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Particle accelerators 101

%@ Los Alamos

AAAAAAAAAAAAAAAAAA



Basic parameters

A Average accelerating gradient i 100-200 MV/m
A Peak surface electric field i 200-400 MV/m

A RF frequency i 10 GHz
A Pulse length i 100 ns

A Repetition rate i 100 Hz
A Input power i 50 MW

A Pulse energy i 10 J

A Cavity is usually made of Cu
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The race to higher fields

Increasing accelerating fields is generally beneficial:
A Smaller size (medical, space applications)
A Lower cost (material, footprint)

A Higher energies

Limiting factors:

A Available RF power

A Multipacting: resonant electroni avalanche
A Losses: ohmic heating and thermal fatigue
A Vacuum breakdown

¥® Los Alamos [Wuensch et al, arXiv:2502.03967]
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Breakdown for accelerator operators |
Transmitted power

nReﬂected power

Normal Breakdow
2000 ald BN pAmn AR
5000 4

4
i 0 4000
[L5 .
X "W-.—.f\f] 2
3 c
g ' | 5
& 3000 | 8 w0
g | \ s
| \ 3
EL o X, a
& 2000 _ \'IIMH-"H _ 52000

| \f\.’\‘,_\\-\
000 - I,' 1000
, M N - i w/\,_'_‘/—\_____
BO0 a00 1000 1100 1200 1300 800 900 1000 1100 1200 1300
Time (ns) Time (ns)
@) LUS AIUIMUS 10/13/2025 7

““““““““““““““““ [Wuensch et al, arXiv:2502.03967]



Breakdown for materials scientists
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Breakdown: what do (we think) we know?
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Possible driving force: Electric field
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A Concentrates in high E-field regions (but not exclusively)
A Extremely steep field dependence (E20-40)!
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Possible driving force: RF Losses
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_ A RF pulses cause cyclic Joule
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Material properties matter:
A Harder materials = lower BDR
AProcessi

n g

Vignette #1: Plastic -deformation induced roughening

matters

A Possible relevant physics:
A Plastic deformation

A Dislocation motion/multiplication

A Microstructure

A Fatigue
A é

|



Vignette #1: Plastic -deformation induced roughening

A Runaway dislocation multiplication has
been hypothesized as a breakdown
precursor

A Current analytical models have yet to be
demonstrated in simulations

A Goal: assess dislocation -

multiplication processes using
molecular dynamics
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MD of metals under E field

A Conventional charge-equilibration (QEQ):

[ A
mim E.lq) = Z--f.']. T % E Hag

subject to Z. g =10
H;,=&n + (1 — &)-F,
A Reasonable description of metals. Natural coupling to external fields

A Caveat: need untruncated Coulomb interactions

¥%® Los Alamos [Rappe and Goddard, 1991]

AAAAAAAAAAAAAAAAAA



15

10/13/2025

HOSANAMOS

o

)



%@ Los Alamos

NATIONAL LABORATORY







R ‘ (3 )
(P24 IRED IR 0.24 2L
32254 l'.. e%se
"O'Q:.Q':.

®

&
05 Los Alamos 10/13/2025 18

NATIONAL LABORATORY



Runaway dislocation emission!

Surface features

Direction
of motion

Plastic deformation Charge/stress concentration due to E
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Field/step coupling induces resolved shear stresses

10 GV/Im

Increasing step height
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Runaway dislocation emission?

Electric field Maxwell stress on a fla Critical FrankrRead
surface source length

10 MV/m 400 Pa 50 mm %

100 MV/m 40 KPa 0.5 mm ?
1 GV/Im 4 MPa 5nmm

10 GV/m 400 MPa 50 nm |

A Yield strength of annealed Cu: ~30 MPa
A Peierls stress of Cu: ~0.3 MPa
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Runaway dislocation emission?

Thermoelastic stress

10 K
20 K
40 K
80 K

A Yield strength of annealed Cu: ~30 MPa

16 MPa
32 MPa
64 MPa
128 MPa

A Peierls stress of Cu: ~0.3 MPa
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Dislocation emission at DT=80K
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Dislocation emission at
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Dislocation emission at DT=80K
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Dislocation emission at DT=80K
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Vignette #1: Plastic -deformation induced roughening

A LARGE electric fields can enhance
dislocation emission

A Unlikely to be relevant for breakdown

precursor formation

A Could activate once a precursor is
formed by some other means

A Thermal cyclic fatigue is a prime
candidate.
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[Laurent, TantawiDolgashe\et al. (2011)]
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Vignette #1.1: Can we design better materials?

A Design principle #1: minimize RF losses

A Design principle #2: maximize resolved

shear stress for dislocation motion FOM L TL—N

A Design principle #3: dilute copper alloys are Ethermal
a good place to start

A Approach: high-throughput DFT calculations for
dilute copper alloys

Wang, Simakov, Perez. Applied Physics Letters 120, no. 13 (2022): 134101.
Wang, Simakov, Perez. Journal of Applied Physics 132, no. 17 (2022).
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Vignette #1.5: Can we design better materials?

A Design principle #1: minimize RF losses

A Design principle #2: impede dislocation

motion

A Design principle #3: dilute copper alloys

are a good place to start

A Approach: high-throughput DFT calculations

for dilute copper alloys

Binary Cu alloys

Conductivity calculated
with SPRKKR

Mechanical property
calculated with DFT
calculations using SQS

Screen out promising alloys
using FOM, and refine the

’ solute atomic concentration

” based on experimental
solubility

CuAg, CuCd, CuHg

CuAu, Culn, CuMg

Wang, Simakov, Perez. Applied Physics Letters 120, no. 13 (2022): 134101.
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FOM #1: Critical stress to move dislocation s

Labusch T Nabarro (LN) model: Critical resolved shear stress required for dislocation
motion:

+ q "Qa
cof @ 7
with: . @ \/ w0 P9
pem TN T p TS
Two key parameters:
o Qa
A Size misfit © T04
L Q0
A Modulus misfit - 00 &

Zander et al., Computational Materials Science 41 (2007) 86i 95
Butt, Journal of Materials Science 28 (1993) 2557-2576
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FOM #2: Thermal stress created by RF dissipation

AAssuming that the surface is free to relax in z only, the corresponding in-plane thermal stress
IS

oYY
- k- kK :
P U

A Heating due to RF losses can be estimated from the solution of the heat equation:

G*\/T,}) R, . .
Accelerator parameters AT = 5 ! ’ Material properties
Zy Wrpek
TABLE |. Parameters of a sample C-band accelerating structure.
Parameters i T, G Zu
Values 0.052m 1.0 us 100 MV/m ﬂ = @ =301.6Q
1.25 1.25

Perry B. Wilson. In ITP Conference on Future High Energy Colliders.
University of California, Santa Barbara, October 1996.
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Alloy design

Ag, Cd, Hg, Au, In, and Mg stand out as potential alloying candidates.

ol 0397 A Ag, Cd: excellent
.| 3 0.5 conductivity
| S osd
&l 3 0.20 - A Hg, In, Cd: strong
| 06 strengthening
0.15 A
8 0.4 0.10 1 A Au, Mg: decent at both
0.2_ 005_
0.0 A 0.00 ~
O.IOO 0.|05 O.|10 0.|15 0.|00 0.|05 O.|10 0.|15
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Vignette #2: Surface -transport induced roughening

A Surface roughening also occurs without
thermo-elastic stress, e.g., under DC
electric fields

A Suggests that another mass transport
mechanism operates

A Prime suspect: surface diffusion

[Gill, Goduru, Sheldon (2008)]
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Physical intuition: field

— = initial
04{Espp A -
| = 775 MV/m — 0.036T
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Direct atomistic simulations
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