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Hall effect thruster (HET) oD

» Leading the sector of electric propulsion.

* First Flight (1971): Developed under Soviet physicist
A. |. Morozov, the first operational HET was the SPT-60.

= Species Roles:

" are injected at the anode and ionized In
the chamber.

= lons are accelerated downstream by the anode- Bl S
cathode potential. e Me N

! , Injected at the cathode, ionize neutrals - |-4 (é NN
and neutralize the ion beam downstream. Lﬂ\ m—— "
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Understanding the thesis title, motivation and goals D
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HYPHEN code (HYPHEN-MFAM)

ot 2D (axial-radial) hybrid PIC/fluid code

g5e2 HYPHEN uses three main modules: 2D Simulation
Z Domain

» [-module: PIC formulation for heavy species (ions and neutrals) on
structured mesh.

= Neutrals, singly, doubly and triply charged ions
= Xe as propellant
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» E-module: drift-diffusive fluid model for electrons on unstructured MFAM.
= Applies quasineutrality - n, = >Z;ng— Input from I-module
= Current continuity + Ohm’s law = ¢ and j.
= Electron energy eq. + Fourier’s law— T, and g,

= S-module: interaction of plasma bulk with the thruster walls.
= Gives boundary conditions (BCs) at each wall type: dielectric or

Anode

Local magnetic frame

conductive
{11, 1, 10}
1, = B/B > Compared to fully kinetic codes, hyrbid codes offer:
1 =10 x1 1 Faster simulations of all species in a partially ionized plasma.
L O Together with the simulations of the discharge chamber, it allows the study of extended
radial and axial plumes, including the cathode plume.
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Understanding the thesis title, motivation and goals D
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Non-conventional configurations oD

= Many types of unconventional setups (from channel
shapes to magnetic field topologies):

= Linear HET (LHT) [4]
= Planar HET (PHT) [5]

= Cylindrical HET (CHT) [1] GOAL: WE ANALYSED
THIS ONE! (LATER IN THE PRESENTATION)

= Diverging CHT (DCHT) [6] (also known as HEMPT
[7])

= Wall-less HET (WL-HT) [8] (WALL LOSSES
PROBLEM SOLVED!)

= Narrow-chanell HET (NCHT) [9]
» Nested HET (NHT) [10]

MOST OF THEM HAVE A
COMPLEX MAGNETIC
I FIELD TOPOLOGY
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HYPHEN Cylindrical Mesh (HYPHEN-CM) PO

= Easier meshing approach for thruster with complex magnetic topologies and
chamber geometries. It will allow:

Big plume studies Complex magnetic topologies
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HYPHEN-MFAM HYPHEN-CM
 Challenging meshes for big plume studies. Mesh can be generated in less than 1 minute.
(J  Studies of moving the magnetic null point gives high ' Simple mesh refinement studies.
complexity to the meshing process. It might take a d  Possibility of PIC mesh = eFIdM mesh which leads to less
day+ to generate a proper MFAM for a given interpolation errors.
geometry. 1 Large plume meshes are not a challenge anymore.
[ Very tedious mesh refinement studies. 1 Applications beyond non-conventional HETs: thrusters with
induced magnetic fields (RITs, High power MPDs,...).
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HYPHEN Cylindrical Mesh (HYPHEN-CM) PO

= Easier meshing apprc e (magnetic topologies and
chamber geometries. Ss=E=SSSSSSSSSS====S
Big plume studies EEE Complex geometries

Plume
Boundary (P

e

B

Anode

GOAL: DEVELOP

HYPHEN-MFAM HYPHEN-CM

O Challenging meshes for big plume studies HYP H E N'C M (I_ATE R I N /lesh can be generated in less than 1 minute.

(1 Studies of moving the magnetic null point >imple mesh refinement studies.
complexity to the meshing process. It mig| TH E P RES E NTATI O N ) 2ossibility of PIC mesh = eFIdM mesh which leads to less
day+ to generate a proper MFAM for a gi nterpolation errors.
geometry. arge plume meshes are not a challenge anymore.

[ Very tedious mesh refinement studies. 1 Applications beyond non-conventional HETs: thrusters with

induced magnetic fields (RITs, High power MPDs,...).
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Introduction PD

e oo™
= Cylindrical Hall thrusters (CHTs) emerged (two decades ago) as an efficient /i
alternative to the traditional annular HET (AHT) for low-power applications [1].
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= Tatiana Perrotin and Jaume Navarro-Cavallé developed the CHT200 in our 4

" ~/0p
v (b)

laboratory. They observed the typical characteristics of the CHT.
= Low thrust efficiency.

= High propellant utilization (based on ion beam current), due to a high CHT200
presence of multiply charged ions.

Cathode

= In our work, the CHT200 [3] is simulated with a two-dimensional axisymmetric
hybrid PIC/fluid code, with partial validation against experimental data.
Focus on:

= |dentify key features of the plasma discharge.

= Observe the effect of multiply charged ions (up to triply charged ions).
Previously done up to doubly charged ions [4,5]. ‘

» Analyse main sources of inefficiency.

Symmetry Axis
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Simulation results: 2D plasma maps (l) D
neutral density plasma density electric potential  electron temperature * gl'lmo"sglso'““o” for n , ¢ and T for
, —3 -3
(a) ny (M) 102 (b) ne (m™) 1019 (c) & (V) 350 (d) T, (eV) \ 35 = CHT200 features:
) 109 ] _ 10 , | Oblique High electron 30 *= n, peaks near the anode wall
7| Two maxima _|acceleration temperature 25 (injection + recombination)
= e 1077 20 and decreases downstream
) < (ionization + gas expansion).
o1 1017 15
10 o
. * n, is high inside the channel,
? with two clear maxima: (i)

close to the anode/injection

N N 35 and (ii) on the axis.
g 300 ¢ |Parallel heat-flu 30
& 250 74 25 :
—6 6l = ¢ is concentrated near the
=] 200 ] 20 anode, generating an oblique
— 4 150 4| 15 electric field, enabling ~200 V
=4l 100 3. 10 acceleration before exiting
21 o9 the channel.
1] 50 1 5
0 ‘ 0 0 0 .
-2 0 2 4 6 8 10 - : 10 = T, rises near the anode to
2 (em) 2 (cm) ~31 eV. High electron
] temperature at the lateral and
Biumiany () Comparing to a AHT: back plate (losses). In the
Gytoge ¥ O Two plasma density peaks. near plume, T, decreases
' 0 R | definiect . along the parallel magnetic
ear annuiar ano +e_ Injector region: field lines (MN-like) .
main source of Xe* ions.
O Geometric convergence creates a
plasma density peak on axis.
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Simulation results: efficiencies PD

Comparing to a AHT:
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Simulation results: efficiencies PD

Comparing to a AHT:

3 LOW thrust efficiency 9-12%.

F2
n = Y P = Tene’]div']disp

Pra Feo P Pr | Fu Fo Fg

P P W is iv ene
O (W) 1 Ndisp  7d T, P P I2 2 I3 i3 F

309 |0.090) 069 042 0.31| 004 044 0.09 0.12 | 0.78 0.20 0.02
323 | 0.110) 0.67 044 037 | 004 040 0.09 0.10 | 0.76 0.21 0.03
386 |0.120 0.72 044 038 | 0.04 041 0.07 0.10 | 0.73 0.23 0.04

wn =
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Simulation results: efficiencies PHD
Comparing to a AHT: 60
B
d LOW thrust efficiency 9-12%. n
3 LARGE power losses at dielectric walls (40—-44%) and total losses of ~65%. ~ RED:
\320 ) electron
temperature
F? oL
n = . = TeneTldivT]dis
21 P P Wall-losses -
‘ | Pua |Po Pp Pa | Fu Fao Fs I | Current
OP | P (W) U] Ndisp  Mdiv  Tene 2 P P P 7 7 7 01 : : — j:,l,: densitios
1 ] 309 [0.090 069 042 031] 004 |0.44 0.09 0.12|0.78 0.20 0.02 & | -
2 | 323 |0.110 067 0.44 0.37 | 0.04 040 0.09 0.10| 0.76 0.21 0.03
3 | 38 |0.120 0.72 044 0.38 | 0.04 |0.41 0.07 010|073 0.23 0.04
ion current electron current electron temperature
densit _— (d)ensﬂy_ i (d) T, (eV) N
10! N 10! 20
100 2] jAam™) | 100 2 25
|l : g
1 : 15
103 \\X://// 10-3 1 " Anode % o= ;
o ———— BB 5 EackplateT
10-°0 1075 o & 0
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Simulation results: efficiencies PHD
Comparing to a AHT: 60
B
3 LOW thrust efficiency 9-12%. 10
O LARGE power losses at dielectric walls (40-44%) and total losses of ~65%. ~ RED:
a LOW beam energy efficiency, 31-38%, due to high power losses. \320 ) electron
temperature
B F2 B 0+
n = InmP TeneTldivTdisp
L .
‘ _ Pna Poo Pp Pa | Fu Fao Fg | 2 Gurrent
OP P(W) n Tidisp Ndiv Tlene P P P P E F F 1071_ : : : j::z densities
1 ] 309 [0.090 069 042| 031 004 044 009 0.12[078 0.20 0.02 & ! o
2 | 323 |0.110 067 0.44| 0.37 | 0.04 040 0.09 0.10 | 0.76 0.21 0.03
3 | 38 |0.120 072 0.44| 0.38 | 0.04 041 0.07 0.10 | 0.73 0.23 0.04
ion current electron current electron temperature
densit - (d)ensﬂy_ . (d) T, (eV) N
10! © . B 10! 20
g0 2] e (Aem™) | 100 2 25
~— |1 ; ¢
21 - 15
1073 \ﬁ/\% 1()-:;1 10 AnOdef s = ;
10~ —— | o 5 EackplateT
0

10750 105 oL
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Simulation results: efficiencies PHD
Comparing to a AHT: 60
B

3 LOW thrust efficiency 9-12%. 10

O LARGE power losses at dielectric walls (40-44%) and total losses of ~65%. ~ RED:

a LOW beam energy efficiency, 31-38%, due to high power losses. 2 ) electron

O STRONG radial plume divergence efficiency 42—44% (around 50°). 201/ temperature

F? oL
n= Y P = TNeneTldivT]disp
L1 .
Ppa P B Py | Fu Fao Fg3 ! v Gurrent
OoP | P (W) | Naisp | Mdiv Tene — — — — B 11 — Jnilw
r_r L P r P 1071 |1  densities

309 | 0.090 0.69 | 042 [0.31 | 0.04 044 0.09 0.12 | 0.78 0.20 0.02 &
323 | 0.110 0.67 | 0.44 1037 | 0.04 040 0.09 0.10 | 0.76 0.21 0.03
386 | 0.120 0.72 | 0.44 |0.38 | 0.04 0.41 0.07 0.10 | 0.73 0.23 0.04

jni:}\\'

wn =

electric potential
(c) ¢ (V)

350
300
250

200

150
v 100 Anode f 7 : ’ _
% S = f
50 EackplateT

0

HE/ e o
S PACE ucdm PhD Doctoral Meetings 2026 |PhD Program in Aerospace Engineering




ucdm

More in the paper PHD

= This presentation is a reduced version of a full paper submitted to a peer reviewed journal
(PSST).

= Validation against experimental data.

= Analysis of the other OPs.
= Effect of the multiply-charged ions.
= Brief comparison with a 2D full-PIC simulation of a CHT.
= Discussion on the electron temperatura in the plume.
2+ 3+
Experimental Simulation Xe Xe
OP Va(V) ria(mgs™) F(mN) Io(A) o ()| (%) on2(%) FMN) Lo(A) Ip (A) Ipoa (A) 10" (b) fos | © fos
1 300 0.40 504 1.005 0.360 410 130 514 101 034 064 1016 " 1016 i3 Lot
2 300 0.45 596 1.060 0.430 38 108 613 1.06 039 074 |
3 350 0.45 6.89 1.085 0.437 3.75 0.98 7.02  1.09 0.0 0.76 10t 10t 10t
1 75 1012 M} — 12 - . L1012
1 24 1024 1024
1 OP1 e p=ban W e | @ e [0 e
1.5 A pP= 2“1“ = So1 1020 So 11020 Si2 L1020
—~ I’ “ o pP = 52 cm E/ 1018 _1018 _1018
o 1.251 P 1 16| 1016 ] 116
| I 10 10 10
<E 1.0 :" ‘\ 0 10 ‘ : 101 — 10"
~— ' \ : 102-1 l 102-1 . 1024
< 0.751 N () 102 | (h) 02 o] (1) 12
= So3 1020 Si3 120 Sos 120
0,5'. El 1018 | ,1018 1] ,1018
O 25 & 1016 ,1016 ,1016
T T T T T T T 14 L1014 L1014
240 -30-20-10 0 10 20 30 40 0 ; 10 5 : 10 055 : 10
O (Deg) z (cm) z (cm) z (cm)
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Next steps around the CHT PHD
* The journal paper on the CHT200 is currently under peer review at Plasma Sources Science and
Technology (PSST).
= We will continue the work carried out by Jesus Perales on the CHT of the Korean Advanced Institute
of Technology (KCHT-50).
&5 (b)
la Cathode :I;
Va
[
Anode Te
|\TA Hc
L, s sSypenyads )
3 ¢ (V) 20 i () 20
300 }8]9 3 107 60
250 1018 1019 50
200 }810 - 2 101 *::
150 05 = Lo :)’“
100 UL i
50 1012 S0 1016 10
A 5 il 00//:??} s 5
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HYPHEN-CM APPROACH I: Direct method PO

* How does the MFAM solve the continuity + momentum equation?

= Solve for: ¢, je EVM on a unstructured For a given element in a volume V and m faces:
= Known: ne, T, J; MFAM . . S
= Current continuity: V-7 =V - (Je+3i) =0 > /VV gV = jéevj ndS =3 (Ge+5i) - 1nAl,, =0

1-1, #0

ik .
1, -1, #0 Local magnetic frame
_— T. & In ne laTeic‘?gb .
{11, 1), 1o} Nle =7 | “a1, " eory  or| e
HYPHEN-MFAM 1,=B/B . [Tealnne 101, 8¢] e — Xudoe
Jle — O le +
e ﬁll 6811_ 81J_ 1+XXt
Ln 1J_ = 1|| X 19

. . Xt .
Joe = XtJ1le — — Joc
X
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HYPHEN-CM APPROACH I: Direct method PO

* How does the MFAM solve the continuity + momentum equation?

= Solve for: ¢, je For a given element in a volume V and m faces:
. FVM on a unstructured
= Known: ne, T, j; MFAM . . L
= Current continuity: V-7 =V - (Je+7Ji) =0 > /VV AV = }éevj ndS =3 (Ge+30) - 1nAl,, =0
-1, #0

Local magnetic frame

_— Ealnn.eJrlaTEi@ .
{11, 1), 1o} Ne=7k e a1, "ear, o F

1J_:1|| ><19

T.0lnn, 10T, 0¢ ] JLe — XuJoe

Jle = Ole [e o1, eol, ol 1+ xxt

HYPHEN-MFAM

. . Xt .
Joe = XtJ1le — — Joc
X

1, = —1“ O-Le << J”e

a

> The MFAM helps limit numerical diffusion caused by the|strongly anisotropic transport of magnetized electrons:

d MFAM aligns the computational mesh with the magnetic field Tines, choosing the natural basis for electron
transport (parallel and perpendicular to B).

a In this basis, the conductivity tensor becomes diagonal, decoupling the parallel and perpendicular currents and
significantly improving the numerical conditioning of the electron-fluid equations.
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HYPHEN-CM
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The natural basis for HYPHEN-
CM is to solve the electron
current in axial and radial
directions.

14

Conductivity tensor is not
diagonal anymore.

v

We do not limit the numerical
diffusion




HYPHEN-CM APPROACH I: Direct method
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1, =-n,1,+n.1,

HYPHEN-CM

For all the faces in the domain:

. 1 9 1 Ealﬂ(ne) 1 07T, 8(}5 _ Ealn(ne)
Jre = —5 —1 {(Xr +xxt ) [Ue ( - —31r + — Jrc| + XrXz |Te c —61Z +

edl, 01,

, 1 T, 0In(n. 10T, 0o _ B T. Oln(ne
Jze = 1 {XrXZ [Ue (?8—§) + ) Jrc] + (XE + XXt 1) |:Ue (?% +

edl, 01,

.".re B
\Space ucdm
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...
The natural basis for HYPHEN-
CM is to solve the electron
current in axial and radial
directions.

14

Conductivity tensor is not
diagonal anymore.

v

We do not limit the numerical
diffusion
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HYPHEN-CM APPROACH I: Direct method PO

...
The natural basis for HYPHEN-
CM is to solve the electron
current in axial and radial
directions.
ny ,n, € [0,1] > 1.=1, v

1,=-1, SESS=S=E=E=== Conductivity tensor is not
diagonal anymore.

""""""" ¥

We do not limit the numerical
‘ i diffusion

1, =-n,1,+n.1,

HYPHEN-CM

Z
For all the faces in the domain:
_eB _eB, _eBr o 9 B eB
X_meye ’ Xz_mer/e ’ Xr_me:/e P I X Xt_meue+aLeB

. 1 9 1 T, alﬂ(ne) 1 07T, dp ] 1. 8111(?19) 10T, O _ _
Jre — XQ + XXt_l {(Xr + XXt ) [G"e ( e 31r + o alr — 31r _jrc-+Xer T - 6]1 -+ - 6]1 — 016 — Juc . XzJ0c
) 1
Jue — —

X2+ xxi |
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HYPHEN-CM APPROACH I: Direct method PO

...
The natural basis for HYPHEN-
CM is to solve the electron
current in axial and radial
directions.
ny ,n, € [0,1] > 1.=1, v

1, =-1, it =SESS===== Conductivity tensor is not

1, =-n,1,+n.1,

HYPHEN-CM

SESS==E=E== diagonal anymore.

""""""" ¥

We do not limit the numerical
‘ diffusion
For all the faces in the domain:

We can limit numerical diffusion by refining the mesh J+x2 ; x = ef —
Mele + e

. 1 9 1 T 0ln(n.) 10T, ¢ ] E@ln(ne) 19T,  0¢ _ _
Jre = 51 {(xr +xx: ) [Ge ( e 01, | ea1, a1, _JTC_'I'X'-"XZ 7e 91, eor, a1,)  Je|["Xedoe

e
- erﬂc}
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HYPHEN-CM APPROACH I: Direct method PO

HYPHEN-CM HYPHEN-MFAM
H.CM: 5., (Aem™?) H_MFAM: 7., (Acm?)

H CM: eFldM L5 1.5
=1 0.6 =1 0.6
i _ CFIAM1 £ |- — g 00
: g o — EY o By
I 0/ — 2.0 0/ — 2.0
L L =1 0.6 =] 0.6
“ ~ eFldM2 © 0.2 g -0.2
f T 30 T 50
i 0 - 2.0 0 — 2.0
0 1 2 3 4 5 6 0 1 2 3 4 5 6 .paquss 5 g "5
e # e C — o — I
0 . 2.0 0 — 2.0
Case | PIC nodes | eF1dM nodes | Simulation Time (h) eFldM4 £ 9062 g 9062
cFldMI 1281 1500 8.7 gl 1l anl . E
eFldM2 1281 5000 9.5 T f;o 00 1 5 8 1 % 12;0
cFldM3 | 1281 10000 10.2 1 B 0 —1 0.6
eFldM4 1281 20000 13.4 cFldM5 2 02 3 0.2
FIOMS | 1251 | 40000 16.4 - — T — o
eF1dM6 1281 60000 19.1 T 12',0 00 1 9 3 1 F 12;0
MFAM | 1281 1384 9.4 1 x 0 —1 0.6
eF1dM6 & 0.2 3 0.2
o I— 20 I Y
.1 o5 5 1 5 g = W1 o 3 1 5 g =0
- 107 ~

E Eox10 L J ixio X

W 1% 10 [ [ ] ® e 2% 10 >.< X x X
104 104
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HYPHEN-CM APPROACH I: Direct method PO

HYPHEN-CM HYPHEN-MFAM
H.CM: 5., (Aem™?) H_MFAM: 7., (Acm?)

H CM: eFldM H MFAM: eFldM 1.5 1.5
- e ?;1'- ‘ 0.6 =1 0.6
m eFIdM1 2 -0.2 g 0.2
! it I S lom— ||l - i
Hi 0. - 2.0 0 — 2.0
= = BV =1 0.6 =1 0.6
w ~ e 12 © -0.2 S -0.2
- — Tow |  — 1
] N S N S N 20 g I T T T T 20

0 0 —11 —~11
o1 2 3 4 5 6 0 1 2 3 eFldM3 2 e B 0
e # e © — L8 — I
0/ — 2.0 0/ — 2.0
1 1 .2 3 4 0 5 g 1 1 2 3 4 5 5
Case | PIC nodes | eF1dM nodes | Simulation Time (h) eFldMA4 i ?062 c i ?062
cFlaMl | 1281 1300 5 T EY: oL EY:
eFldM2 | 1281 5000 9.5 O _ > 3 4 2 O ] 5 & 1t 20
eF1dM3 1281 10000 10.2 —1 0o 1 06
eFldM4 1281 20000 13.4 eF1dM5 £ 0.2 3 02
| e o o o o T O 0
eF1dM6 | 1281 60000 19.1 09 S N 20 O 1 o % 1 £ 20
MFAM 1281 1384 9.4 —1] 0o —1 06
eF1dM6 & 0.2 3 0.2
' T — s S e— 54
Converged 0,1 2 3 4 05 G 0L 2 3 4 5 G "

;_'/‘ 5 Suxm-:

e . S x
LUJn<l(]’ [ ] [ J ® o 2% 10 x X X X
104 10-1
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HYPHEN-CM APPROACH I: Direct method PHD

HYPHEN-CM HYPHEN-MFAM
H CM: oFldM H MEAM: oF1dM H.CM: 5., (Aem™?) L5 H_MFAM: 7., (Acm?) L5
1 il eFldM1 El — - El HE}O%
-1.1
- 2.0
z = Slow Convergence m— T
- = For a simple magnetic field topology, we need 10-100x H:‘i’:?
; more nodes than with an MFAM mesh to convergetothe | &= 1 = f,eéo
ooz (im) L9 same solution. igg
= \We are currently solving only the continuity and 3 1 ¢ A0
Case | PIC nodes | e momentum equations, so we expect additional mesh U”o_ﬁg
. . . . . -1.1
Cn | refinement to be required when including the energy — 20
cFldMa 1281 equation_ F}%
eFldM4 1281 -0.2
eF1dM5 1281 I i 1.1
kil B = We are currently solving only the channel region, extra — 55
MFAM | 1281 nodes for the plume. 06
C— -~ C - 1
Converged gL 2 3 4 5 G - e L 2 3 4 5 G "

;:103T i

EE o . i X o
e Py . e o 2 . X X X

10* 10*
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HYPHEN-CM APPROACH Ill: Hagelaa’s iterative method T

INSTITUTE A0 PUYSKE PustsineG
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Magnetic liclds are sometimes used wo confine the plasma in low-pressure
low-lemperalure gas discharges, for cxample in magnetron discharges,
Hall-eTect-hruster discharges, clectron-cyclolron-resonance discharpes and
helicon discharges. We discuss how these magnelized discharges can be
maodelled by two-dimensional sel[-consistenl models based on electron fuid
equations. The magnetized clectron fMux is described by an anisotropic

drili—dilTusion cqualion, where the electron mobilily is much smaller

perpendicular o the magnetic ficld than parallel o il The clectric polential
s calculated cither from Poisson’s equation or from the electron cquations,
assuming quasincairalily. Although these models involve many
assumplions, Lhey arc appropriale W sudy the main clects of the magnelic
licld on the charged panticle ranspon and space charge clectric liclds in
realistic two-dimensional discharge configurations. We demonstrale by new
resulls thal these models reproduce known phenomena such as the
eslablishment of the Bolzmann relation along magnetic ficld lincs, the
penciration of perpendicolar applicd clectric ficlds inlo the plasma bulk and
the decrease in magnetic confinement by shon-circuil wall currents. We also
presenl an original method o prevenl numernical ermors arising, from the
extreme anisolropy of the clectron mobilily, which tend o invalidale model

resulls from standard numerical methods.

1. Introduction

The use of sleady, exienal magnetic fields makes il possible Lo
creale high-density low-lemperalune plasmas in gas discharges
ol very low pas pressure. There are dilferenl types of
such magnelized discharges, where the magnetic ficld plays
dilfereal roles. In general, the magnetic field confines the
plasma and limits charge particle loss 1 the walls, which
alkows magnetron discharges 1o operate o relatively low de or
[ voltage. More specifically. in Hall-eect thrusters (HETS),
the magnetic field allows perpendicular applied eleclrdc Gebds
o penelrale inside Lhe plasma bulk, heal the bulk elecirons and
accelerate the jons. In electron-cyclotron-resonance (ECR)
discharges and helicon discharges. the clectrons are heated
by magnetired wave modes. Throughoul the present paper we
will simpdy refier 1o these dischanges as magnelized dischanges;
this is not 0 be confused with Musion-related discharges.

The magnelic field complicales the physics and hence
he numerical modelling of magnetixned discharges. Standard
discharpe modelling lechmiques, such as particke-in-cell
(MC), ame ofien cumbersome for these discharges, and
low-order physical approximalions ame pecessary (0 avoid
technical complicalions and lmil compulation limes.  (On
Ihe olber hand. even Lhe lowest order approximations show
rich amnd interesting physics.  There is great inlerest in
developing relatively simple numerical models, nol o be
(mishused as prodictive simalation lools, bol simply B belp
idenlily and undersiand the physical principles of magpetined
discharpes. In [act, the most basic principles of magnelixed
discharpes ame known [rom carty analytical work for kealized
confignrations and can be found in classical texis, bul
numerical models are necessary Lo investigaie the role of
\hese basic principles in realistic multi-dimensional discharge
configarations.
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Magnetic liclds are sometimes used wo confine the plasma in low-pressure
low-lemperalure gas discharges, for cxample in magnetron discharges,
Hall-eTect-hruster discharges, clectron-cyclolron-resonance discharpes and
helicon discharges. We discuss how these magnelized discharges can be
maodelled by two-dimensional sel[-consistenl models based on electron fuid

equations. The magnetized clectron fMux is described by an anisotropic

drili—dilTusion cqualion, where the electron mobilily is much smaller
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order + use an iterative scheme.

oy k+1
10T, Te T

R WS |
. o 0P o
] = = = 1—1In

perpendicular o the magnetic ficld than parallel o il The clectric polential
s calculated cither from Poisson’s equation or from the electron cquations,
assuming quasincairalily. Although these models involve many
assumplions, Lhey arc appropriale W sudy the main clects of the magnelic
licld on the charged panticle ranspon and space charge clectric liclds in
realistic two-dimensional discharge configurations. We demonstrale by new
resulls thal these models reproduce known phenomena such as the
eslablishment of the Bolzmann relation along magnetic ficld lincs, the
penciration of perpendicolar applicd clectric ficlds inlo the plasma bulk and
the decrease in magnetic confinement by shon-circuil wall currents. We also
presenl an original method o prevenl numernical ermors arising, from the
extreme anisolropy of the clectron mobilily, which tend o invalidale model

resulls from standard numerical methods.

1. Introduction

The use of sleady, exienal magnetic fields makes il possible Lo
creale high-density low-lemperalune plasmas in gas discharges
ol very low pas pressure. There are dilferenl types of
such magnelized discharges, where the magnetic ficld plays
dilfereal roles. In general, the magnetic field confines the
plasma and limits charge particle loss 1 the walls, which
alkows magnetron discharges 1o operate o relatively low de or
il voltage. More specilically. in Hall-oect thrusters (HETs),
the magnetic field allows perpendicular applied eleclrdc Gebds
o penelrale inside Lhe plasma bulk, heal the bulk elecirons and
accelerate the jons. In electron-cyclotron-resonance (ECR)
discharges and helicon discharges. the clectrons are heated
by magnetired wave modes. Throughoul the present paper we
will simpdy refier 1o these dischanges as magnelized dischanges;
this is not 10 be confused with Musion-related discharges.

The magnelic field complicales the physics and hence
he numerical modelling of magnetixned discharges. Standard
discharpe modelling lechmiques, such as particke-in-cell
(MC), are ofien © for these disch and

low-order physical approximalions ame pecessary (0 avoid
technical complicalions and lmil compulation limes.  (On
Ihe olber hand. even Lhe lowest order approximations show
rich amnd interesting physics.  There is great inlerest in
developing relatively simple numerical models, nol o be
(mishused as prodictive simalation lools, bol simply B belp
idenlily and undersiand the physical principles of magpetined
discharpes. In [act, the most basic principles of magnelixed
discharpes ame known [rom carty analytical work for kealized
confignrations and can be found in classical texis, bul
numerical models are necessary Lo investigaie the role of
\hese basic principles in realistic multi-dimensional discharge
configarations.
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PRELIMARY results oD
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PRELIMARY results oD

IFAM: eFIdM DIRECT: eFIdM HAGEOT7: eFldM MFAM: 7 (Acm™ | 7
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MFAM: 7., (Acm™
= For a similar number of nodes, Hagelaar’s method -
already obtains a solution close to the one provided 1 0 01-
by the MFAM. = e
» [t required about 10x more computational time than §
the MFAM due to the imposed strict tolerance g
requirements.
» We still need to carry out several studies regarding
the tolerance, mesh size, and other parameters. 0
0123456

z (cm)
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Next Steps PHD

Hopefully, finish the review process and publish the work on the CHT200.
Advance the analysis of the KAIST CHT.

Continue the development of HYPHEN-CM.

Use HYPHEN-CM to simulate a non-conventional Hall thruster configuration.
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Activities

ucdm
PHD

> Journal papers:

4

Under revision at PSST: Fernandez-Tena, I., Perrotin, T., Navarro-Cavalle, J., Zhou, J., Ahedo, E., & Dominguez-
Vazquez, A. Analysis of a low-power cylindrical Hall thruster with 2D hybrid plasma simulations.

> Conference papers:

d

d

Fernandez-Tena, I., Zhou, J., Ahedo, E., Perrotin, T., Navarro-Cavallé, J., & Dominguez-Vazquez, A. (2025, September).

Experimentally-informed 2D hybrid simulations of a low-power cylindrical Hall thruster. In 39th International Electric
Propulsion Conference, no. IEPC-2025-185. London, UK, September (pp. 14-19).

Fernandez-Tena, |., Perrotin, T., Navarro-Cavalle, J., Zhou, J., Ahedo, E., & Dominguez-Vazquez, A. (2026, May). 2D
hybrid plasma simulations of the CHT200 cylindrical Hall thruster. In 10th Space Propulsion Conference, no. SPC-2026-
402. Bari, Italy, May (pp. 17-21).

> Workshops:

d
4

d

4C) e B
\Space ucdm

2nd Electric Propulsion Summer School, ESA ESTEC, Noordwijk (The Netherlands) , April 1-5, 2025.

11th European Space Propulsion System Simulation (ESPSS) Workshop, ESA ESTEC, Noordwijk (The Netherlands) ,
October 1-2, 2025.

One of the organiser of the Exchange Workshop 5: “Reference management and note taking best practices”
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HYPHEN-CM APPROACH I: Direct method

1||'1n7'éO
1, -1, #0

1, = —n,1,+n.1;

ny ,ny € [0,1]

Local magnetic frame
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Fastest method to
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For ALL faces solve
parallel and
perpendicular electron
currents

implement:
1, =1,
i = cos(ap) a + sin(ap) 0
o, Par, T o,
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IMPLEMENTATION TEST: CASE ()

eFldM: eFldM MFAM: eFldM
2 2 ~ 5
J (Acm—~ 10!
— — 2% ===
= = 7 == 100
=1 =1
& e l O —1
E) 102
5
: : : : 1 10-3
U 0 1 2 3 4 OO 1 2 3 4 ~ 10
z (cm) % (cm) 10~4
el'1dM: PICM MFAM: PICM 105
2 2
107F
£ 9
= =
10?
0 ‘ ‘ 0 ‘ ‘ 10°
0 1 2 3 4 0 1 2 3 4
z (cm) Z (cm) 101
102
Case | N, N, | At (ns) Az (mm) | Ngeps Time (us) 3
eF1dM1 21 21 10 2.050 60000 600 10
eFldM2 | 41 41 5.0 1.025 120000 600 10~
eFIdM3 | 61 61 3.3 0.680 150000 600 10 -5
eFldM4 | 81 81 2.5 0.512 240000 600
MFAM1 | 21 21 10 2.050 60000 600 10—
MFAM?2 | 41 41 5.0 1.025 120000 600
MFAM3 | 61 61 3.3 0.680 150000 600
MFAM4 | 81 81 2.5 0.512 240000 600
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Convergence Study: CASE (Il)

H CM: eFldM H MFAM: eFldM
LY sttt [ I %%
) o T
= NI i
~ ~ | i A
T Case | PIC nodes | eF1dM nodes | Simulation Time (h)
0 . 0 eFldM1 1281 1500 8.7
0 1 2 3 4 5 § 0 1 2 3 4 ) § eFldM2 1281 5000 9.5
2 (cm) 2 (cm) cFlAM3 | 1281 10000 10.2
eFldM4 1281 20000 13.4
H.OM: DICM H_MFAM: DICM eFldMb 1281 40000 16.4
eFldM6 1281 60000 19.1
1 1 MFAM | 1281 1384 9.4
El =
= =
- -
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sz Simulation results: 2D plasma maps (1)
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Simulation setup for the CHT200 (Bl(lg)
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> Some general features:

a
4
4

> Magnetic field:
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Simulation setup for the CHT200 (1) :

> Three operational points (OPs) defined by pairs of (V 4, mi,).

Xe xe

131294

1

me = 0.08 mgs™ Experimental Simulation
OP Va (V) MmA (mg S_l) F (mN) I3 (A) I; (A) (¥t (O/o) (8 7%)) (%) F (mN) 14 (A) I; (A) Ipmd (A)
1 300 0.40 5.04 1.005 0.360 4.10 1.30 5.14 1.01 0.34 0.64
2 300 0.45 5.96 1.060 0.430 3.85 1.08 6.13 1.06 0.39 0.74
3 350 0.45 6.89 1.085 0.437 3.75 0.98 7.02 1.09 0.40 0.76

» Fitting electron fluid model parameters.

O Phenomenological model for electron turbulence: vy = a;wce.

O a; — Two-parameter (a1, @,) “step-in” function fitted to reproduce measurements of (I, F, n) with errors below 5%.
Q Similar approach by Perales et al. for the KAIST-CHT [5].

HTw D MR

L0 1 | ! f
= 1.05 I £6.001 7 = 101
= ® | =

1.00° o or | 00 a

o 0P2 5.00+ f ]
095 7 1 45 | . 71 , . 0
250 300 350 400 250 300 350 400 250 300 350 400 — 0
Va (V) Va (V) Va (V) z (cm)
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mparison with experiments: RPA (Ltreracce.erat.on n

0

> Comparison:

4
a
4

7
%

7
0‘0

7
%

simulations

g’i:sim =215
eV
g,i:exp = 220

<g,)sim = 216
eV

(g’i)exp =
194 eV

thrusters and analysis of non-conventional

configurations




“Comparison with experiments: FC (l1)

1 '.-" i ].75
i > Spherical expansions with OP1 S ":fom(f:n
i - " E factors of: Py 1.5] /,“\‘\ . 2—52 (;m
[ Psim = 10 cm i Q _ ) C\']E 1.25 R
S Pexp=52cm ; Ji =3P Z 10 7\
A 7] i Q:\075
O :
0.25 - S
-40 -30-20-10 0 10 20 30 40
> Comparison: © (Deg)
d
Q —
O Differences might come from
/2
Lino = 7'(',02/ ji(©)|sin(0)|dO® —> ©—=0 Relative errors on the ion beam current below 10% for all OPs
—7/2
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Simulation results: 2D plasma maps (ll)

Considered Ionization Reactions

Reaction Nomenclature

e + Xe — 2e + Xe™ 01— Yot
e + Xe — 3e + Xe?t 102 Y2+
e + Xe — 4e + Xe3t 103 . o3+
e + Xet — 2¢ + Xe?t i12 y
e + Xet = 3e + Xe3t 113

e + Xe?t — 2e + Xe3t 123
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§ Imi € iVl UPPI - i Wi i IMJP\-U‘ S § 8 1§ 8 IiE=E VW

MFAM (1I)

We have to evaluate the gradients, which are given in (z,r) such that:

o 4 9%
a1, % a1,

1- For a structure mesh - Gradients can be done with FDM.
2- For a non-structure mesh (like an expansion in the plume) - Compute the gradients in the computational mesh (¢, n).

Ne —1,N, — 1)
e =) Let’s assume that z=2(§, n) and r = r(§, n)

0v _ 990t 0%on . 0% 00t 0%
92  0€dz  onoz 0 or  9Edr ' onor

(Eps 1p) o® o On %_@
or or on

{EI "?,;)

Objective
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The HYPHEN code (I1)

> Dielectric wall:

C.wW

D.W > Conductive wall

AW

> Anode wall:

D.W

> Plume boundary:

thrusters and analysis of non-conventional
configurations




10°

10!

((‘gtko(()ge J/

thrusters and analysis of non-conventional
configurations

Simulation results: 2D plasma maps (lll)

> lon current density (j;) does not follow B-
lines, showing high values along the axis
and streamlines toward the backplate,
leading to high recombination
recombination. j; expands outward into
the plume.

> Electron current density (Je) streams
from the cathode to the anode, deviating
across isolines, with a strong peak at the
axis due to high n,.

> Two distinct j, beams form: one reaching
the anode, another propagating
downstream to neutralize the plume.

> Total current density (j) is dominated by
electrons in the plume, forming loops and
ensuring Ip = 0 at the boundary (GPC
model).




ppendix A

10713,
| Se = Ne Z npAZk Ry (Te)
10*14_E L
@ : Pinet = Pio1 + Pio2 + Pios + Pz + Pz + Pias + Pexc
COE 10—15~
- 3 P = f nenkex Ry (Te)dS2
S ] 2p
J — Rim - Ril3
1016 —— R Riss P = NNy Za;R;(Tc)dQ
1 - RiUB - chc Qp L
| Rii2
10717 - - - ' : - '
0 5 10 15 20 25 30 35 40
T. (eV)
Considered lIonization Reactions
Reaction Nomenclature e (eV)
e + Xe = 2¢ + Xet 101 12.1
e + Xe — 3e + Xe2t 102 33.3
e + Xe = 4e + Xe3t 103 65.4
e + Xet — 2e + Xe?t 112 21.1
e + Xet — 3e + Xe3t 113 53.3
e + Xe?t — 2e + Xedt 123 32.1
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Convergence Study CASE (l)
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The HYPHEN code (I)

PIC 2D (axial-radial) hybrid PIC/fluid code 2D;imu|§ti°n
omain
mesh
I-module: PIC formulation for multiple heavy
species
O Structured mesh
r O Neutrals, singly and doubly-charged ions
‘ Symmetry axis L Noise reduction by population control
Z bttt e ettt ettt
ndary (P)
MEAM SIS E-module: magnetized inertialess fluid model
O ne=3Zn — Quasineutrality
Q V-je=-V-j — Current continuity
Anode _ 1 1
(6 =Va) O je=0e- [—V¢ o V(mnele) — e_nchh] — Ohm’s law for electron
t
Q v.p’=_233@T) gy i o pm curren
Vg ke A es 2 ot ¢Je _mel — Electron energy equation
| Id g _I Q Pg:zneTeue"qu; e = —Ke - VT
/v ) O ¢ and T, at MFAM cell centers and boundary faces centers
Local magnetic frame
C?th%c;e 1 .1, 4 Cathode at ¢=0; anode wall at discharge voltage ¢ = V4
¢ i” =’f/31 O Discharge current I collected at the anode is injected through the cathode
L=1x1e

thrusters and analysis of non-conventional

configurations




The HYPHEN code (I)

PIC 2D (axial-radial) hybrid PIC/fluid code 2D simulation

domain

mesh

I-module: PIC formulation for multiple heavy
species

U Structured mesh

r O Dedicated list for each species
‘ Symmetry axis

Plume boundary (P)

A O

E-module: magnetized inertialess fluid model

Ne = XZsNg — Quasineutrality
Veje=-V"j; — Current continuity
- — 1 1
Je = O [_Vd’ + av(neTe) - e_nchh] — Ohm'’s law for electron
17} 36(neTe) . 127 Current
v.py =300l gy o4 p .
¢ 2 ot ¢ el — Electron energy equation

17 5 72
P, = EneTeue +qe; qe= —Ke:- VT

) ¢ and T, at MFAM cell centers and boundary faces centers
Local magnetic frame

o000 0 0O oo

C?th%c;e 0 (1,1, 10} Cathode at ¢=0; anode wall at discharge voltage ¢ = Vy4
¢ i” :’f/Bl Discharge current I4 collected at the anode is injected through the cathode
L=1x1
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The HYPHEN code (ll)

S-module: coupling between quasineutral plasma and walls
(W) Local magnetic frame

O Different types of walls (W): dielectric, conducting

O Appropriate BC for the E-module at quasineutral sheath edge {11, 1), 15}
Q) 1,=B/B

O Provides expresions for electron current and heat flux at Q: =1 x1

Jne(Adwq) = 1. - jue| Sheath potential fall

Goe = 101 - G Adwq = g — dw Chaniel walls
K ]-n Boundam
| | MFAM cell Nl
e

\\\ ]-n = ]-J_
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The HYPHEN code (1)

PIC I-module: PIC formulation for multiple heavy species | 2D simulation domain |
et > Stuctured mesh
mesh \\ . .
» Neutrals, singly and doubly-charged ions
» CEXslowions and fast neutrals
» Noise reduction by population control
- . . . . . I-module outputs
r » Cylindrical corrections: important near the axis T
gs = Ny
Symmetry axis

I-module

lectron sub-loop

zZ E-module: magnetized drift-diffusive (inertialess) fluid
model; applies quasineutrality

Interpolation
module
E—-1

Interpolation
module
I-E

Plume boundary (P)

»  Current continuity + Ohm’s law for j,

»  Electron energy + Fourier’s law for q,,

» Phenomenological model for turbulent transport S ¢ T
Anode
(¢ =V » FVM/GRM on unstructured MFAM b, jo = —encu,
\A Pey de
E-module outputs
S-module: coupling between quasineutral plasma and walls 1,
(W)

/' Local magnetic frame » Appropriate boundary conditions for the E-module at .
uoL (10,1, 10} quasineutral sheath edge (Q) 1=
Bl 1H :B/B N n —

A Different types of walls (dielectric, conducting)
L=1x1

Boundary cell 1 — -1
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The HYPHEN code (Il)

> Massless electron fluid model  (Green magnitudes are inputs from I-module)
Q ne =)Zng

Q V-j.=-V-j; — Finite volume method (FVM)
Q j,=0,- [ Vo + —V(neT )] + je — Gradient reconstruction (GRM)
. 8p . 1 d(neTo)] | .
*  Jile = Oje [—6—1""' e—neg—l" + Jie
. . . 1 0(neTe) .y
" ]J_e—ale[ J1 eng, 01, ]+]J‘e
Q V-q,= —z% — SV nTou, — V¢ - j, + P/,\,, = Finite volume method (FVM)
Qa q,= —I?e - VT, — Gradient reconstruction
(GRM)
a7,

{af :an_d chf’emdary faces centers

> ¢ and7." a "MFAM"eCé“' cente
» Reference for the potential (¢=0) at cathode wall

» S-module —» BC at boundary faces (sheath edge Q):
0O Electron current: jn.(¢wo)

0O Electron energy flux: B (dwo) = gneTeune + Gne 1,=-1,

0O Sheath potential drop ¢y = ¢g — Pw Inner cell E;:mdary
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The HYPHEN code (Il)

> Base model for massless electrons

Use of MFAM due to large anisotropy

Ole > Ole ~ Glle/Xz; X = wce/ve ~ 102;

© o je=3 |-Vt oVpe| +ii

Input from Wave-module (only for EPTs) {1., 1y, 14}
Green magnitudes are input from I-module 1,=B/B
. 1, = ]_” X 1g
» Electron model in MFAM reference
+ V:je=—-V-j; —> Finite Volume Method Inner cell Boundary cell

— 1) 1 d(neTe) y In =

Jle = Olie [ 91, * ene 01 tle | Gradient

. 0 1 a(neTe)] ., Reconstruction-

]J_e—O'J_e[ 61l+ ene 01, tJlg
- Unknowns: je, jie and ¢ 1, =70

- Similar 3-equation structure for qye, g1, and T,

1, =-1
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The HYPHEN code (ll1)

> FVM/GRM vyields matrix systems for ¢ and T, at MFAM cell centers and
boundary faces centers

> Reference for the potential (¢p=0) at cathode wall
> The S-module provides boundary conditions:

a Sheath model yields j,, = fsh(quQ); bdwo= P9 — dw

% Includes SEE effects
+ Retains non-Maxwellian VVDF features (partial replenishment of high

energy tails)
Q Dielectric wall: Zero wall-collected current: j,, = —j,.;

% After solving for jy, the sheath model provides ¢y o = f~(—jni)
Q Metallic wall at known voltage (e.g., HET anode wall):

& Jne = fsh(quQ) = fohm(ngQ) — implicit equation for ¢y
+ Solved iteratively to satisfy current continuity
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C. UC3M, MUSIC cathode, thrust, eletrostatic probes, discharge oscillations

. |
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Vo=260V Ve =300V Ve =350V Vo =400V

Faraday cup
- Plume asymmetries from cathode, injector, coils, alignment / \ :

- Dispersion of I ; reflected in j;

-  Measurements scattered over > 1 year oy N\
R TE - 7 N\
_‘nz‘ _ I / o TH % / - ']‘2 “.,_.\ N | ic{: i

- Partial efficiencies obtained by integrating beam current density | = F el N Ny 7 =
1:(6)|sin ()| dO [ Tr 7i(@) cos (€)| sin (0) do@ 0.6 1 y ‘ 1

] = Y I, L\

Am—2
(=]
-
"
P
= 0.4 mg

b

—

Yy

b -
3o
F

=

T,

- Repetitions of (m,, V;) averaged o 8N R N Y s \*
=N N
: L 06 'r:-'f ‘,."n "L\ _;:
| 'I-:-.. ': & -{" \ E
. 7 7 - ; .3 - 0.4 e / & \ N.A g
i g I} L i Ji \ Lib) : ¥ \ W
.\”_:_l__.. ; i ;’ - \T\ Z
~ — 45 - N - ’ e 0§ d —— .Iqj ‘\-.‘ ’_(’ 33l -'..\._‘ )
110 4 I - 50 - L U 0 1 =M =4 o 1 0B —45 0 h 00 =-90 =4 0 1 90
- _ 40 - T } 1 ’ ’ ! !
, 100 1 T ' e P S | P . g2 - Divergence & current utilization
" %0471 1 e = | f - Strongly affected by V4, not by m,
30 4 3 L4 T:rl-ﬂ = 0.30 mg.s—! 40 - ¥l i .
| 8 oo = 0.35 mgs~] - Propellant utilization
80 4 ) ¢ e = 0.40 mg.s— z . .
§ , , A e 3 e = 0.45 mgs” . . . . - Sensitive to V; & m,
250 300 350 400 250 300 350 400 250 300 350 400 _ >1 - Xe2+ Xe3+
r
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Thrust balance
- Significant dispersion

Repetitions of (mg, V) averaged - Comparing same (g, V4) means # Py

T =
6 i B

N

T,

Specific procedure to calibrate & measure thrust at shut-off

Z 5 : I| - Thrustincreases with m, & V; in covered range 200 250 300 350 400
- . - Po. W
a4 i - 1)y mostly depends on V4, maximum for 350V, 0.4 mg s%, ¥325 W
! 1 - Saturates with P  for all m, 1
3 - I 15 -
-~ 13 +
247 , . 1 - Measured xenon cold thrust ~198 pN/mg s _ i T
250 300 350 400 11 7 ™ S
Ve, V ® | T 47 ul
17 - 71 3-2 times less than the best performing low-power CHTs £ ¥ 1 f
15 - - No typical trend n; — P, in other low-power CHT: very thruster-specific L el K 2
13 - 514 E 1
11 - e i - B must be optimized (tuning electromagnets) 317 ¢
=S R R imi 1 1

- Q- L - i T T T T

E e I' . mfax_um_me J L and/or T 200 250 300 350
7 + . - minimize divergence P, W
5 - - Increase anode shielding from electron current & increase 71, (main CHT weak point)
3 - = 'j,-'Z
1 == T T T L 2Pg(mg +m.)

250 300 350 400 ' '
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nA

1,

Retarding Potential Analyzer

Some |-V trace, IEDF and IVDF examples
Ty = 4.0 scem, V, = 2500V, 8 =-400°

tie = 3.0 scem, V, = 2500V, 80 =00" . my = 4.0 scem, V, = 4000 V, 6 =00 ° e = 4.5 scem, Vo = 350.0 V, 8 = -30.0 °
0 0 0
E =
200 c = = 200 4
=200 o w5 —500 - - —500 e
1 T 1 1 1 T T . T T T T T T T I T T 1 Li
0 50 100 150 200 250 0 100 200 300 400 0 100 200 300 400 0 50 100 150 200 250 300
v,V LEA v,V v,V
1.0 4 4
1.0 . N 1.0 1.0
= 4 (E;) = 149 €V : - ':f”"':' = 271 eV B < (E) =243 eV -
= E, =154 eV © | ¢ Ei=324eV @ B, = 201 eV a
o = 0.5 = 0.5 e 0.5
= g a &
@) = =2 =
0 : ' I : 0.0 1 T T T T 0.0 4 T T T T T T
| I 1 L L
0 50 100 150 200 250 0 100 2[;:0 v 300 400 0 100 200 300 400 0 50 100 150 200 250 300
E;, eV o E, eV E;, eV
% 10~9 .
KIU_& A :wfillj_EII %10—?
$ g * 'zzlt”‘“”‘ "' ; + % =20.7 kms! ;A' .44 e+ @ =161km
o4 + ¥, =150 kms~! £ 5 - ':-—].Qﬂkms—l = S | \ 3 t s Y
a {w;) = 14.6 km s~ ! . .' & 5 - {v;) = 18.1 km s~ Ill'l o (vg) = 15.1 km s—1 \
<y 3 - / < 5 \
@ = : =
= - _ \\ = / 2 \
= ) Y E— ] ) ~| I ——
0=+ —_— I—‘ 0 ‘_:_‘ 1U 0 T T T T 07 T T T T
0 5 10 20 S 0 5 10 15 20 0 5 10 15 20
¥y, km s~ e i, km 571 v, km s~!

Note: E; is energy per charge, v; assumes singly-charged ions

AVOIU Pd c-11TUIlU Pld d DUC e U d
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MUSIC HC MIREA

Langmuir probe measurements in CHT200 with MUSI

30 T

e 350V,0.4 mg.s~* : s )
Langmuir probe (cylindrical): % 207 R ‘ $ 1
a s s i "l '} .
- Measurements in near-field display double peak/knee: 10 1 e
8
local perturbation - cathode beam - thruster mode — EEDF 2 gl % | 1
Q ° ' ]
ion flux - facility — SEE — high energy ions e 8. e
: 2 = . : ° 2:_9 9 e ER WAL
probe size - probe build -sweep direction - operating "
- - - - . . 6 oy o
point probe orientation -transient -instrument N Wie=isE=s
é_ 2 ’ ° o o | g 5 o Y | I S 1
o] () G L) T T T l,? ! 1 1
Seen by KAIST too, avoided with double LP, attributed to EEDF 120°\140 160 180 200 220
= s | > 204 | ;s Not trivial to process for ¢, T,
"= 3 a0 L esi1as o pero0 s “Wakad Vil
2 0 R 2 v ¥ 15004 l— Praosn LP:.'U;'JII1;{111;’!2}'-73. S 4 a
8 B —— Py s LP 20231113 111300 £=70 10 4 S
g s00- 754
= -100 73 ~50 -2 0 2 % 7 . 5.0 1 2 a
Probe voltage blas, V &~ 8 e °
i 0.00012 4 2.5 1 puaprie: .°°oseooo
; o] il
5
. 0.00004 ,_1 B
) S SLLLIVITYY PPy
e T e . T B Wy W %0 =0

Probe voltage bias, V
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