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Motivating challenges
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• Compact, low-cost, accelerators require high gradients
• Increase in gradients limited by RF breakdown
• Incidence of breakdown is very well characterized (SLAC, 

CERN, KEK, INFN-LNF, etc.)
• Microscopic causes are complex:

–occurs at fields that are well below what needed of a 
clean flat Cu surface (~10 GV/m)

–implies the formation of surface precursors that locally 
enhance the field



Motivating questions
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Fig. 4. Breakdown rates for the three standing-wave structures with different iris radii a [22]: a_� = 0.215 , a_� = 0.143, and a_� = 0.105. The data is for a shaped
rf pulse with Ì 170 ns charging time and 200 ns flat-top for structures with a_� = 0.143 and a_� = 0.105, and 150 ns flat-top for a structure with a_� = 0.215. The
breakdown probability is plotted vs.: (a) the gradient; (b) the peak pulse surface heating; (c) the peak pulse surface heating multiplied by P

max
_Max(H2).

Fig. 5. Standing wave structures with alternative geometries for breakdown studies: (a) cell’s geometry optimized for the reduced surface magnetic fields, (b) cell’s
geometry with a side coupler; and (c) the photonic band gap structure’s geometry.

Fig. 6. Breakdown rates for three SW structures with the same ratios of a_� = 0.143, but different ratios of the peak pulse heating to the modified Poynting vector: the
SLAC’s structure 1C-SW-A5.65-T4.6, the structure optimized for the smallest peak surface magnetic field and pulse heating, and the structure with the side coupler
and increased peak surface magnetic fields. The data is for a shaped rf pulse with Ì 170 ns charging time and 200 ns flat-top. Breakdown probability is plotted vs.:
(a) gradient; (b) peak pulse surface heating; (c) peak pulse surface heating multiplied by P

max
_Max(H2).

The ratio of Z® for the second structure was 301 Ohm. The results for
the breakdown testing of the two new structures are shown in Fig. 6
and are compared to the breakdown probability in the SLAC’s structure
1C-SW-A5.65-T4.6 geometry [21] with the ratio of the radius of the
aperture to the wavelength a_� = 0.143. These tests confirmed that
the probability of a breakdown correlated more with the Poynting
vector than with the gradient or peak pulse heating. In addition, upon
inspection it was discovered that the breakdown damage on the iris
of the side-coupled structure was located in the region of the highest
Poynting vector.

However, the experiments with more complex geometries discovered
that this remarkably simple dependence of the breakdown probability
on a local surface field quantity such as the peak Poynting vector was
not universal. The tests of the Photonic Bandgap (PBG) accelerating
cavities (Fig. 5(c)) were conducted with a specific goal of creating high
gradient structures with heavy wakefield damping, where the operating
mode is confined by a set of metal rods but higher order modes are not
confined and leak out [25,26]. This work was done by the SLAC-MIT
collaboration [27,28]. Two geometries with different rod shapes were
tested: the first structure had all round rods (PBG-R), and the second

structure had six rods with elliptical shapes and smaller peak surface
magnetic fields (PBG-E). The results of the testing are shown in Fig. 7.
The PBG-R had higher breakdown rate than ‘‘standard’’ structures of
SLAC’s 1C-SW-A5.65-T4.6 geometry type, however the PBG-E had very
similar performance to the ‘‘standard’’ structures. Both PBG structures
had peak pulse surface heating temperatures higher than the damage
limit of 50 ˝C found in [29]. Damage in high magnetic field areas was
observed during autopsy and is shown in Fig. 8. The images in Fig. 8
show the joint between the rods of the PBG structure and the wall of
the cell. It is clear that the PBG-E’s joint with braze-alloy fillet has less
damage than the PBG-R’s joint. One major result of the PBG structures’
tests is that for this specific geometry, the moderate increase of rf pulse
heating has not increased the rf breakdown probability even though the
surface was damaged.

4. Material studies of the breakdown physics

After a correlation between the breakdown probability and the peak
pulse heating was found, breakdown experiments with soft, heat treated
and hard, non-heat treated copper alloys [19] were conducted. For the
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Fig. 7. Results of breakdown tests of PBG structures [27,28] compared to the results of breakdown tests of two previously tested structures Cu-INFN-LNF #2 and
Cu-KEK #4. The data is for a shaped rf pulse with 170 ns charging time and 150 ns flat-top. Breakdown probability is plotted vs.: (a) gradient; (b) peak pulse surface
heating; (c) peak pulse surface heating multiplied by P

max
_Max(H2).

Fig. 8. (a) The electron microscope image of a rod of the PBG-R structure after the breakdown tests with a massive pulse heating damage and a gap between the
side wall of the cell and the rod; (b) The electron microscope image of a rod of the PBG-E structure after the breakdown tests with an alloy fillet and a moderate
pulse heating damage.

Fig. 9. (a) Breakdown probability for the soft copper and hard copper structures of the same geometry plotted vs. gradient. The data is for the 200 ns flat-top pulse.
The iris radius of the structure is a_� = 0.105; (b) Breakdown probability for the soft copper, hard-copper, and two hard-copper–silver alloy structures of the same
geometry plotted vs. gradient. The data is for the 150 ns flat-top pulse.

experiments with hard metals a special vacuum can was developed in
which structures made of clamped-together cells could be high-power
tested. The structures made of pure hard copper alloys have shown
the most significant improvement in high gradient performance. The
testing results for a structure made of the hard copper alloy are shown in
Fig. 9(a). At accelerating gradient of about 175 MV/m, a structure made
of hard copper with aperture’s radius of 2.75mmhadmore than an order
of magnitude lower breakdown probability compared to a structure
of the same shape made of heat-treated copper. This result called for
developing novel cell-joining technologies that would allow practical
accelerating structures to be put together without heat treatment.

The structures made of hard-copper–silver alloys as opposed to pure
copper were also tested in the same clamped-together configurations.
The copper–silver structures showed better performance and shorter
conditioning time as compared to the soft-copper and even hard-copper

structures. At accelerator gradient of 200 MV/m, the probability of
breakdown in a conditioned hard-copper–silver structure was below
10*3 per pulse per meter (Fig. 9(b)) [30].

It was experimentally confirmed that the clamping method is hard to
implement in structure’s configurations that are more complicated than
a single disk-loaded cavity and metal surfaces that are in metal-to-metal
contact but not bonded or brazed had poor high power performance
in other experiments [31,32]. One possibility to fabricate a copper
accelerating structure without heat treatment is electroforming which
is the process where copper is deposited over an aluminum mandrel in
an electro-chemical bath and the aluminum mandrel is subsequently
removed by etching. The results of recent tests of an electroformed
structures are presented in [33,34], where a copper structure were elec-
troformed with a thin layer of gold and nickel on top of copper that were
deposited for technological reasons. The high gradient performance of
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• What are these 
precursors and how they 
form?

• What controls their 
formation rate?
– Gradients
– Peak pulse heating
– Chemical composition
– Bulk microstructure
– ???

Dolgashev, Tantawi, Higashi, Spataro, 2010

Simakov, Dolgashev, Tantawi, 2018
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Strong indications that thermal fatigue plays a key role 

This mechanism couples to composition/microstructure

Laurent, Tantawi, Dolgashev, Nantista, 2011



Background
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In fatigue, surface deformation is mediated by dislocations 
incoming from the bulk 

CLIC consist of data collected both from setups where
short radio frequency (rf) electromagnetic pulses are
applied [22], and from setups in which the electric field
is constant (DC) [23].
The process of arc nucleation under extreme electric

fields is understood to be initiated by the glide of mobile
dislocations to the surface of the metal, due to local stresses
generated by the fields [24]. The mobile dislocations
arriving at the surface modify it, thus enhancing the electric
field and the current on the surface [25]. The enhanced
current then causes heating, which causes atoms to be
released from the cathode and to form a plasma [26,27],
allowing current to arc between the electrodes [17]. This
process is described schematically in Fig. 1.
Previous attempts to explain breakdown nucleation were

centered around the formation of distinct protrusions
leading to electric field enhancement, evidenced by
increased dark currents [28,29]. The enhanced electric
field can lead to heating, due to the current and field
emission effects after a significant surface protrusion
appears [30]. However, the formation process of such
protrusions in a metal subject to an electric field has not
yet been adequately described theoretically or observed
experimentally [19,25,28,29].
Our model, based on mobile dislocation density fluctua-

tions (MDDF) [16], complements these previous models
by proposing that surface features appear as a result of a
critical increase in the mobile dislocation density ρ.
According to this model, prior to breakdown, the mobile
dislocation density is in a long-lived metastable state,
fluctuating around a deterministically stable value ρ!.
When the population experiences a large enough fluc-
tuation to carry the mobile dislocation density beyond a
critical value ρc, a critical transition occurs, leading to a
deterministic increase in the mobile dislocation density,

which can lead to a localized increase in field emission, due
to plastic evolution of the surface. Therefore, the MDDF
model describes the process up to the formation of surface
deformations, while the subsequent processes of break-
down can be treated by the models previously mentioned
[19,25,28,29]. This post-nucleation evolution is not dis-
cussed here, and may, as well, not be deterministic. Indeed,
there are initial indications from microscopy and current
measurements suggesting the existence of subbreakdown
events, which may be a result of critical transitions which
did not develop into a full-blown breakdown [31].
In this study we extend the MDDF model [16] by

including insights from experimental observations pertaining
to its physical characteristics and parameters, and discussing
their implications for the model. In addition, we present
predictions of the model which are relevant for applications
in which electric field breakdown is significant.
The manuscript is organized as follows: In Sec. II we

present the physical basis of the model, consisting of
deterministic rate equations describing the creation and
depletion of mobile dislocations in a metal subjected to an
electric field. Then, in Sec. III, we describe the problem of
finding the BDR in terms of a birth-death master equation
[32] for the mobile dislocation population, thereby trans-
forming the problem of calculating the BDR to that of
finding the first passage time of a biased random walker.
Results of the model are compared to experimental mea-
surements of BDRs in OFHC Cu in Sec. IV, providing
estimates of observables such as the activation energy
and volume for mobile dislocation nucleation. In Sec. V we
examine variations of the physical assumptions of the
model, and demonstrate the robustness of the resulting
BDR dependence on the electric field. In Sec. VI we
propose specific experiments, which can serve to validate
the predictions of the model. Finally, in Sec. VII, possibil-
ities for reducing the BDR in real-life applications are
discussed.

II. MEAN-FIELD MODEL

A. Kinetic equations

Under externally applied stress, dislocations will glide
along slip planes [1]. The resulting mobile dislocation
density ρ is expressed as the total length of dislocations in
one slip plane, and therefore measured in units of nm−1.
Mobile dislocations can be blocked by various obstacles,
including interactions with other dislocations. Once ren-
dered sessile, dislocations can be released by processes
such as cross slip [33]. Thus, barriers serve both as sources
and sinks of mobile dislocations.
Figure 2 is a dark-field transmission electron microscopy

(TEM) image of a soft OFHC Cu cathode sample from
CLIC, under two-beam g:220 diffraction conditions.
Dislocation lines are seen to be aligned in a typical
ladder-like structure [34] in one active slip plane, which

FIG. 1. Schematic description of the stages leading to arcing:
(i) Extreme fields generate local stresses which, in turn, lead to
dislocation activity, causing mobile dislocations to glide to the
surface of the metal and modify it. (ii) The electric field and
current on the surface are enhanced due to the surface mod-
ifications. (iii) The enhanced current causes heating. (iv) Due to
the heating, atoms are released from the cathode and plasma is
formed, allowing current to arc between the electrodes.

ELIYAHU ZVI ENGELBERG et al. PHYS. REV. ACCEL. BEAMS 22, 083501 (2019)

083501-2

Engelberg et al, 2019 

• Plastic deformation in real 
materials is extremely complex

• Heroic efforts to model evolution of 
dislocation distribution under field 
[e.g., MDDF by Ashkenazy et al.]

• Important takeaway: key 
parameter is b, which relates 
applied E to resolved shear stress



Our approach
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• Goal: begin to understand the coupling between the surface 
tractions induced by E and plastic deformation

• Idealized setting 

• Main tool: Atomistic level modeling using Molecular Dynamics

Summary of today’s talk: 
• Atomistic charge equilibration model 
• Plastic deformation under E field



Levels of theory
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Classical description:
– Molecular dynamics

• Strengths:
– Relatively fast

• “Large” systems (>106 atoms)
• “Long” simulations (10-6-10-3 s):

• Weakness: 
– E has to be included “by hand”
– still << engineering scales

Quantum description:
– Density functional theory (DFT)

• Strengths:
– Very accurate
– Natural description of E

• Weakness: 
– Very expensive (scales as Nelectrons3)

• Small systems (~few 100 atoms):
• Static or short dynamic 

simulations (~ps)



Classical MD
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In conventional MD, charges are 
typically implicit or fixed. In order to 
capture field effects, we need a 
charge equilibration model.

1. Parameterize the empirical 
electronic Hamiltonian by fitting to 
quantum data

2. During MD: dynamically assign 
charges to minimize electronic 
energy



Example of DFT results

5/11/21 |   9Los Alamos National Laboratory

E=
-0

.4
 G

V/
m

Coupling with structure: 

concentration, shielding

Polarization

Induced 
charges



Validation: no polarizability, no intrinsic dipole
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Validation: polarizability, no intrinsic dipole
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Validation: polarizability, intrinsic dipole
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Intrinsic dipole
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Validation Cu/Ag: polarizability, intrinsic dipole
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Model #1: Large-scale MD
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Large-scale MD
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Large-scale MD
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Large-scale MD
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Plastic deformation under E
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dislocation will modify the mobile dislocation density by
approximately Δρ ¼ 0.1 μm−1. Since breakdown is a sur-
face phenomenon, we propose that it is driven by the
mobile dislocation population behavior in the cells adjacent
to the surface.

III. STOCHASTIC MODEL

A. Birth-death Markov process

Rate equation (4) demonstrates the existence of two
steady-state solutions, but provides no information con-
cerning the rate at which random fluctuations of the mobile
dislocation population will carry the system past the critical
point. To describe this dynamic behavior, we model the
dynamics as a birth-death Markov process [32]. Here the
value of ρ can increase or decrease by Δρ, with a transition
probability per unit time _ρþðρÞ=Δρ or _ρ−ðρÞ=Δρ, respec-
tively. These transitions are independent of the time history
of ρ, and correspond to the creation and pinning, respec-
tively, of one mobile dislocation in one slip plane inside a
cell close to the surface. This behavior can be viewed as a
biased random walk along the mobile dislocation density
axis.
For convenience, we define n ¼ ρ=Δρ, so that the step

size of every transition is %1. The possible states of the

system are thus described by an integer n, which assumes
values from 0 to nc ¼ ⌈ρc=Δρ⌉, where the typical fluctua-
tions are around n& ¼ bρ&=Δρ⌉. Defining A2 ¼ a2ncΔρ
and B2 ¼ b2ncΔρ, the birth and death rates of the Markov
process are

λn ¼ B1σ2eασ; μn ¼
B2n
nc

σ ð5Þ

with σðnÞ ¼ A1 þ A2n=nc. Using these rates, the rate
equation can then be written as

_n ¼ λnðnÞ − μnðnÞ: ð6Þ

The corresponding master equation, describing the time
evolution of the probability to be in the state n, is

∂PnðtÞ
∂t ¼ λn−1Pn−1ðtÞ þ μnþ1Pnþ1ðtÞ − ðλn þ μnÞPnðtÞ:

ð7Þ

Finding the BDR is now equivalent to finding the mean
time it takes for the biased randomwalker to reach nc, when
starting from the vicinity of n& ¼ Oð1Þ [32].

B. Estimating the time to breakdown

Given the values of λn and μn for every 0 ≤ n < nc, the
mean time to reach nc from any state n can be written
recursively as

Tn ¼
λn

λn þ μn
Tnþ1 þ

μn
λn þ μn

Tn−1 þ
1

λn þ μn
: ð8Þ

The solution to this equation, with the boundary conditions
Tnc ¼ 0 (absorbing state at n ¼ nc) and T0 ¼ T1 þ λ−10
(reflecting boundary at n ¼ 0), is given, for any n < nc, by

Tn ¼
Xnc

i¼n

ϕi

!Xi

j¼0

1

λjϕj

"
; ð9Þ

with ϕn ¼
Qn

m¼1 μm=λm [32]. Since the system resides in a
long-lived metastable state prior to escape, Tn is indepen-
dent of n, as long as n ¼ Oðn&Þ. The lines in Fig. 5, which
represent Eq. (9) and various approximations of it, see
below, agree well with the values found from numerical
simulations, see Appendix A.

C. Metastable approximation

The exact solution for τ, presented in the previous section
[see Eq. (9)], is highly cumbersome. In order to provide
insight into the effect of physical constants and parameters
on the BDR, it is possible to employ a metastable
approximation (see below). Starting from some arbitrary
initial condition, the system settles after a relaxation time tr

FIG. 4. A dark-field STEM image of a cross-sectional lamella
from a fully conditioned (see main text) OFHC soft Cu electrode,
under two-beam g:111 diffraction conditions, showing disloca-
tion cells separated by dislocation walls. The cross section was
taken from a region far (at least 50 μm away) from any break-
down site. The dislocation walls appear as curled thin bright lines,
as opposed to long straight dislocation segments inside the cells
which are organized in a ladderlike structure.

THEORY OF ELECTRIC FIELD BREAKDOWN … PHYS. REV. ACCEL. BEAMS 22, 083501 (2019)

083501-5

Engelberg et al (2019) 

• Fully-developed dislocation 
microstructure is incredibly 
complex

• Considering unit steps in isolation

• First target: 1D periodic array of 
Frank Read sources



Setup
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Driving forces:
• Lateral thermal stress due to 

RF heating
• Surface traction due to field-

induced surface charges

DT

DT

DT

DT

E



Setup

Los Alamos National Laboratory

Driving forces:
• Lateral thermal stress due to 

RF heating
• Surface traction due to 

induced surface charges

• Field enhancement due 
surface steps (MD-QEq)

absorption



RSS enhancement due to surface steps

5/11/21 |   22Los Alamos National Laboratory

10 GV/m

4b 8b 18b

𝜎 ~ !
"
𝜖 𝐸" ~ 0.45 GPa (Cu)

GPa

Resolved shear stress

FR

Asymptotic decay ~ 1/r



RSS enhancement due to surface steps
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Continuum limit from FEM

Continuum limit from FEM

Vacuum

−∇"𝜑 = 0 in Ω

𝜑 = 0 at 𝜕Ω#

−∇𝜑. 𝑛 = 𝐸$ at 𝜕Ω%



Repeated emission
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• At fixed thermal stress, the FR source could emit indefinitely

• At fixed volume, the source gradually exhausts itself, as the plastic 
strain relaxes the driving force from the thermal stress

• What is the impact of E on the final step height? 



Repeated emission: ∆𝑇 = 20℃
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Constant thermal stress

Constant volume
Critical stress 

for FR emission

• Annealed OFHC  Cu dislocation 
density (𝜌) = 1014 m-2

• Distance between neighboring 
dislocations = 1.6 𝜇𝑚

• FR dislocation length = 0.32 𝜇𝑚
• FR activation stress = 32 MPa

Final step height

Step enhancement



Repeated emission: ∆𝑇 = 𝟖0℃

Los Alamos National Laboratory

• Annealed OFHC  Cu dislocation 
density (𝜌) = 1014 m-2

• Distance between neighboring 
dislocations = 1.6 𝜇𝑚

• FR dislocation length = 0.32 𝜇𝑚
• FR activation stress = 32 MPa
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E = 10 GV/m

Repeated emission: step enhancement

• Electric fields can assist in dislocation 
emission, at very high fields. Small 
effect at typical gradients. 

• Thermal stresses from RF losses 
main driving force

• Field coupling with surface steps can 
enhance dislocation emission at short 
range (~1 µm, comparable to RF 
heating range) and high field

• Could play a role in near-
breakdown conditions

Enhancement region



In progress: Crystal Plasticity
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• Microstructure plays a role in 
breakdown

• Very difficult to capture such 
effects with MD, analytic models 
require lots of assumptions

• Currently implementing coupled 
thermo-plastic solver to better 
understand surface deformation

• Future task: include E coupling



In progress: Crystal Plasticity
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Temperature distribution Plastic strain distribution



Conclusion
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• We have developed an accurate, all-
atomistic, method to include E in classical 
MD simulations

• We have applied this technique to the 
coupling of E with FR plasticity through 
surface features.

• High local fields are required for 
significant enhancement. Could play a 
role near breakdown.
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