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Last time on REM in Pertuis

What we presented last year:(
∂fe
∂t

)
brems

= − ∂

∂p
· (Fbremsfe)

Fbrems = −ne
∫
k
∂σ

∂k
dk

Bremsstrahlung is more
important than synchrotron
when ne[1020m−3] & B[T ]2.
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Previous work
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Previous work

“The effect of bremsstrahlung, although overestimated in
[Bakhtiari et al.], has been shown to be still large enough to be
able to greatly reduce the maximum attainable runaway energy for
high enough values of the effective charge and electron density.”
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Modelling bremsstrahlung losses
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Modelling bremsstrahlung losses
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Electron energy: 100 MeV
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Modelling bremsstrahlung losses

Two options:

1 Account for the average energy loss with a stopping-power
formula

2 Fully treat the stochastic nature of the radiation
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Modelling bremsstrahlung losses
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Actual behavior (sketch)
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Modelling bremsstrahlung losses

Effect on a distribution of electrons?

1 Mean-force model:(
∂fe
∂t

)
brems

= − ∂

∂p
·
(
Fbrems(p)fe(p)

)
2 Physically accurate model (Boltzmann operator):(

∂fe
∂t

)
brems

= Cbrems(p) =
∑
b

{∫
dp1 fe(p1)

∫
dp2 v̄relfb(p2)

∂σ̄eb
∂p

− fe(p)

∫
dp′ vrelfb(p

′)σeb

}
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Modelling bremsstrahlung losses

Targets are stationary (compared to multi-MeV runaways):

Cbrems = (1 + Zeff)ne

(∫
dp1 v1fe(p1)

∂σ̄0
∂p
− vfe(p)σ0(p)

)

The formula for ∂σ̄
∂p

is given in

[G. Racah. Il Nuovo Cimento 11, 461 (1934)]
[P. T. McCormick, D. G. Keiffer and G. Parzen. Phys. Rev. 103, 29 (1956)] [fixed a
misprint in the 1934 Racah formula]
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Modelling bremsstrahlung losses
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Results

The scenario we consider:

• Post-disruption with gas injection (high ne)

• The late stages (low E/Ec, steady-state distribution)
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Results

Post-disruption scenario with successful MGI:
Simulations using CODE with ne = 3 · 1021 m−3, Zeff = 10, E = 2Ec.
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Results
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Results

Shape of distribution is almost independent of plasma parameters!
(when rescaled)
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Zeff ∈ [1, 35]

(E/Ec − 1)/(Zeff + 1) ∈ [0.05, 0.25]

[O. Embréus, A. Stahl and T. Fülöp. Submitted for publication to New Journal of Physics]
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Results

What about with avalanche?
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The same conclusions hold! (approximately)
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Conclusions (1 of 2)

• Bremsstrahlung is important in limiting the maximum
runaway energy. ne & B2

• The random nature of bremsstrahlung emission matters

• Stopping-power estimates give average energies, not
maximum

• In steady-state, ≈ 5% of electrons have more than twice the
expected energy (less when synchrotron is accounted for)
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But wait, there is more!

∂σ

∂p
∝ 1

k

The cross-section diverges for small photon energies –
how to deal with?
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Low-energy photon contribution

First attempt:

Cut off stopping-power integral at k0,

Fk0 = ne

∫ γ−1

k0

k
∂σ

∂k
dk.

The relative error is

Fk0 − F0

F0
= O(k0/p).

⇒ Seems safe to cut off at some small k0 � p!
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Low-energy photon contribution

However, the transport cross-section

σt =

∫
(1− cos θ)

∂σ

∂k cos θ
dk dcos θ

diverges logarithmically.

⇒ Electrons are pitch-angle scattered infinitely strongly?
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Low-energy photon contribution

Natural cut-off at k ∼ ~ωp, which regularizes σt.

A Bremsstrahlung logarithm ln ΛB = ln k0
~ωp ∼ 20 emerges.

σbrems
t

σCoulomb
t

=
4

137π

ln ΛB

ln Λ

[(
ln

(
2p

mec

)
− 1

)2

+ 1

]

for p� mec.

⇒ ≈ 10% correction at 30 MeV

≈ 100% correction at 30 GeV.
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Low-energy photon contribution

Curiously, the low-k emission is dominated by large-angle
deflections
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Conclusions (2 of 2)

• Low-energy photons are not generally ignorable

• Causes pitch-angle scattering (10% of Coulomb scattering at
30 MeV)

• Deflections dominated by large-angle scatterings

• The effect is captured in our Boltzmann bremsstrahlung model
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