the reference LCFS provided at 
start of flat top condition. 

Table 1 shows the main equilibrium plasma parameters that char
acterize the DN configuration of SPARC reconstructed equilibrium. 

The comparison between the two LCFSs of Fig. 3c shows a qualitative 
good agreement. Nonetheless, the model can be considered bench
marked in terms of the starting equilibrium, as it achieves similar values 
for plasma shape and internal plasma parameters compared to the 
reference data provided [18]. 

2.2. Preliminary vertical instability analysis applied to 2D SPARC model 

To validate the SPARC model from a vertical instability point of 
view, a benchmark is reported with an implementation of a simplified 
rigid displacement model (RZIp formulation) for the growth rate 
calculation [17]. It is a well-known fact that elongated plasma config
urations in tokamaks are vertically unstable [21]. In this sub-section the 
so-called RZIp model, where vertical and radial movements are 
considered, together with variations of the total plasma current is 
described and used to analyse such instability. The model takes into 
account the current distribution of the plasma, assuming rigid dis
placements of the reference equilibrium configuration. The fundamental 
idea behind this model is to average the forces acting on the plasma over 
the considered current distribution. In the model of this unstable vertical 
motion, the plasma ring is approximated by a rigid filament carrying the 
total plasma current (Ipla,). The radius of this filament is denoted by rp 
and its vertical position by zp. The following equations can be 
considered: 

Lc
d
dt
(Ic) + RcIc + ψcp = Vc (1)  

2πrpIpla
〈
Bext

r

(
rp, zp, Ic

)〉
= 0 (2)  

2πrpIpla
〈
Bext

z

(
rp, zp, Ic

)〉
+ Fr

(
rp, Ipla

)
= 0 (3)  

d
dt
[
Lp
(
rp
)
Ipla

]
+ RpIpla + ψcp = 0 (4)  

where Ic = [IaIe]
T collects both the active and passive currents, Vc are the 

corresponding applied voltages (equal to zero for the passive currents) 
and Rc, Lc are their resistance and mutual inductance matrices respec
tively. Similarly, the plasma current is denoted by Ipla and Rp, Lp are the 
plasma resistance and self-inductance (the latter depends on the radial 
position of the filament representing the plasma). ψcp is the flux 
contribution from the plasma to the active and passive circuits, 〈Bext

r 〉

and 〈Bext
z 〉 are the radial and vertical field components due to the 

external circuits averaged over the considered current distribution and 
Fr is the radial force acting on the plasma. Since the instability is linked 
to the gradient of the Br field along the vertical direction, it is standard 
practice to define the radial field decay index n: 

n := −
rp

BV

∂Br

∂zp
(5) 

Fig. 3. SPARC MAXFEA model and reproduction of starting equilibrium: a) 
Overview of the model. The PF coils are represented in red. The VV and the port 
areas are represented in magenta-blue and in black respectively. DIV and VS 
coils are represented in green and yellow respectively. The DIV casings are in 
cyan, and the first wall is in blue. b) The MAXFEA triangular mesh is reported. 
c) The equilibrium reproduced by means of MAXFEA is reported in red, blue for 
the reference one. 

Table 1 
Main SPARC equilibrium plasma parameters referring to the start of flat-top: 
plasma current (Ipla), poloidal Beta (βp), plasma internal inductance (li), 
toroidal field at machine radius (Bt at R0), safety factor (q95), Z and R coordinates 
of magnetic axis (Zmaxis and Rmaxis).  

Ipla βp li Bt at R0 q95 Zmaxis Rmaxis 

8.7 MA ∼0.2 ∼1 12.2 T (R0=1.85 m) ∼3 ∼0 m ∼1.89 m  
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where BV is the vertical field needed to fulfill the radial force balance 
condition, which we assume to be known (see [22] for more details). The 
model was used to estimate the growth rate of the DN plasma configu
ration of SPARC shown in Fig. 3c, obtained through the MAXFEA 
equilibrium code. In the analysis, the passive elements and the PF coils 
of the MAXFEA model were approximated with filamentary currents 
placed in their barycentre, and their mutual inductances were computed 
numerically through the associated Green functions and validated 
against the values generated by MAXFEA. The radial field decay index 
map and the vertical force distribution over the considered plasma 
current density are reported in Fig. 4a and 4b respectively. 

The growth rate outcoming from this analysis is 28.7 s− 1 resulting in 
a good agreement with the computed MAXFEA GR ∼32 s− 1. The ob
tained results should also be interpreted positively, given their prox
imity in order of magnitude to the GR obtained from previous SPARC 
disruption studies, which falls in the range between 50 − 62.5 s− 1, with 
a best fit of 53 s− 1 [4,18]. However, slight differences are expected when 
employing different methodologies and varying the accuracy of the as
sumptions adopted. Therefore, the 2D SPARC model can be considered 
well-developed from the perspective of vertical instability and plasma 
equilibrium conditions. 

3. First disruptions MAXFEA modelling approach on SPARC 

This section presents the first step of the proposed numerical 
modelling strategies applied to SPARC. The aim is to utilize evidence 
observed in previous studies on SPARC perturbations [2,4] to derive 
accurate numerical disruption scenarios, particularly focusing on 
plasma dynamics and providing an initial assessment of resulting 2D EM 
loads. Upon successful application of the modelling strategy to SPARC, 
exploration of different space parameters was conducted with the goal of 
populating the database with various synthetic disruptions (Section 4). 

3.1. Disruption modelling methodology 

The first disruption scenario considered is the upward VDE (UVDE) 
type characterized by a slow current quench phase [4,18]. Relevant 
insights can be extrapolated from previous studies on SPARC disrup
tions. Indeed, as outlined in [2,4], SPARC in-vessel components have 
been designed to withstand the fastest current quench (CQ), of about 3.2 

ms, accordingly to ITPA disruption database scaling [23]. Conversely, 
VV system is designed to withstand the slowest CQ (∼40 ms) as scaled 
from experimental observations in the JET-ILW [4,24,25]. It should be 
noted that the value characterizing the CQ duration for slow events may 
be difficult to confirm/document. However, it is common practice in the 
design of various machines, such as DTT [13], to designate a slow CQ 
duration approximately ten times longer than that allocated for fast 
events. 

In this context, CQ was triggered immediately after the thermal 
quench (TQ) phase, when the plasma loses its thermal energy by dis
rupting during the vertical displacement phase [23]. The duration of TQ 
phase typically ranges from a few to tens of milliseconds, during which 
up to 50 % of the thermal energy is dissipated. TQ can manifest either in 
two distinct stages or as a single rapid collapse, known as fast quench. 
An empirical scaling for the duration of TQ is provided in [23], 
demonstrating that the duration of the fast quench scales approximately 
with the plasma minor radius. Nevertheless, the large scatter of exper
imental data recommends an uncertainty factor from 1/3 to 3 (i.e. for 
DEMO the total duration of TQ is ∼ 10 − 100 ms and the fast TQ is ∼
0.3 − 3 ms with a = 2.9 m). The fast phase of the TQ for SPARC should 
have a duration of ∼0.1 ms [2]. However, despite the complexity and 
variability of the dynamics of the TQ observed experimentally, in this 
kind of simulation it is a common practice to assume that all the plasma 
energy is lost during a single fast phase [7,13,14]. Moreover, it is worth 
saying that the actual duration of the TQ has a slight effect on the EM 
simulations, because it is shorter than the vessel resistive time and of the 
same order of the usual cycle time step. 

In the simulation procedure for VDEs modelling, the parameter qcyl 
serves as the trigger for TQ. Establishing both the upper and lower 
bounds for qcyl involves making assumptions. For the lower bound, 
reference can be made to [26], where a critical value of q95 = 1.5 is 
assumed, below which plasma magnetohydrodynamic stability is 
deemed to be severely compromised (note that q95 and qcyl have 
different but similar definitions). However, in the case of SPARC, an 
even more conservative approach is adopted, setting the lower limit for 
qcyl = 1 [4,18]. It is essential to note that while this scenario is highly 
improbable, this choice is justified to ensure a conservative assessment 
of the total vertical force. Therefore, in the proposed simulation, TQ is 
initiated when the plasma safety factor reaches a value of qcyl approxi
mately equal to 1 (see Table 2). The final phase of TQ for SPARC has a 

Fig. 4. Radial field decay index map (a). Force density on the considered plasma current distribution (b).  
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duration of approximately 0.1 ms (see Table 2), and it is the only TQ 
phase considered for the simulations as discussed above. 

To investigate various conditions during the vertical displacement 
phase and enhance the comprehensiveness of the information, two 
preliminary simulations of UVDE with slow CQ were conducted in 
MAXFEA. These simulations involved different modelling approaches 
for the VDE phase and were considered as initial cases:  

• Case 1: plasma current is kept constant up to TQ (flux normal mode 
in Table 2);  

• Case 2: plasma current is characterized with a certain decreasing 
time evolution up to TQ computed by the code, imposing a specific 
magnetic flux conservation condition (flux conservation mode in 
Table 2). 

These two simulative assumptions have an intrinsic influence on the 
dynamics of the plasma during the VDE. The rationale behind this choice 
is as follows: during experimental VDE when a vertical instability arises 
in the plasma, causing it to start moving vertically, the mutual and self- 
inductance of the plasma change. During the flat-top phase of the sce
nario, the control system attempts to compensate and maintain the 
current at the reference value. In absence of specific indication to what 
would happen in SPARC during this phase, these can be considered as 
two extremal cases, as one might anticipate that the plasma current 
evolution in the real world falls somewhere between these two extremes. 
Taking into account the preceding discussion, the assumptions related to 
the disruption modelling for the two preliminary cases are consolidated 
and presented in Table 2. 

The main modelling observations from MAXFEA simulations are 
reported in Fig. 5. 

The plasma current evolution (depicted with blue curve) for Case 1 is 
reported in Fig. 5a, while for Case 2 see Fig. 5b. In an initial phase of the 
scenario, when the plasma is moving upward before it touches the wall, 
a constant current trend is observed according to the flux normal mode 
adopted for Case 1. On the other hand, in Case 2 there is a current 
reduction due to the flux conservation assumption. In both cases, at a 
certain point, the plasma touches the wall and TQ (identified with left 
black vertical line) is imposed when qcyl ∼ 1 (cyan trends) at ∼0.43 s for 
Case 1 and at ∼0.28 s for Case 2. When TQ is imposed, in both cases a 
current spike is found due to the flux condition and the sudden redis
tribution of the plasma current, as expected from the experimental ev
idence [6,11]. CQ takes place immediately after and ends at ∼0.47 s in 
Case 1 and at ∼0.32 s in Case 2 (right black vertical line). During the CQ 
phase, halo currents arise as shown with the red curve, reaching a peak 
of about 4.3 MA for both cases in accordance with the halo current 
assumption (see Table 2). It is possible to observe that in Case 2, the 
plasma disrupts earlier due to the higher instability during vertical 
displacement compared to the Case 1. This pertains to the variation of 
the plasma current before TQ occurs, attributed to the discussed 
different approach employed for the VDE phase. 

3.2. Predictive outcomes 

Simulation results in terms of eddy currents, global EM vertical 
forces on the components, and plasma movement considering Case 1 
and Case 2 are reported in this subsection. 

Plasma centroid trajectories in time and on poloidal plane are shown 
in Fig. 6 for both cases, together with the plasma boundary evolution at 
characteristic times during the event. It is evident that in Case 1 
(Fig. 6a1-6a2), the plasma exhibits higher velocity during the 
displacement phase, reaching close to the first wall contact at around 
∼0.22 s. The plasma vertical displacement at the onset of TQ is 
approximately 0.2 m. 

Whereas, in the last phase of the vertical displacement, plasma in 
Case 2 (Fig. 6b1-6b2) is the fastest one due to the increasing of the dy
namic effects of the plasma current variation that makes plasma more 
unstable. In Case 2, the plasma moves vertically with a displacement of 
about 0.6 m at TQ. This effect may be explained by considering that the 
contribution of the magnetic field variation due to the faster displace
ment and the steeper current derivate generate mutual EM effects that 
accelerate the plasma of Case 2 in the time range between ∼0.25 s (first 
touch with the wall) and ∼0.28 s (TQ start). The disparity between the 
two cases is anticipated due to distinct evolutions in magnetic flux and 

Table 2 
UVDE Case 1 and Case 2 modelling methodology.  

Case 1 Case 2 

1) Destabilizing kick at 1 ms after the start of the simulation to force plasma movement 
starting from Ipla = 8.7MA [7] 

2) Flux Normal Mode:   

• Plasma current keep constant until TQ  
• TQ when Plasma reaches given qcyl 

(≃1) as βp drop (ΔtTQ ≃ 0.1 ms) [4,7, 
18] 

2) Flux Cons. Mode:    

• Plasma current slowly decreasing 
until TQ  

• TQ when Plasma reaches given qcyl 

(≃1) as βp drop (ΔtTQ ≃ 0.1 ms) [4,7, 
18] 

3) CQ immediately after TQ, imposing negative voltage on Plasma (ΔtCQ ≃ 40 ms) [4, 
7] 

4) halo currents growth during CQ phase (halo current fraction: 50 % of Ipla) [4,18]  

Fig. 5. main curves from disruptions simulated via MAXFEA for Case 1 (a) and 
Case 2 (b): both plasma current evolutions and halo current curves are reported 
(blue curve and red curve respectively, refer to left ordinate axis) and qcyl trends 
(cyan curve, refers to right ordinate axis). Vertical black lines are referred to the 
different phases. 
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plasma current distribution, resulting in variations in coupling effects 
with passive structures. These differences arise from the varied model
ling strategies employed during the VDE phase, as detailed in Section 
3.1. In the preceding disruption analysis, the estimated plasma 
displacement at the onset of the thermal quench is approximately ∼0.6 
m [4,18]. The inclusion of that result serves to ensure completeness, 
offering an approximate indication of the order of magnitude of plasma 
vertical displacement and providing insight into the expected outcomes 
from SPARC VDE. It is crucial to highlight that slight differences are 
expected when employing diverse methodologies for such simulations. 
Nonetheless, the results obtained from MAXFEA simulations instil con
fidence in asserting the accuracy of the proposed VDE modelling strat
egy, particularly in terms of plasma vertical dynamics. 

The outcomes in terms of eddy currents evolution considering 
different components are shown Fig. 7. Looking at Fig. 7a1-b1, Case 1 
turns out to be the most severe case in terms of eddy currents with ∼5.99 
MA of induced currents on the VV (purple curves in Fig. 7a1-b1), since 
the CQ starts from a higher value of the plasma current. EM effects 
concerning the difference in the vertical movement of two cases are 
highlighted by observing the eddy trend on VSs (up-down connection in 
anti-series as suggest the specular curves in Fig. 7a2-b2). 

The vertical EM forces (Fz) acting on SPARC components are re
ported in Fig. 8. Regarding the EM vertical forces (Fig. 8), the most 
conservative case results to be Case 2. The explanation can be attributed 
to the fact that in Case 2 it can be found a more unstable plasma at TQ, 
which influence the halo currents distribution, and the halo force 
contribution results to be higher (red curves in Fig. 8a-b). Case 2 shows a 
Fz resultant on the VV structure of about 25 MN upward, consider both 
the dynamics of VV+VSs induced currents and the halo currents 
contribution (magenta curve in Fig. 8b). In Case 1, it is observed that the 
resultant Fz on the VV structure amounts to approximately 22 MN in the 
upward direction, as depicted by the magenta curve in Fig. 8b. The force 
contribution of DIVs can be neglected as these components are struc
turally independent from the vessel. The discrepancies observed in the Fz 
between the two cases stem from the diverse modelling strategies 
applied during the VDE phase, as discussed in Section 3.1. A rough 
comparison can be made by considering the order of magnitude of re
sults from previous disruption studies, which estimated a disruption EM 
load acting on the vacuum vessel of ∼26 MN [4,18]. However, it is 
important to emphasize that slight differences are anticipated when 
imposing different conditions and employing diverse methodologies for 
such simulations, as discussed in [9]. Therefore, the comparison cannot 
be intended for validation purposes but rather serves as a motivation for 
completeness. Furthermore, it is important to note that the results ob
tained in terms of global forces should not be interpreted as a detailed 
load specification. It is essential to highlight that the primary focus is on 
the dynamics of the plasma for these simulations, which will serve as 
input for detailed 3D analyses (see Fig. 1). Here, the 2D total integrated 
forces are provided for completeness, but more substantial consider
ations of their trends will be made based on the results of 3D EM 
analyses. 

4. SPARC synthetic disruption database 

Having gained confidence in the new model and following the initial 
application of the proposed disruption modelling strategy to SPARC (as 
discussed in Section 3), it became possible to explore other cases by 
collecting 16 additional disrupted scenarios (for a total of 18 cases) to 
assemble a database of synthetic disruptions. The objective is to prepare 
predictive disruption simulations as synthetic experiments aimed at 
providing data for training a subsequent SPARC synthetic diagnostic, as 
outlined in the introduction. The purpose of this collection is precisely to 
provide disruption data under various conditions. This involves pro
posing a series of events with different characteristics, including varia
tions in the plasma vertical evolution during the VDE phase, diverse 
impositions of TQ at various vertical positions of the plasma, different 

Fig. 6. Plasma movement estimation presenting the plasma centroid evolutions 
in time (a2)(b2), on poloidal plane (a1)(b1), together with the plasma boundary 
evolution for Case 1 (a1)(a2) and Case 2 (b1)(b2). In the poloidal plane figures 
are represented: with the blue trajectory the plasma centroid evolution on 
poloidal plane, in black the plasma boundary at the equilibrium condition, in 
red the same when plasma touch the wall, in dark blue at TQ, in magenta at 50 
% of CQ. In the time variant figures in blue is represented the radial trajectory 
of the plasma centroid and the vertical one is shown in red. 
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CQ and halo current dynamics. The following points aim to provide an 
explanation of the DB construction strategy and a comprehensive 
exposition of the parameter ranges used to drive the simulations 
collected in the database:  

1. Scanning on qcyl at TQ: as already discussed in Section 3.1, there 
exists a correlation between qcyl and the vertical displacement of the 
plasma at the time when TQ occurs. Therefore, exploring a range of 
qcyl means examining various scenarios in terms of plasma vertical 
evolution prior to disruption. Again, the determination of both the 
upper and lower bounds for between qcyl is a matter of assumptions. 
Typically, the greater the vertical displacement of the plasma before 
disruption, the higher the total vertical force induced in the struc
tures. In the case of SPARC, the lower limit for qcyl is fixed at 1 (as 
imposed for Case 1 and Case 2 discussed in Section 3). Instead, the 
rationale behind setting the upper bound is as follows: 

experimentally, in most cases, plasma disruptions occur as the 
plasma begins to strongly interact with the walls, that is often when 
the plasma begins contacting the wall during its vertical movement 
(first limiter plasma). This interaction leads to the generation of 
particles that can migrate into the plasma, triggering a thermal 
collapse. When the plasma disrupts close to its original position, the 
event can be categorized as a major disruption (MD or cold-VDE) [8, 
23]. However, there is no general rule or clear boundary for the 
differentiation of all the possible disruption event typologies. In this 
paper, it was decided to define the beginning of the "VDE domain" as 
the point when the plasma reaches the value of qcyl corresponding to 
the first limiter configuration it encounters during its vertical evo
lution. This serves as upper bound in this context. As a first hy
pothesis, the scanning in the above-mentioned range was carried out 
considering evenly spaced points from lower to upper bound: TQ at 

Fig. 7. MAXFEA computed eddy currents trend in time on SPARC components for Case 1 (a1)(a2) and Case 2 (b1)(b2). Graphs in (a1)(b1) show the plasma current 
and halo currents dynamics (blue and red lines respectively), the evolution of total eddy currents considering all passive structures including the VS and DIV coils 
(yellow trend), the eddy currents trend on the VV structure (purple curve) and the dynamics of total eddy currents considering the contribute of DIVs induced 
currents (green trend). Images (a2)(b2) the eddy current evolution (A⋅Turns) on the top and bottom VS circuits (blue and red evolution) are presented. 
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qcyl = 2.2, qcyl = 1.8, qcyl = 1.4, qcyl = 1.0. This resulted in a total of 4 
different qcyl values at the TQ trigger used for populating the DB.  

2. VDE phase assumptions: another significant increase in the number 
of collected cases is attributed to the modelling approach for the VDE 
phase, specifically with regards to the imposition of either the 
magnetic flux conservation mode or the magnetic flux normal mode. 
As extensively discussed in Section 3.1, these two simulative as
sumptions have a fundamental influence on the dynamics of the 
plasma during the VDE, effectively doubling the number of cases.  

3. TQ duration: as reported in Section 3.1, the fast phase of TQ for 
SPARC has a duration of approximately ~ 0.1 ms. Moreover, in this 
type of simulation, it is common practice to assume that all the 
plasma energy is lost during a single fast phase. Additionally, no 
scanning on TQ duration was incorporated into the DB construction 
strategies, given that the actual duration of the TQ has a minor 
impact on the EM simulations, as detailed in Section 3.1.  

4. CQ duration: another operational space covered in the DB is 
correlated with the duration of the CQ, considering the upper and 
lower design bound explained in Section 3.1: the DB contains 8 
UVDE with a fast CQ duration of ∼3.2 ms and 8 slow UVDE with a CQ 
duration of ∼40 ms, including Case 1 and 2.  

5. Halo current modelling approach: present understanding of 
disruption physics and halo current phenomenology makes 
comprehensive predictive simulations difficult and affected by 
strong uncertainties. Hence, codes like MAXFEA adopt a "practical 
approach", where the behaviour of halo during plasma evolutions is 
determined by specific input parameters that allow for control over 
the halo region and current evolution. Various definitions exist in the 
literature for characterizing the halo current region during plasma 
transients. Recently, within the DEMO disruptions group, a decision 
has been made to adopt the following definition for the width of the 
halo region, denoted as w. Fig. 9 provides a qualitative representa
tion of w to aid in understanding the argumentation. 

w(t) =
ψ l − ψb

ψa − ψb
(6)  

where ψ l, ψb and ψa represent the poloidal flux function taken at the 
defined boundaries depicted in Fig. 9. The specific profiles of w(t) 
and Ipla(t) serve as inputs for these simulations. Recent works within 
the DEMO disruptions group highlight that the choice of w(t) and 
Ipla(t) can lead to diverse evolutions during the CQ concerning 
various parameters, such total halo current, plasma shape, and 
components wetted by the halo current, influencing the EM loads 
especially on the in-vessel components. However, due to the absence 
of precise physics guidelines, the alternative is to explore a range of 
different w(t) and Ipla(t) profiles. This approach aligns with the 
planned implementation to further extend the database in the future, 
contingent upon its relevance from both engineering and physics 
perspectives. However, for these simulations, specific values for w(t) 
and Ipla(t) have been set to achieve the following objectives:  
• Obtaining a halo current peak equivalent to 50 % of the initial 

plasma current in cases where qcyl = 1 [4,18]. This represents an 
engineering limit based on [23]. This is a very unlikely scenario, 
considering that the cumulative fraction of events that exceed this 
value is less than 3 % [23]. 

• Ensuring that the trend of the halo fraction aligns with observa
tions from [23], which indicate that the poloidal halo current is 
strongly influenced by the edge safety factor, with lower safety 
factors resulting in a larger fraction of poloidal halo current. 

Fig. 10 shows a qualitative preview of disruptions DB, excluding Case 
1 and 2 extensively described in Section 3. Additionally, Table 3 con
tains a summary aimed at outlining the simulation strategies for each 
case and the corresponding main outcomes obtained (with reference to 
Fig. 10). 

Going into detail about the DB contents (Fig. 10), the cases collected 

Fig. 8. MAXFEA 2D vertical forces trend in time on SPARC components for 
Case 1 (a) and Case 2 (b). Force dynamics due to the halo currents effect is 
reported in red, the evolution of total forces due to eddy currents considering all 
passive structures including the VS and DIV coils is in blue, total loads trend act 
on the VV structure considering the dynamics of VV+VSs total eddy currents 
and the halo currents contribute is reported in magenta, the Fz acting on the VV 
with the only eddy contribute is represented by the green trend. 

Fig. 9. MAXFEA halo current modelling approach.  
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are subsequently exposed. The DB contains 8 UVDE with a fast CQ 
duration of ∼4 ms and 8 slow UVDE with a CQ duration of ∼40 ms, 
including Case 1 and 2. Fast UVDEs from Case 3 to Case 6 (Fig. 10a1-a2- 
a3-a4) and slow UVDEs from Case 11 to Case 13 (Fig. 10c1-c2-c3) are 
simulated by keeping the plasma current constant up to TQ (flux normal 
mode described in SubSection 3.1). In fast UVDEs from the Case 7 to the 
Case 10 (Fig. 10b1-b2-b3-b4) and in slow UVDEs from the Case 14 to the 
Case 16 (Fig. 10c4-d1-d2) the plasma current is characterized with a 
decreasing trend up to TQ (flux conservation mode described in Sub
Section 3.1). In this way it can be imposed a differentiation between 
cases in terms of plasma dynamics during vertical displacement. In 
addition, another differentiation between the cases concerns the method 
to impose TQ. Similar to Case 1 and Case 2, TQ is imposed when 
qcyl reaches a limit value. In the DB, different qcyl critical values are 

considered, taking into account the range from 2.2 (when the plasma 
touches the wall) to 1 (similar to Case 1 and Case 2). Specifically, for 
Case 3, 7, 11 and 14 the critical qcyl value is ∼ 2.2; for Case 4, 8, 12 and 
15 is ∼ 1.8; for Case 5, 9, 13 and 16 is ∼ 1.4; for Case 6 and 10 is ∼ 1. In 
this way it is possible to obtain a number of events with different sta
bility conditions and different plasma positions at TQ. 

Finally, the disruption DB includes two cases of MD with a central 
plasma at TQ [8,23]. These two events refer to Case 17 and Case 18 
(Fig. 10d3-d4), in which TQ is imposed a few ms after the start of the 
simulation with an abrupt βp perturbation. Then the plasma moves 
radially touching the inboard wall and CQ (fast in Case 17 and slow in 
Case 18) is imposed immediately after TQ. The different conditions 
among events in terms of plasma dynamics during vertical displacement, 
typologies of event and stability conditions at TQ; generate a 

Fig. 10. A semi-qualitative preview of SPARC synthetic disruption DB obtained numerically with MAXFEA code. For each case the following outcomes are reported: 
plasma current and halo currents (blue and red lines respectively), total eddy currents considering all the passive structures in the model (yellow trends), the eddy 
currents on the VV structure (green curves), total loads acting on the VV structure (magenta dotted trends, refers to right ordinate axis) considering the contribute of 
halo and eddy on components structurally supported by the VV (eddy from the VV+VSs). 
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differentiation from the point of view of eddy and halo current entities, 
distribution and force contributions (see Fig. 10 and Table 3) 

Looking at Table 3, significant observations can be made regarding 
the relationship between simulation strategies and the obtained results 
in terms of plasma evolution. Particularly, the effect of the approach 
used to simulate the VDE phase on the plasma vertical displacement up 
to TQ is clearly evident. Comparing two analogous cases sharing the 
same CQ dynamics and TQ trigger (e.g., Case 3 and Case 7), similar 
behaviour to that discussed in detail in Section 3 is observed. The plasma 
undergoes different EM expansion due to the differences in the varia
tions within the evolution of the internal current density distribution, 
which impacts the coupling with passive structures. Consequently, cases 
simulated with a flux conservation approach are more compressed to
wards the inboard with the plasma that reach greater Zjc at the TQ, as 
expected (Section 3.1). A further interesting observation can be made 
when comparing cases with the same assumptions regarding VDE phase 
modelling and CQ duration but different TQ triggers. For example, 
comparing Case 3, Case 4, Case 5, and Case 6, one can observe an 
increasing trend in Zjc as the value of qcyl decreases. This trend is ex
pected as a lower qcyl value delays the TQ phase, allowing the plasma 
more time to vertically displace during the VDE phase. Indeed, as pre
viously noted, a greater vertical displacement of the plasma before 
disruption results in a higher total vertical force induced in the struc
tures, consequently affecting plasma stability. Since halo currents have a 
stabilizing effect in these codes, a higher Zjc at TQ corresponds to 
increased plasma instability, which is compensated by a higher halo 
fraction, as observed in Table 3. 

As previously mentioned, the primary emphasis in this context is on 
the dynamics of the evolutions, which will be utilized as input for future 
steps. This inherently involves a heightened focus on halo dynamics and 
on the modelling of plasma evolution, as detailed in Section 3. Conse
quently, the 2D total integrated force outcomes are included for 
completeness and should be regarded as preliminary results. A more in- 
depth analysis of their trends can be conducted once the results of the 3D 
EM analyses become available. 

Conclusions and next steps 

The aim of this study was to utilize the MAXFEA 2D equilibrium code 
to construct a synthetic disruption database through numerical disrup
tion simulations. These simulations explored various sets of character
istic parameters and plasma dynamic conditions. The SPARC 2D FEM 
model was implemented, and the disruption modelling strategy was 
applied to SPARC, leveraging existing disruption evidence for the ma
chine [2,4,18]. Following the successful application of the proposed 
disruption modelling methodology, a total of 18 cases were collected to 
assemble the synthetic disruptions database. One of the primary objec
tives of this work is to address the gap in accurate numerical modelling 

of SPARC disruption plasma dynamics, while exploring various param
eters of interest. 

The next steps will involve the development of a synthetic di
agnostics system for SPARC, commencing with the utilization of the 2D 
disruption simulations collected. This will be followed by leveraging the 
MAXFEA-ANSYS coupling methodology to provide 3D EM and structural 
assessments as an intermediate step. This innovative approach seeks to 
indirectly estimate the displacement and strain field of components, 
thereby deriving stress measurements crucial for characterizing the 
SPARC VV. The ultimate goal is to suggest the implementation of "in
direct" displacement or deformation diagnostics at accessible points on 
the machine, facilitating real-time reconstruction of the machine overall 
deformation. This reconstruction process relies on an understanding of 
the modal shapes that describe the dynamic behaviour of the structure. 
Modal reconstructions offer a computational advantage, requiring fewer 
resources compared to FEM analyses. However, their effectiveness relies 
on selecting appropriate vibration modes, which is heavily influenced by 
the load conditions. Constructing a synthetic database enables training 
ML algorithms to select modes that accurately represent the machine 
response. This database aims to simulate real load conditions experi
enced by the tokamak vessel, enhancing our understanding of its 
behaviour under various scenarios. Modal reconstruction has been 
extensively studied in the aeronautical field and in fluid-structure 
interaction [16], but its application in the fusion field is relatively 
novel. Therefore, this represents an innovative area of research with 
promising potential. 
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Table 3 
DB summary table reassuming the simulation strategies for each case (VDE+MD), such as: TQ trigger at different qcyl, different flux condition during the VDE phase 
(normal “No” or conservation “Co”), CQ duration (fast "F" or slow "S"). In addition, an important focus on halo currents fraction (Frhalo) is presented (peak as a 
percentage of initial Ipla [23]), together with the values of vertical plasma current centroid coordinates (Zjc) at TQ. Table shows for completeness total eddy currents 
peaks (Ieddy,max) and vertical forces (Fz,max) peaks acting on the VV structure for each case. As for the forces, contributes from VV+VSs total eddy currents and halo 
currents are considered (Fig. 10 for entire time evolutions).   

VDE MD 

Cases 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

VDE Phase (Flux 
Mode) 

No Co No No No No Co Co Co Co No No No Co Co Co – – 

CQ (Fast/Slow) S S F F F F F F F F S S S S S S F S 
TQ Trigger (qcyl) [-] 1 1 2.2 1.8 1.4 1 2.2 1.8 1.4 1 2.2 1.8 1.4 2.2 1.8 1.4 – – 

Zjc @TQ [cm] ∼ 21 ∼ 60 ∼

10 
∼

14 
∼

18 
∼

21 
∼

15 
∼

27 
∼

42 
∼ 60 ∼ 10 ∼ 14 ∼ 18 ∼ 15 ∼ 27 ∼ 42 ∼ 0 ∼ 0 

Frhalo [%] 50 50 18 21 22 23 18 21 22 23 39 42 44 39 42 44 16 32 
Ieddy,max[MA] 6.0 5.1 8.6 8.5 8.6 8.6 8.4 8.3 8.2 8.1 5.9 6.0 6.0 5.8 5.5 5.4 8.6 5.9 
Fz,max [MN] 22.0 24.7 4.5 6.4 8.6 9.7 5.6 8.1 9.9 11.3 16.8 18.4 20.5 18.2 21.3 23.2 0.6 10.1  
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