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Introduction Outline
E

ark Current

OUTLINE

@ Development of physics- and materials-based time-delayed photoemission
model that captures sub-micron features

@ Models to enable the prediction of emittance, quantum efficiency (QE) and
dark current from microscale structures with nanoscale features

Background:
@ High QE photocathodes = semiconductors: contain Cs to reduce emission barrier.
@ A fraction of e~ that escape undergo collisions prior to emission, but standard beam
optics code models neglect their contribution.

@ x-Ray FELSs: pulse lengths < 1 ps « scattered e~ cause tail to emission bunch,
interacts poorly with space charge, increases &, »s <> halo (e~ outside core beam).

@ Describe time-dependent model of emission accounting for material
properties, scattering mechanisms, surface barriers, laser interaction
parameters, and time & energy dependence of the delayed emission.

@ Discuss incorporation of these models into Particle-in-Cell code MICHELLE
to address pulse elongation and emittance effects due to photocathode
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Introduction

Future x-RAy Sources & COLLIDERS

The Need

Future Coherent x-Ray Sources & Advanced Colliders address need for
sustainable energy, scaling of computational power, detection / mitigation of pathogens,
study of structure & dynamics of cells

The Problem:

@ To access, observe, control matter on ©
timescale of electronic motion and spatial ©
scale of atomic bonds, high performance I
¢~ beams are demanded. Ve AN
@ Performance requirements exceed (
state-of-the-art for lifetime, QE, &, 5.

LINAC /
These requirements are related to [ /{J i N
emission uniformity and response time. | 7}—//11( —
ﬂ,

Emittance €

@ Modeling effects needed for design but
existing emission models do not account
issi ili QE,
for emission delay, surface profilimetry. Uity N
Response time
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Introduction Outline
Futu 5
Emittance, Delayed Emission, and Dark Current

ENERGY SPREAD AND DELAYED EMmissioN

A simple model of delayed emission: a 0 @
flat-top pulse I,(f) of width T defined by ‘.‘!‘*O"’LXV;\J @
O(x) is Heaviside step func. ( Lo ¢ v
(O() P ) 0 ¢ o 9 ° %

L) = 1,6(O6(T -1 (1) o

. L . Scattering: creates a population of lower energy ¢~
Then |f emission Is delayed by a factor T, that fall behind ballistic e~, contributes to E spread

the emitted current 1,(z) is

L(1) = % f Li(s)e =9 ds 2 0

1—er t<T)
oC { (eT/‘r _ 1)671/7' ([ > T) ( )

06

Intensity [au]

02
—uT=0.1

I —1UT=02]

UT=04 T B s = + +
I 7 0 -5 0 5 10 15 20
L N Time [ps]

t=T Ddelayed emission from GaAsP after Fig. 9, of I. Bazarov, et al.,
.

PRSTAB11, 040702 2008. Observe diffusive tail!
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Introduction Outline
Future x olll
Emittance, Delayed Emission, and Dark Current

REespoNse TIME AND ScCATTERING

Monte Carlo. 1000 e~. Surface is right hand boundary, incident laser is from the right
Top: Fatal approximation; Middle: one scattering; Bottom: all electrons such that E > u + ¢
Figures from: Jensen, et al., J. Appl. Phys., 110, 034504 (2011).

8fs 12fs 47 121s 201s

No Scattering
No Scattering

One Scattering
One Scattering

Al Scattering
Al Scattering

Bare Cu : At =6fs, 1, = 2 fs. When E < u + ¢, electron CsonCu : Ar=8fs, 1, = 4 fs. Scattered electrons may
is removed from simulation. Length of simulation region be emitted if £ > u + ¢. Length of simulation region = 16
= 12 nm. Fatal approximation is reasonable. nm. Fatal approximation neglects too much.
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First and Second Generation Models

Sections Outline

e First and Second Generation Models
@ Shell + Sphere Model
@ Laser Jitter and Convolution
@ Emission Models and MICHELLE
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First and Second Generation Models

SiMPLE MODEL: SHELL AND SPHERE

. . 510% e : ;
Bulk Material Vacuum Bulk Material Vacuum 155676 32
5676
410°F | ]
= \ 3748
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2 #,310* 1
€
22100 ]
3 —{F—1 Shell
Shell Sphere &) o Sphere
1104 [ —*—!Sum
t<<1
- —t>>1
@ Shell: Expanding rim of charge and 0 ben
unscattered electrons 0.1 1
. Time [fs]
@ Sphere: Expanding cloud of charge and 510* ‘ ‘
thermalized electrons \ 155676 (72
. " \
@ All ¢~ photoexcited at depth 6; a1 3743 ]
Monte Carlo simulation & i
##,310° N
@ Charge through surface = < \
. _ \
sum of Shell & Sphere: I(1) = dQ/dt 210 f \ —0—Shel
i 12 ™ 8 N S —e— } gphere
6 \1/2 um
10=0 " + 0/ 5) exp(-) @ . 3
"2+ 1) 4n3 t 110 F — s
Os and Q are total charge in either shell or sphere; t, and 7* are fitting 0 L L ——
parameters (latter related to relaxation time) determined by Monte Carlo. 0 15

5 10
Time [fs]
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Shell + Sphere
First and Second Generation Models Laser Jitter and Convolution
Emissif ICHELLE

MuttipLE SHELLS IN CONSTANT FIELD

@ Multiple Shells dO expand as per Eq. (4);
AQ(1): sum over shells

@ Charge per shell: dQ o« exp (—x/6) Ax/&

where x = distance into bulk and Ax = width of shell. F = ¢& = surface field
@ Current AI(t) = dAQ/dt B 3 .
@ Field at surface held constant; Diffusion model unchanged. © = 0.36 eV-nm — image

. = Fermi level
@ Shell Integration = total current from unscattered e¢™: a e

@ = work function
Vpe 5o v, = velocity

ng {(e" = (1 + 5,) — s€*} (5)

(2(ha)+y))1/2 Vol [ ( -+ )1/2] ¢ = ® - VAQF — Schottky
vo=|————| % T -

Isneti(t) = Qshelt 6 = laser penetration depth

g = fiw = photon energy

hw +
r=m/m,
@ Due to photo-excitations near the surface, current emitted m, = rest mass.
immediately but exponentially declines in time

@ Ripples & noise on laser pulse smoothed by convolution of
photo-excitations distributed over length.
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First and Second Generation Models

LAser JiTTER: CU-LIKE

(Left) Flat-top; (Right) Gaussian
Observe amount of charge in tail!

0.1 T 01— T
I . Delay A S Delay
— 0.08 — Diffusion — 0.08 —Diffusion H
) r y Total a r > Total
> s > |
- i3 -—
S 0061 LA 4 = o006} :
g |
= (4l a]
S 0.04r [FI|E 1 T 0.04} 1
e [l £
> L p > L
o 002 | 1 © o02f 1
0 y 1 ."A 0 1 3
4 0 1 2 3 4 5 4 0 1 2 3 4 5
t/it t/t

Petillo, Jensen, Panagos, Ovichinnikov, Moody, Delayed Photo-Emission Model For PIC Codes pg 100of 29



First and Second Generation Models e ution
Emission Models and MICHELLE

N Sim: NoN-DeLaveD Vs. DELAYED

Non Delayed-Emission model results - no field or secondary emission. One emission pulse.

Delayed-Emission model results - no field or secondary emission. One emission pulse.
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First and Second Generation Models on
Emission Models and MICHELLE

RF Gun Sim: PuLse SHAPE COMPARISON

O

Current Density Charge

With Delay

Three delay mechanisms shown in Graph of Intensity vs. Time Step:
@ Blue: no delay (follows laser pulse; under red line).

@ Red: delay equal to one time step (shows integrated quantities dealt with properly on
the sub-time-step scale).

@ Green: delay span (tail) of ~ 5 FWHM of the laser pulse.

The charge density shows how the delayed emission affects both the charge distribution as
well as the shape of the pulse. The tail of the beam gets compressed radially in both cases,
however the non-instantaneous nature of the emission delay can be seen to affect the
timing of the pulse, and this would have to be compensated for in a real device.
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First and Second Generation Models J
Emission Models and M\CHELLE

NexT GENERATION MoDEL

Modify Moments Approach for field F(r) and Materials Physics inclusions. The
quasi-steady state formulation (7' > 7 or §/(hkr/m)) is represented as a
three-step process of Emission + Transport + Absorption

(1 - R)M, (k)

1 n
Mally) = s f dK || (EITI AT & OF = 2M, (k)| p=,=1

Transport module now replaced by an Expanding Sphere Model

otoﬂototo

bulk material Vac

Shells located on lattice of points s, (blue: initial; red: after time 7). Emission naturally
time-delayed by time-of-flight from s, to surface. Emission into vacuum governed by field
that exists at surface when shell crosses it and is therefore inherently time-dependent.

Q = charge in vacuum: I = dQ/dt
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First and Second Generation Models i on
Emission Models and MICHELLE

Response TiME AND PuLSE SHAPE

Q(t) (charge in vacuum) is governed by: Laser penetration depth §(w); velocity of
expanding shell ~ 7ikr/2m; and time dependence of emission probability.
Current density therefore depends on them as well.

1 0.030 : : 0.030 : :
8=12.8nm 8=42.8nm
08l 15 0025} 1 = 0025} ]
> O, SO,
g "qc: 0.020 F 1 "ac: 0.020F 1
5 086] 18 o
c 3 0.015F 1 3 o0o15fF ]
- ®] ®]
o 04 1o °
@ @ 0.010F i1 @ oot0f ]
| = =
02 1.5 ooost 1 5 ooost b
0 : : : 0.000 : : 0.000 : : ‘
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
time [fs] time [fs] time [fs]

Effects of different penetration depth 6(w): Ad hoc laser jitter (noise) = 50%. ® = 2.1 eV. Laser pulse set
to 80 fs top-hat, plus 50% jitter. Barrier height set to u + ® — 4QF(¢). Surface field is time-dependent:
F(t = tj)) = F,(N; +j = 2)/(N; = 1) with F,, = 100 eV/um (linearly increasing)
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Beam Optics Code

Sections Outline

e Beam Optics Code
@ Code Implementation
@ eBeam Code
@ Concluding Remarks
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Code Implementation

Beam Optics Code

STTR SOLUTION

@ Develop new physics-based emission
models for application to high quantum
efficiency photocathodes

@ Implement these models into a portable
library that can be incorporated to a wide
range of existing code types

@ Incorporate library into the particle-in-cell
(PIC) MICHELLE and the meshless
MICHELLE-eBEAM beam optics codes
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Code Implementation
e e

Beam Optics Code

DeveLor New PHysics-Basep Emission MobpELs

Physics-Based Emission Model Development:

@ Develop the first generation delayed emission models: These models will be physics
based and developed into mathematical solutions and algorithms and tested
separately before implementation into the beam optics codes.

Three technical approaches to be undertaken, all refer to modeling associated with
photoemission and field emission near the surface. They are:

@ The first generation delayed emission models
Prompt (shell) and delayed (sphere) emission models for multiple sites as a function of
material parameters
@ Sub-micron surface roughness and dark current models
Point charge and line charge models; impulse trajectory model; space charge effects
@ |Interaction of delay and roughness via space charge using transit time and trajectory
modeling approaches
Explanation
(] Delayed emission models for planar surface are primary: incorporation into MICHELLE environment is Phase |
@ Ssurface roughness models require theory/code to handle Point and Line Charge models and relation to transit time approach: Phase Il

(] Space charge transit time available for planar surface case, but require code development for 2D and 3D configurations; begin in Phase |,
majority in Phase Il
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Beam Optics Code

IMPLEMENT MoDELS INTO PORTABLE LIBRARY

Design the emission software architecture that supports
@ The emission model development through both phases of the STTR
@ Existing emission models and models that are currently under development
@ Future needs to accurately represent the emission physics

Develop new emission software library prototype

@ Develop the emission software architecture prototype that contains the current
emission models as well as the new delayed emission model

Implement first generation delay model into the MICHELLE Toolset
@ Employ the new emission software library prototype

@ Implement the first generation into the MICHELLE PIC code. The architecture will be
completely new and designed to supplant that already in MICHELLE

@ Test the library in MICHELLE

Test and validate
@ Test the implementation against the theoretical model for consistency
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Beam Optics Code

TypicaL BEam DEviceE SIMULATION ARCHITECTURE

User Setup

M Emission Models &
+ Support

Simulation Code

Initializer

Emission Library

Algorithm

Data

Collection

Field Solver Particle

Controller

Post
Processing
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Beam Optics Code

MobEeL SimuLaTioN CAsE CoMPONENT “OWNERSHIP”

Host Code only
@ Geometry Full Problem
Both Host Code and Emission Library Geometry
@ Material properties (Initialization)
@ Surface finish (Initialization)
@ Fields (Every time step)

@ Temperature (Every time step)

Emission Library
@ Operates at the unit cell level @

@ One unit cell <> One emission site
4 emission
sites

Single Emission Site | —7

Unit /

Cell Emission surface

on computational mesh
[
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Code Implementation

Beam Optics Code

Packace DIAGRAM OF FUNCTIONAL AND STATIC SETUP LAYERS

Emission
Physics
Package

Initialize Emission Models
(PhotoEmission,
Childslaw, etc)

Host Code
- Pre-Process Particle Geometry
Launch Sites Controller Interface
- Material Package
properties
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Code Implementation

Beam Optics Code

INTERFACE DIAGRAM OF LAYER INTERACTION CALLS BY PACKAGE

Emission
Initialize Emission Models Physics

Package

<<interface>> Process Launch <<interface>> Geometry Detail

Init(vector<location>) :vector || GetSurfaceLaunchPt(BoundaryLaunchiID) :point

<EmissionSite* > GetSurfaceLaunchOppositePtInElement(BoundaryLaunchiD): array
of Points
GetSurfaceLaunchNormalPtsIToLaunchPt(BoundaryLaunchiD):
array of Points

Host Code

Geometry

Pre-P Launch
S e Particle Controller Interface

MRV EREN

Package

Petillo,



Code Implementation
eBeam Code
Beam Optics Code Concluding Remar

PHotoemission MobeLs IN BEam CobE

SIMULATION: How spatial irradiance pattern affects Beam quality created from photoemission process
@ Photoemission model implemented into NRL/SAIC MICHELLE code: model applied to AES/BNL SRF Gun
@ Simulation results confirmed PARMELA-B calcs for gross parameters like emittance and RMS beam size
@ model can be used to investigate more detailed beam formation in gun:

@ will confirm in what parameter range PARMELA-B results can be used
@ gives insight into internal beam dynamics of bunch

@ Implementing and testing Field Emission model and Predict Dark Current

Iradiance Pattern

Courtes
Mark Curtin, Boeing Courtesy
J. Petillo, SAIC

Transverse Velocity
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Code Implementation
eBeam Code

Beam Optics Code Concludi

NoN-UNIFORMITY AND EMITTANCE GROWTH

Looking down the bunch: % Change ex ey ez
Initial 116% 190% 120%
final 47% 59% 56%
T T T T
o 10[
c
(9]
< 8r
MICHELLE 8
simulation
E 6f
o
© uniform non-uniform
o 4l
£ —O—e(u) e
Particle < — ——
w- o[ e (u) e (n)
weight —a—z:(u) J—[i[n]
0 . . .
space charge affects emittance
3 T T T
At Exit
E
E 21
()
L N~ M S,

@ non-uniform
transverse ‘é’ 1+ o x (W —Tx ()
velocity x ey @ =y

Az W L)
0 . . .
0 0.2 0.4 0.6 0.8
Time [ns]
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Beam Optics Code

PIC CobE IMPLEMENTATION

Library Approach

o Alibrary is under development to house the software to make is
accessible by other codes

@ The library will be written to support multithreading and GPU
processors

e The library is not simply emission models, but a more substantive
framework allowing it to provide utility functions including

o Laser temporal profiles
o Laser spatial profiles and gating
o Laser jitter & spatial irradiance fluxuation

@ Thermal Field Emission in addition to the Photoemission discussed
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Code Implementation

Beam Optics Code

MICHELLE eBEAM: MesHLEss Beam OpTics CobE

Meshless electrostatic beam optics code
@ Heterogeneous CPU/GPU/TBB - developed since 2007

@ Coulomb interactions on GPU

@ Direct n2 and tree-code n log(n) algorithms
@ Counter Streaming beams with scattering

@ High accuracy particle integration - Up to 8™ order
@ Performance: Fully 3D GPU as fast as a 2D CPU code

LITHOGRAPHY FEL INJECTOR
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Implementation
eam Code
Beam Optics Code oncluding

MICHELLE eBEAM (I)

@ Mesh-based FEL beamline codes spatial resolution is limited to its cell size
@ The smallest scale that can be resolved is often much larger than the particle spacing
@ 2D is reasonably fast, but 3D is not
@ Mesh-less approaches do not have such a limitation / Coulomb calculations are
preferred GPUs have shown the ability to efficiently handle the n-body, like Coulomb,
gravitational, etc.

@ Demonstrated that the GPU solution is viable and provides
a performance advantage

@ 3D calculation for the price of 2D

@ Proven that eBEAM can handle beamlines typical of
MW-grade FELs

@ New prototyped physics models (Self-B, Photoemission, Image
charge, 1D CSR)

@ Prototyped extensions to handle high bunch charge beamlets
(macroparticles, DC & RF field maps, 1/0)

@ What distinguishes the new code from todays FEL codes? (Comparing to codes like
PARMELA, TStep, Elegant, GPT, and DIMAD)

Mesh-less: resolution only limited by the number of particles

Has the ability to process large particle counts, capturing the effects of higher order particle effects
Captures detailed physics with performance that will allow optimization searches and S2E modeling
Capability allows beamlet tails and beam halo to be modeled, uncovering performance degraders
Is fast: Performance that can be instrumental to the commissioning of components and systems
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eBeam Code
Beam Optics Code

MICHELLE eBEAM (1)

Photo-Injector simulation requirements:
Photoemission, field emission, thermal field emission & secondary
emission models, RF drive fields, applied fields, field maps, robust self

field models

@ RF boosters ERL simulation requirements
RF drive fields, applied fields, field maps

@ Magnetic transport section simulations,
including merges & transport lattices, bunchers
Applied fields, field maps, CSR

@ General simulation requirements
Import/export of particle and field data (support of S2E)

Supporting compatible IO data structures between community codes

@ MICHELLE vs. MICHELLE-eBEAM

@ MICHELLE Proper: Single beamline component modeling
@ MICHELLE-eBEAM: Multiple beamline component modeling
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mentation

Beam Optics Code Concluding Remarks

SUMMARY

First Generation Delayed Emission Model

@ Demonstration of 1¥-Gen (constant surface field) Delayed Photoemission
model: shell model for unscattered ¢~ and diffusion model for scattered e~.

@ Incorporated 1*-Gen model into Particle-in-cell code MICHELLE.
@ Examined impact of delayed emission in PIC simulation of Photoinjector gun.

Next Generation Delayed Emission Model

@ Time-dependent emission model developed for changing surface field F(r)

@ Ability to treat few-scattered electron contributions enabled.
@ In Progress:
@ Incorporation of material properties (m, Eg,n & k, R, 6, DOS) for metal,
semiconductor, and coated material photocathodes

o Geometry / Field enhancement modeled using an impulse approximation to the
launch velocity of electrons
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