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ABSTRACT

Runaway electrons (REs) generated during disruption events in tokamaks can carry mega-Amp�ere level currents, potentially causing damage
to plasma-facing components. Understanding RE evolution during disruption events is important for evaluating strategies to mitigate RE
damage. Using two-dimensional toroidally symmetric magnetohydrodynamic (MHD) simulations in M3D-C1, which incorporates a fluid RE
model evolved self-consistently with the bulk MHD fluid, we examine the seeding and avalanching of REs during disruptions in the SPARC
tokamak – a compact, high-field, high-current device designed to achieve a fusion gain Q > 2 in deuterium–tritium plasmas. The M3D-C1
simulations of unmitigated disruptions demonstrate RE plateau formation and peaking of the final current density, which agree well with the
results of lower-fidelity reduced RE fluid models. This work provides the first systematic comparison and benchmarking of different primary
sources, including activated tritium beta decay and Compton scattering, in SPARC disruption simulations with self-consistent MHD and RE
coupling.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0272430

I. INTRODUCTION

Runaway electrons (REs) are relativistic electron populations gen-
erated by strong electric fields during tokamak operation.1–3 During
disruptions, which refer to the abrupt loss of plasma confinement typi-
cally initiated by large-scale plasma instabilities, RE beams with
�MA-level currents can be generated.1,3,4 The interaction of high-
energy RE beams with plasma facing components can cause damage,
often in the form of localized melting, vaporization, and brittle failure
of these components.4–7 This makes it important to accurately predict
RE dynamics and to develop strategies to mitigate RE impacts in high-
field high-current devices.

The thermal quench (TQ) represents the first phase of a disrup-
tion. Rapid cooling of the plasma occurs during this phase due to
enhanced heat transport caused by magnetohydrodynamic (MHD)
activity or due to strong radiative losses caused by impurity injec-
tion.3,8 The TQ is followed by the current quench (CQ), during which
the plasma current decays on a relatively slower inductive timescale.9

The high post-TQ resistivity gk of the plasma, combined with the large

post-TQ current density jk, produces a large parallel electric field
Ek ¼ gkjk. If the acceleration due to the electric field exceeds collisional
damping, which typically occurs when the field exceeds a critical value
ECH , electrons become runaway and can be accelerated to relativistic
energies.3,10–12

Various mechanisms can seed runaway electrons during a disrup-
tion event for large values of Ek=ECH . Primary sources generate new
runaway electrons from the bulk population. One such example is the
Dreicer source, which diffusively brings new electrons into the run-
away regime via small-angle collisions between bulk electrons.10 In
fusion-relevant conditions, activated sources—namely, compton scat-
tering and tritium beta decay—can become important.3,9,13,14 The
Compton source describes the scattering of � MeV-energy photons,
generated from activated walls, by bulk plasma electrons. Electrons
whose energies exceed a critical runaway energy Wc post-scattering
become new runaway electrons. Similarly, in deuterium-tritium (D-T)
plasmas, the natural beta decay of tritium produces electrons, and the
fraction of the beta distribution with energies > Wc contributes to the
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runaway source.9 Finally, the hot-tail mechanism can also be a signifi-
cant source of primary electrons, in cases that involve the collisional
energy equilibration of hot and cold electron populations.15 High-
energy electrons experience a lower collision frequency, and thus cool
slower than the bulk thermal population, providing a seed of ‘hot’ elec-
trons that can become runaways.

Once primary sources produce a runaway seed, exponential mul-
tiplication of the initial runaway seed can occur. This “avalanching”
process generates secondary runaway electrons via large-angle colli-
sional interactions between the seed runaway population and the bulk
plasma electrons.3,12,16 The avalanching process is typically responsible
for the fast time scales of exponential runaway electron growth
observed in experimental and numerical studies.1,12 The rates of pri-
mary seeding and secondary avalanching depend on various parame-
ters of the bulk plasma; therefore, the temporal evolution of these
parameters during a disruption can affect the resulting dynamics of
the CQ and RE evolution.

In SPARC, – a compact high-field (B0 ¼ 12:2T), high-current
(Ip ¼ 8:7MA) tokamak designed to achieve a fusion gain Q > 2 with
fusion power Pfus ¼ 140MW17–both unmitigated and mitigated dis-
ruptions with RE generation may occur.18 Although SPARC is
designed to be robust to disruptions and RE impacts, it will serve as a
testbed for RE mitigation mechanisms for future fusion power plants.
SPARC will be equipped with massive material injection (MMI) via
massive gas or shattered pellets,8,18,19 and the runaway electron mitiga-
tion coil (REMC),18,20,21 which deconfines REs by generating field line
stochasticity.22,23 Predictions of the RE evolution in SPARC were per-
formed previously by first modeling the disruption physics using the
3D non-linear magnetohydrodynamic (MHD) code NIMROD,24 and
by coupling the transport due to the observed MHD activity with the
RE modeling framework DREAM.20,25,26 In disruptions with neon
injection and without any REMC effects, these simulations indicated a
dominant contribution by the hot-tail seed (Iseed � 2kA), subsequently
amplified via avalanching to produce a runaway plateau current of
If � 5:5MA.26

In this framework, however, there was no feedback between the
RE evolution and the background MHD evolution. Recent work has
explored such coupling between RE and MHD physics using codes,
such as M3D,27 M3D-C1,19,28 and JOREK,29,30 which self-consistently
evolve the runaway electron population and bulk MHD plasma. Such
self-consistent modeling indicates that the coupling of REs with the
bulk MHD fluid can produce important effects, such as modifying
the growth and structure of MHD instabilities,27–29,31 and reducing the
runaway plateau in 3D.19 A coupled treatment is also important for
evaluating RE mitigation strategies, such as MMI and REMCs, which
produce significant MHD activity.

In this paper, we explore RE generation during unmitigated dis-
ruptions in SPARC, through coupled RE fluid and MHD simulations
in a two-dimensional toroidally symmetric geometry, using the
extended MHD code M3D-C1.32 Our simulations extend previous
modeling efforts by self-consistently coupling the current quench and
RE growth physics until RE plateau formation is achieved.
Furthermore, this work provides a systematic comparison of various
primary RE seeds in M3D-C1, extending primary RE generation
beyond some artificially prescribed value27,33,34 or Dreicer genera-
tion,19 to include fusion-relevant tritium beta decay and compton
sources, with applications to SPARC. We demonstrate that the type of

RE seed affects not only the final plateau current, but also the shapes of
the final current density and safety factor q. The Dreicer mechanism
dominates over the tritium beta decay and Compton seeds in these
unmitigated disruptions, demonstrating an off-axis peaking of the final
current density and a hollow q-profile. In contrast, when the Dreicer
term is artificially suppressed, the activated sources produce a much
smaller RE plateau and generate a more strongly peaked (on-axis) final
current density profile with a low on-axis safety factor q0 < 1. This
work also benchmarks the M3D-C1 results against simpler RE fluid
models,9,12 which demonstrate good agreement with the higher-
fidelity M3D-C1 results, producing similar plateau currents, RE satura-
tion times, and peaking of the final current density. Finally, we note
that the simulations in this paper represent the first self-consistent RE
and MHD simulations of SPARC disruptions, providing valuable
insight into the relevance of various RE generation mechanisms in
SPARC, and a basis for comparison of additional effects such as impu-
rity injection and three-dimensional (3D) MHD activity.

The paper is structured as follows — in Sec. II, we describe the
simulation setup, initial and boundary conditions, and the relevant
runaway electron physics incorporated into the M3D-C1 model. In
Sec. III, we describe post-thermal quench conditions, the resulting cur-
rent quench, and the RE evolution. In particular, we compare results
for a base case, where RE generation is artificially suppressed, against
cases where the REs are seeded via different primary mechanisms.
Section IV provides analysis and discussion of key simulation results,
and compares the M3D-C1 results with simpler reduced models.
Finally, we reiterate key conclusions and outline future work in Sec. V.

II. METHODOLOGY
A. Runaway electron fluid model

M3D-C1 is an extended MHD initial value code that employs
high-order C1 continuous finite elements in three dimensions.32 In
these simulations, we use a fluid runaway electron model, the M3D-C1
implementation of which is described in Zhao et al. Here, we reiterate
key aspects of the RE fluid model for the reader’s convenience. The cou-
pling between the MHD and RE fluid equations is achieved primarily
through the runaway current density jRE ¼ �enREvRE ¼ j� jth, where
e is the electron charge, nRE and vRE are the runaway electron density
and velocity, respectively, j is the total current density, and jth is the cur-
rent density carried by the bulk MHD fluid. The RE current density jRE
couples with the MHD equations via the momentum and energy equa-
tions, and through resistive Ohm’s law.19,28 The MHD equations are
closed by describing a set of fluid equations for the RE population, as
shown below

@tnRE þr � nREvREð Þ ¼ SRE
vRE ¼ vkbþ vE�B

ni ¼ ne þ nRE:
(1)

Here, vk is the runaway electron velocity along the local magnetic
field unit vector b, vE�B is the E� B drift velocity, and ni and ne
are the ion and (thermal) electron densities, respectively. SRE
¼ SP þ cAnRE represents the source term in the RE continuity equa-
tion, and has contributions from both primary SP and secondary
avalanching cAnRE. The primary and secondary source terms are, in
general, kinetic processes; however, we can approximate their contri-
butions using analytical approximations. The (classical) Dreicer10,11

and Rosenbluth–Putvinski avalanching16 sources were previously
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implemented in M3D-C1,19 and are described in Appendix A. In the
present work, we additionally consider the contributions of the tritium
beta decay and Compton scattering sources, the implementation of
which is described below.

We model the tritium beta decay source using:9

Sb ¼ ln 2
nT
s

ðWmax

Wc

fbðEÞdE: (2)

Here, nT is the tritium density, s � 4500 days is the tritium
half-life, Wmax ¼ 18:6keV is the maximum energy of the b-electrons,
fbðEÞ is the normalized b energy spectrum,35 and Wc

¼ mec2½ð1þ 1=E�Þ1=2 � 1� is the critical runaway energy described
earlier in Sec. I, defined in terms of the normalized electric field
E� 	 Ek=ECH ¼ Ek=½e3ne lnK=ð4pe20mc2Þ�, where ECH is the critical
Connor-Hastie electric field.11 Figure 1(a) shows the variation of the
tritium beta rate Sb=nT with critical runaway energy Wc. As Wc ! 0,
the rate approaches a maximum value Sb=nT � 1:8� 10�9s�1. For
Wc > 18:6keV, which represents the maximum energy of beta elec-
trons, the rate drops to 0.

Similarly, the Compton source is given by Martín-Solís et al.9

SC � ne;tot

ð
Wc

Cc Ecð Þr Ecð ÞdEc; (3)

where, ne;tot is the total electron density including free and bound con-
tributions, CcðEcÞ is the energy spectrum of the c-flux in terms of the
photon energy Ec, and rðEcÞ is the compton scattering cross section,
which can be obtained by integrating the Klein–Nishina differential
cross-section over scattering angles greater than a critical value
required to generate runaways [see Eq. (29) in Martin-Solis et al.]. The

prompt c-flux CðEcÞ inside the SPARC vacuum vessel (see
Appendix B) was obtained from OpenMC simulations of neutron
and photon transport, assuming a fusion power of 140MW.36,37 The
resulting compton rate SC=ne;tot is shown in Fig. 1(b). The maximum
Compton rate, obtained for low values of Wc, is expected to be
SC=ne;tot � 4� 10�11s�1. We note that volumetric c-generation from
the bulk plasma, and geometric corrections to the c-flux are not
included in the present work.

Previous modeling of SPARC disruptions using non-MHD codes
such as DREAM14,26 and CODE18 have also considered hot-tail gener-
ation. In these simulations, a kinetic treatment is adopted, where the
two-dimensional RE momentum-space distribution function is
evolved to calculate the hot-tail contribution. In our M3D-C1 simula-
tions, a direct implementation of the hot-tail seed is unavailable; how-
ever, to mimic the hot-tail contribution, we initialize one of the
simulations with a 10kA seed current. Previous DREAM results pre-
dict a hot-tail seed of roughly 2 kA,26 therefore our 10 kA initial seed
provides a comparatively conservative calculation of RE generation in
SPARC with hot-tail generation.

B. Geometry and initial conditions

We simulate disruptions of the primary reference discharge
(PRD) in SPARC—which describes a D-T H-mode plasma with
plasma current Ip ¼ 8:7MA, toroidal magnetic field B0 ¼ 12:2T, and
volume-averaged density and temperatures hnii � 3� 1020m3 and
hTei � 7keV.17,18,26

The initial distribution of the equilibrium poloidal flux WðR;ZÞ
is shown in Fig. 1(c), while the initial distributions of the flux-averaged
electron density ne, electron temperature Te, and toroidal current

FIG. 1. (a) Variation of the tritium beta decay rate with critical runaway energy Wc. (b) Variation of the Compton rate with critical runaway energy Wc, calculated using the esti-
mated prompt c-flux in the SPARC vacuum vessel. (c) Equilibrium distribution of the poloidal flux [Tm2] at t ¼ 0ms. White contours show lines of constant flux. (d–f) Variation
of the flux-averaged electron density, electron temperature, and toroidal current density as a function of the square root of the normalized poloidal flux wN at t ¼ 0ms.
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density j/ are shown in Figs. 1(d)–1(f). As illustrated in Fig. 1(c), we
use a simplified SPARC geometry, comprising a resistive first wall (in
red), while the inner vessel (in blue) marks the boundary of the simula-
tion domain. The minor and major radii are a ¼ 0:57m and
R0 ¼ 1:85m, respectively. We use a perfectly conducting boundary
condition at the inner vessel, and set the resistivity to g � 3�10�3Xm
in the region between the first wall and the inner vessel. The high resis-
tivity enables RE solutions for the resistive wall case,12 and limits
induced currents of large magnitude, given that the first wall and vac-
uum vessel do not provide a toroidally continuous conducting path.
To examine the effect of wall conductivity, a limited number of simula-
tions were also run with a perfectly conducting (and simplified) first
wall. The simulation domain is discretized using an unstructured finite
element mesh, and the MHD and RE fluid equations are solved in the
plasma region enclosed within the first wall. The simulations are per-
formed in 2D with toroidal symmetry, which means that MHDmodes
with toroidal mode numbers n > 0 are not captured in our simula-
tions (in contrast, previous NIMROD simulations capture modes with
n 
 126) Such 3D MHD activity can lead to RE losses by generating
field line stochasticity.20,23,38,39 Since such losses are suppressed in 2D,
the simulations in this paper represent the largest RE currents achiev-
able for a given case. However, we note that magnetic islands formed
via 3DMHD activity can also trap and confine REs to some extent.23

We consider various cases, including simulations with (a) no
RE sources, (b) a constant initial RE seed current, (c) Dreicer
source only, and (d) activated sources only. In each of these simula-
tions, we use the same simulation geometry and an identical set of
initial conditions (as shown in Fig. 1). The simulations here assume
an idealized disruption, where we do not directly model any impu-
rities. We trigger an artificial thermal quench (TQ) by setting the
value of the perpendicular thermal conductivity to a large value
v? � 1:5� 105m2s�1, which causes rapid losses of thermal energy
via conduction, similar to TQ initiation in other disruption simula-
tions.26,33,40,41 To keep the temperature low in the post-TQ plasma
without modeling impurity radiation, we keep the value of v? con-
stant over the duration of the simulation. Therefore, we implicitly
assume that some mechanism (such as magnetic stochasticity and/
or impurity injection from the first wall) prevents the post-TQ tem-
perature from rising, providing a pessimistic scenario for RE gener-
ation, compared to a case with re-heating. In the case where the
post-TQ plasma subsequently re-heats, the RE growth rate may be
reduced, while the CQ time is expected to be longer.

The RE sources are turned off during the TQ, such that there is
no RE generation and growth during this phase. The sources are then
turned on post-TQ for t > 0:32ms. We turn off RE generation during
the TQ, mainly because of numerical challenges with evolving the REs
during this period, necessitating a very small time step for conver-
gence. A simulation in which the RE generation was turned on from
the start and resolved with a small time step did not exhibit a signifi-
cant change in the subsequent RE dynamics.

Furthermore, in these simulations, the plasma resistivity is mod-
eled using parallel Spitzer resistivity gk / 0:51ZeffT�3=2

e , with the
exception of a simulation described in Sec. IV, where we artificially
increase the resistivity to 2� gk to examine the sensitivity of Dreicer
generation to the post-disruption electric field.

We model the MHD fluid as a single species deuterium plasma,
without any impurities. Although the plasma is modeled as a single

deuterium species, the contribution of tritium beta decay to RE genera-
tion is accounted for by assuming that the tritium density is half the
total ion density. We also note that impurities can affect the rates of
the RE sources described in the previous subsection.42–44 For instance,
partial screening due to partially ionized impurities can significantly
reduce the Dreicer rate.43 The Compton rate can also be higher for
large impurity fractions, since the compton source scales with the total
electron density ne;tot [Eq. (3)]. Similarly, impurities can modify the
critical runaway energy Wc,

42 and enhance the avalanching rate as a
result of collisions between runaway and bound electrons.44 Finally,
impurities not only provide radiative cooling but they can also generate
MHD instabilities, which can have important effects on the temporal
evolution of the bulk plasma parameters, necessitating a 3D treatment
for accurate modeling.45 While the present work does not directly
include these effects, our results provide an important understanding
of RE dynamics in unmitigated disruptions, self-consistently simulat-
ing RE evolution with the MHD equations, and analyzing the rele-
vance of different RE source terms in the SPARC tokamak. The effects
of impurity injection and 3D MHD activity will be pursued in a future
publication.

III. RESULTS
A. Thermal quench

As mentioned in Sec. IIB, we model the TQ identically in each
simulation. The temporal evolution of the total thermal energy during
the TQ is shown in Fig. 2(a). The thermal energy decays rapidly
because of cross field thermal diffusion, generated by a large value of
the perpendicular thermal diffusivity v?. The e-folding time of the
exponential decay is roughly consistent with the thermal diffusion
time sdiff : � a2=v? � 0:002ms. Thermal equilibrium is reestablished
around tTQ � 0:05ms, and the thermal energy reaches a plateau of
about 0:05MJ. We note that this time is consistent with the shortest
fast TQ durations (�50ls) estimated for SPARC.18 Figure 2(b) shows
the distribution of the electron temperature Te in the poloidal plane at
t ¼ 0:32ms, which is when the RE generation is turned on. By this
time, the core temperature has fallen from about Te � 20keV initially
to about Te � 40eV. The post-TQ temperature is set primarily by the
balance between thermal conduction and Ohmic heating.33,40 There is
no bulk motion of the plasma during the TQ.

Figures 2(c)–2(g) show the post-TQ flux-averaged values of vari-
ous plasma quantities at t ¼ 0:32ms. The large drop in the electron
temperature causes a large plasma resistivity [see Fig. 2(e)]. In these
simulations, we use the parallel Spitzer resistivity, which scales with
temperature as gk � T�3=2

e , causing the resistivity to rise by a factor of
> 104. The toroidal current density [Fig. 2(f)] remains large, and simi-
lar to its value at t ¼ 0ms [see Fig. 1(f)]. We note that an Ip spike is
not observed in these 2D simulations. Although small Ip spikes can be
observed in 2D simulations of thermal quenches where a significant
change in the inductance occurs, this effect is typically associated with
3D MHD activity46,47 and/or helicity transport48 not captured in these
simulations. The combination of large plasma resistivity and high par-
allel current density jk � j/ of the post-TQ plasma results in a large
parallel electric field Ek ¼ E � b ¼ gkjk [Fig. 2(g)].

The post-TQ parallel electric field normalized in terms of the
Connor-Hastie critical field ECH / ne

11 and the Dreicer electric field
ED / ne=Te

10 are shown in Figs. 2(h)–2(i). The value of Ek=ECH is
large, increasing from roughly Ek=ECH � 200 near the core to about
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Ek=ECH � 500 near the edge. These large values of Ek=ECH � 1 are
expected to produce REs through primary and secondary mechanisms.
The Dreicer term is sensitive to Ek=ED (see Appendix A), which has a
maximum value of about 0.02, corresponding to a Dreicer rate of cD
¼ SD=ne � 0:07s�1 as shown in Fig. 2(j). For the given values of
Ek=ECH � 200� 500, the critical runaway energy isWC < 1keV. The
resulting tritium beta and compton rates [Fig. 2(k)] are therefore
roughly uniform and close to their maximum values, as seen from
Figs. 1(a) and 1(b). However, these rates are much lower than the
Dreicer rate observed in Fig. 2(j). Finally, Fig. 2(l) shows the avalanch-
ing rate cA. The term s�1ðEk=ECH � 1Þ � ECHð1� Ek=ECHÞ in Eq.
(A2) dominates the shape of the avalanching rate, while the factor f
(varying between f � 0:4� 1 for SPARC) provides a geometric cor-
rection (see Appendix A). The rate is high cA � 1� 103s�1 forffiffiffiffiffiffiffi
wN

p
< 0:75, and then falls sharply near the edge. The next subsec-

tions describe how these RE generation rates in the post-TQ plasma
affect the current quench dynamics. Recent studies have shown that in
the limit of large electric fields, avalanching may be more efficient than
that predicted by the Rosenbluth–Putvinski model,49 such that it may
be reasonable to ignore the toroidal correction factor f. Ignoring this
correction raises the avalanching rate, and for seed values on the order

of 10kA, we may expect the plateau current to be higher by about 10%.
For simplicity, however, we keep the correction factor f in the follow-
ing M3D-C1 simulations.

B. Current quench and runaway electron evolution

In the absence of any runaway electron sources, the plasma
current simply decays with time, as shown in Fig. 3(a). The plasma
current falls from an initial value of Ip ¼ 8:7MA to about 4MA
over 10ms since the start of the TQ. For a constant inductance
L 	 2Wmag=I2p , where Wmag is the total magnetic energy within the
conducting inner vessel wall, we expect the plasma current to
decay exponentially IpðtÞ ¼ I0 expð�t=sCQÞ, with a characteristic
inductive time sCQ ¼ L=R ¼ lsg=4.

12 Here, R is the plasma resis-
tance, l ¼ 2L=ðl0R0Þ is the normalized inductance, and sg ¼
a2=ðg=l0Þ is the resistive time. Figure 3(b) demonstrates that the
normalized inductance l varies between l � 1:5� 1:6 for
0 < t < 10ms. The dashed line in Fig. 3(a) shows the analytical
result, calculated using the mean value of the post-TQ resistivity
[see Fig. 2(e)] and the inductance L � 1:8lH, demonstrating good
agreement with the M3D-C1 result.

FIG. 2. (a) Evolution of the total thermal energy during the thermal quench. The thermal energy decays rapidly due to thermal diffusion across the poloidal plane. (b)
Distribution of the electron temperature in the poloidal plane at t ¼ 0:32ms. (c–g) Flux-averaged values of (c) electron density, (d) electron temperature, (e) resistive diffusivity,
(f) toroidal plasma density, and (g) the parallel electric field at t ¼ 0:32ms. The parallel electric field at 0.32 ms normalized using the (h) Connor-Hastie critical field ECH , and (i)
the Dreicer field ED. (j) The Dreicer source rate SD=ne, and (k) tritium beta Sb=nT , and prompt Compton rate SC=ne at t ¼ 0:32ms. We multiply the Compton rate by a factor
of 10 for readability. (l) The Rosenbluth–Putvinski avalanching rate cA.
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Figure 4 shows the M3D-C1 results for an initial RE seed cur-
rent of Iseed ¼ 10kA. The seed is applied by scaling the initial plasma
current density shown in Fig. 1(f). All other primary sources were
artificially suppressed in this simulation. The temporal evolution of
the plasma current Ip and RE current IRE is illustrated in Fig. 4(a).
The plasma current Ip falls from an initial value of � 8:7MA after
the TQ, and the RE current IRE rises simultaneously. The current
evolution saturates around 10ms. The REs become the dominant
current carrier, reaching a plateau of about If � 6MA. The tempera-
ture changes slowly after the initial TQ with the growing RE current,
because of reduced Ohmic heating as the RE current increases.
When plateau formation occurs, the temperature falls rapidly and
becomes equal to the (artificially set) boundary temperature of
about 7 eV.33 Figures 4(c)–4(e) show how the distribution of the RE
current density jRE in the poloidal plane changes with time. The RE
current density is high at the core and decreases toward the edge.
This can be observed more clearly in Fig. 4(b), which shows the
toroidal current density j/ðRÞ along Z ¼ 0m at 10ms. Compared to
the initial current density, the final current is more peaked and
spans a smaller extent in the R-direction, resulting in a higher inter-
nal inductance li � 1:4, compared to the initial value liðt ¼ 0msÞ
� 1:1. The value of the internal inductance is calculated from the
magnetic energy enclosed within the last closed flux surface. Finally,
we note that although the current density near the core exceeds its
initial value, the integrated value Ip ¼

Ð
j/ðR;ZÞdAp over the poloi-

dal cross-sectional area Ap is lower at t ¼ 10ms.

FIG. 3. (a) Evolution of plasma current Ip with time calculated by M3D-C1 for the
simulation with no RE sources. The black dashed line represents the analytical
solution for the current decay IpðtÞ ¼ I0 expð�t=sCQÞ, where sCQ is the inductive
time of the plasma. (b) Evolution of normalized inductance l with time, as calculated
by M3D-C1.

FIG. 4. (a) Evolution of plasma current Ip and RE current IRE for a disruption simula-
tion with a 10kA initial seed current and no other primary sources. (b) Toroidal cur-
rent density profile along Z ¼ 0m at 10 ms [red, solid] and 0.3 ms [blue, dashed].
Here, R0 ¼ 1:85m is the major radius. (c–e) Distribution of the RE current density
jRE in the poloidal plane at different times.

FIG. 5. (a) Evolution of plasma current Ip and RE current IRE for a disruption simula-
tion with only the Dreicer primary source. (b) Toroidal current density profile along
Z ¼ 0m at 10 ms [red, solid] and 0.3 ms [blue, dashed]. Here, R0 ¼ 1:85m is the
major radius. (c–e) Distribution of the RE current density jRE in the poloidal plane at
different times.
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Figure 5(a) shows the plasma and RE currents as a function of
time for the simulation with only the Dreicer primary source. This
simulation was initiated with a zero seed RE current, and all other pri-
mary sources were turned off. Similar to the previous case, the RE cur-
rent rises and saturates at around 10ms. The plateau current is
If � 7MA, higher than the case with the 10kA initial seed. Figures
5(c)–5(e) show that the RE current density jRE distribution in the
poloidal plane is inhomogeneous — we observe a hollow density pro-
file at 1:6ms [Fig. 5(c)] and 5:2ms [Fig. 5(d)], with a peak in jRE
around r � 0:2� 0:3m. This is also apparent in Fig. 5(b), which
shows the toroidal current density j/ðRÞ along Z ¼ 0m at 10ms. In
addition to a peak near the core, we observe an off-axis concentration
of the current density. The generation of this current density profile
will be discussed in more detail in Sec. IV.

Finally, we present results for the case with only activated
sources—tritium beta and Compton—in Fig. 6. The tritium source is
computed using Eq. (2), assuming that half of the plasma fuel is com-
posed of tritium, i.e., nT ¼ 0:5ni. The Compton contribution is given
by Eq. (3); however, for these low post-TQ temperatures, we model the
effect of non-prompt c-flux, by multiplying the prompt flux by a factor
of 10�3, similar to previous modeling efforts.14 As noted earlier, the
rates of the activated sources are near their maximum values right after
the TQ, and without any significant impurities, the activated rate is
dominated by the tritium term. As observed in Fig. 6(a), the RE cur-
rent increases from a small value, because for the small magnitude of
seed provided by the activated sources [as seen in Fig. 2(k)], and is
amplified via avalanching to eventually produce a plateau current of
about 2MA. The time required for plateau formation is much slower
than the previous cases — saturation occurs at around 20ms, com-
pared to around 10ms with the Dreicer source. The final distribution
of the RE current density is shown in Fig. 6(b). We observe high cur-
rent density near the core; the current density spans a significantly
smaller extent in the poloidal plane, and the magnetic axis has shifted
toward the inboard side. This is further confirmed by Fig. 6(c), which

shows a highly peaked toroidal current density distribution, and signif-
icant contraction of the current density in the R-direction at 21ms.

IV. DISCUSSION
A. Discussion of M3D-C1 results

Table I summarizes the M3D-C1 simulation results. The Dreicer
seed dominates in the unmitigated disruptions, as seen both from the
large rate of the Dreicer generation, compared to that of the activated
sources, in the post-TQ plasma [see Figs. 2(j) and 2(k)], as well as from
the relatively higher RE current (If � 7MA) and earlier RE saturation
observed in the Dreicer case (see Fig. 5). A simulation performed with
all sources turned on simultaneously produces results identical to the
Dreicer only case, given the substantially larger contribution of the
Dreicer term. During the initial stages of RE growth, when IRE � Ip
immediately following the TQ, we expect the avalanching cava and pri-
mary rates Sp to be roughly invariant in time. During this early stage,
the RE current can be described as IREðtÞ ¼ Iseedecavat � ðIseed � I0Þ,
where Iseed ¼ I0 þ

Ð
eðSp=cavaÞvk � dAp is the total seed current ampli-

fied by avalanching, and I0 is the initial value of the RE current. The
M3D-C1 results reproduce this expected evolution at early times. The
seed currents for the Dreicer and activated cases are about 55 kA and
1� 10�3A, respectively.

Activated sources generate a much smaller plateau current
If � 2MA, as shown in Fig. 6, comparable to predictions made by
other RE modeling frameworks such as DREAM for SPARC-like con-
ditions.14 As noted earlier in Sec. III.1, the tritium beta source exceeds
the compton source by several orders of magnitude in the post-TQ
plasma. However, as the RE current increases and the electric field
Ek=ECH consequently falls (and Wc increases), the tritium beta source
is suppressed first. This is because, as seen from Fig. 1(a), while the tri-
tium beta source turns off completely for critical energies
Wc > 18:6keV, the compton contribution does not fall significantly
until Wc � 100keV. However, since Ek=ECH rises on the avalanching
timescale, and given the much smaller compton source in our case, the
additional time that the compton source is important does not signifi-
cantly change the resulting RE dynamics.

A similar argument also applies when Ek=ECH rises rapidly dur-
ing the TQ – the compton seed is expected to become important first
compared to the tritium seed. Furthermore, the contribution of
prompt c-s, which exceed that of the delayed (non-prompt) c flux will
be important at high temperatures. While we do not simulate RE gen-
eration during the TQ in our simulations, the relative contributions of
the activated sources will likely vary with the TQ timescale. For

FIG. 6. (a) Evolution of plasma current Ip and RE current IRE for a disruption simula-
tion with only the tritium beta and Compton sources. (b) Distribution of the RE cur-
rent density jRE in the poloidal plane at 21 ms. (c) Toroidal current density profile
along Z ¼ 0m at 21 ms [red, solid] and 0.3 ms [blue, dashed]. Here, R0 ¼ 1:85m is
the major radius.

TABLE I. A summary of M3D-C1 simulation results, showing the plateau current If ,
final normalized internal inductance li , and the final safety factor on-axis qð0Þ. In
each simulation, the initial values are Ip � 8:7MA, li � 1:1, and qð0Þ � 0:93.

Source Wall If ½MA� Final li Final qð0Þ
10 kA Seed Resistive 6.2 1.4 0.6
Dreicer Resistive 6.8 1.3 1.0
Dreicer (2� gk) Resistive 7.8 1.2 1.0
Activated Resistive 2.3 2.1 0.3
Dreicer Conducting 5.3 1.6 1.0
Activated Conducting 0.5 2.3 0.6
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instance, the maximum possible prompt compton contribution
(assuming Wc ! 0), for TQ times between 0:1� 1ms and ne � 1
�1020m3, is approximately nC � SCsTQ � 105 � 106 m3. In reality,
not all of these energetic electrons will runaway since the temperature
must fall sufficiently for the electric field to exceed the critical value,
but they can persist on the order of collisional timescales to generate a
population of non-thermal energetic electrons that can be accelerated
when Ek becomes greater than ECH . The slowing down time for elec-
tron energies in the range 0:1� 1MeV is about � 10�3 � 10�1s,50

indicating that some of the energetic electrons produced by compton
scattering of prompt c-s may provide a delayed RE source after the
TQ. This analysis, however, is beyond the scope of the current work
and likely requires a kinetic treatment of the non-thermal electron
population.

The type of seed not only affects the RE plateau current but also
affects the shape of the final current density profile. In each of the sim-
ulations, we observe a on-axis peaking of the final current density j/,
resulting in an increase in the normalized internal inductance li (see
Table I). Peaked current density profiles are characteristic of RE gener-
ation,1,12,19,20,51 and are related to the radial diffusion of the electric
field during avalanching.51,52 We observe that the peaking is highest
for activated sources [Fig. 6(c)], where the initial RE seed is the small-
est, reaching a final normalized inductance of li � 2:1. This is consis-
tent with previous results that indicate a stronger peaking of the
current profile for lower RE seeds.12

The peaking of the current profile can have important conse-
quences for MHD stability. Figure 7 shows the final safety factor q pro-
file in each simulation. For the prescribed initial seed and the activated
sources, the safety factor on-axis q0 falls below 1. Low safety factors are
associated with poor MHD stability – in 3D, we may expect the excita-
tion of internal kink, resistive kink, or tearing modes that modify the
subsequent evolution of the plasma and RE dynamics.27,31,39 For the
Dreicer source, the safety factor initially falls (li is maximum around
4ms for the Dreicer simulation), as shown in Fig. 7. The final safety
factor is q > 1 in this case, and demonstrates a hollow profile, which
can be susceptible to tearing-type modes.53 The final on-axis safety fac-
tors achieved in each simulation are summarized in Table I.

In disruptions with the prescribed initial seed and with the
activated sources, which provide a mostly uniform initial RE seed,
the final current density peaks near the core. In the disruption with
the Dreicer seed, however, the current density exhibits an addi-
tional off-axis peak, as observed in Fig. 5. As illustrated in Fig. 2(g),
the parallel electric field is maximum off-axis near

ffiffiffiffiffiffiffi
wN

p � 0:7,
given increasing g � T�3=2

e and decreasing jk with the minor radius
r. The normalized field Ek=ED is also maximum around this flux
surface [Fig. 2(i)], and so is the Dreicer rate [Fig. 2(j)]; however,
the peak in the Dreicer rate is much sharper than that in Ek=ED,
given the exponential dependence of the rate on Ek=ED.
Consequently, primary electrons are preferentially seeded and
eventually amplified near the

ffiffiffiffiffiffiffi
wN

p � 0:7 flux surface, resulting in
the off-axis peaking of the RE current seen in Fig. 5.

The exponential sensitivity of the Dreicer rate on Ek=ED can
have important consequences for the RE dynamics. To illustrate
this, we repeat the simulation with Dreicer generation, but
artificially increase the plasma resistivity g by a factor of 2.
Figure 8 shows the results. The maximum value of Ek=ED in the
post-TQ plasma is about 0.03, compared to about 0.02 in the previ-
ous case. Note that Ek=ED has not increased by 2� because
increased Ohmic heating gjjj2 in the higher resistivity case raises
the post-TQ equilibrium temperature. Despite the relatively small
change in Ek=ED, the Dreicer rate increases by roughly 2 orders of
magnitude, as shown in Fig. 8(b). The larger seed, therefore, results
in earlier plateau formation (saturation time � 4ms), and a higher
RE plateau (If � 8MA), as seen in Fig. 8(c).

In each of the simulations, we also observe that the current con-
tinues to rise slowly after the initial plateau formation, which is a char-
acteristic of the external magnetic field diffusion into the plasma
volume through the resistive wall.12 Indeed, despite the large resistivity
of the first wall-inner vessel region, wall currents on the order of �
10� 20kA are generated during the CQ in our simulations. To exam-
ine the impact of wall conductivity, we repeat the simulations with a

FIG. 7. Safety factor q as a function of the normalized poloidal flux computed by
M3D-C1. For the Dreicer source (blue), we show q at 4ms and at 10ms. For the
prescribed initial 10 kA seed (green) and the activated sources (orange), we show q
at 10ms and 21ms, respectively.

FIG. 8. (a) The flux-averaged parallel electric field normalized by the Dreicer field
ED at 0.32ms for the higher resistivity case. (b) The flux-averaged Dreicer genera-
tion rate for the higher resistivity case. (c) The plasma and RE current evolution for
the higher resistivity case with only the Dreicer source. The lower resistivity case
(see Fig. 5) is reproduced here (dashed lines) for comparison.
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perfectly conducting first wall to prevent any coupling with external
magnetic fields. The results are shown in Fig. 9. As expected, these sim-
ulations demonstrate a lower plateau current since magnetic energy
outside the conducting first wall is unavailable for runaway conversion,
and the final current remains constant in time after plateau formation.
For the Dreicer case, the plateau current with the conducting first wall
is If � 5:3MA, while that for the activated case is about If � 0:5MA.
Consistent with the resistive first wall simulations, we observe an off-
axis peaking of the final current density in the Dreicer case, while
strong on-axis peaking is observed for the activated case.

Previous predictions of RE generation in unmitigated simulations
were presented by Sweeney et al.Here, the RE fluid code GO was cou-
pled with the kinetic solver CODE to evolve runaway generation in
SPARC-like conditions. Like our M3D-C1 simulations, these
GOþCODE simulations did not directly model impurities, but pre-
scribed an artificial TQ, assuming a final temperature of about 20 eV.
For tTQ ¼ 0:1ms, which is close to the TQ time in our M3D-C1 simu-
lations, Sweeney et al. predict that about 87% of the initial plasma cur-
rent is converted to runaway current over a period of about 6ms,
providing a plateau of roughly 7.5 MA. This prediction is largely
consistent with our M3D-C1 result, where we see plateau currents of
7� 8MA formed around 5–7ms.

B. Comparison with reduced RE fluid models

To gain further insight into the M3D-C1 results, we compare
them to simpler reduced models of RE generation. Such models have
been used extensively in the literature to predict and understand the
behavior of REs in different tokamaks.1,9,12,51,54 First, we consider a 0D
model, which is obtained by integrating the induction equation over
the poloidal area Ap, and expressing the magnetic flux U 	 LIp in
terms of the total inductance L and total plasma current Ip:

12

dt Ip � �2pR0Ek=L

Ek ¼ gkðIp � IREÞ=ðpa2Þ
dt IRE ¼ dt IREð Þprimary þ dt IREð Þavalanche:

(4)

Equation 4 represents an initial value problem with two coupled
ordinary differential equations, where the coupling is achieved via the
parallel electric field. We have additionally assumed a constant induc-
tance L, and neglected any RE losses and coupling with the vessel.
Furthermore, the 0D model does not include any dependence on the
spatial profile of the relevant plasma quantities. Nevertheless, this
model can be used to gain qualitative insight into the relative impor-
tance of primary sources and ensuing RE evolution for SPARC-like
conditions. In the absence of any RE current IRE , Eq. (4) reduces to
dtIp � �2pR0gkIp=ðLpa2Þ, which can be solved exactly, giving the
exponential decay IpðtÞ ¼ I0 expð�t=sCQÞ, shown earlier to be a good
match to the M3D-C1 result in Fig. 3(a).

Figure 10(b) shows the solutions of the reduced 0D model for
SPARC-like conditions. In each case, we use a density ni ¼ 3
�1020m3, equal to the volume-averaged ion density for the SPARC
PRD case, and inductance L � 1:8lH, as calculated by M3D-C1 for
the initial equilibrium shown in Fig. 1. The TQ is prescribed as
TeðtÞ ¼ Tf þ ½T0 � Tf �e�t=sTQ , using representative values of initial
T0 ¼ 20keV and final temperatures Tf ¼ 10eV, and the RE seed and
avalanching terms are calculated using the equations shown in Sec. II.
Using these values, we roughly match the maximum value of Ek=ED
� 0:02 observed in the M3D-C1 result [Fig. 2(i)]. The 0D results
largely agree with the higher-fidelity M3D-C1 simulations [reproduced
in Fig. 10(a)], producing similar RE plateau currents IRE currents in
each case. As observed in Fig. 10(b), the Dreicer source produces the
largest RE current and the earliest plateau formation, followed by the
10kA initial seed case, which shows a slightly lower plateau, similar to
the M3D-C1 result. The activated sources generate the lowest RE pla-
teau and demonstrate the slowest plateau formation, again consistent
with the M3D-C1 results (Fig. 6). When all sources are turned on,
including the 10kA initial seed, the 0D result is identical to the Dreicer
only case, demonstrating the dominant effect of the Dreicer term for
the given conditions.

As noted earlier, the 0D model assumes a constant inductance L,
which does not capture changes to the spatial distribution of the cur-
rent density with time. A 1D description can help incorporate this
effect. This model can be obtained by taking the curl of the induction
equation, and computing the component along the local magnetic field
direction b:12

l0
@jp
@t

¼ 1
r
@

@r
r
@Ek
@r

� �

@jRE
@t

¼ djRE
dt

� �
primary

þ djRE
dt

� �
avalanche

Ejj ¼ gjj jp � jREð Þ:

(5)

Here, jp and jRE are the total plasma current density and the RE
current density respectively, and r is the minor radius. The 1D model
involves two partial differential equations, coupled using the electric
field Ek. We solve Eq. (5), along with the symmetry @r jREðr ¼ 0Þ ¼
@r jpðr ¼ 0Þ ¼ 0 and conducting wall Ejjðr ¼ aÞ ¼ 0 boundary condi-
tions, using an explicit finite difference scheme. We use the flux-

FIG. 9. Results of M3D-C1 simulations with a perfectly conducting first wall. (a) The
plasma and RE current evolution for Dreicer only case. The plateau current is lower
compared to the resistive wall case, and the final current remains constant in time
after plateau formation. (b) Initial [blue, dashed] and final [red, solid] profiles of toroi-
dal current density along Z ¼ 0m. (c-d) Current evolution, and initial [blue, dashed]
and final [red, solid] profiles of toroidal current density along Z ¼ 0m for the acti-
vated sources only case.
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averaged quantities in the post-TQ plasma calculated by M3D-C1
[Figs. 2(c)–2(g)] directly as initial conditions for the problem. The
electron density changes to maintain quasi-neutrality ni ¼ ne þ nRE,
consistent with the M3D-C1 implementation, and as noted earlier in
Sec. III, since the thermal diffusion time is much shorter than the CQ
time, we determine the temperature from the steady-state balance
between thermal conduction and Ohmic heating. We note that in
addition to the perfectly conducting wall, this model also assumes no
RE losses and a cylindrical geometry. Although the 1D model can be
extended to include additional effects, such as a resistive wall,12,22,51

plasma elongation,54 or RE losses,12,22 in this current work we neglect
these corrections for simplicity.

1D calculations of the plasma and runaway current evolution are
shown in Fig. 10(c). The 1D results reproduce both the plateau cur-
rents and the RE growth time scales well. The plateau currents are
slightly lower than in the M3D-C1 simulations described in Sec. III
[and reproduced in Fig. 10(a)], which is expected given the conductive
wall boundary condition imposed in the 1D reduced model. We show
the final runaway current density profiles jRE, as calculated by the 1D
model, in Fig. 10(e). In each case, the final current density exhibits
comparable magnitudes and a peaked structure, consistent with the
M3D-C1 results [reproduced in Fig. 10(d)]. The 1D model also repro-
duces the off-axis peaking of the current density in the Dreicer case,
and the strong on-axis peaking observed in the activated case, consis-
tent with the M3D-C1 result.

The good agreement observed between the higher fidelity M3D-
C1 results and the reduced 0D/1D models not only enables

benchmarking of our simulation results, but also provides fast, efficient
models to examine RE evolution under simplified conditions. While
the 0D model can provide fast predictions of the plateau current for
different primary seeds, the 1D model can additionally predict changes
to the current density profile, given initial profiles of the relevant
plasma quantities.

V. CONCLUSIONS

We perform 2D coupled magnetohydrodynamic (MHD) and
runaway electron (RE) fluid simulations of unmitigated disruption
events in the SPARC tokamak. We reiterate that although SPARC may
experience some unmitigated disruptions, massive material injection
(MMI) will be routinely used, where possible, for disruption mitiga-
tion.18 Our simulation results are compared for various cases, includ-
ing with no RE sources, a constant initial RE seed current, Dreicer
source, and finally, with activated tritium beta decay and compton
scattering sources. In each case, we observe RE growth and eventual
saturation, with a peaking of the final current density profile, consis-
tent with RE beam formation. For the given conditions, the Dreicer
term dominates over the other sources, producing the fastest satura-
tion time, and eventual plateau of If � 7MA [Fig. 5(a)]. The Dreicer
simulation also demonstrates strong off-axis peaking of the final RE
current [Fig. 5(b)], which is consistent with the off-axis maximum in
the parallel electric field, and the strong exponential dependence of the
Dreicer term on the normalized field Ek=ED. When the Dreicer term is
artificially suppressed, RE seeding by the activated sources produces a
much smaller If � 2MA plateau current [Fig. 6(a)]. The final current

FIG. 10. (a) 2D M3D-C1 calculations of the plasma and RE currents. Reproduced from §III. (b) Calculations of RE current IRE from the reduced 0D [Eq. (4)] for SPARC-like con-
ditions. Dashed lines show the plasma current Ip, while solid lines represent the RE current IRE . (c) Calculations of RE current IRE from the reduced 1D model [Eq. (5)]. (d) 2D
M3D-C1 results of the final profile of the RE current density jRE along Z ¼ 0m. Reproduced from §III. (e) 1D calculations of the final RE current density jRE as a function of the
normalized minor radius r=a, calculated using Eq. (5).
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density exhibits much stronger peaking relative to the other cases, con-
sistent with previous work that shows stronger peaking with smaller
RE seeds [Fig. 6(b)]. The M3D-C1 results are in good agreement with
simpler reduced models of RE evolution in SPARC-like conditions,
demonstrating similar plateau currents, RE plateau formation time-
scales, and peaking of the final current density profile (Fig. 10), provid-
ing confidence for more complex simulations in upcoming
publications.

The coupled MHD and RE fluid simulations outlined in this
work complement previous calculations of RE generation in
SPARC,14,18,20,26 and provide insight into the various contributions of
different RE source terms in high-field high-current tokamaks. Future
work will extend the current methodology to incorporate additional
effects, such as 3D MHD activity, vertical displacement events, and
impurity injection. Due to the strong peaking and the resulting low
safety factors observed in our simulations (see Fig. 7), we can expect
the development of MHD instabilities which may interact with the RE
fluid and modify the eventual evolution of the plasma and RE dynam-
ics.27,28,39 As noted earlier, MHD activity also generates magnetic field
line stochasticity, producing runaway electron losses.22,23 The self-
consistent coupling of 3D MHD activity and RE formation is impor-
tant for evaluating RE mitigation strategies, such as RE mitigation
coils21,26 and MMI, as described earlier in Sec. I. Efforts are under way
to incorporate the effects of impurity injection, 3D MHD activity, and
REMCmagnetic fields into the M3D-C1 simulations.
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APPENDIX A: DREICER AND AVALANCHING MODELS

The Dreicer source SD in M3D-C1 is given by3,10

SD ¼ ne�eex
� 3

16 Zeff þ1ð Þ exp � 1
4x

� Zeff þ 1ð Þ
x

� �1=2 !
: (A1)

Here, �ee ¼ nee4 lnK=ð4pe20m2
e v

3
teÞ is the electron–electron col-

lision frequency, x 	 Ek=ED is the ratio of the parallel field to the
Dreicer electric field ED ¼ e3ne lnK=ð4pe20TeÞ ¼ ECHmec2=Te, Zeff is

the effective ionization, vte ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Te=me

p
is the electron thermal

velocity, lnK is the Coulomb logarithm for relativistic electrons, Te

is the electron temperature, and ECH is the critical Connor-Hastie
electric field.11

The Rosenbluth–Putvinski model16 is used to describe the
avalanching of secondary runaways SA ¼ nREcA

cA ¼ 1
s lnK

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pf

3ðZeff þ 5Þ

s
Ek
ECH

� 1

� �

� 1� ECH
Ek

þ 4pðZeff þ 1Þ2
3fðZeff þ 5Þ E2

k=E
2
CH þ 4=f2 � 1

� �
0
@

1
A�1

2

:

(A2)

Here, s ¼ mec=ðeECHÞ, f � ð1þ 1:46
ffiffi
e

p þ 1:72eÞ�1, and
e ¼ r=R is the inverse aspect ratio in terms of the minor r and major
R radii.

APPENDIX B: PROMPT GAMMA SPECTRUM FOR
COMPTON SOURCE CALCULATION

The prompt c-flux CðEcÞ inside the SPARC vacuum vessel
from the activated walls, which is used to calculate the compton rate

FIG. 11. The prompt c-flux inside the vacuum vessel normalized by the total esti-
mated flux C0 � 1:6� 1018m�2s�1.
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[see Eq. (3)], was obtained from OpenMC simulations of neutron
and photon transport, for the SPARC PRD case, assuming a fusion
power of 140MW and with uniform bin widths of 10 keV.36,37 The
prompt c-flux inside the vacuum vessel normalized by the total esti-
mated flux C0 � 1:6� 1018m�2s�1 is shown in Fig. 11. The prompt
c-flux in SPARC was additionally calculated using MCNP (Monte
Carlo N-Particle), which agrees with the OpenMC result in terms of
the total flux C0 � 1:6� 1018m�2s�1, as well as the prompt c-rate
in Fig. 1(b).
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