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HZIMUTHAL OSCILLATIONS IN A MAGNETIC NOZZLE

Helicon plasma thruster consists of . |
. . e feed Solenoids
Cylindrical dielectric ionization chamber \\
EM inductor (“antenna”)

Converging-diverging applied B field > Magnetic nozzle ]

Antenna——™

Losses to lateral walls are large and
suggest anomalous transport

Gradient-driven drift instabilities are a
candidate mechanism for that enhanced
transport

Previous works identify oscillations in the
magnetic nozzle plasma plume
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EXPERIMENTAL SETUPR

HPT prototype running at 5 sccm Xe, 450 W EM power

Max. B field (magnetic throat): 750 G

Vacuum chamber: 1.5 m diameter, 3.5 m length, 10~°> mbar during operation
3 Floating, cylindrical tungsten probe tips, 1 cm apart (along 6 and d directions) | ?
Probe system displaced with radial-polar arm “

A direction

- Probe system o

Magnetic nozzle 0

Plasma source d direction
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CROSS CORRELATION ANALYSIS

Averaging over 30 realizations to estimate
. m =5 SCCM, a = 35 deg, d = 100 mn
the cross correlation spectrum between each 2 oy .

(a) Cross-power spectra
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CROSS CORRELATION ANALYSIS

At low a angles (« = 20 deg), good coherence up to 100 kHz at 50 mm; not so good at 100 mm
Dispersion relation in that range hasm = 0 + 1, k; = 0, corresponding to essentially global oscillations

mean [

std parallel

0.5 1
f [Hz)

(c¢) Azimuthal dispersion
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CROSS CORRELATION ANALYSIS

At larger angles (@ = 30 + 35) and d = 100 + 150 mm, a dominantly-azimuthal mode is found at f < 100
kHz with

m=1-+4, k” < 10 rad/m
Peak in CSD power at ~60 kHz; harmonic at ~120 kHz

5 SCCM, a = 35 deg, d = 100 mm

a ) ~ (b) Coherence

imuthal |
parallel

thal |
parallel

0.5 1 ' ' 0.5 1 1.5
f [Hz] x10° f [Hz]

(c) Azimuthal dispersion . (d) Parallel dispersion
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GGG
CROSS CORRELATION ANALYSIS

Similar features but flatter spectrum found at d = 150 mm

m = b SCCM, a = 30 deg, d = 150 mm m =5 , @ = 35 deg, d = 150 mm

wer spectra (b) Coherence - ; (b) Cohe

imuthal
arallel

i
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GGG
CROSS CORRELATION ANALYSIS

Behavior at large a is more complex.
Good coherence at low frequencies far downstream
m =1+ 2, k; has a dispersion relation

1, @ = 50 deg, d = 50 mm i 5 SCCM, e = 50 deg, d = 100 mm n= ; m
(b) Coherence (a) Cross-power a (b) Coherence g (a) C POWE ‘ & Coherence

f [H] (10° ' f [Hz)  fmg X107 © fHg ' C fH] <0 f [Hz]

(¢) Azimut r i o %x10°  (e) Azimuthal dispersion . (d) Parallel rsion : . %107 (c¢) Azimuthal dispersion — (d) Parallel dispersion
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SUMMARY OF FINDINGS - AND ISSUES

10 kHz Oscillations found everywhere, withm =~ 0 and k; ~ 0
40-60 kHz Oscillations at intermediate a angles downstream, with m < 4 and k; likely nonzero
40-60 kHz Oscillations at large @ = 50 deg (plume periphery), withm < 2and k; # 0

Phase velocities (< 10> m/s) comparable to estimated density-gradient and ExB drift velocities

Azimuthal dispersion

Coherence is not large (~ 1) in some of these (c)

Dispersion relation plots with bends could suggest
multiple waves coexist

If two or more oscillations coexist at same w,
2-probe method is unable to resolve them

Jumps exist at some, but not all locations, around w;;,

0 SRRk ARY
-500 -400 -300 -200 -100 0
ko [rad/m
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DISPERSION RELATION DISCUSSION

Other works (below) also found azimuthal oscillations in similar setups
Hepner et al: suggest ECDI
Takahashi: suggests oscillations are a magnetosonic wave

N
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72}
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>
w

Takahashi's HPT
Scientific Reports (2022) 12:20137;
Hepner et al ECRT Proposes inward electron transport

Appl. Phys. Lett. 116, 263502 (2020);
Proposes outward electron transport

rZFlRFITHUSTRFlW M. MERINO: OSCILLATIONS AND INSTABILITIES IN A PROPULSIVE MAGNETIC NOZZLE n




GGG
LINEAR LOoCcAL STABILITY ANALYSIS

3D wave dispersion relation for inhomogeneous plasma
Obtained from fluid approach
e Locally Cartesian set of coordinates (r,0,2) - (x,y, z)

FUgro——— + 1oV * Ug + Ng—— = Upllg

ox o 0T

O s0 OU g ( V- H) W q i J|

fiau',c.- Ng + Ugy

dx or - nm m lq

e B Z

, collisional and FLR effects considered for the electron flow
e Stress tensor (II) comprised of both gyrotropic and gyroviscous parts

He. = pi ¥ (;;u.| -;UL) bb l_L
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LINEAR LOoCcAL STABILITY ANALYSIS

3D wave dispersion relation for inhomogeneous plasma

Obtained from fluid approach

2 A : 2
¢z dlnng by g dIn DBy

‘e é

Urp

Inertial, collisional and FLR effects are accounted for
For perpendicular propagation:

D, =D, (peky,vi,w,wg,wp,wB)

For parallel propagation:
*)

L 979 9792 |
D-| = D-| (;‘.?;Fa'.ﬁ. Pk, I-f”.:’.L’._LL-’E‘LL.?E].R.-‘B)
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Delimited parametric regions for
instabilities to occur pek L =0.1, poky =0,  me/m; = 0.0065

For perpendicular propagation:

region for collisionless
instability

Dashed lines delimit region
for collisional instability

-1.00 -0.75 -0.50 -0.25 0.00
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Delimited parametric regions for
instabilities to occur pek L =0.1, poky =0,  me/m; = 0.0065

For perpendicular propagation:

region for collisionless
instability

Dashed lines delimit region
for collisional instability

-1.00 -0.75 -0.50 -0.25 0.00
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Delimited parametric regions for
instabilities to occur pek L =0.1, pcky =0.001, Vme/m; = 0.0065

For perpendicular propagation:

region for collisionless
instability

Dashed lines delimit region
for collisional instability

For both propagation directions:

-1.00 -0.75 -0.50 -0.25 0.00

different regions for
collisonless instability

Collisions widen instability
regions
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Delimited parametric regions for
instabilities to occur pek L =0.1, pcky =0.001, Vme/m; = 0.0065

For perpendicular propagation:

region for collisionless
instability

Dashed lines delimit region
for collisional instability

For both propagation directions:

-1.00 -0.75 -0.50 -0.25 0.00

different regions for
collisonless instability

Collisions widen instability
regions
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GGG
SUMMARY AND WAY FORWARD

At low frequency ranges (< 100 kHz), fFloating probe measurements show existence of mainly azimuthal
oscillations with low m number (and likely nonzero k). Oscillations are more apparent downstream, at

moderate and high angles « from axis. Likely, various types of oscillations are present at the same time.
Present measurements are partially inconclusive: low coherence, “dirty” dispersion relation plots

Adding a 37 probe could help discriminate the coexistence of multiple waves (which would be affecting
current results)

Phase velocity is compatible with drift velocities

Local linear dispersion analysis in slab geometry including collisionality, k;, and gyroviscous terms shows:
Collisionless regions of instability are affected by k
Collisions add a weak instability almost everywhere in the parametric plane

Our operating point corresponds with one such weak instability condition, which could justify
experimental observations

Effect of oscillations/instabilities on L transport still unclear
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GGG
STEADY-STATE RESULTS

B=10+100G
Wee = 2.8+-107 + 2.8 - 108 Hz
we =~ 1.2-10% + 1.2 - 103 Hz (Xenon)
w;, =~ 5.7 -10% + 5.7 -10% Hz
n =101+ 107 m3
wpe = 9.0 - 108 Hz
T, =~12.5eV
ce =3-10°m/s

Estimated gradient lenghts
Inn—>1cm
edp/T,~> 1 cm
InB > 10 cm

Estimated drift velocities
up, ug =~ 10* = 10> m/s

r .lIll']l
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising No parallel propagation:
from interaction between

branches

Pe/L, =0.008, p/Lg=0.02, v me/m; =0.0001, pekj=0.0,v, =0.0, v =0.0
1.00

0.75
0.50

0.25

L,

3 0.00
35 o
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LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising No parallel propagation:
from interaction between

branches

Pe/L, =0.008, p/Lg=0.02, v me/m; =0.0001, pekj=0.0,v, =0.0, v =0.0
1.00

Branch 1: non-trivial solution o

of parallel component of

momentum (w; = 0) 0

0.25

L,

3 0.00
35 o

e Doesnotinteract with
other branches ~0.25
—0.50

—0.75

-1.00
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising No parallel propagation:
from interaction between Imaginary part of branch 2
branches

PofLy = 0.008, p/Lg = 0.02, v me/m; =0.0001, Pk =0.0,v, =0.0, v;=0.0
1.00

Branch 1: non-trivial solution
of parallel component of
momentum (w; = 0)

0.75

0.50

0.25

L,

3 0.00
35 o

e Does notinteract with
other branches o Real parts of branches 2 and 3

—0.50

—-0.75 i i i i

-
"
i
—

Branches 2 and 3: ~-1.00
destabilization of «anti-drift
wave» (modified SHI, with
inertial and FLR effects)

Imaginary part of branch 3
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising With parallel propagation:
from interaction between

branches

PellLn = 0.008, pa/Le = 0.02,  me/m; = 0.0001, pPek;=0.001, v, =0.0, vy=0.0
1.00

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place) 0.25

| T .
=2 3"" 0.00

0.75

0.50

—0.25

—0.50

—0.75

—1.00
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LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising
from interaction between
branches

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place)

Branch 1 now «sees» other
branches

e |tssolutionis no longer
decoupled from the rest
of the problem

With parallel propagation:

PellLn = 0.008, pa/Le = 0.02,  me/m; = 0.0001, pPek;=0.001, v, =0.0, vy=0.0
1.00

0.75

0.50

0.25
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LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising
from interaction between
branches

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place)

Branch 1 now «sees» other
branches

Branches 2 and 3 might still
interact and destabilize
under simil-SHI conditions

With parallel propagation:

—
e =
—

-
e T
-
i

s -

Imaginary part of branch 3
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising With parallel propagation:
from interaction between
branches

PellLn = 0.008, pa/Le = 0.02,  me/m; = 0.0001, pPek;=0.001, v, =0.0, vy=0.0
1.00

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place) 0.25

0.75

0.50

Branch 1 now «sees» other
branches

Stable region

Branches 2 and 3 might still (branches 2 and 3 behave like sonic waves at origin)
interact and destabilize

. . . Pek
under simil-SHI conditions -

e Stable close to the origin
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising With parallel propagation:
from interaction between
branches

Pelly=0.02, pe/Lg =-0.001, \ me/m; = 0.0001, pak;=0.001, v, = 0.0, v =0.0
1.00

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place) 0.25

0.00

0.75

0.50

—-0.25

—0.50

—0.75

—1.00
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising With parallel propagation:
from interaction between
branches

Pelly=0.02, pe/Lg =-0.001, \ me/m; = 0.0001, pak;=0.001, v, = 0.0, v =0.0
1.00

Including parallel propagation
introduces new branches (and
new ways for destabilizations to

0.75

0.50

take place) 0.25
§§5 0.00

Depending on the choice of ~0.25
parameters, branch 1 might ~0.50

interact with one of the two
sonic branches

—0.75

—1.00
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising
from interaction between
branches

Including parallel propagation
introduces new branches (and
new ways for destabilizations to
take place)

Depending on the choice of
parameters, branch 1 might
interact with one of the two
sonic branches

e New conditions for
instability

With parallel propagation:

Imaginary part of branch 1

PelLy=0.02, pa/Le=-0.001,"
1.00

:ii = D‘D

0.75
0.50
0.25

T >
= -3" 000 - e e e o

—-0.25
—0.50
—0.75

.-"ll-_'-d-l#

—1.00

Imaginary part of branch 2
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisionless instabilities arising With parallel propagation:
from interaction between
branches

Pelly=0.02, pe/Lg =-0.001, \ me/m; = 0.0001, pak;=0.001, v, = 0.0, v =0.0
1.00

Including parallel propagation
introduces new branches (and
new ways for destabilizations to

0.75

0.50

take place) 0.25
§§5 0.00

Depending on the choice of ~0.25
parameters, branch 1 might ~0.50

interact with one of the two
sonic branches

—0.75

—1.00

e New conditions for
instability
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisions widen parametric range
fFavourable for instabilities to
arise
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisions widen parametric range
fFavourable for instabilities to
arise

Consider a point where no
collisionless instability takes
place:

pek , =0.1, poky =0.003, yVme/m; =0.0065

-1.00 -0.75 -0.50 -0.25

el et Operating point

Wi
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisions widen parametric range Without collisions:
favourable For instabilities to
arise :
Pelln=-0.01, pe/Lg =0.025, v me/m; = 0.0065, pky=0.003, v, =0.0, v;=0.0
1.00 0.20
Consider a point where no 0.75 0.15
collisionless instability takes 0.50 4 | 0.10

pla ce: 0.25 i 0.05

Al 3 I i o 5
3 3 0.00 = 0.00 =5

Sl

Pek | =0.1, poky =0.003, me/m; =0.0065
3

-0.25 [ ' —0.05

—0.50

—=0.75

=1.00

-1.00 -0.75 -0.50 -0.25

Operating point
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GGG
LINEAR LOoCcAL STABILITY ANALYSIS

Collisions widen parametric range With collisions:
favourable For instabilities to
arise ;

Pelln =l:glt:.][)1, PelLe=0.025, Vv me/fm; =0.0065, pk;=0.003, v, = D,DE}EE= 0.05
Consider a point where no 0.75 0.15
collisionless instability takes 0.50 - 0.10

place:

0.05

'\Il M gy E
0.00 =|:
S

Pek | =0.1, poky =0.003, me/m; =0.0065
3

—0.05

—0.10

=0.15

—0.20

-1.00 -0.75 -0.50 -0.25

Operating point
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LINEAR LOoCcAL STABILITY ANALYSIS

Collisions widen parametric range
fFavourable for instabilities to
arise

Consider a point where no
collisionless instability takes
place:

Pek | =0.1, poky =0.003, me/m; =0.0065
3

-1.00 -0.75 -0.50 -0.25

With collisions:

Palln = -0.01, paiLe= 0.025, \,-""m;_afrm = (0.0065, p,;k:i =0.003, v, =0.0, vy =0.05
1.00 0.20

0.75 0.15
0.50 ; 0.10
0.05

0.00 =

I
P
3

—0.05

—0.10

=0.15

—0.20

Operating point Positive growth rate («x v)
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