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electrosprays: molecular ion beams
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https://www.jeol.com/products/scientific/lcms/DART.php
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applications of electrospray ion beams
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applications of electrospray ion beams
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applications of electrospray ion beams
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applications of electrospray ion beams

polar solvents
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ionic liquid ion sources (ILIS)

ion species
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},;: need for better models

bond »+*
breaking

;‘;r?:;;ction g mxﬁ‘;
: failure due to propellant arcing
26 v [Krejci, 2017]

“deposition

account for secondary
species from:
« chamber impacts
[Uchizono, 2021]
* plume chemistry
[Miller, 2019]
[Bendimerad, 2022]

account for missing
mass flux
[Natisin, 2021]
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limitations of existing models

100 micron 1mm 1cm im
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Electrohydrodynamic Models [1,2] Molecular Dynamics [3,4]
Ivs.V Particle morphology (q;/m;)
Laplacian solution Cannot match BCs

[1] Gallud et al. (3. Fluid Mech., 2022), [2] Gamero-Castafio (J. Fluid Mech., 2018),
[3] Mehta & Levin, (Aerospace, 2018) [4] Asher et. al. (3. Applied Phys., 2022) 12



limitations of existing models
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[1] Nuwal et. al (3. App. Phys, 2021) , [2] Asher et. Al. (J. Applied Phys., 2022), [3] Breddan (J. Aero. Sci, 2022) 13
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new approach: EHD and n-body

-

Force computation: Space-charge field: E,
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Initial conditions:
| vs. V,
particle velocities (v,)
particle positions (x,)

lectric Field Magnitude

Laplace field

A

-

14




Cornell University Petro @ MIPSE e Se

350 For each particle:
t=0.0ns
300 - 1. Interpolate Laplace field (created by
meniscus) with fast tree point search
2504 e algorithm
o, 2. Compute Coulomb field using Barnes-
E Hut approximation (N log N)
o
I% 150 - Z q;T; ~ (Zi gi)rcc
- — |ril® recl?
Too 11 [ - |
3. Evaluate probability of fragmentation
(EMI-BF,)EMI* [1 ] :
50 - Neutrals . At
® Monomers p = ] — e m(E)
® Dimers
07 e Trimers /L 4. Integrate trajectory using leapfrog
150 -100 -50 0 50 100 150 scheme

Position [pm] [1] Schroeder et. al. (J. App. Phys, 2023)
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324 nA simulation ion density 104/m? neutral density 1ovm:
350 1 ~ T — 500 22 500 22
EMI* EMI-BF,
300 A
400 20 400 20
B0 e
200 —. 300 __ 300
= | E 18 = 18
= = =
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200 200
100- : [ 16 16
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04 e Trimers
- ; T ; y : : 0 0
Aol =18 =a0 x[ﬁm] 20 300 190 -200 -100 -200 -100 O 100 200
X [um] X [pm]
+ ~10 orders of magnitude range in particle density within region of interest analogous to_ low energy
- 10 - 105 particles neutra! partlcle_cloud o_n
* 24 hrs to run on 100 core CPU workstation the periphery of ion engine
plumes [2]
16

[1] Petro et. al. (3. Appl. Phys. 2022), [2] Gallud et. al. (IEEE Aerospace 2022), Hampl et. al. (3. Elec. Prop. 2022)
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Cornell University

. ) PhD Students: Adler Smith & Rafid Bendim;;;ad
n-body ion beam simulation results G5 &8

324 nA simulation

a) Fragmentation events
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- ~10 orders of magnitude range in particle density within region of interest Resolving first 5
« 10% - 10° particles microns is critical to
* 4 hrs to run on 10 core CPU workstation beam evolution

[1] Petro et. al. (3. Appl. Phys. 2022), [2] Gallud et. al. (IEEE Aerospace 2022), [3] Hampl et. al. (J. Elec. Prop. 2022) v
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Cornell University

MIT MS Students: Sebastian Hampl, Maddie Schroeder

comparison to experiments ‘
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Petro et al. (3. Appl. Phys., 2022).

Image credits: Sebastian Hampl (left), Maddie Schroeder (right) 18
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Cornell University

PhD Student: Adler Smith
50 nm
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multi-emitter PIC modeling

side view front view
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BC matching with Multigrid Fast

lon Cluster
n-body simulation Poisson Solver

Fragmentation

PhD Student: Adler Smith

~500 ion beams (~200 pA)

400 micron grid spacing

24 x 24 cm domain

time step: 2 ns

simulation time: 2 ps

particle weighting: 100 to 1
peak macroparticle count: 2e6
wall time: 3.5 hrs

AFRL TURF

‘open-access’
PIC code
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comparison to experiments
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Petro, E. et. al “Characterization of the TILE electrospray emitters,” AIAA Propulsion and Energy 2020 Forum, 2020, p. 3612. 23
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both n-body and PIC models predict collisions
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PhD Student: Rafid Bendimerad

=

Nitrogen Nitrogen
¢ Carbon

@ Hydrogen

¢ Carbon

@ Hydrogen
Boron Boron
@ TFluorine

@ Gold

@ Fluorine

@ Gold

® @ @ ¢ 9 & @ ¢ &8 &0 Qg @0
® o ® @ & P O & & 0 0 @ @ 8 @
@ @ o 8@ @ 6 0 © 0 0 @ 6 8 o
@ e ©® @ B © 06 @ @ @ €@ @ 0

. o0
® L
'Y ®e
® e e
® o o
L4 e ®
) °© @
® °® @
© @ o
° e e
@ ® e
® e
® e e
L] L N ]
™ é o

® @ ® 0 ¢ 6 0 0 0 @6 & 0 e
'R EEBEEENENERXK KX
> © 8 0 ® © » @ 0 o 5 6 & & 0 o
) @ ® @ @ O e 0 @ @ @ O & P Vo
e ® C @& &6 & * 0 & &0 0 @G o

® ® ® e 2@ e ® o> 0 00 9 0@

L N ]
LI
e @
® 0
® e
L
e ¢
e o
e ¢
LI
e e
e e
e @
®®
® @

1 eV, 1 km/s, reflected intact 25 eV, 5 km/s, ionic ‘bond’ breaks

[Bendimerad & Petro, ]. Elec. Prop 2022]



Petro © MIPSE e Sept 2023 Cornell University
PhD Student: Rafid Bendlmerad

(reactive molecular dynamics)

\\\ EMI — BF, = (C4H;;N, )(BF,)

wall Surface collision products:

\\ C,Hs ; CHN ; CHN; CF ; CH ; BF,; F;H,; H

EMIBF4-wall collisions at 100 eV [Bendimerad & Petro, J. Elec. Prop 2022]
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PhD Student: Rafid Bendimerad

=

(reactive molecular dynamics)

simulated mass spectra for EMIBF4-wall collisions at 300K
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modeling inter-particle collisions
reactive Molecular Dynamics (MD)

(a)

Cornell University

(b)

PhD Student: Abu Tahsin
14_'1?:;

>P- >0
. 0,44
¢y : = y s %°
'e® o0’ BPe- T o 0%
%‘o ope%e | | | | BFY %y e %o
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® Hydrogen
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2 sets of simulations : EMI-neutral and BF,-neutral collisions
variable parameters:

- Angles of rotation: ¢,, ¢, and 6,0,

- Impact parameter: b [Bendimerad et al., AIAA SciTech 2023]
- Impact energy 28
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modeling inter-particle collisions -
reactive Molecular Dynamics (MD)

Five types of collisional processes observed

1. Pure momentum exchange 2. Ionic Fragmentation 3. Covalent Fragmentation
% T v # ® o

4. Charge Exchange 5. Recombination

do ® do @

29
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Collision Cross-section, o (A%

PhD Student: Abu Tahsin

nter-particle collision cross-sections

all A(q/m) processes covalent fragmentation
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[Tahsin et. al., AIAA SciTech 2024] 30
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summary — multiscale modeling

500 emitter array PIC
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complimentary experimental efforts

32
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IN-S |tu ? [Geiger et. al., IEPC2022]

low energy = mass deposition

0.05 | high energy
= mass removal
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how can we characterize surface deposition”?4

non-volatile residue (NVR) analysis [Bell et. al., AIAA SciTech 2023]
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(b) acceleration electrode
(c) deceleration electrode
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NVR can quantify, SEM/EDX
can resolve spatial features
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_JM™L can we characterize surface impact

Jet Propulsion Laboratory

byproducts with ESI-SIMS?

secondary ion mass spectrometry (SIMS)
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[Liang et. al, 2013] Electrospray
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can we use nanoscale AM to make
better electrospray emitters?

porous alumina

600

400 -

%
200 "

Current [nA]

—200 +

G
P
—400 4 §
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-2 -1 0 1 2 3

Wetted Test Emitter [
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Rc =20 pm
Z~10%2kgs'm*

[Chamieh et. al., AIAA SciTech 2023]

Collaborator: Prof. Sadaf Sobhani (Cornell) *
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summary experlmental valldatlon
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EHD + nbody “SOLVEIT” Team:

Paulo Lozano (PI, MIT)

Elaine Petro (PI, Cornell University)

Ximo Gallud (PhD Student, MIT)

Madeleine Schroeder (MS/PhD Student, MIT)

Rafid Bendimerad (PhD Student, Cornell University)
Sebastian Hampl (MSc Student, McGill University)
Adler Smith (PhD Student, Cornell University)
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Thank you!

I'=180nA, dt = 8.901 ps, t. = 11.9985 ns

200

microns

20 - Y Time: 5.07 ns

Particles injected: 5690
20 L Particles crashed: 2
Particles fragmented: 227
0 . . )
-100 -50 0 50 100

Jet Propulsion Laboratory
California Institute of Technology
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