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Diamond field emitter as an enabling technology
for Dielectric Laser Accelerator
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Structure and emission characteristic of diamond field emitter
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« Understanding of the emission regimes (i.e., field and photo emission) in micron- to
nano- scale structured materials. Challenges : material, topology, transport

« Beam dynamics in field or photo emission from the pyramid and the nano-tip

»LosAlamos .  scalability of emission properties for assemblies of emitters
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Overview of the integrated diamond emitter simulation model
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Beam current, energy spread and dynamics from self-consistent
electromagnetic simulation with the Murphy-Good emission law

Electric field

Vector Plot of E at Th=6.283; time 0.1091

Lod 1

Ll

[ |

Emitted beam

Charge All species; time 0.1050

~1.554E-09025

=1,514E-18

~3,028e~-44020

Outside laye
has.most

-~

~4.5426-18

-6.056£-44018

beam current

T
-7570E-18

-g,084-989'0

~1,060E~17

—1,2116-199%

-1.363E~17

IIl/lll!'lllllll‘Ill

0,0000 | B
“ISUE=T7 g0018  a0a20

—££7.1943

Operated by Los Alamos National Security, LLC for NNSA

Electric potential

Potential integrated from Ez ot Th=6.283; time 0,1091
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3-D LSP simulation of single tip pyramid with
different emission areas
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Emission properties of nanodiamond flat film depend on deposition process
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Nanodiamond Field Emitter Arrays exhibit similar emission properties
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Electron transport in diamond modeled with Monte-Carlo method

3-valley model

= Scattering processes in the Monte-Carlo transport E"”“Vn’d y
« Three-valley model for diamond electronic structure o
« Phonon scattering (intravalley scattering with \ v
acoustic and nonpolar/polar optical phonons and T\ oaseu

intervalley (with acoustic and optical phonons),
« carrier & impurity scattering can be included
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V(x) (meV)

Emission from surface tunneling modeled with the Transfer-Matrix

approach
Dimitrov, D. A. et al. J. Appl. Phys. 117, 055708 (2015).
= Energy/momentum conservation and anisotropic effective mass effect included in the Transfer Matrix
method for electron tunneling
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Semiconducting emission characteristics from Monte-Carlo + tunneling
simulations applied to micron-scale emitter : preliminary result
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20
g 15
£
3
S 10
[ =
(V]
3 5
[
0
0 2 4 6
Aspect Ratio — o
Bulk diamond emission characteristic
1.00 { —M.C. + T.M. - ——% of surface area
fit o 80 ——Bs=1
0.75 - 5 ——Bs=2
=60 fit A
S A
0.50 5 .
& 40
0.25 - 11.35 x exp(0.0114 x E[MV/m]) °
20
0.00 T T T T T 0 A
0 200 400 600 800 0 20 40 60 80 100
. E (MV/m) % of pyramid height = h/h,

. ) 7))
Operated by Los Alamos National Security, LLC for NNSA //’ VA‘ e



Nano-tip transport model

4\90 Envelope wave function & boundary condition:
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Nan0'ti p transport : prel I m I nary resu It E. B. Ramayya, D. Vasileska, S. M. Goodnick, and I.
Knezevic, J. Appl. Phys. 104, 063711 (2008).
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Physics-based emission model in RF gun simulation

Goal: high-fidelity end-to-end (photo excitation to beam forming) modeling tool validated with
published results and experiment observations.

Cathode material <:> RF Gun

Bulk urface N\
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demonstrated multi-physics and é‘bsorm'on 4 3 N
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Semiclassical transport
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Potential applications:

* physics issues (e.g. emittance
degradation, lifetime and
emission delay) in semiconductor
cathode guns

« validation against experiments
and comparison with
simplified/ad-hoc emission

Yy models currently used in
- - : accelerator design;
» Los Alamos 40ps 100ps ~ 160pss 220ps  280ps  840ps »  detail design capability for gun
NATIONAL LABORATORY ~ = performance optimization.
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Summary

® Various factors may play important roles in the emission of a diamond emitter

= Accurate determination of field enhancement factor <= high resolution FDTD
EM and FEM ES simulation

= Accurate determination of emission area <= diamond emission characteristic
from MC + tunneling model of the transport/emission, combined with high
resolution simulation

=  Emission from nano-tip <= A new carrier interface transport/emission model
for nano-scale structure

= Beam dynamics <= self-consistent simulation with known emission laws

" |mplications and next steps
=  Complete and benchmark model to calculate the electron emission current at
nano-tip;
= Implement optical transitions to excited states & photo-ionization processes.
(Photo-emission problem);

= Combine bulk & nano-tip transport and emission models with MC solution for
integrated DFE modeling of experiments

» Los Alamos

NATIONAL LABORATORY
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Thank you for your attention and look
forward to opportunity to collaborate on
emission model validation and
photocathode gun study!

» Los Alamos d
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Electric fields in LSP simulation, after subtraction of the parallel
plate solution, can be described by simple scaling

(Subtracted) Transverse electric field (Subtracted) Longitudinal electric field
E,(kV/cm) 7 E (kV/cm)
- o R L A e e —
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This finding can be used to simplify trajectory analysis and divergence scaling (next step) without
resorting to detail simulation.
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Monte-Carlo semi-classical electron
transport model for bulk diamond

Brillouin zone

dk . N
hE——e(E +7 xB),
L1
V=£VEE,
L.
dr
» Los Alamos

NATIONAL LABORATORY
—£587.1943

lkyo| ~ 0.73 x (2n/a) where a=3.57A

In bulk diamond, conduction
band electrons populate in
valleys and experience

intervalley scatterings and
acoustic scatterings

10" g

Scattering rate (1/sec)

Scattering rate (1/sec)

Nano-tip

1012 4

10" 4

Bulk
Material
—XX(gmode)ab ~ —X-X (fl mode)ab  —X-X (f2 mode) ab
--=X-X (gmode) em  ---X-X (fl mode) em  ---X-X (f2 mode) em
/’ _______
{
{
/
—_—
//
T - T T T T T
0.0 0.2 0.4 .6 0.8 1.0

0.
E (eV)

Intervalley scattering

—acoustic X - diamond

I I
00 02 04 06 08 1.0

E (eV)
Intravalley acoustic scattering

Operated by Los Alamos National Security, LLC for NNSA

I YA I aJ~
MNASE



Monte-Carlo semi-classical electron transport model
for bulk diamond : simplification & parameters

(1) For high purity diamond, hypothesis is that carrier
transport is controlled by lattice scattering only.

(2) The lattice scattering, i.e., acoustic and intervalley
phonon scattering are the only ones considered,
optical phonon interaction being forbidden by
symmetry arguments [8].

(3) The intervalley phononenergies for g-type
(between parallel valleys) and f-type (between
perpendicular valleys) are calculated for transitions
between points of the minima making use of the

(TO).

|

» Los Alamos
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After benchmark with VORPAL, we conduct MC electron transport for

the pyramid base

10 Ez (MV/m)

0.0 0.2 0.4 0.6
Energy (eV)

0.8

1.0

Er (MV/m) 0
-2
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-8
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2 =
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1 =
0 =
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(Top) Electric fields from
LSP simulation inside and
near a dielectric DFE
pyramid with an average A-
K field of 114 kV/cm.
Electrons initially locate at
the green box.

(Bottom) Electrons’ energy
and longitudinal  spatial
distributions.

External fields in typical experiment setup produce drift-diffusion
type transport with bulk and suprathermal electrons within ~0.6 eV.

* Los Alamos
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Energy quantization in NW

Bulk
Material

» Bulk crystal energy dispersion

oo/
3 ,,:"’ o
- #/
=y

» Energy quantization in NWSs:
Envelope wave function & boundary condition:
\Ilnakz (pa (9’ Z) =

1
S|
S|

In(Kanp)e R, =10 nm

Jn(KanRo) =0

Energy dispersion:

» Los Alamos
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Bulk
Material

Nano-junction quantum scattering model

Junction: quantum

NW L-segment scattering segment N\ R-segment
N\

/)[\) eikﬁa(E)zma)L

g
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» Matching boundary conditions with the central region (building the
transfer matrix) determines: - reflection amplitude "o’

- transmission amplitude ta,Y
» Evaluate the scattering operator matrix elements:
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- back scattering:  {—k&ITIks) =

aa’

- forward scattering:  (k%|T]kL) =
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Nano-tip

Bulk
Evaluation of scattering rates e
» Employ Fermi Golden Rule to evaluate:
. ) 2w . 2
- forward scattering rate: wi.F = - ‘<k5(E§)\ T ‘ké(Eé»‘ § (EFf — EL)
. “ 2
- back scattering rate: Wt = 2% ’(—kfy,(E[;)! frykg(Eg;»‘ § (B — EL)
» Modeling scattering rates for:
- segment radii AL, pc, pr = {5.0 nm, 4.5 nm. 1.0 nm}
- scattering segment length [, = 1.0 nm ,
2
- electron in L-segment in subband a = 5 with kinetic energy E, = h2 ki
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