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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 68 . :
. . . . . I‘:’"—"‘”a « B Emittance €
timescale of electronic motion and spatial x; :
scale of atomic bonds, high performance FESS "3
8 Tal- e
¢~ beams are demanded. -

@ Performance requirements exceed
state-of-the-art for lifetime, QE, &, 5-
These requirements are related to
emission uniformity and response time.

@ Modeling effects needed for design but
existing emission models do not account

for emission delay, surface profilimetry. Umgfr;my

Response time

................
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A simple model of delayed emission:
flat-top pulse I,(7) of width T defined by
(®(x) is Heaviside step func.)

Li(t) = L,ONOO(T —1) (1)

: .. . Scattering: creates a population of lower energy e~
Then if emission is delayed by a factor 7, that fall behind ballistic e~, contributes to E spread

the emitted current 7,(z) is
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t=T ] Ddelayed emission from GaAsP after Fig. 9, of |. Bazarov, et al.,

PRSTAB11, 040702 2008. Observe diffusive tail!
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PROGRAM GOALS

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

* Models to enable the prediction of emittance, QE & dark current from micro/nano
features

UNIQUENESS OF METHOD

» Development of a software library that houses new first principles delayed
emission models

 Enables new models to be available for other codes: IMPACT, MICHELLE,
NEPTUNE, ICEPIC, etc.

» Verification, Validation & Dissemination
« Library and models will be tested, vetted, and disseminated to the community

U.S. Naval Research Laboratory The Modeling of Delayed Photo-Emission Processes in PIC Codes | 6



Traditional >y -
o

eoratory. . MICHELLE Problem Classes

'

L

5

=5

I Anode and Vacuum Vessel

| Beam Pipe
% | Location




MICHELLE ProDbl

U.S.NAVAL
ESEARC

LABORATORY F|e|d EmISSIOﬂ




Photoemission: Work Function Variation & Surface Structure

Uniform Crystal Face to Grains

Variation in Crystal Face Increases Emittance by

Flat to Bump in Photoemission Model 10 MV/m

Current Increases by 10%
Emittance Increases by 6x

| IMJ'.“I w?ﬂl
Mﬂ';{'? |
.W’ fﬁ

It
“’T ﬁfa 7

FROM: J. Petillo, D. Panagos, K.L. Jensen, B. Levush Proceedings of the Particle Accelerator Conference, (2007).
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eorarory - Code Description

Gun (source), Collector and Transport Charged Particle Optics Modeling Code
Finite Element Approach — linear, quadratic, cubic “

Two Electrostatic Particle-In-Cell (ES-PIC) methods

— SS: Equilibrium Steady-State PIC (“gun model”)
— TD: Time Domain ES PIC i etrabeda

Grid System Supported - conformal s

Within Voyager GUI with ICEM-CFD mesher Hexahedra

— Supports most high-end CAD modelers (primitives: CUBIT, CAPSTONE, Gmsh, A-MP)
— we use SolidWorks

— Structured Mesh (ICEM) S =
— 3D Multi-block, Hexahedral e

— Unstructured Mesh (ICEM, CUBIT, CAPSTONE, Gmsh, A- MP) |
- 2D - Triangle, Quadrilateral
— 3D - Tetrahedral, Hexahedral, Prism, Pyramid

— Hybrid Mesh
— Single run Structured mesh and Unstructured mesh

— Benefits: Compact data storage of a structured mesh for
computational efficiency and improved particle tracking \

-
-

Fully integrated into Analyst-MP (A-MP),
NI-AWR’s full-featured EM modeling environment NS -
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Heomrore Shell and Sphere
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(Left) Flat-top; (Right) Gaussian
Observe amount of charge in tail!
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seoeor - PUlse Shape Comparison
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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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Modify Moments Approach for field F(7) 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

(L =R)M,(k;)

| .

Transport module now replaced by an Expanding Sphere Model

bulk material Vac

Shells located on lattice of points s, (blue: initial; red: after time ¢). 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: [ = dQ/dt
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Q(t) (charge in vacuum) is governed by: Laser penetration depth 6(w); velocity of

expanding shell = 7ikp/2m; and time dependence of emission probability.

Current density therefore depends on them as well.
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Effects of different penetration depth o(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(r). Surface field is time-dependent:
F(t=1t;) = Fo(N; +j—2)/(N; — 1) with F, = 100 eV/um (linearly increasing)
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Library Approach

« Alibrary houses the software to make it accessible by other
codes

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

« Laser temporal profiles

« Laser spatial profiles and gating

« Laser jitter & spatial irradiance fluxuation

« Thermal Field Emission in addition to the Photoemission
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S Simulation Architecture

Software: Typical Beam Device

User Setup

Case
Definiti Problem Geometry
Data

Emission Models &
Support

Simulation Code

Emission Library

Algorithm

Field Solver

Particle
Controller

Data

Collection

Post

Processing
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BULK MATERIAL ¢ VACUUM

Particle Emission Models: Jensen photoemission - DOE

New delay model (laser penetrates deep into the material)

Rough surface model - analytic

- Produces distributions allowing MICHELLE to re-emit from | |
a macroscopically flat surface and capture these dynamics |

- Method works with SD & TD

All the above properties affect the intrinsic emittance and the
formation of beam halos & tails

Matlab Defined Surface (from Kevin) Top Down
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“Modeling emission lag after photoexcitation”, Jensen, Petillo, Ovtchinnikov,
Panagos, Moody, & Lambrakaos, J. of Applied Physics 122, 164501 (2017); 18
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Particle Emission Models: Jensen GTFE - General Thermal Field Emission
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New Phototemission Model

« Delayed Emission model incorporates material properties _
(m; EG; n & k; R; ; DOS) for metal, semiconductor, and coated material
photocathodes

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

«  Ability to characterize and model
surface roughness "1

— Capture emission statistics 51

w

Particle Emission Library

« Have separated out the entire
MICHELLE emission model set

 Now exists in a library form

. Callable from
- Leidos’ MICHELLE (C++)

IS

Emission Current

w
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- Leidos’ eBEAM - e
- NRL's NEPTUNE Nonuniformity + geometry « transverse
- AFRL's ICEPIC Space Charge + density variation « longitudinal

— Fortran 90 (& F77) — codes like
LBL's IMPACT-T

\.
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Excitation Map Particle Weight Transverse v
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