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High-field conditioning is the process by which radio-frequency structures in particle accelerators and
other high-gradient devices reach their operating fields, yet the underlying physical mechanism remains an
open question. Models and indirect measurements point to subsurface dislocation dynamics, but large-area
structural measurements have been missing. We present electron backscatter diffraction measurements
spanning millimeter-scale regions on a copper cathode conditioned at pulsed direct-current fields up to
~80 MV/m in a sloped-anode geometry, which imposes a known gradient of field exposure across a
single electrode. Across nine regions of interest spanning this exposure range, the mean intragrain
misorientation of field-exposed regions exceeds that of unexposed references by ~75%; the difference is
reproduced by three independent misorientation metrics and confirmed by Kolmogorov-Smirnov tests. To
our knowledge, this is the first large-area observation of structural differences between conditioned and
unconditioned regions of a high-field electrode. The misorientation separates into three tiers (high-field
center and edge, low-field periphery, and unexposed reference) that match the spatial profile of the
conditioning-state variable Eg predicted by Monte Carlo simulations. These observations point to the

evolving subsurface dislocation population as a candidate physical basis of conditioning.
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L. INTRODUCTION

High-field vacuum breakdown limits the performance of
particle accelerators, x-ray free-electron lasers, and other
high-gradient devices [1]. Conditioning, the progressive
increase of voltage-holding capability through controlled
exposure to high fields, is the primary operational means
of reaching high gradients. Yet, the physical mechanism
driving it remains an open question [1]. Monte Carlo
simulations and experiments with spatially varying fields
describe conditioning through a phenomenological state
variable, Eg, the local field level to which each surface
element has been conditioned; its microscopic origin has
not been identified [2].

Vacuum-breakdown data already point to dislocation
dynamics as a limiting process [1]. Field-holding capabil-
ity increases from fcc to bee to hep metals, the same order
as the barriers to dislocation motion, linking field holding
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to dislocation mobility [1]; metals of all three crystal
structures have been high-field tested in the same pulsed
direct-current system used here [3]. A thermodynamic
defect model relates the breakdown rate to the effect of
the field stress on the formation enthalpy of near-surface
dislocation loops [4]. The mobile-dislocation-density fluc-
tuation (MDDF) model treats breakdown initiation as a
critical transition in the collective motion of dislocations
driven by the tensile Maxwell stress of the applied field
[5,6]. This model reproduces the observed E*° scaling of
breakdown rate with field and the temperature dependence
of field-holding capability [1], and its predictions for pre-
breakdown dark-current spikes are consistent with mea-
surements [7]. A key prediction is that conditioning involves
evolution of the near-surface dislocation structure [1].
Several experimental observations support a link between
dislocation-based mechanisms and conditioning, although
the evidence so far is indirect or local. Cross-sectional
transmission electron microscopy (TEM) of conditioned
hard-copper cathodes has revealed dislocation-denuded
zones in the top ~200 nm of field-exposed regions [1,8],
providing local evidence of field-driven near-surface plastic
rearrangement. Soft (heat-treated) copper conditions more
slowly than hard (as-machined) copper [9], consistent with

Published by the American Physical Society
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their different initial dislocation populations, which the
same cyclic load should deplete in one case and build
up in the other. At the macroscopic level, conditioning
kinetics point in the same direction: the breakdown rate
scales with the number of high-field pulses rather than
the number of breakdowns [1,10], implying that the
applied field itself drives the conditioning effect rather
than surface arc damage. Despite these advances, differ-
ences in dislocation structure between conditioned and
unconditioned areas have not yet been directly observed at
large scales [1].

The field acts on the electrode through the Maxwell
tensile stress, a surface load that the metal carries as elastic
stress even though the field itself is screened at the surface.
Its magnitude, 6,, = €¢yE?/2 ~0.028 MPa at 80 MV /m,
is roughly 10° times smaller than the macroscopic yield
stress of annealed copper (~30-70 MPa). Nevertheless,
studies of very-high-cycle fatigue have established that
oscillatory stresses well below yield can produce cumu-
lative, irreversible dislocation rearrangement when sus-
tained over 108-10'° cycles [11,12]. The cycle-count
regime is therefore relevant to the ~10° conditioning
pulses applied here, while the much smaller Maxwell
stress amplitude motivates the MDDF threshold-free
description introduced above.

In this work, we report large-area electron backscatter
diffraction (EBSD) measurements on the copper cathode
from the sloped-electrode conditioning experiment of
Ref. [2], for which both the conditioning history and the
spatial breakdown distribution are known. EBSD-derived
orientation gradients are established proxies for geomet-
rically necessary dislocation (GND) density [13,14], and
together with local TEM cross sections, they connect near-
surface observations to millimeter-scale plastic evolution.
We compared field-exposed regions with internal refer-
ence regions on the same cathode and with a separate
unexposed cathode. Because the central comparison is
made within a single specimen exposed to a continuous
field gradient, it is insensitive to cathode-to-cathode
differences in microstructure and composition. The
regions of interest were chosen far from individual break-
down craters, so the measured microstructure reflects the
cumulative material response to field exposure rather than
local arc damage. Regions that experienced high fields
show intragrain misorientation, a proxy for GND density,
approximately 75% higher than unexposed references. To
our knowledge, this is the first large-area observation of
dislocation-related microstructural differences between
conditioned and unconditioned regions of a high-field
electrode. The misorientation separates into three tiers
of field exposure (high-field center and edge, low-field
periphery, and unexposed reference) that follow the spatial
profile of E predicted by the simulations, suggesting that
the evolving subsurface dislocation population is a can-
didate physical mechanism for conditioning.

II. EXPERIMENTAL METHODS

A. Sloped-anode geometry

The electrodes studied in this work exhibit field
holding, breakdown, and conditioning similar to those
of radio-frequency (rf) accelerating structures. The spe-
cific electrodes are the same sloped (frustum) electrodes
whose design, conditioning, and breakdown-position
analysis are reported in Ref. [2]. Both electrodes are
oxygen-free electronic (OFE) copper, vacuum heat-treated
at ~107% mbar following a brazing-temperature cycle
peaking at 835°C (Sec. II B). The anode was machined
with a frustum profile (Fig. 1): a flat central region of
radius r; = 6.5 mm separated from the cathode by a
uniform gap h; = 60 pm, surrounded by a linearly sloped
annulus extending to the anode edge at r, =20 mm
where the gap increases to 7, = 70 pm. The local surface
electric field is E(r) = V,ppiiea/d(r), producing a uniform
field for r < r; and a radially decaying field for r > r;. At
the maximum conditioning voltage, the peak surface field
reached ~80 MV/m at the center and decreased to
~69 MV/m at the outer edge of the active area [2].

The cathode was conditioned in the CERN pulsed direct-
current (dc) Large Electrode System using 1 ps pulses at a
1 kHz repetition rate. During conditioning, breakdown
positions were recorded by optical triangulation. The
resulting breakdown density varied systematically with
radial position: approximately 24 breakdowns cm™ in
the center (highest field), 12 breakdowns cm™ in the
middle annulus, and 5 breakdowns cm~? in the outer region
[2]. This gradient, much weaker than the E*° scaling of
instantaneous breakdown rate, reflects the counteracting
effect of field-driven conditioning, in which regions
exposed to higher fields also condition more rapidly.

The sloped-anode geometry provides a single cathode
surface with a controlled, continuously varying field-
exposure history. Measurements from the center (high

FIG. 1. Sloped-anode geometry. The anode has a flat central
region of radius r; = 6.5 mm, separated from the cathode by a
uniform gap #; = 60 pm. It is surrounded by a linearly sloped
annulus extending to r, =20 mm, where the gap reaches
h, = 70 pm. The local surface field on the cathode, therefore,
decreases monotonically with radius, defining the center, edge,
and periphery regions of the field-exposed (FE) cathode used
throughout the text.
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field), edge (intermediate field), and periphery (negligible
field) can therefore be compared on the same sample.
Results from different surface locations were also com-
pared to a reference sample that underwent an identical
preparation and heat treatment but was never exposed to
high fields. This external reference is essential because the
large cathode area can exhibit location-dependent micro-
structure (e.g., due to machining strain and heat-flow
variations).

Because cross-sectional TEM provides only highly local
information [8] that is difficult to extrapolate to the full
electrode surface, we used large-area EBSD-based ori-
entation imaging. For each 0.5-mm-wide region of interest
(ROI), we first used scanning electron microscopy (SEM)
to select a region hundreds of microns away from break-
down craters (Fig. 2). This placement ensured that the
measured microstructure reflected the cumulative intrinsic
response to field exposure rather than local damage from
individual breakdown events. We then used a focused ion
beam (FIB) to remove a thin surface oxide layer and
acquired EBSD maps to characterize the grain structure
and local orientation within the cleaned ROIs.

The FIB cleaning was performed using a Ga-ion Helios
Nanolab 460F1 Dual Beam system (Thermo Fisher
Scientific). Rectangular ROIs measuring 550 x 300 pm

(a) Low-magnification view of a field-exposed
ROL

(b) Electron-induced.

(¢) Ion-induced.

FIG. 2. Secondary-electron images of field-exposed ROIs after
FIB cleaning, before EBSD acquisition. (a) Low-magnification
view showing a cleaned ROI (central rectangle) hundreds of
micrometers from the nearest breakdown craters. (b) Electron-
beam and (c) ion-beam images of a cleaned FE center ROI; the
uniform grain-orientation contrast under ion imaging in (c) marks
the cleaning endpoint (Sec. IT A).

were scanned with a normally incident 30 keV, 2.5 nA Ga™
beam over a 3072 x 2048 pixel scanning matrix at a dwell
time of 500 ns—3 ps per pixel. The cleaning endpoint was
determined in real time by monitoring the ion-induced
secondary-electron image (ICE detector): scanning was
stopped once uniformly strong grain-orientation contrast
appeared across the entire ROI [Fig. 2(c)]. The resulting
milling depth, measured by atomic force microscopy
(Dimension Icon XR, Bruker), did not exceed 10 nm in
any of the cleaned ROIs, ensuring that the subsurface
dislocation structure was probed without introducing
measurable FIB damage.

B. Samples and regions of interest

Both cathodes were diamond-turned from the center to
the periphery on OFE-grade copper substrates, resulting
in a surface roughness of R, < 20 nm. They were then
vacuum heat-treated at ~10~® mbar following a brazing-
temperature cycle rather than a full bonding cycle [15]: a
100°C/h ramp to 795°C with a 6 h hold, then a 100°C/h
ramp to 835°C with a 45 min hold, followed by natural
cooling under vacuum [2]. This treatment is expected
to produce a recrystallized, equiaxed grain structure [9].
Raw orientation-imaging analysis gives similar grain-size
distributions in the field-exposed and reference cathodes
(Sec. IIT A), with mean grain sizes of a few tens of micro-
meters and the largest grains approaching ~100 pm,
consistent with prior measurements on similarly prepared
substrates. This grain size is consistent with the brazing-
temperature cycle, and is well below the values produced
by the higher-temperature (~1040 °C) bonding cycle used
for full rf accelerating structures, which would substan-
tially coarsen the grains [15].

Two copper samples were studied: (i) REF: A reference
copper cathode that was not exposed to an electric field but
underwent the identical machining and heat treatment
as the field-exposed sample. (ii) FE: The field-exposed
copper cathode from the sloped-anode conditioning
experiment described in Sec. Il A and Ref. [2].

Multiple ROIs were examined on these samples, chosen
to span the range of field exposures and breakdown
densities recorded during conditioning [2]: (i) FE center
(r £6.5 mm): Two ROIs (ROI, at r =3.92 mm, ROI,
at r=3.04 mm) in the uniform high-field region
(~80 MV /m), which experienced the highest breakdown
density (~24 breakdowns cm~?). (ii) FE edge (r =
6.5-20 mm): Two ROIs (ROI; at » = 9.21 mm, ROI, at
r = 8.65 mm) on the sloped portion of the electrode,
exposed to intermediate fields (~69-77 MV /m) and inter-
mediate breakdown density (~12 breakdowns cm™2).
(iii) FE periphery (r > 20 mm): Two ROIs at the outer
circumference of the FE cathode, beyond the anode radius
(ROI, at r = 24.81 mm, ROI, at r = 27.3 mm). A finite-
element simulation of the cathode-anode geometry (Fig. 3)
gives a local surface field of ~2.9% of the central value at
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FIG. 3. Surface electric field on the FE cathode, normalized to
the central value, as a function of radial position. The profile was
computed from a high-resolution finite-element simulation of the
cathode-anode geometry. The shaded band marks the FE
periphery ROIs (r & 25-27 mm), where the local field is ~2.9%
of the central value, corresponding to <2.5 MV/m at the maxi-
mum conditioning voltage. The cathode edge (r > 28 mm),
where geometric enhancement occurs, is excluded.

this radius, corresponding to <2.5 MV /m at the maximum
conditioning voltage. These ROIs serve as an internal
reference that underwent the same machining, heat treat-
ment, and vacuum exposure as the high-field regions.
(iv) REF center: ROI on the reference sample at
r = 6 mm, the position that would sit below the flat anode
center (zero field exposure). (v) REF edge: Two ROIs
on the reference sample at positions that would sit below
the sloped anode edge (ROI; at r = 14.7 mm, ROI, at
r =154 mm), with zero field exposure, providing a
position-matched comparison for the FE Edge ROIs.

C. EBSD measurements

EBSD data were acquired with an EDAX-AMETEK
system (1.4-megapixel DigiView camera operated under
the TEAM software) attached to an Apreo 2 S SEM
(Thermo Fisher Scientific). Electron-backscatter patterns
were collected at an accelerating voltage of 15 kV and a
beam current of 3.2 nA, yielding an acquisition rate of
approximately 40 patterns per second with a 97% indexing
success rate. Orientation-imaging microscopy datasets
were acquired from 500 pm-wide ROIs on a hexagonal
grid with a 3 pm step size. Each ROI produced approx-
imately 23,000-25,000 indexed points. We analyzed the
datasets in the as-acquired state, without applying data-
cleaning filters (no wild-spike removal or confidence-
index thresholding), so that the reported misorientation
statistics reflect the raw measurements.

To identify plastic effects of field exposure, we used
three complementary misorientation metrics: local average
misorientation (LAM), the mean misorientation between
each pixel and its nearest neighbors, together with local
orientation spread (LOS) and kernel average mis-
orientation (KAM), defined and compared in Sec. III C.

For all three metrics, the kernel comprised the six nearest
neighbors on the hexagonal grid (first-order shell, neigh-
bor distance 3 pm). Pixel pairs whose misorientation
exceeded 5° were excluded from the kernel average to
suppress grain-boundary contributions [16,17]. The misor-
ientation histograms reported below are accumulated over
the individual nearest-neighbor pixel pairs, ~5-6 x 10*
per ROL

III. RESULTS

A. Grain orientation maps

Representative inverse pole figure (IPF) maps are shown
for ROIs at the centers (r < 6.5 mm) of the reference and
field-exposed cathodes in Fig. 4.

The IPF maps show a broad distribution of grain
orientations in both the FE and REF samples, consistent
with the recrystallized microstructure expected after
the brazing-temperature heat treatment [2,9]. Both cath-
odes were produced from the same stock and under-
went identical machining and heat treatment. Grain
reconstruction from the orientation data (grain tolerance
5°, two-point minimum, with dilation to suppress spurious
grains at the ROI margins; annealing twins counted as
separate grains) gives mean grain diameters of 26-30 pm
across all nine ROIs. The reference grains are modestly
larger than the field-exposed ones (=30 vs ~26 pm on
average); we ascribe this to preexisting cathode-to-cathode
microstructural variation rather than to field exposure, and
it is exactly the kind of difference that the within-cathode
field-gradient comparison is designed to bypass. The
misorientation hierarchy does not follow grain size: within
the field-exposed cathode the mean grain size is essentially
constant from center through edge to periphery, while the
mean misorientation drops sharply from the high-field
center and edge to the low-field periphery (Fig. 9). The
misorientation differences reported below therefore arise
from intragrain dislocation content rather than from
differences in grain structure.

———— A TR ..j:.;‘-&.,
(a) Reference, center. (b) Field-exposed, center ROI2.
FIG. 4. EBSD inverse pole figure maps for (a) the reference
and (b) the field-exposed cathode (center ROIs); the inset
triangle in (a) is the IPF color key (crystal direction along the
surface normal). Both maps show the equiaxed, randomly
oriented grain structure expected after the brazing-temperature
heat treatment.
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(a) FE Center ROI1, wide scale (b) FE Center ROI1, low-angle
(0°-50°). scale.

FIG. 5. LAM with a wide (a, 0°-50°) vs low-angle (b, 0°-5°)
color scale: the wide scale is dominated by grain boundaries; the
low-angle scale resolves intragrain misorientation. All sub-
sequent LAM, LOS, and KAM maps in this paper use the same
low-angle (0°-5°) color scale.

B. Local average misorientation

While grain sizes at the micron scale and above are not
expected to change under the applied field, intragrain
orientation gradients are sensitive to dislocation content.
We therefore focus on the LAM, LOS, and KAM metrics
defined in Sec. IIC, which serve as proxies for GND
density [13,14].

Figure 5 illustrates the key distinction between grain-
boundary misorientation and intragranular misorientation.
When the LAM color scale spans a wide range (0°-50°),
grain boundaries dominate the contrast and intragrain
variations are visually suppressed. Restricting the scale
to low angles reveals intragranular misorientation, which
we use as a proxy for local dislocation density in the
analysis that follows.

Using the low-angle scale, the field-exposed regions
(FE center and FE edge) show elevated intragrain misor-
ientation relative to unexposed reference regions (FE
periphery and external REF sample), consistent with
higher local dislocation density in the field-exposed areas
(Figs. 6 and 7).

In contrast, unexposed reference regions exhibit sub-
stantially lower intragrain misorientation than field-
exposed regions, as demonstrated in Fig. 7.

(a) FE Center ROI2. (b) FE Edge ROIL.
FIG. 6. LAM maps of field-exposed ROIs at (a) the center
(r = 3.0 mm) and (b) the edge (r = 9.2 mm), on the low-angle
(0°-5°) color scale of Fig. 5(b). Both regions show widespread
intragrain misorientation.

(b) REF Edge ROIL.

(a) FE Edge ROI2.
FIG. 7. LAM maps of (a) a field-exposed edge ROI
(r = 8.7 mm) and (b) a position-matched ROI on the unexposed

reference cathode (r = 14.7 mm), on the same 0°-5° color scale.
The field-exposed region shows higher intragrain misorientation.

C. Local orientation spread and kernel average
misorientation

To confirm that the LAM trend is not metric-dependent,
we computed two additional orientation-gradient mea-
sures: KAM, the mean misorientation between each pixel
and its first-nearest-neighbor kernel with cross-grain pairs
excluded, and LOS, the mean deviation from a kernel-
averaged orientation [16]. Both suppress point-to-point
noise and are established proxies for local plastic strain
and GND density [17-20]. Both reproduce the LAM trend:
field-exposed regions show elevated orientation gradients
in all three metrics. We therefore use LAM as the primary
proxy for GND density and dislocation activity in the
quantitative analysis that follows.

D. Low-angle misorientation distributions

To quantify the variation in local misorientation, we
computed low-angle (0°-5°) LAM histograms for the
different ROIs (Fig. 8). Regions not exposed to high fields
(FE periphery and REF) consistently show lower misor-
ientations than field-exposed regions (FE center and edge).
The histograms were fitted with gamma distributions; the
extracted moments are summarized in Table I.

Across all FE ROIs, the misorientation distributions
have higher means and broader tails than those of the
corresponding unexposed regions, whether compared to
the FE periphery or to the external reference cathode
(Table I). The effect is pronounced. Beyond the ~75%
increase in the mean, the fraction of pixels with LAM > 2°
rises roughly eightfold, from ~0.016 in the external
reference to ~0.14 in the field-exposed center and edge.
Hence, field exposure populates the high-misorientation
tail rather than merely shifting the bulk. Two-sample
Kolmogorov-Smirnov tests on the 50-bin 0°-5° histograms
confirm that every FE center and edge distribution is
distinguishable from every unexposed one (Dgg > 0.25,
rising above 0.31 against the external references); the
same conclusion holds under chi-squared and Anderson-
Darling k-sample tests. Given the ~5 x 10* pixel pairs
per ROI, the formal p values are extreme (p < 107190),
so we characterize the difference by effect size and by the
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—— FE Center ROI2 (80 MV/m) p=1.24°
1.2 ——. FE Edge ROI2 (74 MV/m) p=1.18°
B\ + FE Periphery ROI2 (~0 MV/m) u=0.79"
f 1.01 REF Center ROI1 (no field) u=0.68"
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FIG. 8. Low-angle (0°-5°) LAM distributions, one ROI from
each region (FE center, FE edge, FE periphery, and external
reference). Step histograms: 0.1° bins; smooth curves: interval-
censored maximum-likelihood gamma fits (Table I). Field-on
regions are red (FE center) and gray (FE edge); no-field regions
are dark blue (FE periphery) and light blue (REF). Center ROIs
are solid, off-center ROIs dashed. All four distributions share a

common shape parameter k ~ 2.7; only the gamma scale € varies
with field.

grain-corrected significance of Fig. 9. The FE periphery
distributions are much closer to the external references
(Dks = 0.06-0.12), though still distinguishable. In the
maximum-likelihood gamma fits, the shape parameter
changes little across the ROIs: k= 2.6-2.9. The scale
parameter changes nearly twofold, from 6 ~ 0.22° for the
external references to 6= 0.46° for the field-exposed
center and edge. Field exposure, therefore, mainly
stretches the distribution toward larger misorientations.
The empirical skewness, in contrast, is not constant. It
rises monotonically with decreasing field exposure: ~1.3
at the field-exposed center and edge, ~1.7-1.8 at the FE
periphery, and ~2.0-2.3 at the external reference, exceed-

ing the gamma prediction 2/v/k ~ 1.2 most strongly in the

TABLE L

Mean intragrain misorientation vs radial position on FE cathode
1.34

--- REF mean (0.679 deg)
ii @ FE Center (80 MV/m)
@ FE Edge (73-74 MV/m)
@ FE Periphery (~0 MV/m)

=
N
N

=
=
L

o
©

).‘.{
).‘.{

I
N
)

Mean low-angle misorientation [deg]
=
o

0 5 10 15 20 25 30
Radial position [mm]

FIG. 9. Mean low-angle (0°-5°) misorientation vs radial
position on the field-exposed cathode. Red circles: FE center
(~80 MV/m); orange squares: FE edge (~69-77 MV /m); green
diamonds: FE periphery (~0 MV/m). Error bars are grain-
corrected standard errors of the mean, ¢/ /N gins. Dashed line
and shaded band: mean and spread of the three external reference

ROIs. Dotted vertical lines at »r = 6.5 and 20 mm mark the
uniform-gap, sloped-edge, and periphery zones.

reference. External reference distributions, therefore,
retain a heavier-than-gamma upper tail, while field expo-
sure shifts the distribution toward larger misorientations.
This shift is consistent with increased dislocation activity
in regions exposed to high electric fields.

Figure 9 summarizes the relationship between mean
low-angle misorientation and radial position on the field-
exposed cathode. A three-tier hierarchy is evident: the
high-field center and edge ROIs (~1.2°) lie well above
the low-field periphery (~0.79°), which in turn exceeds the
external reference (~0.68°, shown as the horizontal band).

The full-range (0°-63°) misorientation histograms
(Fig. 10, log probability scale) confirm that the field-
induced broadening of the low-angle distribution of Fig. 8
extends as a heavy tail into the midangle range 20°-50°.
This window coincides with the broad central region of the

Low-angle (0°-5°) LAM distribution summary. Mean and skewness are empirical moments of the 0.1°-

binned data; k and 6 are interval-censored maximum-likelihood gamma parameters (mean = k6); P(LAM > 2°) is
the fraction of pixels with misorientation above 2° within the 0°-5° window. Uncertainties are 95% bootstrap

confidence intervals.

Region Mean (°) k

0 (°) Skewness P(LAM > 2°)

FE center ROI,
FE center ROI,
FE edge ROI,

FE edge ROIL,

FE periphery ROI,
FE periphery ROI,
REF center ROI,
REF edge ROI,
REF edge ROI,

Lol 2748
L2l 27040
1.215391 2.83700
1.18*00! 2.59100%
0.7879% 2.637003
0.7920%0 271550
0.68000 2.8010:03
0.652000 2.92700
07173%  2879%

0.43410:90 136700
e BT
0426°0%%¢ 1327008
04577000 137700
0208:80 18410
0291750 16800
0.24170004 2.0510:08
0.22270:003 2267012
024870%¢ 2107319

0.1330003
0.1505903
0.13915:5%3
0.13755503
0.03510:002
0.03320507
0.017-9:%1
0.01370:50!
0.0192551
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REF Center ROI1 (no field)
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FIG. 10. Full-range (0°-63°) misorientation histograms for the
four ROIs of Fig. 8 (same color/line style), on a log probability
scale (fraction of all pixel pairs). Shaded band: Mackenzie
window (20°-50°), the broad central region expected for random
cubic misorientations. Dotted line: £3 twin at 60°. The £3 peak
fraction (~7%-11%) is similar in every sample, but the pair
fraction in the Mackenzie window is ~2-3x higher in field-
exposed regions, the high-angle tail of the low-angle broadening
seen in Fig. 8.

Mackenzie distribution [21], the misorientation-angle
distribution expected between randomly oriented pairs
of cubic crystals, defined on 0°, 62.8° with a peak near
45°. Physically, the window captures boundaries between
subgrains that have rotated far enough to no longer count
as low-angle. Field-exposed regions populate this window
at several x 1073 to 1072 per 1.4° bin, 2-3 times higher than
the unexposed regions (~2-5 x 1073). By contrast, the £3
coincident-site-lattice twin peak near 60° contains a
similar pixel-pair fraction (~7%-11%) in every sample,
indicating that the annealing-twin density and the broader
grain-boundary network are unaffected by field exposure.
The field-dependent broadening therefore extends from
the subdegree LAM regime into the mid-angle subgrain
regime, while the high-angle twin and grain-boundary
structure imposed during initial annealing is preserved.

IV. DISCUSSION

A. Misorientation and plastic deformation

The elevated intragrain misorientation in field-exposed
regions, measured against both internal and external
references, addresses an important open question in break-
down conditioning [1]. While the MDDF model reprodu-
ces the field- and temperature-dependent breakdown rate,
and cross-sectional TEM has revealed local dislocation-
denuded zones in conditioned hard copper [8], differences
in dislocation structure between conditioned and uncon-
ditioned areas had, until now, not been observed at large
scales. Here, mean low-angle misorientation in FE center
and edge regions (~1.2°) exceeds that in the external
reference (~0.68°) by approximately 75%, indicating

increased lattice curvature and GND density consistent
with dislocation-mediated plastic processes activated by
the tensile Maxwell stress [6].

The field itself is screened within the surface charge
layer, but the load is not: the Maxwell traction acts on the
surface as a mechanical boundary condition and is carried
into the electrode as elastic stress, quasistatically on the
timescale of the pulse. The electrostatic screening length
therefore has no bearing on the depth of the microstruc-
tural response.

The large-scale increase in misorientation does not
contradict the near-surface denuded zones of Ref. [8]:
the two observations reflect one mechanism acting on
very different initial dislocation populations. In dense,
as-machined copper the cyclic stress lets near-surface
dislocations escape to the surface or annihilate in pairs,
depleting the layer imaged in the TEM cross sections. The
surrounding ensemble screens the internal stress of such a
layer in a Debye-like manner, over a screening length
Cp=1/ky with ky=~ 4.2,/p in the two-dimensional,
single-slip theory of Ref. [22]; for the p ~ 10'* m~2 of as-
machined copper this gives £ =~ 25 nm, so the ~200 nm
denuded layer is about eight screening lengths thick. In the
general geometric theory of mechanical screening this is
the dipole regime, with dislocations as the screening
charges [23,24]. Neither theory, however, treats a cycli-
cally loaded crystal with a free surface, so the thickness of
the denuded layer is not predicted. In the heat-treated
copper studied here there is little to deplete; the cyclic load
instead generates and rearranges dislocations. EBSD
records the resulting lattice curvature in the layer it
samples, about 40 nm deep in copper at 15 kV [25,26];
the 3-pum step and kernel set only the lateral resolution.
This contrast is analogous to cyclic softening versus
hardening under mechanical fatigue [1,6]; very-high-cycle
fatigue of copper shows this directly, with annealed, low-
dislocation copper cyclically hardening through disloca-
tion accumulation while cold-drawn copper softens
through dislocation rearrangement [27]. That hard copper
conditions more rapidly than soft copper [9] fits this
picture. Independent measurements confirm that oscilla-
tory stress below the macroscopic yield reorganizes dis-
locations and leaves an EBSD-detectable signature.
Ultrasonic loading of coarse-grained nickel at a 20 MPa
amplitude, with the same area imaged before and after,
raised the EBSD-measured GND density by about an order
of magnitude and increased the low-angle boundary
fraction [28]—the same response seen here under field
exposure. The oscillatory amplitudes in such experiments
(tens of MPa) far exceed the Maxwell stress; the threshold-
free MDDF accumulation over ~10° pulses, rather than a
direct amplitude comparison, bridges this gap. Atomistic
simulations reach a similar conclusion for single-pulse
loading: static fields of experimental magnitude do not
by themselves trigger substantial dislocation activity on
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nanosecond timescales [29,30], so any field-driven plas-
ticity must be cumulative.

The EBSD maps extend the earlier local TEM obser-
vations [8] to the full conditioned region. Because the
ROIs were placed away from crater sites, the elevated
misorientation cannot be attributed to damage from indi-
vidual breakdowns; it reflects the cumulative material
response to high-field exposure during conditioning.
Field emission sites likewise show no spatial correlation
with subsequent breakdowns [2], consistent with condi-
tioning being governed by material evolution below the
surface rather than surface features.

The pulsed dc geometry imposes a further constraint:
no rf magnetic field is present, and no pulsed surface
heating occurs. The only cyclic mechanical load is the
Maxwell tensile stress, o, = €)E>/2 ~0.028 MPa at
E =80 MV/m, 3 orders of magnitude below the yield
stress of the heat-treated copper used here. In rf accel-
erating structures, thermal stresses from pulsed Ohmic
heating can approach yield [31,32] and produce grain-
orientation-dependent surface roughening and slip-band
formation [33]. That signature is surface-localized, distinct
from the subsurface misorientation reported here, and it
makes the field effect difficult to isolate in rf systems.
Consistent with this distinction, the dc-conditioned surfa-
ces studied here show no clear field-induced slip bands in
scanning electron microscopy; such surface features have
so far been observed only under thermal fatigue. The dc
geometry removes that thermal-loading channel, leaving
Maxwell stress as the cyclic mechanical load. This load is
also distinct from classical electroplasticity, in which a
high-density bulk current alters dislocation glide through
the electron-wind force, or a static field acts through
charge-assisted vacancy migration at high homologous
temperature [34]. Neither operates here: the cathode
carries negligible bulk current, remains near ambient
temperature, and screens the static field within a thin
surface layer.

Beyond these loading arguments, the three-tier ordering
in Fig. 9 (high-field center and edge above the periphery,
which in turn exceeds the external reference) further
argues that the misorientation increase is field-driven
rather than an artifact of sample position or preparation.
The FE periphery ROIs (r > 20 mm) reside on the same
cathode as the high-field ROIs and underwent the same
machining, heat treatment, and vacuum exposure. They
therefore control for residual furnace gradients, machining
strain, and vacuum history. Yet their mean misorientation
falls between the field-exposed and external reference
values. This intermediate level is consistent with the
periphery having experienced a small residual fringe field
during conditioning (<2.5 MV/m, ~3% of the central
value; Fig. 3), low enough to leave it closer to the pristine
reference but nonzero. The monotonic decrease of mis-
orientation with decreasing field exposure, across both

internal and external comparisons, matches the pattern
expected from dose-dependent dislocation evolution rather
than a spatially uniform artifact.

Several limitations bound this interpretation. All results
come from a single conditioned cathode and a single
reference, so the ~75% figure characterizes this material
state and conditioning history rather than conditioning in
general. Field level and breakdown density vary together
by construction. Placing the ROIs far from craters removes
local arc damage, but integrated exposure to distant
breakdowns cannot be separated from the field exposure
itself within this dataset; the observation that conditioning
scales with pulse count rather than breakdown count [10]
favors the field as the driver. Finally, the absolute LAM
values depend on the 3-pm step size and on the angular
precision of the indexing, so the comparisons reported here
are internal, between regions measured under identical
acquisition and FIB-cleaning protocols.

B. Connection to conditioning phenomenology

The Monte Carlo conditioning model of Ref. [2] intro-
duces a phenomenological state variable Eg that tracks
the field level to which each surface element has been
conditioned, and whose physical origin was left as an open
question. The spatially resolved EBSD measurements
identify a possible microstructural correlate of Eg: intra-
grain misorientation, a proxy for GND density, varies with
field-exposure level across the same cathode. The same
three-tier ordering in Fig. 9 follows the spatial profile of E
predicted by the model. This agreement suggests that
rearrangement of the subsurface dislocation population
may be the physical process tracked during conditioning.
The near-constancy of the gamma shape parameter across
all nine ROIs, while the scale parameter nearly doubles
(Table 1), further supports a single underlying mechanism:
field exposure changes the accumulated dislocation con-
tent, not the form of the underlying process, consistent
with cumulative dose-dependent evolution. This behavior
mirrors the scaling long established for deformation-
induced low-angle misorientation distributions, which
collapse onto a fixed shape when scaled by their mean
and depend on strain only through that mean [35,36]. The
low-angle misorientation produced by field exposure thus
carries the same statistical signature as that produced by
mechanical deformation, reinforcing its interpretation as
dislocation-mediated plastic activity.

The full-range histograms (Fig. 10) support the same
picture. The 3 twin fraction and the high-angle boundary
network are unchanged by field exposure, so the grain
skeleton imposed during annealing is intact; only the
intragrain and subgrain population evolves. The elevated
mid-angle population in field-exposed regions then marks
subgrains that have rotated beyond the low-angle regime,
the expected end state of continued GND accumulation.
The skewness trend of Table I, largest in the references

103503-8



DIRECT LARGE-AREA OBSERVATION OF ...

PHYS. REV. ACCEL. BEAMS 29, 103503 (2026)

where the distributions retain a heavier-than-gamma tail,
remains unexplained; it may reflect the as-prepared dislo-
cation structure that field exposure progressively overwrites.

A quantitative comparison that correlates measured
misorientation profiles with the radially resolved Eg values
from the Monte Carlo simulation will require finer-step
EBSD at additional radial positions and is left for
future work.

V. CONCLUSIONS

Field-exposed regions of a conditioned copper cathode
show consistently higher subsurface intragrain misorien-
tation than unexposed regions of the same electrode and
of an identically prepared reference. The difference is
reproduced by independent misorientation metrics and
confirmed by distribution-level statistical tests. To our
knowledge, this is the first large-area, spatially resolved
observation of dislocation-related microstructural differ-
ences between conditioned and unconditioned regions of a
high-field electrode.

The misorientation decreases stepwise with dec-
reasing field exposure, in the same order as the spatial
profile of the conditioning-state variable Eg predicted by
Monte Carlo simulations. This agreement supports the
picture that collective dislocation dynamics underlie con-
ditioning and suggests that the evolving subsurface dis-
location population may be the physical mechanism
tracked by Ej.

Several directions follow. Finer-resolution mapping
would enable quantitative comparison with the predicted
Eg profile, and site-specific imaging could resolve the
underlying dislocation structures. The spectral content of
the pulsed stress may couple preferentially to dislocation
resonance frequencies, a possibility that warrants dedi-
cated investigation. More generally, the subyield response
may be described as the evolution of an interacting,
self-screening dislocation population, a description that
would give Eg a microstructural definition. Extending the
same approach to electrodes of other crystal structures, to
rf-conditioned structures, and to cryogenically conditioned
cathodes would test whether the subsurface response
tracks dislocation mobility across materials and loading
conditions.
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