
Stochastic Model of Breakdown Nucleation
Under Intense Electric Fields - Recent

Developments

Yinon Ashkenazy Inna Popov Ayelet Yashar Michael
Assaf Eli Engelberg

Hebrew University of Jerusalem

Uppsala, November 13, 2018

Stochastic Model of Breakdown Nucleation eli.engelberg@mail.huji.ac.il



Overview

Dislocations

Stochastic
Model

QSD

Fit to
Experiments

Temperature
Dependence

Pulse Length

Field Ramping

Sessile
Dislocation
Density

Effect of ∆ρ

Summary

Overview

Stochastic Model of Breakdown Nucleation eli.engelberg@mail.huji.ac.il

• Brief reminder of the mobile dislocation to breakdown
critical transition model.

• Effect of physical constants and parameters.

• Proposals for further investigations.
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Dislocations
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Dislocations are inherent in metallic
samples.
Mobile dislocations are created in
response to mechanical stress, gliding
along high-density preferential planes.
They become sessile when colliding.

Ayelet Yashar et al., in preparation. M. Goto et al, Int. J. of Fatigue 30, 1333 (2008).
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Stochastic Model
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Assuming a discrete step size ∆ρ, the
mobile dislocation density fluctuations
can be described as a birth-death
Markov process with a critical transition.

ρ̇+ =
25κCt

G 2b
(ρ+ c)σ2e

− Ea−Ωσ
kBT

ρ̇− =
50ξCt

G
σρ(c + ρ)

σ = βε0E
2/2 + ZGbρ

E.Z. Engelberg, Y. Ashkenazy, and M. Assaf, PRL 120, 124801 (2018).
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QSD
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The QSD represents the
probability distribution of
finding the system in a given
state n = ρ/∆ρ.
Its variance might be observed
experimentally, by measuring
acoustic emission signals or dark
current.

QSD for fields of 200, 230, and 260 MV/m.

For small n, the QSD can be
approximated as a Poisson
distribution, so the variance can
be calculated as a function of
the electric field.
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Fit to Experiments
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A. Grudiev, S. Calatroni, and W. Wuensch,
PRST-AB 12, 102001 (2009).

A. Cahill, J. Rosenzweig, V. Dolgashev, S. Tantawi,
and S. Weathersby, in Proceedings of IPAC2017.

κ, Ea, and Ω control the kinetics of
mobile dislocation multiplication.

β is the ratio of the field at the
nucleation site to the surface field,
and is the only parameter than can
vary among structures.

ρ̇+ =
25κCt

G 2b
(ρ+ c)σ2e

− Ea−Ωσ
kBT

ρ̇− =
50ξCt

G
σρ(c + ρ)

σ = βε0E
2/2 + ZGbρ
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Fit to Experiments
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Temperature Dependence
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BDR as a function of the field at 100 K,
200 K, 300 K, and 400 K.

The model exhibits a strong
dependence on temperature,
which affects both ρc and ρ̇+

at any ρ < ρc .
The BDR depends more
strongly on the electric field
at lower temperatures.

ρ̇+ =
25κCt

G 2b
(ρ+ c)σ2e

− Ea−Ωσ
kBT

ρ̇− =
50ξCt

G
σρ(c + ρ)

σ = βε0E
2/2 + ZGbρ
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Temperature Dependence

Stochastic Model of Breakdown Nucleation eli.engelberg@mail.huji.ac.il

The effect of the temperature
diminishes as the stress grows.
This happens when the electric
field is large, or when the mobile
dislocation density is large.

ρ̇+ and ρ̇− at 100 K, 200 K, 300 K, and 400 K.

QSD at 100 K, 200 K, 300 K, and 400 K.

ρ̇+ =
25κCt

G 2b
(ρ+ c)σ2e

− Ea−Ωσ
kBT

ρ̇− =
50ξCt

G
σρ(c + ρ)

σ = βε0E
2/2 + ZGbρ
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Pulse Length

Stochastic Model of Breakdown Nucleation eli.engelberg@mail.huji.ac.il

The breakdown nucleation duration is defined as the time from
leaving ρ∗ until arriving at ρc .
The duration is short, and the probability distribution depends
on the electric field.
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Pulse Length
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Breakdown nucleation events
that are either longer than
the pulse length, or begin too
close to the end of the pulse,
will not occur.

This results in a dependence
of the BDR on the pulse
length, of the form

R = R0 + m(t − t0)e−δ/t
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Field Ramping
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When the field is incremented
at a steady rate, the average
breakdown time is bounded
above by the time t after the
field reaches E such that
τ(E ) = t. Since
τ = B exp[γ(1− E/E0)], this
means that

EBD =
E0

γ

(
γ − ln

E0

γχB
+ 1

) Average field at breakdown, when the electric field is
gradually incremented at a steady rate, at (a) 100 K, (b)
200 K, (c) 300 K, and (d) 400 K.
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Sessile Dislocation Density
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Sessile Dislocation Density
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ρ̇+ =
25κCt

G 2b
(ρ+ c)σ2e

− Ea−Ωσ
kBT

ρ̇− =
50ξCt

G
σρ(c + ρ)

σ = βε0E
2/2 + ZGbρ

The sessile dislocation density
does not affect the values of
ρ∗ and ρc , but it does
determine the time scale,
since the average time step is

∆̄t =
∆ρ

ρ̇+ + ρ̇−
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Effect of ∆ρ
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The BDR exhibits a strong
dependence on the step size ∆ρ.
The development of a
two-dimensional simulation is a
prerequisite for understanding
the evolution of cells and the
effect of cell size.

S. Takeuchi and A.S. Argon, J. Mater. Sci. 11, 1542 (1976)
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Summary

• Simple model with a critical transition and a stochastic
mechanism for BD nucleation.

• Material-dependent constants inferred from microscopy,
and parameters found from fit to experiments.

• Predictions made for a variety of possible measurements.

• Model outlook: inter-cell correlation, analysis of the
nucleation process.

Stochastic Model of Breakdown Nucleation eli.engelberg@mail.huji.ac.il
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