
O
bjectives

The objectives of this collaboration w
ith the U

niversity of M
ichigan are to investigate, explain, predict, and m

itigate the severe plasm
a instabilities that occur 

in m
agnetically-shielded (M

S) H
all thrusters at high specific im

pulse (discharge voltage) and low
 pow

er. M
agnetic shielding is a

design configuration for 
H

all thrusters developed by 353B in 2011-2012 that drastically increases thruster life to the 10-50 kh
necessary for deep space exploration.

Through 
extensive efforts conducted at JPL over the past decade, it has been show

n that M
S thrusters can be optim

ized for a w
ide range of pow

er levels (500 W
 to 

20 kW
) and specific im

pulse (1500-3000 s) to accom
m

odate an expansive range of m
ission profiles.

H
ow

ever, once a M
S thruster is built for a given 

pow
er level, it has been found that if the device is throttled below

 50%
 the nom

inal design point at high specific im
pulse (>

2000 s), it w
ill exhibit large 

am
plitude and high frequency (~10-30 kH

z) current oscillations. These oscillations can cause life-lim
iting dam

age to the thruster.
This unstable operation 

w
hen throttling lim

its the com
m

on m
ission profile w

here there is a need to m
aintain high-specific as solar pow

er decreases w
ith distance from

 the sun.

B
ackground

H
all thrusters are already considered a core technology by JPL.

A 12.5 kW
 system

 is actively being developed for N
ASA’s Advanced Electric Propulsion 

System
 (AEPS) program

, a 4.5 kW
 com

m
ercial system

 w
ill fly on the Psyche m

ission in 2022, and JPL has developed a sub-kW
 H

all thruster for a range of 
m

ission opportunities.
W

ith that said, the AEPS program
 w

ould not have been possible w
ithout a fundam

ental research program
 that em

erged from
 JPL’s 

electric propulsion group.
Indeed, it w

as through a com
bination of experim

ent, analysis, and num
erical sim

ulation that enabled the identification of the 
physics of m

agnetic shielding by JPL, w
hich effectively prolonged thruster life by an order of m

agnitude.

Before M
S, although H

all thrusters w
ere attractive for a w

ide range of m
issions, their lifetim

e w
as a lim

iting factor.
W

e are at a sim
ilar technological 

im
passe right now

 for M
S thrusters operating at low

 pow
er and high specific im

pulse.
Although there is a significant pull for this technology for 4X m

issions 
spanning across the solar system

, their perform
ance at high solar range suffers unless they can m

aintain high specific im
pulse at low

 pow
er.

W
e believe 

that there m
ay be a w

ay to overcom
e this challenge through a detailed physics-based investigation.

A
pproach and R

esults
S

um
m

ary of A
pproach

Task I:
G

enerate experim
ental m

ap betw
een operating conditions (flow

 rate, m
agnetic field, voltage, etc.) and transition to instability for the U

niversity of 
M

ichigan’s laboratory-m
odel M

S H
all thruster.

Task II:
At an unstable operating condition, experim

entally identify w
here oscillations originate in thruster and the phase relationship betw

een fluctuating 
quantities.
Task III: C

om
bine results from

 I and II to guide m
odel-based discovery, first-principles perturbation analysis, and reduced fidelity num

erical m
odeling. Apply 

m
odels to hypothesize physical m

echanism
 driving the stability.

Task IV:Leverage tools and criteria developed in Phase III to dem
onstrate the ability to predict the m

ode transition and explore m
ethods to m

itigate it.

P
rogress to date

In Year 2 of this effort, w
e perform

ed additional experim
ents to expand the range of the stability m

ap of the test-article, a 9-kW
 laboratory thruster, at the 

U
niversity of M

ichigan (Task I).
W

e em
ployed a laser-based m

ethod to m
easure the tim

e-resolved plasm
a properties inside the thruster discharge (Task 

II).
W

e used results from
 this study to inform

 a new
 quasi-0D

 m
odel for the stability (Task III). And, w

e have applied the results from
 Task III to identify a 

possible m
itigation strategy for operating the thruster at low

 pow
er and high specific im

pulse (Task IV).
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R
esults and m

ilestones
Task I:

Fig. 1 show
s the results of the expanded param

etric m
ap perform

ed in Year 2.
This spans operating conditions from

 300-600 V
at 100 V intervals 

and discharge currents from
 5-15 A at 1 A intervals.

The m
agnetic field m

agnitude rem
ained the sam

e.
Fig 1a show

s the ratio ofthe am
plitude of the 

peak-to-peak oscillations com
pared to the m

ean current expressed as a percentage. 
H

igher values correspond to larger relative instability.
Fig. 1b show

s 
the frequency of the dom

inant oscillation at each operating condition. There is a strong correlation betw
een low

 frequency (<
20

kH
z) and the onset of the 

unstable m
ode.

Fig. 1c show
s only the frequency of the oscillation associated w

ith the unstable m
ode as a function of operating condition.

Task II:
Fig. 2 show

s contour m
aps of the relative fluctuations in plasm

a density, neutral density, and electron tem
perature over one period of the low

 
frequency oscillation associated w

ith the unstable m
ode.

The oscillation is correlated w
ith both neutral and ion drift w

aves that propagate from
 a location 

upstream
 of the exit plane.

The electron tem
perature is dispersionless.

Task III:
Based on the m

easurem
ents from

 I and II, w
e have developed a quasi-0D

 m
odel for the instability that has yielded both stability and frequency 

predictions (Fig. 3).
The trends illustrated in this plot are qualitatively consistent w

ith Fig. 1, though they require furtherrefinem
ent.

Task IV:
A m

ajor insight that has em
erged from

 the analytical m
odeling is that the stability m

ay be governed by the transit tim
es of the neutrals in the 

thruster.
By decreasing this transit tim

e, it m
ay be possible to increase the stability m

argin (Fig. 4).
This is a strategy that w

ill be explored in Year 3 by 
actively controlling the anode tem

perature.

Significance/B
enefits to JPL and N

A
SA

Years 1 and 2 of this effort have resulted in new
 insight into the nature of the onset of the unstable transition at low

 pow
er and high specific im

pulse.
W

e 
have used experim

ental m
easurem

ents to inform
 a sim

ple quasi-0D
 m

odel for the transition and in turn calibrated this m
odel against a detailed param

etric 
m

ap of a thruster’s stability.
This w

ork has led to the hypothesis that it is the disparity betw
een transit tim

es of ions and neutrals in the thruster discharge 
cham

ber w
hich is a critical factor in leading to the onset of instability.

This result suggests a potential m
itigation strategy

for expanding the stability m
argin 

of the thruster—
actively controlling the tem

perature of the thruster anode.
This w

ill lead to changes in the characteristic velocity (and therefore residence 
tim

e) of the neutrals, thereby pushing the stability threshold to low
er pow

ers.
W

e w
ill explore this strategy experim

entally in
the final year of this effort.

If 
successful, this w

ill provide an actionable design technique that could enable H
all thrusters to access a larger m

ission space, w
hich is of key interest to a 

num
ber of 4X m

issions.
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Figure 1. Param
etric plots as a function of discharge 

current and discharge voltage.  a) R
atio of the 

am
plitude of the peak-to-peak oscillations in 

discharge current com
pared to the m

ean value 
expressed as a percentage.  G

ray line denotes a 
transition to oscillations greater than 100%

.  b) The 
frequency in kilohertz of the dom

inant oscillation in 
the discharge current.  D

ark line corresponds to the 
20 kH

z m
ark and is correlated w

ith transition to 
instability. c) Frequency ofthe oscillation associated 
w

ith the unstable m
ode.  This oscillation persists at 

all operating
conditions but is only dom

inant w
hen 

the thruster is “unstable.” 
Figure 4. Predictions for grow

th rate 
from

 quasi-0D
 m

odel as a function 
of assum

ed neutral speed w
ith a) 

300 m
/s, b) 350 m

/s, and c) 400 
m

/s.  N
eutral speed is dictated by 

anode tem
perature. 

Figure 2.  Spatial variations in a) plasm
a density, b) neutral density, 

and c) electron tem
perature over one period of a 10 kH

z low
 

frequency current oscillation associated w
ith the unstable m

ode.   
Properties have been norm

alized to the peak value in the dom
ain to 

highlight trends.  Axial positions are norm
alized to channel length 

w
here 0 is coincident w

ith the exit plane.  

Figure 3. Q
uasi-0D

 m
odel w

ith tim
e delay predictions for a) instability 

grow
th rate in H

z and b) frequency of oscillation in kH
z.  The gray line 

denotes the transition from
 stability (negative grow

th rate) to instability 
(positive grow

th).  M
odel has been tuned to m

atch the experim
ental 

stability m
aps show

n in Fig. 1. 


