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EP2 research group

Equipo de Propulsion Espacial y Plasmas (EP2) was created in 2000 at
UPM. EP2 moved to UC3M in September 2013, where it is undergoing
a large expansion.

> Core strength: modeling and simulation of plasma physics in
electric propulsion systems

> Expertise: fluid codes, PIC codes, kinetic codes

> Areas of work:
a Hall-effect thrusters
QO Magnetic nozzles
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thrusters (e.g. helicon
thrusters)
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and S/C interaction
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0 Interdisciplinary phenomena
(plasma-material interaction, . .
Instabilities, turbulent transport, active debris removal).
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EP2 research group

> New capabilities: plasma space propulsion laboratory

Q Large vacuum chamber (built 2015)

<+ 1.5 m inner diameter, 3.5 m long

< Oill free, 35000+ I/s Ar and Xe
(turbopumps+cryopanels)

<+ Multiple probe diagnostics with 3D robot system

> EP2 members:
Q 1 senior researcher
Q 4 junior researchers

Q 3 part-time collaborators * b
0 10 PhD students "
Helicon plasma thruster"&,}’

(co-developed with SENER)

> EP2 group in numbers

O About 40 R&D projects
(FP7/H2020, ESA, AFOSR,...)

a 150+ papers in journals and conference proceedings
Q0 4 (+3) recent PhD Theses and ~10 research awards
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EP plasma plumes

> Electric propulsion systems generate thrust by creating and
gjecting a plasma at high velocities - plasma plume

» Plasma plumes expand into vacuum and have dramatically

varying properties:
Q lon velocities u; from ~10 km/s to ~100 km/s

Q Plasma densities n, from ~ 10*® — 10 m=3 to 0

Q Electron temperatures T, from ~ 20 eV to ~0
> Important plume numbers:
a lon Mach number:
M? = myu? /T,
Q Divergence half-angle: agso,

= N W & O

Radial coordinate (m)
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Two fundamental families of plasma plumes

" |on thruster plumes

Unmagnetized = Hall effect thruster
plumes beyond
near region

= | The topic of this

talk

Plasma Plumes <

NEXIS, JPL

= Magnetic nozzles

= Present in Helicon
plasma thruster,
AF-MPD, ECR
thruster, VASIMR

= Core topic of my
phd thesis and an
active research line
in EP2

[ ——]
- Cylindrical
vessel

HPTOS5, SENER-UC3M
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Unmagnetized EP plasma plumes

» Physical phenomena in a plasma plume can be complex.
Luckily we can distinguish two qualitatively different regions:

Q Near plume:

< neutral density is still large; large n, = collisions, creation of
secondary plasma (CEX).

<+ Important influence of neutralizer, 3D plume inhomogeneities,
residual electric and magnetic fields from the thruster

+ Easy to measure experimentally; hard to model and simulate

4

A" .
Near-region Far-region plume
plume < > 0(M) = wpi/uy
<> v(M) = Uz /uzo
Thruster v(n) = n/ng

v N

95% ion current
stream-line

------------------------------- R(Z)
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Unmagnetized EP plasma plumes

» Physical phenomena in a plasma plume can be complex.
Luckily we can distinguish two qualitatively different regions:

Q Far plume (starts a few thruster radii away from the exit):

.0

» Collisions are negligible = near-collisionless expansion

.0

* Thruster and neutralizer influence become insignificant

+ Plume has developed a single-peaked profile and becomes
smooth, 2D

<+ Hard to measure in the lab; easy to model and simulate

A" .
Near-region Far-region plume
plume < > 5(’7) = Upi/Ug;
<> v(M) = Uz /uzo
Thruster 0 v(n) = n/ng ]
------- s >
95% ion current

stream-line

............... R(2)
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Why study plasma plumes? S/C interaction

» A small fraction of plasma hits the sensitive surfaces of the spacecraft (optical

devices, solar arrays, etc)

Repeated arcing and charging process

Q lons can chemically and mechanically damage 8 o ol oo
them = erosion (sputtering, etching) and ot
contamination (deposition) (>

AEOOOOO

Q Plasma can affect electric charging and e e

induce currents in different parts of the S/C

!
OO0, Te:oooeo
QO The denser plasma (compared to the | W

background plasma) increases the risk of
unwanted discharges (arcing) at solar cell

Interconnectors

» Plasma plume can interfere with telecommunications too

Charging of coverglass

. by ions

Field intensification at

, triple junction

Field emission of

electrons
/|

Tonization of desorbed
gas

Neutralization of

, coverglass charge

» Also, characterizing the plume helps understand and optimize the operation of

a plasma thruster

0 Thrust and thrust efficiency can be estimated from plume measurements
and the operating point of the thruster

Q A wide plume results in reduced thruster efficiency due to divergence

losses
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Why study plasma plumes? S/C interaction

» Charge-exchange collisions in the ) —
near-plume region generate a low 1
energy secondary plasma <

Q In contrast to fast primary ions,
CEX ions are slow and are !
deflected strongly by the electric
field inside the plume:
¢ (z,r) dictates their trajectories

Q CEXions tend to be accelerated L 2
radially to 10s or 100s of eV
before impacting on the surfaces of the S/C, and they are a
major cause for erosion and contamination

> These problems make plasma plumes a great S/C integration
concern - need for detailed plasma plume characterization with
experiments and simulation
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Deorbiting space debris plasma plumes

» Plasma plumes can also be used for other purposes: contactless
deorbiting of space debris (lon Beam Shepherd active deorbiting
system)

Q ESA Projects (ARIADNA, IBSIOD)
Q LEOSWEEP (FP7 project)

> IBS requires accurate calculation of the momentum transmitted
(force and torque) to the target object, as well as the erosion and
backflow of material to the IBS
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lon Beam Shepherd

» Thrust on target Fr,; depends on the momentum of the plasma
jet intercepted by the target, and on the accommodation process
of high-energy ions on the surface

» We define the plasma plume momentum transfer efficiency as

Q ng = Fre/Firr
Q Large dependence on plume divergence angle!

» To maintain distance during deorbiting,
an impulse compensation thruster
must fire in the opposite direction:

O drg = dgc

m
= Fier = (1 + 1B m_iz) - Frrr

. FICT > FITT E—FE) Félzl ITT plasma plume
Q It mpg > mge = Fier = Fipr L mso |
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lon Beam Shepherd

» Other concerns created by the plasma plume — target interatcion:

Q Formation flying stability

Q Rotational state of target (torque on target)

Q Interaction with ambient plasma and geomagnetic field
(plume deflection?)

Q Sputtering of target (small contribution to thrust but risk of
contaminating IBS)

IBS Deorbiting Time
Sputtered material backflow (1000 km to 300 km)
1000 : T
\0 . E md=10ton
e 800F --m =5ton
o ® o = _md=210n
Fier  Fpp ® o = 600F
E—)- (—EI ITT plasma®plurflce ° R
o o
ICT| gc | 1TT ° Rotational £
dynamics
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Modeling plasma plume expansions

> There are several ways to model a plasma plume:
Q Fluid models (single-fluid, two/three-fluid models):

R/
0’0
R/
0’0

R/
0’0

R/
0’0

Simple and computationally fast
Can recover most physics of interest of the far region

Limited use to study CEX ions and near region phenomena.
Cannot study kinetic effects

Example: EASYPLUME code

Q Particle-in-cell methods (all species modeled as macroparticles;
fields are computed on a mesh):

\/
0’0

\/
0’0

Computationally very
expensive; not suited

; Main plasma pIume
for |al’ge domalns A \ Transmission of

. . 1
Timestep and cell size G R

constrained by 1, and Sputtering &

. . deposition Charge-exchange ions
wpe (criticall) \ \ !
Can address most | ,

Satellite [

phySical phenomena Solar panels
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Modeling plasma plume expansions

Q Hybrid PIC/fluid codes (heavy q \
species are particles; electrons 14.89
are fluid) 1 14.19
+ Eliminates the need of solving 4, ﬁig
and wy,: much faster B4 ki 55
<+ Allows to recover the distribution  * | = 111.39
function of heavy species (ions, 2 fot = - 10.69
neutrals) and most physical ESEX 9.99
phenomena related to them N E 9.29
+ Limited electron physics " 2:08
« Example: EP2-PLUS code - g T
Q Direct kinetic codes (solve f,, f; lon density with EP2-PLUS
directly)

< Can address most physical phenomena, but computationally
expensive: use restricted to studying specific problems

<+ Example: AKILES2D code
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Two-fluid model: EASYPLUME

» Two-fluid code of the far-region plasma plume

expansion )
. e . . X A Far- . 1
- Two-fluid, collisionless, quasineutral vl R
plume 8(M) = upi /i
. ' i i i () = wyi/tzio
Solution of fluid equations with — ; i
three methods:  pe===-ae-- -

v N

. . 95% ion current
L] Self—5|m||ar methOdS -'"“' === reamelme
= Asymptotic expansions

R — R(z)
= Method of characteristics

—
——
-
-
-
-

» Continuity and momentum equations for ions
(normalized):

Ideal EP Plasma plume expansion

i oln i oln 7 (9’&27; 16(?1‘},?,2-) L, into vacuum (EASYPLUMIE)
or e Tz Yioar

Qi . Oty 'l -

ez Tiner =TMZ 0z z

- .8ﬁri N ‘811??; B Y"1 olnn

ez TR T T MZ or
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Two-fluid model: EASYPLUME

» Two fundamental parameters control the far-
region expansion:

Q Plasma cooling (approximated with
a polytropic law with specific heat ratio y):

T, x n¥~1

Q Main parameter: lon beam energy to
electron thermal energy ratio
(or: squared Mach number):

)4
(eVbeam)/TeO — (miuiz/z)/TeO — EM(%\ HET, IPPLM

> 1 for EP
plasma plume

log,,n/ng

EASYPLUME enables:

» Fast iteration in preliminary design

» Understanding dominant physics

» ldentifying the role of main parameters
» Validation of advanced codes

Modeling the physics of plasma thruster plumes in electric propulsion

M. Merino, 20170126




Two-fluid model: EASYPLUME

> Asymptotic expansion model (AEM) i =00 + e + 2P + |

Q Expand solution in the small
parameter e = 1/M¢

Q Each order can be solved by
integrating an ode along straight

iy =0 + eiil) + 24P + -,

Ini =A@ +elni® +2Ini7?® + ...,

lines (a) log;pn, vy =1
o 40 . . . .
» Self-similar model 30! I
Q Separation of variables and %20- /,,fff
self-similarity assumption lead to =TT T
an approximated solution % T 20 40 60 80 100

(accurate when Mg > 1
= v(ic({),

yi = Uzinh',
itz = v(1)iic($),

> Method of characteristics
Q Full integration of fluid equations 2/ Ry
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Plume divergence growth in the far region

Mo =10
Mp =15

Mo =5 5% ion curren
streamline

Initial divergence:.
0o = 8 deg

0 20 40

z/R

60 &0 100

streamline

95% ion current 5o = 16

—— (S(’] =1

e §0 = 8

0 20 40

60 80 100

» The residual electron pressure
Is the main driver of divergence
growth in the far plume

0 lon-electron energy ratio M3
determines far-region
divergence

Q Increasing acceleration

voltage increases M, and
reduces divergence growth

> Effort to decrease the initial
divergence angle at the exit of
the thruster may not pay off —
especially at low-medium M,
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Effect of M, §,, and y (cooling rate)

DIVERGENCE ANGLE AT 20 METRES (useful for IBS missions)
40 N | : E—

o=

7:10

F; _
5,20 —

5 10 15 20 25 30 35 40 45 50 55 60
M() —>
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Motivation

The electron cooling rate y in a plasma plume is important, as it dictates
the profile of the plasma electric potential ¢

Too simplistic electron models are commonly used in the study of
plasma plumes (e.g. hybrid PIC/fluid codes)

Q Isothermal and polytropic closure relations are used ubiquitously

However, the expansion is near-collisionless: electron response is global
as electrons are far from local thermodynamic equilibrium (LTE)

a Simple closure models based on LTE are not physically justified

A kinetic treatment is required to resolve the electron distribution
function in the plume and understand the collisionless electron cooling
mechanisms

Q Goal: to inform fluid and PIC/fluid models with a better justified
electron model

O AKILES2D: Advanced Kinetic Iterative pLasma Expansion Solver 2D
Q Effort funded by ESA project 4000116180/15/NL/PS
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Definition of the problem

> In the plasma plume, the electric potential decreases downstream
and is paraxial (¢)

> Except for the few escaping electrons, the electric field confines
most of them axially and radially. Their trajectories bounce radially
back and forth

lons, on the contrary, are accelerated downstream

vV V

Collisionless plasma, steady state

Trajectory of a

.~ confined electron

Plasma W/
thruster | % |

S Trajectory
of anion

z=20:

ﬁe+: f;+
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Kinetic plume model

» A potential ¢(z,r) is assumed as initial guess

» Electron model and ion model are solved for that ¢: n,, n; are
computed at the plume axis

» The error in n; — n, (quasineutrality) and in j; — j, (current-free
plume) are used to recompute ¢(z,r) and iterate

> After convergence, any moment of the EVDF can be computed

Trajectory of a
— confined electron
Plasma W/

thruster

_________ S Trajectory
of anion

z=20: :
ﬁe+:f;',+§
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Electron kinetic model

In a steady-state, axisymmetric, collisionless plume, each electron
conserves exactly:

QO The mechanical energy E,
O The angular momentum about the axis pg

In a paraxial plume (0/9z ~ € d/0dr) the radial-orbit-averaged
electron action integral is conserved to order &?:

0 Action integral associated to radial motion: J, = ¢ p,.dr
<+ Conjugated angle variable: g,

We perform a change of variables from (z,r, 0, v,, v,,vg) to
(Z, :Bri Q,E,]r, pQ)

We decompose the EVDF into its radial-orbit-averaged value f
and a zero-average radial variation f of order &:

f(Z, ﬁri E;]r; pQ) — f(Z: E:]‘r' pH) + Ef(Z, :Bri E;]r; p@)
with £ = [ fdB.; 0 = [ fdB,
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Numerically testing the conservation of J..

Electron trajectory
T

Trajectory' of 1 electron

0.15

» Numerically checked by
propagating single electrons in a
paraxial electric potential map

0.05 -

r(m)
o

» Conservation is exact in the
limite = 0

» For a 20 deg divergence case, the ,
radial-orbit-averaged J, used in ] B

z(m)

the model deviates less than 1%
Instantaneous /.,

01—

0.05 —

0.05 —

01

015

z(m)
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Electron kinetic model

> The radial-orbit-averaged evolution equation for f (Vlasov's
equation) in these variables simplifies substantially:

d
%+vz +,B,%Z+9/Z % f],,a] d,Br-I-pg/gé 0

0(82)

» To order ¢, then:;

UZE:O

0 In these variables, f is merely convected along z as a constant

Q Equation v, = 0 divides phase space into different regions
according to their connectivity to the upstream and downstream
boundary conditions

+ Passing, reflected, doubly-trapped, empty, forbidden regions
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Electron kinetic model

For a radially-parabolic potential,

ar?

h?(z)

P(z,r) = - + ¢2(2)

with:
Q h(z): function that represents effective beam radius at z,
Q ¢,(z): electric potential at the axis,

setting v, = 0 in the resulting energy equation gives the phase-
space region boundaries in terms of the effective potential U,/

1 2ea],./m + |pg]
ot 2
E = ZmevZ ep,(z) + m D)

\ J
h

Ueff(Zf]T' p@)
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Electron kinetic model

> Example of U, ¢ plots and phase-space regions for different values of

]r/n + |P9 |:
Jr/T+ pgl =0 Jr/T + |pgl = 2.5 3 Jr/T+ |pg|l =5
Free 1.15 Reflected Free 95 Free
1.1 Empty L
Trapped mpty
1.05 ol
1 Forbidden
0.95 Forbidden
123456789 123456789 012345678 9
VA VA VA
» Once f is propagated in z, any moment of the distribution can be
computed:

My, = jfvzivﬂvgdvzdvrdvg

Q The computation involves changing variables to E, J,, pg
0 The error committed is of order € due to f
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Electron kinetic model

> Further insight on the electron kinetic model is obtained by
looking at phase-space regions in the (E,J,) plane, where:

N 2ea

Jr = Ur/m+ Ipal)

me

> The effective potential is U,rr = —e¢p,(2) + J-/h(2)
QO At each z, the forbidden region is limited by a straight line in

this plane
Q The envelopes of the forbidden
E ) region for z € (0, z;) (behind of z,)
‘o//\& and for z € (z{,©) (ahead of z,)
z=0

define the phase-space regions

Q In particular, the only electrons
reaching oo are those in the white
region: they must have E > E,
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Electron kinetic model

> Electron model boundary conditions:

Q Assume a Maxwellian population at z =0 forv, > 0

< The full Maxwellian (i.e., extended to v, < 0 too) has a
temperature T,y and a density n, at the origin

<+ Note that these values will differ from those of the actual

distribution at z = 0, since f for v, < 0 is unknown until the
solution of the problem.

Electrons: f

Neg (full maxwellian)
Reflected

Empty Qo cut-off
Passing

Neo (actual)
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Iterator solver and preliminary results

» The electron model is complemented with a simple fluid model and
made non-dimensional with m,, e, Ty, Ry, n;o. The model has the
following parameters:

Q m;/m,: mass ratio. Only relevant at low ion Mach numbers

Q Uzipr/Mi/Teo: 10N Mach number at origin

> A pseudo-Newton-Raphson algorithm can be used to iterate on the
initial guess of the potential and the initial EVDF until convergence is
reached

> Preliminary results (work in progress):

Plume Potential at Infinity

Polytropic Relation

Electrostatic Potential (¢ /Tr0)

Electron Temperature (eV) 0 1 e lon velocity (m/s)
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Thank you! Questions?

mario.merino@uc3m.es
http://mariomerino.uc3m.es
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