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Parallel Finite Element EM Code Suite ACE3P

Over more than a decade, SLAC has developed the conformal,
higher-order, C++/MPI-based parallel finite-element suite of
electromagnetic codes for high-fidelity modeling of complex
accelerator structures.

ACE3P (Advanced Computational Electromagnetics 3D Parallel) code suite:

ACE3P Modules — Accelerator Physics Application
Frequency Domain: Omega3P - Eigensolver (nonlinear, damping)
S3P — S-Parameter

Time Domain: T3P — Wakefields and Transients
Particle Tracking: Track3P - Multipacting and Dark Current
EM Particle-In-Cell: Pic3P — RF Guns (self-consistent)
Visualization: ParaView — Meshes, Fields and Particles

>>> Aiming at Virtual Prototyping of accelerator structures
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Outline

» T18vg2.6 Dark current simulation
» Dark current spectrum vs measurement
» Fleld emitter space-charge effects
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T18vg2.6 Structure

 Structure being tested at KEK and SLAC
« Simulation Code: (ACE3P)

« S3P - S-Parameter & Fields

* Track3P- Particle Tracking
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T18 Structure Fields

RF fields obtained using S3P with surface loss
S11=0.014; S22=0.032; S12=0.82
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Dark Current Simulation Using Track3P

Dark Current Simulation
 Fowler-Nordheim field emission
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* Analyze accumuiated etrects of DC current & power




Dark Current Emitter Simulation

Emitted from
irs #6

* Intercepted electrons - dark current heating on surface
— Deposited energy into the wall results in surface heating

« Captured electrons: energy spectrum
— Emitter (disk) location - energy
— Emitter density on disk — amplitude
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Dark Current vs RF Heating

Dark Current Heating

Dark Current Heating distribution . Impact (_:c_)ncentrated in high E region
around iris

* Impact energy could be as high as a
few MeV

* Depth of energy deposition ~ 100-200
microns

Assumed emitters uniformly distributed. | ) CS)LQ[BH![C:Q(EW higher heating power at

In reality, most likely clusters of emitters,
result in local hot spots.

RF Pulse Heating

« High on outer wall where E field is
“lOW”.

RF Heating distribution Depth ~ skin depth

Temperature rise is around 25°C at
100 MV/m, 200 ns pulse length

At Eacc=80 MV/m; (Hs/Ea~0.004),
Power _max=1.4 GW/m?




High Power Test Data - Breakdown Distribution

F. Wang KEK, Higo, Doebert
1~201 Breakdown Events 201~400 Breakdown Events 401~600 Breakdown Events
20 : 20 g - 20 - :
y(x) =a x™n y(x) =ax™n y(x) =a x™n
a=0.070631 a=0.72984 a=0.21073
151 n=1.8328 15-/n=0.91333 15 N=1.4129
R = 0.81556 (lin) R =0.90839 (lin) R =0.88267 (lin)
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« Breakdown rate significantly higher at the output end
» Good correlation with field enhancement and dark current
heating at the output end

Dark Current Heating distribution




Dark Current Spectrum Comparison

T18_VG2.4_Disk #2
Spectrum_vs_power at 252ns
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Differences?

NATIONAL ACCELERATOR LABORATORY



Field Emission Space-Charge Effects

PHYSICAL REVIEW VOLUME 92, NUMBER 1 OCTOBER 1, 1953

Space-Charge Effects in Field Emission*

J. P. Barpour, W. W. Doraw, J. K. Troran, E. E. MarTIN, AND W. P. DYKE
Physics Department, Linfield College, McMinnville, Oregon

(Received June 8, 1953)

Space charge important when J > 6x101° A/m?
Field emission current density based on FN can be significant:
=50, E,..=100 MV/m: J ~ 1013 A/m?

peak

Colordd by momentum
l'-.

Field emitter:
micron size
or less

B =50

Half ellipsoid with half-axes 10:1

o1 A G A Mesyats /P. Wilson
JI—H\'
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Effective Fowler-Nordheim Field Emission

Self-consistent effective FN field emission in
RF and space charge fields using Pic3P

RF surface field map computed with Omega3P
(then driven at f=12 GHz)

Assumptions:

200 MV/m surface fields (E,..=100 MV/m)
* Tip does not change (fixed f=50)

* No transport phenomena

* No heating effects

* Particles emitted without energy spread

Single microscopic Cu tip maximum emission current can be limited to
protruding from surface of RF simulate “self-healing” of sharp protrusions
structure, RF field shown (|E|) (realistic?)
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T3P - Finite Element EM Time-Domain Code

Built on the ACE3P parallel Finite Element framework, T3P integrates
Maxwell’s equations in time to compute transients & wakefield effects.

Combine Ampere’s and Faraday’s laws ACE3P Finite Element Method:

_ )FE oF o] Curved tetrahedral finite
VXVXE+ ue 7 THO o7 =—U EYR™ elements with higher-order
vector basis functions N;:
O .+~ = WE,E;
. E(xt) =) ei(t) Ni(x)

T3P models full-wave EM
from first principles

Unconditionally stable time integration*

Solve linear system at every time step:

@— Fororderp=2: 20 different Nj's
AX=Db

For order p=6: 216 different N;'s

*Navsariwala & Gedney, An unconditionally stable parallel finite
A~ element time domain algorithm, Antennas and Propagation, 1996




Pic3P - Finite Element EM PIC Code

Self-consistent
. . d
Loop: 1) Push (Macro-)Particles = = ¢E+vxB)

2) Deposit Charges J=pv
i ' JB
3) Calculate Fields [jé E-ds = —fA(T dA

with T3P -
H.-ds — / (O—D+J) dA
DA ot
Pic3P: Parallel, full-wave EM PIC D.-dA = //_)(ﬂf’
- . . . ov 1%
code from first principles, with -
higher-order particle-field coupling jévB'dA = 0
on conformal unstructured grids . B=y-H, D=c¢c¢FE
« Typically, particles are points: Z gi - 0(x —x;(1)) - vi(t)

: Op
» Charge is conserved because dlscrete continuity equatlon holds: 5 +V-J=0
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Pic3P Field Emitter Space-Charge Modeling

space-charge field |E| in vertical symmetry plane
Si A% electrons colored by momentum
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Space-Charge Reduction of Emission

(Case 1) 10x1x1 u tip half axes, 200 MV/m, no limit on J
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Space-Charge Reduction of Emission

(Case 2) 10x1x1 p tip half axes, 200 MV/m; Jjmii=1 0'2 A/m?
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Space-Charge Reduction of Emission

(Case 3)  1x0.1x0.1 p tip half axes, 200 MV/m, J; =1 0'? A/m?
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Space-Charge Fields (Contours of |E|=const)

(Case 2)




Summary

» SLAC's parallel finite element 3D electromagnetic code
suite ACE3P was applied to dark current and field
emission modeling for CLIC structures

= CLIC T18 structures are simulated with Track3P. Dark
current spectrum compared with measurement — which

may provide information of field emission conditions of
disks

= Particle-in-cell code Pic3P was used to estimate
space-charge induced reduction of field emission
current for typical field emitters in CLIC structures.
Compared different tip sizes and emission
characteristics, and estimated [3 “correction” factors




