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A disrupting plasma in a high-performance tokamak such as ITER or SPARC may gen-
erate large runaway electron currents that, upon impact with the tokamak wall, can cause
serious damage to the device. To quickly identify regions of safe operation in parameter
space, it is useful to develop reduced models and analytical criteria that predict when a
significant fraction of the Ohmic current is converted into a current of runaway electrons.
In deuterium—tritium plasmas, the seed runaway current may have a significant contribu-
tion from — or may even be dominated by — tritium beta decay and Compton scattering. In
this work, a criterion for significant runaway electron generation that includes tritium beta
decay and Compton scattering sources is developed. The avalanche gain factor includes
the effects of partial screening of injected noble gases. The result is an analytical model
that can predict significant runaway electron generation in the next generation of activated
tokamak devices. The model is validated by fluid simulations using DREAM (Hoppe et al.
2021 Comput. Phys. Commun., vol. 268, p. 108098) and is shown to delineate regions in
parameter space where significant runaway electron generation may occur.

Key words: fusion plasma, plasma simulation, runaway electrons

1. Introduction

Plasma-terminating disruptions are one of the crucial problems facing magnetic
fusion devices with large plasma currents, such as ITER (Hender er al 2007;
Bandyopadhyay et al. 2025). Such events lead to a sudden cooling of the plasma
- a thermal quench. The thermal quench is associated with a substantial increase in
the plasma resistivity, causing the current to decay, which induces a strong toroidal
electric field. If the electric field exceeds a critical value, above which the friction
force from collisions and radiation becomes smaller than the accelerating force from
the electric field for electrons in the tail of the bulk Maxwellian distribution, these
electrons may run away. In such cases, a large part of the initial plasma current can
be converted into a beam of relativistic runaway electrons (Breizman et al. 2019).

Runaway electrons can be produced by a range of mechanisms. First, electrons
can enter the runaway region in momentum space through the diffusive leak from
the thermal population at a rate that is exponentially sensitive to the electric field
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(so-called Dreicer generation) (Connor & Hastie 1975). Second, in the case of
sudden cooling, when the collision frequency is lower than the cooling rate, fast
electrons do not have time to thermalise, and a hot tail forms in the electron distri-
bution (Helander ef al. 2004). If the hot-tail electrons have energies above the critical
energy, they may run away. Finally, during deuterium-tritium (DT) operation, fast
electrons can be produced by nuclear reactions. Tritium ions undergoing beta decay
produce electrons in the keV range, and Compton scattering of gamma rays from
the activated wall can knock both free and bound electrons into the runaway regime
(Martin-Solis et al. 2017). Collectively, these four mechanisms are referred to as
primary generation mechanisms.

Furthermore, and perhaps most importantly for reactor-scale fusion devices, run-
away electrons already present in the plasma can create new ones through close
collisions with thermal electrons. This leads to an exponential growth in the number
of runaway electrons — an avalanche (Jayakumar, Fleischmann & Zweben 1993).
This secondary generation is proportional to the density of existing runaway elec-
trons, and the dynamics becomes highly nonlinear. Therefore, small variations in
the balance between runaway electron generation and transport lead to large dif-
ferences in the maximum runaway electron current. In addition, the avalanche gain
is exponentially sensitive to the initial plasma current and is therefore expected to
be significantly larger in future devices with larger plasma currents (Rosenbluth &
Putvinski 1997).

Currently envisaged disruption mitigation methods are based on the injection of
massive amounts of material (Hollmann et al. 2015), resulting in a cold and partially
ionised plasma. In partially ionised plasmas, the nucleus is only partially screened
by the bound electron cloud; an energetic electron can penetrate the electron cloud
and experience a portion of the normally screened nuclear charge. The effect of
this partial screening is expected to be substantial in impurity rich plasmas (Hesslow
et al. 2019). In addition, the injection of highly radiating impurities such as neon or
argon may lead to even higher avalanche growth rates due to the large number of
available target electrons. Therefore, energetic electrons resulting from disruptions
can pose a severe risk to future fusion devices.

In order to design operating scenarios for next-generation fusion devices, advanced
first-principles simulations are needed. Self-consistent simulations that take into
account the evolution of plasma parameters across the entire plasma are computa-
tionally expensive, and optimisation of operating scenarios based on such simulations
is a monumental task. Although simplified fluid models of runaway electron gen-
eration will not provide a quantitative prediction of the expected electron energy
spectrum, they can be useful in indicating whether large runaway currents are to be
expected.

Based on the approximate solution of two coupled differential equations for the
runaway electron density and the inductive electric field, an analytical criterion for
significant runaway electron generation was first derived by Helander, Eriksson &
Andersson (2002) and later refined by Fulop er al. (2009) by including the hot-tail
runaway seed. Such criteria are useful complements to more comprehensive disrup-
tion or runaway electron models, as they can be used to quickly estimate where in
parameter space large runaway currents can be expected before committing compu-
tational resources to a detailed parameter scan. They can also be used as a ‘trigger’
in integrated modelling code suites to determine whether to execute a more sophisti-
cated model. However, in previous criteria, energetic electrons from nuclear sources
(tritium decay and Compton scattering) and the effect of partial screening were

https://doi.org/10.1017/50022377826101470 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377826101470

Criterion for runaway electron generation in activated tokamaks 3

not included; hence, they were not applicable for disruptions in activated scenarios
mitigated with material injection.

The focus of this paper is to derive an analytical criterion for significant run-
away electron generation in activated scenarios. In §2, the zero-dimensional fluid
model for runaway electron generation, on which the criterion is based, is presented.
Sections 3 and 4 describe the avalanche gain and nuclear runaway electron sources,
respectively. The criterion is validated by comparisons with fluid simulations using
the DREAM code in § 5, and the conclusions are summarised in § 6.

2. Zero-dimensional fluid model for runaway electron generation
The density of the runaway electron population 7, is determined by the sum of the
primary (seed) and secondary (avalanche) generation mechanisms as
dn,
dt

= Z Vseed T Favanra (21)

seeds

with the total seed generation rate (in principle consisting of Dreicer, hot-tail, trittum
decay and Compton scattering sources) ) .. Vseea and the avalanche growth rate
I,y.. Here, it is assumed that no runaway electrons are present in the plasma at the
time of the disruption onset (at = 0). All runaway electron generation mechanisms
depend on the parallel electric field E;, which is inductive and is given by

E =E L di (2.2)
T o R, dr ‘
where -
L~ uyR, [m <—°) — 2] (2.3)
a

is the self-inductance of the plasma in the large aspect ratio limit, with the vacuum
permeability 1o, the plasma major radius R, and the plasma minor radius a; E
is the contribution to the electric field due to the external transformer. The plasma
current I, consists of two contributions, namely the Ohmic current and the runaway
electron current, and can be written as

I,=0E A+ n.ecA, (2.4)

where o is the Spitzer conductivity, and A is the (effective) cross-sectional area of
the plasma. The constants ¢ and ¢ denote the electron charge and the speed of light,
respectively. Following the procedure proposed by Helander et al. (2002), (2.1), (2.2)
and (2.4) can be renormalised by introducing the dimensionless quantities

n.ec

n=-—, (2.5)
Jo
E,
E=—, 2.6
i 2.6)
f = ! @2.7)
N A/ 5+ Zeffl'c In Ac ’ ’
ok,
s =—), (2.8)
Jo
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where 1. =4melm’c®/(n.e*In A.) is the relativistic electron collision time, m. is
the electron mass, gy is the vacuum permittivity, Z. is the effective charge,
E.=m./(et.) is the critical electric field introduced by Connor & Hastie (1975),
InA.=InAy+0.5In (m.c?/T)~14.6 + 0.5 In (Toy/ney0) is the relativistic Coulomb
logarithm, In A, = 14.9 — 0.5 In ney + In (T,y/1000) is the thermal electron-electron
Coulomb logarithm, T,y is the electron temperature in units of electronvolts, n., is
the electron density in units of 10* m—, and j, = I,/ A and I, are the pre-disruption
current density and current, respectively. The resulting dimensionless differential
equations become

dn

@ = Z fseed + I;avana (29)
seeds
d Ey—E
@(SE—FI’L): Oa , (2.10)
where
E,= '2"0, (2.11)
2 L Iy (2.12)
o= , .
NS+ Zer oRo IaIn A,

_ ec
Vseed = V S5+ Zefftc In AcTVseed’ (213)

0
Fwa =54 ZeiTe In ATy (2.14)

Here, Iy =4mm.c/(uoe) ~0.017 MA is the Alfvén current. Note that, using this
normalisation, n is equivalent to the conversion rate of the pre-disruption Ohmic
current into a runaway electron current. Dividing (2.10) by (2.9), the system is
reduced to the single nonlinear ordinary differential equation
JE_ o E_ B (2.15)
dn o [Zseeds Vseed + Favan]

Assuming that the runaway electron generation is initially dominated by primary
generation mechanisms, the avalanche source term can be neglected, leading to

dE 1 E—E,
S—=—1—--———=""—.
dn o Zseeds Vseed

At early times in the disruption, the electric field E exceeds E, by a large margin. For
example, in a high performance ITER plasma without material injection, E, = 0.05,
whereas E at the very least is larger than unity. In addition, Xy..gsVsced 18 assumed to
be much smaller than E/a, i.e. the second term on the right hand side of equation
(2.16) dominates. Using these assumptions, equation (2.16) reduces to

dE E

(2.16)

S—=——— (2.17)
dn o Zseeds Vseeds
which can be integrated to yield the seed density
E -
Ngeed = S M dE. (2.18)
et E
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The upper integration limit is given by E;, which denotes the normalised electric
field immediately after the thermal quench. The lower integration limit, ES", is the
effective critical electric field (Hesslow ez al. 2018b) in units of E.. Here, ES" includes
radiation forces and the enhanced collision frequency due to runaway electrons
probing the internal structure of partially ionised ions.

The avalanche gain factor can, in principle, be estimated in a similar manner by
assuming that after some short time (compared with the entire avalanche phase), the
runaway electron density is sufficiently large for secondary generation to dominate,
resulting in the avalanche gain factor

b ﬁava
N = Need €XP(Naya), Nava = st / dE. (2.19)
gt E

However, as the final runaway electron density is exponentially sensitive to N,,, it
is important to take into account the radial diffusion of the parallel electric field.
This means that N,,, has to be modified by a factor 2a2 ,/(x7a*) (see Hesslow er al.
2019), where a,,; is the minor radius of the wall and x; &~ 2.4 is the first zero of
the zeroth-order Bessel function of the first kind, Jy(x). Here, N, takes the form
(Hesslow et al. 2019)

El Fava
Nava— TCQ /ngf E dE, (220)
where 7¢q is the characteristic time scale of the current decay in the cylindrical limit
and is given by

L ohoty Ofvz““. 2.21)
HoRy X3
The exponent N, is thus sensitive to the parameter a.,, and the most accurate
choice for ay,; is not necessarily the minor radius of the first wall. Therefore, in
this context, the wall refers to the toroidally continuous conducting structure clos-
est to the plasma, which is normally at a larger radius than the first wall of the
vacuum chamber. The parameter a,,; is made sufficiently large to contain a repre-
sentative poloidal magnetic energy that is released during the disruption. Therefore,
the values a,,; =2.833 and 0.621 m are used in the ITER and SPARC simulations,
respectively (Pusztai er al. 2023; Ekmark et al. 2025).

For an exponentially increasing runaway population, the assumption that the first
term on the right-hand side of (2.15) is negligible eventually becomes invalid, and
the runaway electron current reaches unphysical values. However, the purpose of
this model is not to determine the exact value of the runaway current, but rather
to determine whether the exponential growth is sufficiently strong for the runaway
current to become comparable to the pre-disruption Ohmic current.

3. Avalanche generation and partial screening

Runaway electron mitigation schemes usually involve massive material injection,
where a mixture of deuterium and noble gases (primarily neon or argon) is injected
into the plasma, either through gas puffing (Reux et al. 2015; Pautasso et al. 2020)
or in the form of cryogenic pellets (Reux et al. 2022; Halldestam et al. 2025; Patel
et al. 2025). The main objective of the material injection is to enhance line radia-
tion to reduce the localised thermal loads and electromagnetic forces on the device
(Bandyopadhyay et al. 2025), as well as to increase the collisional drag, which leads
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to a larger effective critical electric field and critical momentum. Not only do free
electrons contribute to the enhanced fraction force, but bound electrons as well, since
energetic electrons may probe the internal structure of an ion, so that the nucleus
is only partially screened by its bound electrons (Hesslow et al. 2018b). Accounting
for this effect, the critical momentum becomes (Hoppe, Embréus & Fiilop 2021)

2 VA40(p.)? + U(p.)vp(p.)
pc - E _ E?ff

: (3.1)

where E®" is evaluated using expressions (23) and (24) in Hesslow et al. (2018b)
and vp and v, denote the normalised deflection and slowing-down frequencies,
respectively, and are defined as (Hesslow ez al. 2018a)

nA l’lj
vp(p) =1+ Zeftm Z n_egj(p)’ (3.2)
b(p)=1+ 1 ZEN‘ l1n(1+h’<.)_,32 (3.3)
S InAs & n, o0 |k i ’ ‘

where the functions g; and h; are defined as

2 N2 (pay)*”?
3(pap 41

2
h(p) = pyy = 1=—. (3.5)
J

gip=5(Z-2;,)In [(pa)**+1] - (3.4)

W N

In the expressions above, Z; denotes the atomic number of ion species j, Z ;
denotes the charge number and N, ; = Z; — Z, ; is the number of bound electrons.
Furthermore, p is the electron momentum in units of m.c, B is the electron velocity
in units of ¢ and y is the Lorentz factor. The atomic data a; and /; denote the
normalised effective length scale and the mean excitation energy, respectively, and
are specific to each ion and charge state. They have been tabulated by Hesslow
et al. (2018a) and Sauer, Sabin & Oddershede (2018), respectively. The ad hoc
parameter k=35 is an interpolation parameter between the low and high energy
regimes. The electron-electron and electron-ion Coulomb logarithms, In A* and
In A®, are evaluated as

1 2(y — D\?
In A®=In A1h+ —In|1 + (#) s (36)
k P
A 1 2p\"
InA=InAp+-In|1+ (—) , (3.7
k Pth

where py, =+/2T./(m.c?) is the normalised thermal momentum. The normalised
slowing-down and deflection frequencies are evaluated at p = p,, which is defined

implicitly as
_S * v *
pl= A (p;vD(p )’ (3.8)
and has to be evaluated numerically. In a fully ionised plasma (or in the low energy
limit), vy — 1 and Vp — 1 + Zr. Implementing the model for partially screened ion
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nuclei derived by Hesslow et al. (2018a) would make the otherwise analytical model
a semi-analytical model, in the sense that some simple numerical evaluations would
be required. For many applications, this is not an obstacle. For this reason, two
versions of the criterion will be presented in § 5, namely an analytical criterion that
consists solely of analytical expressions, and a semi-analytical criterion of a similar
nature but with a more detailed form of the seed densities and the avalanche gain
factor. In the analytical model, the critical momentum is evaluated in its completely
screened limit and reduces to p? = /5 + Zer/(E — 1).

Massive material injection not only increases collisional drag but also provides
more target electrons during the avalanche, which could enhance the avalanche
gain factor by many orders of magnitude if the composition of the injected material
is chosen poorly. A model that captures this behaviour was developed by Hesslow
et al. (2019) and later modified by Hoppe et al. (2021) to improve the accuracy
of the avalanche generation rate in nearly neutral low-Z plasmas. The avalanche
generation rate is given by

1 ntot E — Eeff
Fava = = = = = = s
T InAc ne \/40(p)? + (P p(p.)

(3.9)

where n*" is the total number of electrons (free and bound) in the plasma. In the limit
of a fully ionised plasma, the avalanche generation rate derived by Rosenbluth &
Putvinski (1997) is recovered. To allow for analytical treatment, the avalanche gen-
eration rate of Rosenbluth and Putvinski can be adjusted slightly to approximate
the effect of partially ionised ions by including the bound target electrons and by
modifying the critical electric field (Putvinski et al. 1997) and the effective charge
(Parks, Rosenbluth & Putvinski 1999). To be consistent with the notation in Hesslow
et al. (2018a), these will be denoted ER” and ZERF, respectively. The approximate
avalanche generation rate becomes

1 nE/ERP —1

e = = (3.10)
Te In Ac ne 5+ Zeff
where
RP __ l n' _ [RP
EF=_(1+ E.=EYE, (3.11)
2 Ne
2
N eI iz 3.12
D D D Dl 4t (3.12)
: n. 2 . ne
ihhized hnized

The exponent in the avalanche gain factor becomes

wee_ 1 Teqn [ﬂ 1 (i) _ 1] H(E, — B%),  (3.13)
ava lnAcW T, N E?P E_'FP 1 A .

where the Heaviside function H reflects that avalanche generation occurs only when
E1 > E?P

In this work, the ion charge state distribution and electron temperature are deter-
mined assuming that the plasma is in a collisional-radiative equilibrium where the
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Ohmic heating is balanced by the line radiation and bremsstrahlung (see Martin-Solis
et al. 2017; Vallhagen et al. 2020) according to
Jd
o (Te» Zeff)

L A" -1
1 i i
ni:n,- <1+ E l_[ ?-‘r E 1_[ k+l) , (315)
, o , R’
Jj=0 k=j+1 ! j=l+1 k=l t

where n! is the density of ion species i at charge state [, L'(T, n.) is the combined
rate coefficient for bremsstrahlung and line radiation from excitation and recom-
bination, If = Il.l (T,, n.) denotes the ionisation rate of ion species i from charge
state [ to charge state [ + 1, Rl{ = Rf (T, n.) denotes the recombination rate of ion
species i from charge state [ to charge state / — 1 and n; is the total density of
ion species i. The ion charge state distribution (and thereby n. and Z.) and the
electron temperature are initially evaluated self-consistently for the given plasma
composition and pre-disruption current density. The temperature is then kept con-
stant. Ionisation, recombination and radiation rates are obtained from the Atomic

Data and Analysis Structure (ADAS) database.” Determining the temperature from
a collisional-radiative equilibrium - along with neglecting time-dependent impu-
rity sources — implies that the detailed time evolution of the atomic physics is not
accounted for, which can affect the accuracy of both the temperature evolution and
the runaway electron generation process (Vallhagen et al. 2020). This approximation
is nevertheless required to maintain the semi-analytical tractability of the problem,
as it avoids explicit time integration of the rate equations and provides a level of
accuracy sufficient for the purposes of the model.

Equilibrium temperatures and the associated effective charge Z. for a range of
deuterium and neon concentrations are shown in figure 1. The current density is
set to jo = I0/(a?), which becomes 1.19 and 10.0 MAm~ in ITER and SPARC,
respectively. The value of Z.; can be used as a measure of the degree of ionisation
of the injected neon and is shown in figures 1(c) and 1(d). Although neon can
have a large degree of ionisation in the hot lower left quadrant, it is too diluted to
contribute substantially to Z.g. This is primarily true for ITER, where neon densities
down to 1 x 10" m™3 are considered. As the neon concentration increases, more
power is radiated away, and the temperature drops, leading to a lower degree of
ionisation. In SPARC (figure 1d), Z.; peaks around ny. =1 x 10 m=3 at Z .z~ 2.9,
and this trade-off between plasma temperature and relative neon concentration is
clearly visible. In ITER (figure 1c), however, due to the lower current density, the
temperature is lower, and Z.; peaks in the top left corner at a value of Z.;~ 1.5.

=Y " nen{Li(T., no), (3.14)
il

4. Nuclear sources

In activated devices, seed runaway electrons can be generated from nuclear
sources such as tritium beta decay and Compton scattering of gamma photons
originating from the irradiated plasma-facing components. These sources can be
significant, in the sense that both sources can (under certain circumstances, see § 5)
produce enough seed electrons for them to avalanche into mega-ampere runaway

1OPEN—ADAS database: https://open.adas.ac.uk/.
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FIGURE 1. Equilibrium electron temperature evaluated using (3.14)—(3.15) for (a) ITER and
(b) SPARC. The effective charge Z.¢r evaluated using a charge state distribution consistent
with the temperature for (¢) ITER and (d) SPARC. The quantities on the axes denote injected
deuterium and neon densities. As the colour scale of T; is saturated to highlight interesting
ranges, additional contours are added outside these ranges. Note also, that in particular the neon
concentration ranges are different in ITER and SPARC.

electron currents. In this section, the nuclear seed generation rates are presented,
and it is shown how they can be integrated to be compatible with an analytical
criterion for significant runaway electron generation.

4.1. Tritium decay
Tritium has a half-life of 7 = 4500 &+ 8 d and decays as

T— 3He+e + .+ 18.6keV. (4.1)

On average, the electron receives an energy of 5.7 keV, but all energies from 0 to
Wiax = 18.6 keV are possible. The production rate of beta electrons is given by

— —1ln2—, (4.2)
where nr is the tritium density. In a post-disruption plasma with temperatures up

to 100 eV, beta electrons can be considered relatively energetic, and some fraction
Fg(W,) of these will be born above the critical energy W, =m.c> (\/ p2+1-— 1).
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1.0 1.0
— Fj3 — o/oT
| Ooff i F'y/FO
0.8 ITER DT 0.8 ITER DT
_ ,\
Oeff & ! /Fo
& 0.6 - SPARC DT S o064 1 SPARC DT
5 ©
@ <
~ 0.4 H > 0.4
—
0.2 1 0.2 1
0.0 ~—rrrrm—rrrrrm 0.0
102 103 10 102 106 107 104 10° 106 107 108
We [eV] W [eV]

FIGURE 2. Fraction of B-electrons born in the runaway regime, Fg, (blue) and normalised
Compton cross-section averaged over the gamma y -spectrum, oy, plotted against critical energy
W (a). The effective cross-section is plotted for DT plasmas in both ITER (orange) and SPARC
(green), and is obtained by averaging the cross-section (black) over the corresponding Compton
spectrum [, (b). The cross-section is plotted for critical energies 0, 1, 10 and 100 keV (solid,
dashed, dot-dashed and dotted curves, respectively).

The runaway electron generation due to tritium decay is then given by (Martin-Solis
et al. 2017; Filop et al. 2020)

n
yr(We) =1In 2T—TFﬁ(WC), (4.3)
T

where Fg(W,) is given by
D F (D, 2) pW (Wi — W)W
fW"“* F(p, 2)pW (Wi — W)2dW

where, F(p, Z) is the Fermi function, and W = m.c?y is the total energy of the elec-
tron. Neglecting the interaction between the positive nucleus and the beta electron,
the fraction of beta electrons born above the critical energy is given by (Martin &
Shaw 2019; Fiilop et al. 2020)

Fg(W,) = (4.4)

Wmax p(Wmax - W)de
Fﬂ(W ) ~ Wmax H(Wc - Wmax) (45)
f (Wmax - W)de
35 21 15
= <1 — ?wyz + Tw5/2 — Tﬂz) Hw — 1), (4.6)

where w = W,/ Wy Fg(W,) is plotted against the critical energy in figure 2(a).

If the critical energy is larger than W,,, no runaway electrons are generated
according to this fluid model. Note that in a kinetic model, energetic electrons born
below the critical energy can end up in the runaway regime through collisional
processes (Ekmark et al. 2024). Using the same normalisation as in § 2, the dimen-
sionless runaway electron generation rate due to tritium beta decay takes the form

Fr=1n2/5 + ZugIn A S TT—Fﬂ(W ), (4.7)
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and the tritium seed density becomes

21n2 : B Fo(W,
Meear = ( ‘ ) £cir T / 5OV 4. 4.8)
E,

2 Ayall ] 0 T E

min

where E.;, is the value of the normalised electric field E that corresponds to
W = Whax. Assuming complete screening of the ion nuclei, E,;, becomes

S5+ Zar
E. i = Vo Lar 34, (4.9)
w2+ 2Wia

max
where W = Winay/ (mec?) is the maximum beta decay energy normalised to the
electron rest energy, and the numerical evaluation assumes that Z.; = 1.
In the limit of complete screening of the ion nuclei, Fz(W.)/E can be integrated
analytically to become

Fg (W, 45 5
[ 8 g < 5 Za 20t (210 % - S

2 2

3 1 (2n+1)/2
+) e (—) Gt (Zegri we), (4.10)
i=1

wmax

where w, = W,/ (m.c?) is the critical energy normalised to the electron rest energy,
and the coefficients ¢; through c; are given by 35/4, 21/2 and 15/4, respectively.
The function G, (Z.; w.) is defined as

C 2 5 —"_ Ze 1/8 C
G, (Zur; w.) = 2"* arctan ( /%) — (54 Zep)"*T, (1) arctan ( ( m) W )

(5 + Zeff)l/4 — We
2(5 + Zeff)l/sv We
(5 + Zeff)1/4 + We ’

— 54 Zp)"*0U,_, (u)arctanh( 4.11)

where 7, and U, are Chebyshev polynomials of the first and second kinds,
respectively, and

"= %J TF Gtz " “.12)
v = %\/1 — (54 Zgp)~ V4. (4.13)

4.2. Compton scattering

The activated wall radiates gamma photons up to the MeV range that can, through
Compton scattering, launch both free and bound electrons into the runaway region
of momentum space. In this work, the energy spectrum I', (W,)) is given as a closed-
form expression by fitting the function

I,(W,)=Tyexp[—exp(—z) —z+1], (4.14)
=Wy [l\gev] TG, C5(W, [MeV])?, (4.15)
2
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Ci C C3 Hm2slev)y T m™2s7!)  Ger(0)

ITER DT 1.2 0.8 0 3.3 x 101! 1.0 x 108 0.17
SPARCDD 1.627 0919 0.094 3.304 x 10° 3.3 x 1013 0.3921
SPARCDT 1525 0.850 0.038 1.254 x 10!2 1.4 x 10'8 0.3630

TABLE 1. Fitting coefficients for gamma photon spectra for three reference scenarios (Martin-
Solis et al. 2017; Ekmark et al. 2025). The final column explicitly lists the value of o, (0) used
in (4.22).

to radiation transport calculations. The gamma spectrum is machine- and shot-
dependent, and fitting parameters C; for a few relevant machines and plasma
compositions (Martin-Solis et al. 2017; Ekmark et al. 2025) are reproduced in table 1.
The normalisation constant I ensures that the total photon flux becomes [fy,.

The rate at which electrons are scattered into the runaway region by gamma pho-
tons emitted with a certain energy W, is proportional to the cross-section o (W,,, W,),
which is obtained by integrating the Klein—Nishina differential cross-section (Klein &

Nishina 1929)

d W2 (w, W

o _re —L 4+ Y _sin?0 ], (4.16)
a2 2 w2\w, W,

where r. =e?/(4meym.c?) is the classical electron radius, and 6 and W, are the
deflection angle and the energy of the scattered photon, respectively. Here, W/
can be related to the incident photon energy and the deflection angle through the
kinematic relation
W/ _ W)’
Y1+ (W, /mec®) (1 —cos )’

By letting W, — W, = W,, the kinematic relation above can be used to find the
critical angle 6., i.e. the minimum photon deflection angle required to scatter an
electron into the runaway region for a given photon energy and critical energy. The
critical angle becomes

(4.17)

L1
cosfo=1— 22— (4.18)

w, W, — W

yielding the integrated Compton cross-section

T do .
o(W,, W,) =2m 1o sin @ d6
Oc

8 wl 1+ w, (1 —cosb,)

_&{wi—2wy—2ln|: 1+2w, ]

1 1 1
_.I_ —
2w, |:[l +w, (1 —cos 96)]2 1+ 2wy)2j|
1+2
-—(1-w, - 2wy
w3 14+ w,(1—coséb,)

— w, COS GC] }, (4.19)
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where or = 871re2 /3 is the Thomson scattering cross-section and w, = W,/ (m.c?) is

the photon energy normalised to the electron rest energy (Martin-Solis et al. 2017).
Using the gamma spectrum and cross-section above, the runaway electron

generation rate due to Compton scattering can be approximately evaluated as

VC(WC) ~ n?t‘/‘ Fy(Wy)U(W}/’ WC)dWy = n;mrﬂuxo’eff(WC)v (420)
0

where o.(W,) is the Compton cross-section averaged over the energy spectrum. The
normalised seed density becomes

2 [ a \?ecn® Ev G (W,
Ngeed,Cc = = ( ) . : TCQFﬂuxGT/ L dE, (421)
2 Ayall Jo EST E

where 0. = o.i/or 1s plotted against the critical energy in figure 2(a) for DT plas-
mas in both ITER and SPARC. An upper bound on the Compton seed can be
established by assuming that all electrons struck by a gamma photon run away. This
overestimates the Compton seed by approximately half an order of magnitude com-
pared with expression (4.21), so a reasonable estimate of the integrated Compton
seed becomes

xi [ a 2ecnfj’t _ E,
Ngeed,c ~ — ——TcQ  ux010e(0) In E_ ) (4.22)

4\ ayan Jo off

where a factor of 1/2 has been included to compensate for (part of) the overesti-
mation. For convenience, the value of 6.;(0) is given in table 1 for each Compton
spectrum.

As the plasma disrupts and the fusion reactions cease, the energy spectrum is
assumed to retain its shape but have a photon flux that is three to four orders of
magnitude lower than the fluxes listed in table 1 (Martin-Solis et al. 2017; Vallhagen
et al. 2024; Ekmark et al. 2025). The model presented in this work has no explicit
temporal resolution and is therefore unable to include a time-dependent photon flux;
thus, the photon flux is set to be a constant factor of 1000 smaller than the value
listed in table 1. The criterion is only logarithmically sensitive to the seed densities,
so using the exact value is not essential to the validity of the model. In addition,
early seed electrons produced before the fusion reactions cease are prone to radial
losses, increasing the relevance of the reduced photon flux.

5. Criterion for significant runaway electron generation

The runaway electron generation is assumed to be significant if n~1, or
equivalently
Z=Nuya+Inngy>0, (5.1)

where, again, n is the normalised runaway electron density introduced in § 2. Note
that n is equivalent to the ratio between the runaway electron current and the pre-
disruption current, and that »n is allowed to be larger than unity, as the saturation
of the runaway electron current was neglected in §2. This criterion can be used
to assess whether a post-disruption plasma with a given set of parameters can be
expected to produce a large number of runaway electrons. Here, Z can be evaluated
using either the analytical expressions (3.13), (4.10) and (4.22), or the semi-analytical
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FIGURE 3. DREAM simulations in zero dimensions (filled contours) compared with inequality
(5.1) (green and grey contours for analytical and semi-analytical expressions, respectively) using
(a) ITER-relevant and (b) SPARC-relevant parameters. The criterion Z = 0 approximately delin-
eates regions in parameter space where a significant fraction of the Ohmic current is converted
into a runaway electron current. The grey dotted contour represents Z = 0, evaluated using only
the tritium seed. In the SPARC case, the dotted contour overlaps with the solid contour. Note the
nonlinearity in the lower part of the colour map.

expressions (2.20), (4.8) and (4.21).2 This makes the criterion a useful tool for
quickly determining favourable regions in parameter space. To verify the criterion, it
is compared with zero-dimensional fluid simulations using the DREAM code (Hoppe
et al. 2021) for both ITER- and SPARC-relevant parameters. Note that only tritium
and Compton seeds are considered, as similar criteria based on Dreicer and hot-tail
generation have previously been studied elsewhere (see Helander e al. 2002; Filop
et al. 2009).

The result of this comparison is illustrated in figure 3, where the filled contours
represent the fraction of the Ohmic current converted into runaway electron cur-
rent over a large range of injected deuterium and neon densities. The initial plasma
current was set to /o =15 MA in ITER and I,, =8.7 MA in SPARC, and the tri-
tium density (as well as the initial deuterium density) was set to ny =5 x 10" m= in
ITER and nt =2 x 10 m~* in SPARC. The temperature was taken to be constant
throughout the simulation and was determined by solving (3.14)-(3.15) for T, for
each combination of np and ny., using the pre-disruption Ohmic current.

As shown in figure 3, the contour Z =0 approximately delineates the region in
parameter space where the zero-dimensional fluid model in DREAM predicts 1%
runaway electron current conversion in ITER and 10 %-30 % runaway electron cur-
rent conversion in SPARC. A runaway electron current conversion of 1 % in ITER is
consistent with the requirement to keep the runaway electron current below 150 kA
(Lehnen 2021), but the criterion is less conservative for SPARCHike parameters due
to the exponential dependency on the initial plasma current. However, it is possi-
ble to compensate for this by explicitly making the criterion more conservative, i.e.
defining significant runaway electron generation as e.g. n ~ 0.1 or n ~0.01.

A numerical implementation of both the analytical and semi-analytical formulations is available at
https://github.com/chalmersplasmatheory/Zcriterion.git.
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To better understand the contribution from each generation mechanism, inequal-
ity (5.1) can be decomposed into its constituents, namely the tritium decay seed,
the Compton scattering seed and the avalanche gain factor exp (N,..), all of which
are illustrated in figure 4 for both ITER and SPARC. For comparison, the ratio
NRP /Ny is plotted as well. The quantitative values differ between the two devices
but are qualitatively similar for a given source. Very few runaway electrons are gener-
ated in the lower left quadrant, above temperatures of 250 eV. Note that additional
physics mechanisms not included in the model presented here, such as those related
to a vertical displacement event (including wall impurities entering the plasma),
could lead to runaway production even in this parameter region. Furthermore, in
addition to minimising the potential damage caused by runaway electrons, a disrup-
tion mitigation system must also manage thermal loads and electromagnetic forces -
constraints that are not considered in the present work.

Moving up in either neon or deuterium concentration, the equilibrium temperature
drops, and a large electric field is induced. At higher deuterium concentrations, the
free electron density (and thus the critical electric field) increases, yielding a lower
value of the normalised electric field E. In the neon rich top left quadrant, the critical
electric field remains relatively low, and E thereby becomes large. This results in a
low critical momentum that enables tritium beta electrons to run away. This also
coincides with strong avalanching due to the combination of a strong electric field
(relative to E.) and a large number of bound target electrons, which contribute only
weakly to the collisional drag. The result is a substantial generation of runaway
electrons due to the combination of a large tritium seed (see figures 4a and 4b) and
strong avalanching (see figures 4e and 4f). Note that the low critical momentum and
short thermal quench time can also give rise to a high hot-tail generation rate, which
may be greater than the tritium seed generation. But again, hot-tail generation is not
considered in this work.

In this region of parameter space, the Compton scattering seed (figures 4¢ and 4d)
is a couple of orders of magnitude weaker than the tritium seed and does not
contribute significantly. However, the Compton seed is relatively insensitive to the
critical energy and is therefore present everywhere in the considered density space
where the temperature is sufficiently low. In fact, going to high deuterium densities
enhances the Compton seed due to the larger number of available target electrons.

In ITER, the avalanche gain is sufficiently strong that the Compton seed alone
can be amplified into a large runaway current. Therefore, the region in density space
where significant runaway occurs is limited by the balance between the Compton
seed and the avalanche gain. In SPARC, the avalanche gain is approximately five
to ten orders of magnitude weaker than in ITER, and the Compton seed is not
sufficiently large to give rise to a significant runaway electron current according to
this model. However, this may change if a larger value is chosen for I, or if a
different value for the current density is chosen. In this work, the current density
is taken to be the average current density /,/ (a?), which is equivalent to a flat
current density profile. The current density can also be chosen as the on-axis value of
some peaked profile. Using the current density profile below in § 5.1 as an example,
the on-axis current density is approximately 40 % higher than the average current
density, yielding an avalanche gain that is approximately five orders of magnitude
higher in ITER. This would be in line with the maximum avalanche gain reported
by, for example, Wang et al. (2024).

The contribution from the tritium seed is illustrated in figure 3, where, in addition
to the full nuclear seed, Z is also evaluated using only the tritium seed, indicating
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FIGURE 4. Tritium (a and b) and Compton (¢ and d) seeds evaluated using (4.8) and (4.21),
respectively. The avalanche gain factor (e and f) is evaluated using the semi-analytical expression
(2.20). Furthermore, the semi-analytical formulation is compared with the analytical expression
(3.13) (g and h). The expressions are evaluated for ITER-like parameters in the left column, and
SPARC-like parameters in the right column.
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where large runaway currents can be expected if the Compton seed is neglected.
In the ITER case in figure 3(a), this significantly reduces the extent of the region
of significant runaway current, indicating that the dominant seed near the solid
boundary is indeed the Compton seed. In the SPARC case in figure 3(b), however,
the dotted contour overlaps with the solid contour, indicating that tritium beta decay
is the dominant nuclear seed wherever large runaway currents can be expected.

In addition, it is noteworthy that for ITER-relevant parameters and deuterium
densities >7 x 10! m™3, the plasma temperature drops to such an extent that deu-
terium recombines, leading to a strong inductive electric field and a large runaway
electron current. This is consistent with previous findings in e.g. Vallhagen et al.
(2020) and McDevitt et al. (2023).

The analytical version and the slightly more detailed semi-analytical version of Z
make similar predictions regarding where in density space large runaway currents
can be expected, although the analytical formulation tends to be a little more con-
servative. This stems from N}P being slightly larger than N,, in a plasma consisting
of mostly ionised hydrogen and small amounts of weakly ionised neon or argon,
as shown in figures 4(g) and 4(%). The reason for the good agreement between the
analytical and semi-analytical versions of the criterion is that where the criterion
is valid, i.e. where n <1, the factor \/4D5(p*)2 + v(p.)vp(p,) is close to its com-
pletely screened limit, and the correction for partially ionised impurities is small. In
a plasma dominated by weakly ionised high-Z impurities on the other hand, effects of
partial screening become significant and should be treated more carefully. However,
injecting high concentrations of impurities is not attractive from a runaway electron
mitigation point of view, as the large number of target electrons can give rise to very
large runaway electron currents (Hesslow et al. 2019). Hence, this approximation is
not a significant limitation of the analytical model.

5.1. Comparison with one-dimensional fluid simulations

As shown above, the criterion (5.1) is a good surrogate model for a zero-
dimensional fluid model. However, there are cases where the radial dynamics is
important. To demonstrate this, one-dimensional DREAM simulations with radi-
ally varying current density and temperature profiles that were allowed to evolve
self-consistently were performed. The shapes of the initial current density and
temperature profiles are given by

” P 0.41
jr) = [1 -~ (5) ] : (5.2)
T(r) =T, [1 ~0.99 (:—l)z] (5.3)

where 7o = 20keV is the on-axis temperature before the thermal quench. The cur-
rent density profile is normalised such that the current density integrates to the
total plasma current /. At ¢t =0, a uniform density of neutral neon and deuterium
with a temperature of 1eV is injected. To simulate heat transport losses across the
stochastic flux surfaces during the thermal quench, a Rechester-Rosenbluth diffu-
sion coefficient (Rechester & Rosenbluth 1978) is used. The diffusion coefficient is
given by D ~ vy, Ry (8 B/ B)?, where vy, is the thermal speed, and § B/B is a measure
of the magnetic field fluctuations, which in this work was set to 3 x 1073 (Vallhagen
et al. 2024; Ekmark et al. 2025) to obtain a thermal quench time of the order of 1 ms
(Sweeney et al. 2020; Hu et al. 2021).
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FIGURE 5. DREAM simulations including radial profiles (filled contours) compared with
inequality (5.1) (green and grey contours for analytical and semi-analytical expressions, respec-
tively) using (a) ITER-relevant and () SPARC-relevant parameters. In ITER, the criterion Z =0
approximately delineates regions in parameter space where a significant fraction of the Ohmic
current is converted into a runaway electron current. In SPARC, the criterion does not capture
the off-axis runaway electron generation in the high np regime. The orange dashed contour
indicates the 50eV isotherm to illustrate how the equilibrium temperature limits the runaway
electron generation. Note the nonlinearity in the lower part of the colour map.

Introducing radial profiles and dynamics complicates the comparison between
DREAM and the criterion (5.1), as the local runaway electron production rate is
constrained by atomic physics, which, in turn, depends on the local current density.
The current density is lower towards the plasma edge, leading to a lower equilib-
rium temperature and potentially to deuterium recombination, which can result in
enhanced avalanche generation. This is exemplified by Vallhagen et al. (2020), where
their ‘case 3’ corresponds to a scenario in which the temperature in the outer part
of the plasma is initially substantially lower than that in the core, leading to an
off-axis runaway current. This type of behaviour is not captured by the reduced
zero-dimensional model presented in this work.

In light of this, the criterion can be adapted to the one-dimensional fluid simula-
tions by using a lower value of j, in the power balance (3.14) to better represent the
cold outer plasma. For example, the atomic physics can be evaluated using the aver-
age current density I,/ (wa”), whereas the runaway electron dynamics is determined
using the on-axis current density. Overall, this makes the criterion more conserva-
tive compared with evaluating both using the on-axis current density, since a lower
current density leads to a lower equilibrium temperature, which in turn results in a
higher electric field and thus a higher runaway electron generation.

In fact, in some cases, the runaway electron generation rate can be viewed as being
directly limited by the temperature. This can be seen in figure 5, where the T, = 50 eV
contour is included to illustrate this point. This contour is obtained by solving (3.14)-
(3.15) for np and ny, with T, =50¢eV and j, = Ipo/(naz). For deuterium densities
below 1.5 x 10>’ m~ in ITER and 1 x 10*! m~? in SPARC, the contour Z =0 coin-
cides with the contour T, = 50 eV, indicating that for higher temperatures, the critical
momentum is sufficiently large to prohibit any significant runaway electron gener-
ation. Increasing or decreasing the current density used for the evaluation of the
equilibrium temperature therefore shifts the contour to higher and lower densities.
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Choosing an excessively low Ohmic current could therefore lead the criterion to
predict significant runaway electron generation in a region where the plasma would
otherwise be too hot to produce a runaway electron beam. The remainder of the
contour is determined by the balance of the seed and the avalanche gain, and there-
fore other parameters such as the total electron density, photon flux, tritium density,
and perhaps most importantly, the current density used to evaluate the avalanche
gain.

For ITER-relevant parameters, a reasonable agreement between the criterion and
one-dimensional DREAM fluid simulations is found. The exception is for low neon
and high deuterium content, where the off-axis runaway current is not captured
(see figure 5(a)). For SPARC-relevant parameters, the contour Z = 0 approximately
delineates the region of significant on-axis runaway electron generation in the top
left quadrant of figure 5(b). Again, the criterion does not capture the off-axis run-
away current that arises at large deuterium concentrations (=1 x 10> m—3). This is
expected, considering that the criterion has no radial resolution.

Recent modelling efforts have highlighted the importance of runaway electron
losses due to the scraping off of the plasma column during a vertical displace-
ment event (Martin-Solis et al. 2022; Wang et al. 2024; Vallhagen et al. 2025;
Bandaru et al. 2025). This process has the potential to significantly reduce the final
runaway current, especially if the current profile is strongly flattened during the ther-
mal quench, making the plasma prone to producing runaways near the edge. The
corresponding non-trivial radial dynamics would be difficult to account for within
the current simplified model. However, knowing when large runaway currents are
expected in the absence of such losses is nevertheless useful, not only for a quick
conservative exploration of the parameter space, but also because scrape-off losses
are more effective if the runaway current is not too large even without them; other-
wise the current decay stops early, strongly braking the scrape-off process (Vallhagen
et al. 2025).

6. Conclusions

In future fusion experiments and reactors, the primary runaway electron genera-
tion can be dominated by nuclear seeds such as tritium beta decay and Compton
scattering. In this work, analytical approximations are provided for both tritium and
Compton seed densities, as well as for the avalanche gain factor. This results in
an analytical heuristic for predicting where in parameter space significant runaway
electron generation is likely to occur, based solely on pre-disruption plasma param-
eters. In addition, a semi-analytical version of the criterion is provided, with a more
detailed description of partial screening.

Both the analytical and semi-analytical criteria are found to delineate regions in
density space where significant runaway electron generation can be expected for
both ITER- and SPARC-relevant parameters when validated by zero-dimensional
fluid simulations conducted with DREAM. Compared with one-dimensional fluid
simulations, the criterion shows agreement with DREAM in large parts of parameter
space but does not necessarily capture off-axis runaway beams that are more likely to
occur at very high deuterium concentrations. This is particularly evident in SPARC,
where the avalanching is weaker.

It is also found that, whenever present, the tritium seed tends to be larger than the
Compton seed. Furthermore, the trittum seed correlates with strong avalanching.
The Compton seed is less sensitive to the electric field, and the most significant
marker for a large Compton seed is the number of target electrons in the plasma.
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However, note that here the photon flux is set to be constant in time and reduced
by a factor of a thousand compared with the values provided in table 1.

The close agreement between the analytical and semi-analytical formulations is an
indication that, in the parameter ranges considered in this work, a detailed descrip-
tion of the effects of partial screening is not crucial; analytical expressions can be
used for simplified analysis at a lower computational cost. Both formulations of the
criterion can be evaluated rapidly, making it a useful tool in integrated modelling,
system codes or large parameter scans.
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