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* Breakdowns due to dislocations “stampedes”

* Microscopy of electrodes — identifying the zebras
* Demonstrating universal sessile dislocation array in Cu electrodes
* Can we identify distinct conditioning effect?

 Modelling the zebras response
* Mean field model for fluctuations in mobile dislocations response (FMD)

* From stampedes to BD
e Stampedes — so what?
* |dentifying pre stampede — even without explicit link to BD



Observing dislocations

Dislocations — Dislocation — Selective etching |
_head on cross section

x o AT g L e

gy mag E HV cur WD  |HFW  det mode tilt
H 119 943 x 10.00 kV 1.6 nA 4.0 mm 3.45 pm TLD SE 52.0°

% mag DO|HV curr WD HFW det | mode | tilt
120000 x | 10.00 kV  0.80 nA 3.9 mm 3.45pum TLD SE 52.0 °

* Visibility conditions — cross-section orientation
e Curtaining under FIB — surface dependent




Organized array of dislocations

Cut below surface to estimate dislocations structure using SEM

e top or side view lamellas for TEM and STEM
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co > wD HFW  det mode | tilt
mag U HV urr WD HFW  det mode
24 997 x 10.00 kV 1.6 nA 4.0 mm 16.6 pm TLD SE




Dislocations are known to create

persistent slip bands and protrusions

* Previously observed on fatigued surfaces.

Significant sub-surface PSB leading to
surface features.

Stochastic response at sub-yield stresses.

PSB exist in various scales —down to 10
nm. These can lead to sudden increase in
current

macro-PSM

in single crystals specimen
surface\

individual PSMs
in single- and polycrystals

tongue;like
exirusions ribbon-like Qrotrusion
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Haél Mughrabi Phil. Trans. R. Soc. A 2015

J.Man et al, Phil Mag 89 (2009) 1295



Microscopy of BD events (RF and DC samples)

BD are a result of copper plasma
formation which creates
significant plastic activity at BD
site

BD craters can be small or

engulfed in large pools of melted :
copper Service Mode

.:%.:" e 2 el W Sl Gl Tzl S ﬂ mag @ Ry curr WD HFW det mode | il
X 2500x 10.00ky 010nA 4.0mm 166 um ETD SE 52.0° %Y 3500 5.00kv 010nA 40 mm 59.2pm TLD SE 520°

But in general the remnants of
this violent events do not hold
info on what preceded them...

W FF dit
4.1 nuan 34.5 pim ETD
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Note: DC(FGS) — RF correspondence
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e Similar BD craters.

* Main difference —

“Liquid pools” attributed to post BD evolution
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Modelling Breakdowns as rare critical events

High field crltl.c?dl Iocz.allz.ed
transition emission

e Underlying assumptions (“knowns”):

* BD are formed due to rare localized amplification of thermionic emission
which leads to emission of neutrals and seeds plasma formation

* BD involves plasma evolution and surface sputtering.

* Our main hypothesis:
* Intrinsic breakdowns are initiated due to a critical plastic process.

* These are driven by collective dislocation motion below the surface which
leads to subsequent surface modifications.
Increased
current I Applled field

“.&




Stochastic model

* Observations: dense ordered sessile array of dissociated
dislocations (stabilized by elastic interactions) .

e Under appropriate drive - Such arrangement can become
mobile...
We created a mean field model describing evolution of the
mobile dislocation population:

PHYSICAL REVIEW LETTERS 120, 124801 (2018)

Change in number of mobile dislocations

Stochastic Model of Breakdown Nucleation under Intense Electric Fields

. . 10 |

Governing equations: - s

- Pe 7

* Increase in mobile population — interactions with field and 1073 \—;

moving dislocations. z - -

* Arrest due to collisions = 104; E

* Cooperative critical transition in mobile dislocation S o p .

population generates nucleation event 10 3 ' E
We propose that this transition 107 260 360

- start of a run away in mobile population - E (MV/m)

can lead to a nucleation event through its effects on the surface
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* ”Classical” scenario: Temperature effecton =~ 90 ** | |

5 - 200 180 220 260 300

BDR versus field curves.
Dynamic - Ramping up field at various
rates. Average “field for BD”

Pulse length (ns)

T dependence —would lead to verification
of activation temperature and kinetics.

Time dependency - Non Linear regime.

But most important — prior to BD as field is increased fluctuations
in the population - and the dark current should be observed!

See Eli’s talk on Wednesday!

PHYSICAL REVIEW ACCELERATORS AND BEAMS 22, 083501 (2019) 160 210 260
E (MV/m)

Theory of electric field breakdown nucleation due to mobile dislocations



Pre BD —
dislocations below and observable on the surface.

* periodic structures, sensitive to grain orientation * These are manifestations of dislocation arrays

Fish Scales
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Quantifying dislocations , J*
properties o

e Large grains with uniform dislocations
patterns

* Normal density, but extremely coherent.

e Using various two-beam conditions
dislocations identified as b=[110]

* Expected Edge and screw components for
a dissociated mobile dislocation



More details on dislocations characteristics

* Edges and constrictions * Cellular structures




High res TEM -

* Expected mixed dislocations and stacking faults
4 i ey T — HHha i nn s nno e

b=1/6 [11-2]

(x20)

Two identical groups of
defects released to the surface
to form terraces
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Conditioned surfaces — A

do we see hardening — conditioning correlation?
* Dislocations based mechanism —

e Can we show that conditioning is related to hardness?

(simple to measure ex-situ)

* Proving/Disproving — conditioning due to hardening...




Hard Cu, on a BD crater, at the center of the =~ Hard Cu, a clean region in-between BD
sample craters, at the center of the sample

Average hardness=(97+6)HV . Average hardness=(107.7%£3.5)HV

Magnification X100, a load of 20grf, loading time 10s



Soft Cu, , on a BD crater, at the center of the  Soft Cu, a clean region in-between BD craters
sample at the center of the sample

Magnification X100, a load of 20grf, loading time 10s




Hardness modifications at craters..

* No clear hardness — conditioning correlation 100 - i - - - - -

» Softer regions in hard Cu g0} Soft copper _
- would have lead to repeat BD.
- Should have seen a strong difference in bd ~ 60 | .
locations correlation T
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Not so significant density modifications

Reference

Observable density is similar in
Various orientations:
Cross-section versus Top view

And is not affected by sample
thickness (100-200 nm)
(one system is observable)

Rf exposed:
ps =4+0.2(10°cm™)
Pristine:
ps =3.14+0.5(10°cm™1)
Not consistent....




Reference | RF (Crab-cavity sample)

e .

p = (2.34 £ 0.04)-10° [L/cm]

p=(2.72£0.05) - 105 [L/em]

FA half conditioned | FA full conditioned

;0.5 um
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Reference sample of soft CuZA112 BF
Sample T24 TB111 BF

50 nm 50'nm i




* Dislocations are stabilized in an ordered array.

 Model based on critical fluctuations in mobile dislocations, is
consistent with observables

* But - no clear dislocations based conditioning...

* We skip the missing link (dislocations —BD nucleatinng)
and try to identify pre-BD fluctuations...
e Dark current (common to most models)
* Acoustic emission — dislocations specific 5
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PRE-BD signals REVIEWS J“

Early-warning signals for critical transitions
* As the system approaches the critical e i gy e et Vot e

point. Fluctuation diverge.

3'*

* Observable through standard
deviation of the time correlation
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Fluctuation Analysis in dark currents i e i

(Jan Paszkiewicz, Sagy Lachman and laroslava Profatllova)ﬂ i .

Identifying pre BD fluctuations is problematic... st |l W
0 L g g L
. . . ; . Tiumcfsticc) L - ;“m%j 777777 e Ti;c(sn;c) S mez.h
Fluctuations — need to establish a reference signal.
In RF — transfer function? Variation in applied field? Mean and Variance of d.» of Dark Current e 1 Wbt £o.50 M
Must have a conditioned sample — (low field extrinsic o i
) = o | [T
BD do not count!) 2ol Ve - — Devaton o mean
(.04 - - 4 o 4 g I
led to Sagy’s work on fluctuations analysis of beta * oo o2 8L
(See Sagy’s talk tomorrow) PP ) |
And, to efforts using DC FGS system to identify B e T FOR S e it
fluctuations. o Einc(MV fm) 230 235 N I\f\j;?m) 245 250
See Jan Paszkiewicz and larrosalva Profatilova poster. Reconstructed DC signal C mcmeeonsmm
R 0l :E::Egrc: :gSD d.urlng RF pulse
Go to Jan’s poster and see for yourself! =3 -~ PSD vatance recid vom R |
§-110j "* \ g
& | I l“m:'
: ’ : : 42070 Tl o I 2 -‘--;;“\'- -----------
1000 1100 1200 1300 Sk HMP\.L:
Time (ns) e o e ra—
Details in Jan Paszkiewicz thesis.... ey i



Acoustic emission measurements

(under development — Itay Nachshon, Raanan Gad, Sagy Lachman)

* Acoustic emission — distinctive signal
from moving dislocations.

e System composed

* Questions:
Can we identify pre BD fluctuations?
Correlate current and AE signals?
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First trials — no real AE- increase with E

Acoustic Signal vs. Time
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No real signal below BD

Measurement Mean vs. Applied Field Measurement STD vs. Applied Field

Measurement Mean
Measurement STD

=
*
_*_
¥
_*_
~ - L * - - %
: e -
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
Applied Field(MV /m) Applied Field(MV /m)

Need to go to higher values — but limited currently by conditioning! BD at 30-40 MV/m




* Model - dislocations lead to critical transition
* Expected pre BD increase in fluctuations
 But still no dislocations specific signal.

* SO - Back to the microscope
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In situ observation
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Summary and Outlook A

* Electrodes maintain a highly ordered dislocations array.

Proposed a direct link between plastic mechanism and BD nucleation:
 Critical transition in the mobile dislocation population nucleates BD.
* Dislocations show to move and modify surface even without external fields (at specific conditions)
» Critical type fluctuations are observed for the first time in dark currents (Jan!)

 BUT:
* Surface hardening seems to be not related to conditioning mechanism.
* No clear modification of dislocation structure due to conditioning.
* We still fail at measuring explicitly fluctuations in dislocations population

Where can this take us:
* Maybe effects are due to surface — electronic states interactions?
* Plasmons?
» Can we identify plasmons / surface evolution / acoustic emission?

All this leads to

» a proposal for a new experimental system
— monitoring surfaces exposed to high fields via optics. (R. Gad and W. Wuensch)

» Seeking for deeper understanding of observed structures
e Continuing to study observed current fluctuations.

Can you help? Yes!

* Dedicated high sensitivity, high frequency, field emissions prior to BD
Samples demonstrating strong variations in BD characteristics / conditioning




Basic concept for optical diagnostics for plasmonic-work function analysis h

* Aiming at a new optical setup

Super Continuum

* Manufactured acoustic resonator on the surface (grating)

* Aim at measuring: absorption spectra (plasmons?) as well refelction
indicating surface evolution under external field.




