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ABSTRACT
The research presented herein documents the process, data analysis, and results of testing
a low power micro-hall effect thruster suitable for various mission objectives such as orbital
maneuvers, momentum dumping, and precision pointing for microsatellites. The BHT-20 is a
low power micro-hall effect thruster capable of generating thrust at the µN thrust level. The
research presents high thrust level measurements between 1242 to 3193 µN for thruster
conditions between 14.5 to 35.7 W at 413 to 474 µg/s argon flow rates with errors between
3.46 to 11.6%. Also, the discharge voltage and current operating envelope is characterized at the
above conditions. Thruster operation was considered suboptimal due to unoptimized high flow
rate to thruster power operating conditions. Overall, the research was considered a success by
operating the BHT-20 at higher discharge voltages and obtaining thrust measurements at the
respective test conditions. Results and recommendations to improve testing are included.
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1 INTRODUCTION
1.1

Background
Electric Propulsion is an established technology for larger spacecraft such as

telecommunication satellites, European Space Agency’s (ESA) SMART-1 mission to the moon,
and NASA’s Deep Space 1 comet rendezvous mission. Low thrust, high efficiency, and long
endurance are mission requirements for some mission profiles. Therefore, electric propulsion is
used due to the higher specific impulse compared to chemical rocket propulsion. Electric
propulsion for small satellites is not as established due to difficulty in scaling down thruster
designs to manageable power levels and reasonable specific impulse.
1.1.1

Types of Electric Propulsion
The three classes of electric propulsion thrusters, each are differentiated by how the

thruster accelerates the propellant. Each class has a general range of power, specific impulse,
efficiency, and thrust operating points (Table 1). The first is electrothermal, such as resistojets
and arcjets. Electrothermal uses electric power to heat gaseous propellants, which accelerates the
propellant through a nozzle [1]. The second is electrostatic, such as ion and Hall effect thrusters
(HET). Electrostatic accelerates positively charged propellant by direct interactions with an
electric field [1]. The third is electromagnetic, such as Pulsed Plasma Thrusters (PPT) and
magnetoplasmadynamic (MPD) thrusters. Electromagnetic uses electric and magnetic fields
utilizing the Lorentz force to accelerate the positively charged propellant [1]. Hall effect thrusters
can be classified as either electrostatic or electromagnetic propulsion.
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Table 1: Electric Propulsion Performance Overview [2]

Electromagnetic

Electrostatic

Electro-th
ermal

Class

Type
Resistojet
Arcjet

Propellant

Power

Hydrazine,
Ammonia
Hydrazine,
Ammonia

0.5-1.5
kW
0.3-100
kW
0.5-2.5
kW
1.5-5
kW
10-150
W

Specific
Impulse [s]

Efficiency

Thrust

300

80%

0.1-0.5
N

500-2,000

35%

0.2-2N

3,000

60-80%

1,500-2,000

50%

8,000-12,000

30-90%

10-200
mN
80-200
mN
0.001-1
MN
0.001-1
mN
0-100
mN
1-100
mN

Ion

Xenon

Hall

Xenon

FEEP

Indium, Cesium

Colloid

Glycerol +
Additives

5-50 W

500-1,500

60-90%

Any

1 MW

107

NA

PTFE

1-200 W

1,000

5%

MPD

Ammonia,
Hydrogen,
Lithium

1-4,000
kW

2,000-5,000

25%

1-200 N

Variable Isp
Plasma

Hydrogen

1-10
MW

3,000-30,000

<60%

1-2 kN

Laser
Accelerated
Pulsed
Plasma

1.1.1.1 Electrothermal
Arcjets and resistojets have been previously used for station keeping due to higher Isp
[3]. Electrothermal thrusters transfers electrical energy to the propellant, heating the gas, and
accelerating the propellant through a nozzle, similar to conventional chemical systems [2]. An
arcjet uses an electric arc discharge and a resistojet uses an electric resistive heater element with
gas flowing through a heat exchanger to heat the propellant (Figure 1, Figure 2).
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Power Supply
Propellant

Nozzle

Electric Heater
Heat Exchanger
Figure 1: Resistojet [2]

Propellant
Discharge
Anode
Cathode

Nozzle

Figure 2: Arcjet [2]
1.1.1.2 Electrostatic
Ion and Hall-effect thrusters have been used extensively for satellite station-keeping and
spacecraft primary propulsion in space [4]. Electrostatic thrusters ionize a gaseous propellant,
typically xenon, and injects the positively charged gas into a chamber where an electrostatic field
accelerates the atoms. Ion thrusters and HET utilize a different method to ionize and accelerate
the propellant. An external stream of electrons must be produced by a cathode to neutralize the
ion beam to prevent ions from migrating back to the satellite damaging other subsystems [3].
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Figure 3: Ion Thruster [2]
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Figure 4: Hall Effect Thruster [2]

4

1.1.1.3 Electromagnetic
PPT and MPD thrusters do not have as extensive flight heritage such as electrothermal
and electrostatic thrusters. PPT have limited use in east-west station keeping and sun pointing
missions [5]. MPD thrusters have been used in the laboratory and demonstration missions [5].

Spring

Capacitor

Electrode

Spark Plug

Teflon Bar

Force

Electrode

Ablated and Ionized Material
Figure 5: PPT [2]
Anode

Current Lines
Propellant
Thrust
Pressure

Cathode

j x B Lorentz Forces

Propellant

Self-Induced Magnetic Field

Ionization
Zone

Magnetic Acceleration Zone

Figure 6: MPD Thruster [2]
1.2

Research Motivation and Concept Overview
The University of Alabama houses the Space Propulsion Observation and Testing

(SPOT) lab. The purpose of the SPOT lab is to contain a full validation testing laboratory for
small satellite electric propulsion systems. System design, thruster design, and component design
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can be validated at the SPOT lab. The SPOT lab has a shaker table for vibration testing, a
thermal vacuum chamber for thermal testing, an iodine vacuum chamber for iodine compatibility
testing, plasma diagnostics for plasma characterization, and a thrust balance for thrust, Isp, and
efficiency measurements. The thrust balance will validate the performance of electric propulsion
thrusters.
Electric propulsion is used for spacecraft requiring long thrust missions, orbit insertion
(specifically geostationary orbit), station keeping, attitude control, and orbital decay
compensation. Electric propulsion is beneficial for these missions because of the higher Isp and
lower mass flow rates compared to conventional chemical rockets.
In the past decade, interest in small satellites, specifically CubeSats, has increased due to
advances in electronics. A small satellite has a mass below 500 kg. The small satellite category is
broken into subcategories (Table 2).
Table 2: Small Satellite Classification
Group Name
Mini Satellite
Micro Satellite
Nano Satellite

Mass (kg)
100 to 500
10 to 100
1 to 10

CubeSats have a lower barrier to entry by the reducing cost of commercial off the shelf
parts. Reducing the barrier to entry allows other entities such as universities and private
companies to enter the spacecraft design, manufacturing, test and operations industry. The
CubeSat is a small satellite standard developed by California Polytechnic State University in
1999. Currently, over 100 universities, high schools, private firms, and governments are
participating in the design, development, testing, and operation of CubeSats [6]. A single unit
(1U) CubeSat is a 10 cm x 10 cm x10 cm cube with a mass up to 1.33 kg. Multiple units can be
combined to create larger satellites. The most common sizes are 1U, 3U, and 6U. For example, a
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6U CubeSat would be 30 cm x 20 cm x 10 cm with a mass up to 12 kg. Higher masses are
allowed but must be evaluated by the Mission Integrator on a mission specific basis. Due to
volume and mass limitations of small satellites, electric propulsion can be an effective solution.
Propulsion capabilities were updated in the CubeSat Design Standard (CDS) Revision 13. The
requirement in section 3.1.4 of CDS states “Any propulsion systems shall be designed,
integrated, and tested in accordance with AFSPCMAN 91-710 Volume 3” [6].
1.3

Research Objectives
The key objective of this research is to focus on obtaining Isp from thrust and mass flow

measurements of the Busek BHT-20 Hall-effect thruster. Other objectives include,
1. Determine the best type of thrust stand for cost, schedule, and capability.
2. Design and build a thrust stand capable of µN range measurements.
3. Successfully operate BHT-20 Hall effect thruster.
4. Obtain similar characterization by a previously tested BHT-20 using higher discharge
voltage.
The goal of the research is to characterize a N range Hall-effect thruster by a University
of Alabama designed and manufactured thrust stand. The thrust stand will be capable of
integrating with other small electric propulsion systems from other space initiatives such as other
universities.
The research is supported by a previously characterized BHT-20 Hall-effect thruster
developed by Busek (Figure 7, Figure 8). The BHT-20 is a 20 W cylindrical channel Hall-effect
thruster previously tested in the range of 2.5 to 25 W and measured thrust of 44 N to 181 N
[7]. The BHT-20 is designed with an ionization and acceleration chamber containing a circular
section. The material of the ionization and acceleration chamber wall is boron nitride (BN),
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which is a typical dielectric material used in Hall-effect thrusters. A cylindrical 0.135 T
samarium cobalt (SmCo) permanent magnet generates the magnetic field to capture electrons and
ionize the neutral propellant from the anode. A stainless steel anode is the entrance to the
ionization and acceleration chamber with 4 orifices for propellant distribution. A stainless steel
anode, with positive voltage potential, provides the electric field that accelerates the ionized
propellant.

Figure 7: Front Face of BHT-20 [7]

Figure 8: Cross Section of BHT-20 [7]
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1.4

Research Approach
The first step was to determine the type of thrust stand to be designed and built. The

second step is to determine the data acquisition (DAQ) system, displacement measurement
device, and thrust stand sensitivity with enough resolution and speed for the requirements. The
third step is to mechanically design the thrust stand accounting for sensitivity, weight of the
thruster, and size of the vacuum chamber. Depending on each situation, one of the previous
qualities of the thrust stand could be more important. The fourth step is to manufacture the thrust
stand. Depending on complexity, the thrust stand may be manufactured at a machine shop or
manufactured by an individual. The fifth step is to develop the LabVIEW® and DAQ system.
The sixth step is after manufacturing the thrust stand, assemble and test in the ambient
environment with the existing DAQ system. The seventh step, after everything is performing
satisfactorily, carefully place the thrust stand in the vacuum chamber and install the thruster. The
eighth step is to perform the tests ensuring data is being recorded. The ninth step is to perform
analysis to obtain thrust and Isp.
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2

LITERATURE RESEARCH

This section provides the background information found through literature research on
the operation of Hall effect thrusters, torsional balance thrust stands, and methods to characterize
the performance.
2.1

Hall Effect Thruster
The BHT-20 used for testing is a Hall effect thruster. A Hall effect thruster is an

electrostatic thruster consisting of an inner anode, a magnetic circuit to produce a radial magnetic
field across the channel, and an external cathode (Figure 9) [4]. A positive voltage is applied to
the anode and a gas such as argon, krypton, or xenon is flowed through the anode. The magnetic
circuit produces a radial magnetic field to capture electrons to ionize the anode gas flow. The
BHT-20 uses a permanent SmCo magnet so an external power source is not required to produce
the magnetic field. A cathode is used to produce the electrons. Some electrons are captured in the
magnetic field and some neutralize the outbound ions. The electrons captured in the magnetic
field collide with the neutral anode gas and ionize the anode gas. Thrust is produced by the
Lorentz force (Eq. 1) [4].
⃗)
𝐹 = 𝑞(𝐸⃗ +𝑣 × 𝐵

(1)

The thrust produced by the Lorentz force (𝐹⃑ ) is created by the product of a charged
particle (𝑞) with the applied electric field (𝐸⃗⃑ ) and the cross product of the particle velocity (𝑣⃑)
⃗⃑). The electrostatic classification of Hall-effect thrusters is due to the
and the magnetic field (𝐵
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thrust produced by the 𝑞𝐸 component of the Lorentz force equation. The physical
representation of each component of the Lorentz force is documented by Figure 9

Hollow
Cathode
Cathode
Propellant

S
Pole

-

B

Anode
Propellant

+

E
Anode

Thruster Center Line

N
Pole

Figure 9: Cross Section of Hall-effect Thruster [4]
The externally mounted hollow cathode provides electrons for two purposes. The first
purpose is a small fraction of electrons ejected from the hollow cathode are attracted into the
ionization channel due to the positive anode voltage potential attracting the electrons. The
interaction between the positive anode voltage potential and the radial magnetic field capture the
electrons, preventing initial electron migration to the anode [4]. The captured electrons migrate
around the ionization channel in a closed drift ionizing the neutral anode propellant by collision.
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After the electrons collide with neutral particles and the ionization channel walls, the electrons
migrate to the anode providing the anode current [4]. A second purpose is the electrons produced
by the hollow cathode migrate into the ion plume outside of the thruster. The external electrons
provide a quasi-neutral plasma, preventing a charge buildup on a spacecraft. A charge buildup on
a spacecraft would result in the thrust producing ions migrating back to the spacecraft, producing
zero net thrust [1].
The anode propellant is fed into the ionization chamber. The BHT-20 uses four small
axially placed injector holes drilled through the anode. The neutral propellent collides with the
high energy captured electrons causing the neutral propellent to ionize. The plasma in the
ionization channel is quasi-neutral, allowing the positive anode voltage to be distributed axially
out of the thruster [4]. The ionized propellent is accelerated to high axial speeds by the axial
electric field, producing thrust.
2.2
2.2.1

Thruster Performance
Thrust
The most important performance parameter of a thruster is the thrust produced. The thrust

is the force imparted by the engine to the spacecraft. To produce thrust, propellant must be
consumed, which changes the mass of the spacecraft with time. A general thrust equation is the
time rate of change of the momentum.
𝑇=

𝑑𝑚𝑝
𝑑
(𝑚𝑝 𝑣𝑒𝑥 ) =
𝑣 = 𝑚̇𝑝 𝑣𝑒𝑥
𝑑𝑡
𝑑𝑡 𝑒𝑥

(2)

where 𝑚̇𝑝 is the propellant mass flow rate and 𝑣𝑒𝑥 is the exhaust velocity, which remains
constant.
Ions are accelerated by an axial electric field in Hall effect thrusters. The ion velocity is
much greater than neutral, unionized propellent leaving the thruster. The thrust is described as
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𝑇 = 𝑚̇𝑝 𝑣𝑒𝑥 = 𝑚̇𝑖 𝑣𝑖

(3)

where 𝑚̇𝑖 is the ion mass flow rate and 𝑣𝑖 is the ion velocity [4]. Using the conservation
of energy, the ion exhaust velocity is described as

𝑣𝑖 = √

2𝑞𝑉𝑏
𝑀

(4)

where 𝑉𝑏 is the net voltage through which the ion was accelerated, 𝑞 is the ion charge,
and 𝑀 is the ion mass [4]. Higher propellant mass decreases the ion exhaust velocity, reducing
thrust. Higher beam voltages (𝑉𝑏 ) increase the ion exhaust velocity, increasing thrust. The ion
mass flow rate is determined by the beam current (𝐼𝑏 ), ion mass (𝑀), and charge (𝑞) [4].
𝑚̇𝑖 =

𝐼𝑏 𝑀
𝑞

(5)

The thrust of a singly charged propellant is determined by substituting Eq. 4 and Eq. 5
into Eq. 3 [4].

𝑇=√

2𝑀
𝐼 √𝑉
𝑒 𝑏 𝑏

The thrust, in newtons, is determined by the beam current times the square root of the
beam voltage times the square root of the propellant properties where the ion charge has been
replaced with a singly charged particle (e).
The testing herein does not experimentally determine the thrust by Eq. 6. Instead, the
thrust is experimentally determined by a physical deflection of a torsional balance.
2.2.2

Specific Impulse
Specific impulse is a measure of thrust efficiency used in all types of space related

propulsion. Specific impulse is the ratio of the thrust to the rate of propellant consumption
(Eq. 7) [4]. For constant propellant flow rates and thrust, the specific impulse is
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(6)

𝐼𝑠𝑝 =

𝑇
𝑚̇𝑔

(7)

where 𝑔 is the acceleration of gravity of 9.807 m/s2. The test setup measured propellant
flow rates in standard cubic centimeters per minute (sccm). A conversion must be made from
volumetric flow rate to mass flow rate [4]. The volumetric flow rate to mass flow rate is
1 [𝑠𝑐𝑐𝑚] =

7.43583𝑥10−4 𝑀𝑎 𝑚𝑔
[ ]
𝑍
𝑠

(8)

where 𝑀𝑎 is the propellant atomic mass units (AMU) and Z is the compressibility factor
of the gas at standard temperature and pressure [4]. Argon is used in the testing. Argon has an
atomic mass of 39.938 AMU and compressibility factor at standard temperature and pressure
STP of 0.9906, which is gathered from the National Institute of Standards and Technology
(NIST) [8]. The conversion for argon is
1 [𝑠𝑐𝑐𝑚] = 29.73 [

µ𝑔
]
𝑠

(9)

A reference table is provided with tabulated conversions of volumetric flow rate to mass
flow rate for Argon at STP used in testing herein.
Table 3: Volumetric Flow Rate to Mass Flow Rate for Argon
Volumetric Flow Mass Flow
Rate (sccm)
Rate (µg/s)
2
59.47
3
89.20
13
386.5
14
416.3
15
446.0
16
475.7
17
505.5
18
535.2
19
564.9
20
595.0
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2.2.3

Thruster Efficiency
The thruster efficiency is important to determine the optimized and unoptimized

parameters of operating the thruster. The general expression for total efficiency is the jet power
divided by the total input power
𝜂𝑇 =

𝑇𝑣
𝑃𝑖𝑛

(10)

where 𝜂 𝑇 is the total efficiency, 𝑇 is the thrust, 𝑣 is the exhaust velocity, and 𝑃𝑖𝑛 is the
electrical input power [4]. Another expression for total efficiency can be created that
incorporates the characteristics of a HET. First, the propellant mass flow rate must be defined as
𝑚̇𝑝 = 𝑚̇𝑎 + 𝑚̇𝑐

(11)

where 𝑚̇𝑝 is the propellant mass flow rate, 𝑚̇𝑎 is the anode mass flow rate, and 𝑚̇𝑐 is the
cathode mass flow rate.
Second, the total electrical power must be defined as
𝑃𝑇 = 𝑃𝑑 + 𝑃𝑘 + 𝑃𝑚𝑎𝑔

(12)

where 𝑃𝑇 is the total electrical power, 𝑃𝑑 is the discharge or anode power, 𝑃𝑘 is the
keeper or cathode power, and 𝑃𝑚𝑎𝑔 is the power used to generate the magnetic field. All power is
in the units of Watt. Since the BHT-20 uses a permanent magnet, 𝑃𝑚𝑎𝑔 is equal to zero.
Using the general thrust equation (Eq. 2) and specific impulse (Eq. 7), the exhaust
velocity can be substituted since the exhaust velocity is not measured in testing. The total
efficiency becomes
𝑇2
𝜂𝑇 =
2𝑚̇𝑝 𝑃𝑇

(13)

Another total efficiency equation will be defined after investigating other efficiencies
related to HET operation.

15

Cathode efficiency is largely lost due to the cathode gas flow being injected to the
exterior of the discharge channel ionization region. The cathode efficiency is defined as the
relationship of the anode mass flow and the propellant mass flow
𝜂𝑐 =

𝑚̇𝑎
𝑚̇𝑝

(14)

Electrical utilization efficiency is the relationship of the discharge power and the total
power where the total power is the discharge power, keeper power, and power used to energize
the external magnetic field. The BHT-20 has permanent magnets, therefore the power to energize
the external magnetic field is zero.
𝜂𝑜 =

𝑃𝑑
𝑃𝑑
=
𝑃𝑇 𝑃𝑑 + 𝑃𝑘 + 𝑃𝑚𝑎𝑔

(15)

Using the Eq. 13, 14, and 15, the total efficiency can be defined as
𝜂𝑇 =

1 𝑇2
𝜂 𝜂
2 𝑚̇𝑎 𝑃𝑑 𝑐 𝑜

(16)

Ion current was not recorded during testing so voltage utilization efficiency and current
utilization efficiency will not be calculated and will not be used for total efficiency calculations.
Therefore, the total efficiency is reported using Eq. 16.
Anode efficiency can be a useful parameter to express efficiency for HET. The anode
efficiency describes the fundamental thruster performance without including secondary factors
such as cathode propellant flow and magnetic field production electrical power to isolate cathode
and magnetic field generation losses. The anode efficiency can be thought as a ratio between
thrust generated to HET input parameters. Higher anode efficiencies demonstrate more thrust is
generated from the anode propellant flow rate and discharge power. The anode efficiency is
defined as
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1 𝑇2
𝜂𝑇
𝜂𝑎 =
=
2 𝑚̇𝑎 𝑃𝑑 𝜂𝑜 𝜂𝑐
2.3

(17)

Thrust Stand Types
Electric propulsion thrusters require the thrust to be measured indirectly because of the

low thrust-to-mass ratio. Direct force measurements, such as a load cell, are difficult because the
mass of the thruster overwhelms the low thrust measurement [9]. Depending on the design, a
thrust stand can support small CubeSat sized thrusters, such as the Busek BHT-20, to large
interplanetary thrusters, such as the NASA X3. The four types of thrust stand measurements used
for electric propulsion are inverted pendulum, hanging pendulum, torsional balance, and
electromagnetic. The torsional balance will be the focus due to using a torsional balance for
obtaining thruster performance of the BHT-20.
2.3.1

Torsional Balance
A torsional balance is used to obtain thrust of the BHT-20 thruster. A torsional balance’s

rotational axis is parallel to the gravity vector, making the stand response independent of thruster
mass [9]. A thrust stand independent of mass is fitting for thrusters that change mass or for
facilities that accommodate a wide range of thruster weights [9]. Historically, torsional balance
thrust stands have shown high sensitivity, which is required for the BHT-20. Torsional balances
are inherently stable, which can offer a balance between high-thrust measurements and low
environmental noise sensitives [9].
Torsional balances come in two configurations: the optimal symmetric arm and
asymmetric configuration. The symmetric arm configuration is suited for large vacuum chambers
due to the same length on both sides of the torsional springs. For low thrust measurements, the
arm on a symmetric system will be large leading to a physically long system, which may not fit
in smaller vacuum chambers. The symmetric arm configuration is more stable compared to the
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asymmetric arm configuration. Asymmetric configurations can be used where physical space
inside a vacuum chamber is limited (Figure 10, Figure 11). The asymmetric configuration has
one arm longer than the other arm. An asymmetric configuration is used in the testing herein.

Figure 10: UA Designed Torsional Balance

Figure 11: UA Torsional Balance Stand in Vacuum Chamber
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2.4

Equations of Motion of Torsional Balance
The inverted pendulum, hanging pendulum, and torsional balance thrust stands are

spring-mass-damper systems capable of steady-state and impulse thrust measurements. The three
types are governed by the ideal pendulum equation of motion (Eq. 1) [9]. The moment of inertia
(𝐼), damping constant (𝑐), effective spring constant (𝑘), are assumed constants. The angular
position (𝜃) is relative from a reference position. The force, 𝐹(𝑡), is an external applied force
acting at a distance L from the pivot to produce a torque on the system.
𝐼Θ̈ + 𝑐Θ̇ + 𝑘Θ = 𝐹(𝑡)𝐿

(18)

In more complicated systems containing active components such as electronic dampers,
where the damping constant is frequency dependent, the standard form of the equations is used
(Eq. 19) [9].
Θ̈ + 2𝜁𝜔𝑛 Θ̇ + 𝜔𝑛2 Θ =

𝐹(𝑡)𝐿
𝐼

(19)

The damping coefficient (Eq. 20), 𝜁, and the natural frequency of the undamped system
(Eq. 21), 𝜔𝑛 , are included in the frequency dependent damping form of the pendulum equation
of motion.
𝑐 1
𝜁= √
2 𝐼𝑘

(20)

𝑘
𝐼

(21)

𝜔𝑛 = √
2.5

In Situ Calibration
Calibration is required to produce accurate and repeatable results. For steady state forces,

the calculation of the force can be determined if the moment of inertia (I), dampening coefficient
(c), spring constant with restoring forces (k), and applied force distance (L) are known (Eq. 1).
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Various factors such as variability between springs, build variability, manufacturing tolerances,
weld draw, thermal gradients, positive offset between the vertical rotation axis and the gravity
vector, electrical connections to the thruster, propellant lines to the thruster, and forces produced
by evacuating the vacuum chamber, the spring constant with restoring forces (k) becomes
difficult to calculate. Before every test, a thrust stand sensitivity must be determined by in situ
calibration. In situ calibration is performed under base vacuum pressure minutes before each test
where a known force is acting at a known distance to determine the thrust stand sensitivity
(Eq. 22) [9].
𝑆𝑐𝑎𝑙 =

Δ𝑠𝑠 𝐿𝑡 𝐿𝑐𝑎𝑙
=
𝐹𝑐𝑎𝑙
𝐼𝜔𝑛2

(22)

The known force should be well known and repeatable. Two examples over know forces
are weights and electrostatic force [3, 7]. The first example of a known force used in previous
research is using known weights translated vertically and passed over a large, low friction pulley
with fishing line to translate the motion to a thrust stand [7]. A changing force is applied in steps
over the measurement range (Figure 12). The calibration graph may look different from test to
test but will maintain the same general shape.

Figure 12: Calibration Steps Using Weights [7]
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The second example of a known force is producing an electrostatic force between two
parallel electrodes [3]. Electrostatic force calibration is used for in situ calibration for the testing
performed. The electrostatic force is the relation between electrode area (A), electrode voltage
(V), distance between two electrodes (d), and circular electrode diameter (D) (Eq. 23).
𝐹𝑐𝑎𝑙 =
2.6

𝜖𝑜 𝐴𝑉 2
2𝑑
(1 + )
2
2𝑑
𝐷

(23)

Ideal Resolution Determination of System
Before building up the experiment, the ideal resolution of the system must be determined

so the correct DAQ system, springs, and torsional lengths can be procured.
2.6.1

Ideal DAQ Resolution
The NI-9234 was on hand and the most accurate data acquisition card. The NI-9234 has

an analog-to-digital (ADC) converter resolution of 24 bits, which equates to 224 =
16,777,216 𝑏𝑖𝑛𝑠. The range of the NI-9234 is -5 to +5 V, a total of 10 V. The 24 bit resolution
equates to 10 𝑉⁄ 24
= 10 𝑉⁄16,777,216 𝑏𝑖𝑛𝑠 = 5.96𝑥10−7 𝑉. The NI-9234 is the highest
2 𝑏𝑖𝑛𝑠
resolution component of the system.
2.6.2

Philtec D125 LDS Resolution
The D125 laser system has two modes, which is further explain in Section 3.5. Of the two

modes, the near side is the most sensitive. The near side mode is too sensitive for the application
herein; therefore, the far side mode was used for all testing. The far side specifications are a
nominal sensitivity of 6.0 mV/µm and nominal linear resolution at 20 kHz of 5.0 µm. The
nominal sensitivity and nominal linear resolution equate to a nominal voltage resolution of
30 mV, which is determined large enough to be captured by the NI-9234 (Figure 37).
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2.6.3

Ideal Force Resolution
The force resolution is the smallest difference between two thrust inputs repeatability

distinguished in the thrust stand. The ideal force resolution is calculated from the simple torsion
equation where F is the force, L is perpendicular length between the torsional spring and force, k
is the torsional spring constant, and 𝜃 is the angular displacement (Eq. 24).
FL = kθ

(24)

To calculate the ideal force resolution, the following values are known: torsional spring
constant (k) is 0.1141 in•lbf/deg or 1.289x10-2 N•m/deg, number of springs (ns) is 2, far side LDS
resolution at 20 kHz is 5 µm, the torsional spring to LDS arm length is 20.4 cm, and the torsional
spring to force arm length is 39.5 cm. The far side LDS resolution is the smallest detectable
linear distance change by the LDS in the far side mode. The smallest detectable angular
deflection of the torsional balance is 𝜃 = sin−1 (5 µm⁄20400 µm) = 1.404x10−3 deg
(Figure 13). The ideal thrust resolution is 91.63 µN by solving equation 24 for force (Eq. 25). In
a test, the thrust resolution will be higher than the ideal thrust resolution due to the higher
torsional constant caused by additional mass. If the far side resolution of 0.6 µm at the 100 Hz
LDS VDC output is used, the ideal force resolution is 11.03 µN. The resolution is determined by
the random noise. Additional analog or digital filtering, such as time averaging, can be used to
increase the resolution of the LDS.
𝑛𝑠 𝑘𝜃 (2)(1.289𝑥10−2)(1.404x10−3 )
𝐹=
=
= 91.63 µ𝑁
𝐿
0.0395
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Figure 13: Force Resolution Schematic
2.7

Thrust Measurement Equation
The steady state thrust is calculated using measured displacement by the LDS
𝐿𝑐𝑎𝑙
⁄𝐿 )
𝑡
𝐹𝑡 =
Δ𝑥𝑠𝑠
𝑆𝑐𝑎𝑙
(

(26)

where Δ𝑥𝑠𝑠 is the measured LDS response voltage, 𝐿𝑐𝑎𝑙 is the distance between the
torsional spring and the calibration force, 𝐿𝑡 is the distance between the torsional spring and the
thrust force, and 𝑆𝑐𝑎𝑙 is the thrust stand sensitivity [9].
2.8

Error Analysis
All measurements, no matter the equipment or strict testing procedures, are subject to

uncertainty. Error analysis is the study of uncertainties or errors in measurements. Random and
systematic are two classes of error. Random errors are caused by unpredictable factors that vary
between each measurement such as temperature, pressure, vibrations. Systematic errors cause a
measurement to be offset by some value such as uncalibrated equipment or equipment drift.
Random errors can be treated with statistics while systematic errors cannot [10].
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2.8.1

Linear Least Squares Regression
The linear least squares regression is generally considered the best method to produce a

linear fit from data [11]. The linear fit consists of the form, yielding predicted values of the LDS
response from the calibration force inputs
𝑥̂𝑖 = 𝑆𝑐𝑎𝑙 𝐹𝑖 + 𝑏

(27)

where 𝑥̂𝑖 is the measured LDS response voltage, 𝑆𝑐𝑎𝑙 is the thrust stand calibration
sensitivity, 𝐹𝑖 is the input force, and 𝑏 is the intercept of the resultant fit [11]. The solution to
𝑆𝑐𝑎𝑙 and 𝑏 is [9, 11]
2 𝑚
𝑚
𝑚
∑𝑚
𝑖=1 𝐹𝑖 ∑𝑖=1 𝑥𝑖 − ∑𝑖=1 𝐹𝑖 𝑥𝑖 ∑𝑖=1 𝐹𝑖
𝑏=
2
𝑚
2
𝑚(∑𝑚
𝑖=1 𝐹𝑖 ) − (∑𝑖=1 𝐹𝑖 )

𝑆𝑐𝑎𝑙 =
2.8.2

𝑚
𝑚
𝑚 ∑𝑚
𝑖=1 𝐹𝑖 𝑥𝑖 − ∑𝑖=1 𝐹𝑖 ∑𝑖=1 𝑥𝑖
2
𝑚
2
𝑚(∑𝑚
𝑖=1 𝐹𝑖 ) − (∑𝑖=1 𝐹𝑖 )

(28)
(29)

Thrust Error
Standard error propagation techniques are used to determine the aggregate thrust error.

The uncertainty in the thrust (𝐹𝑡 ) is calculated (Eq. 32) [9]. The thrust error is calculated by the
aggregate of the variability in the random disturbances (Eq. 30), the thrust stand sensitivity from
calibration (Eq. 31), the variability of measurement between the torsional spring and the
calibration force and thruster force.
An unbiased estimate of the variance of the random disturbances (𝑠𝑥2 ) is calculated.
Random disturbances include unpredictable responses such as external vibrations. The external
vibrations can be pumps, personnel walking around, and inadvertent personnel contact with
equipment around or on the vacuum chamber.
𝜎𝑋2

≈

𝑠𝑥2

∑𝑛𝑖=1(𝑥𝑖 − 𝑏 − 𝑆𝑐𝑎𝑙 𝐹𝑖 )2
=
𝑛−2
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(30)

The unbiased estimate of the variance of the random disturbances is calculated using the
terms from the linear least squares regression of the calibration curve where 𝑥𝑖 is the measured
LDS response of the calibration curve, 𝑏 is the intercept of the calibration line, 𝑆𝑐𝑎𝑙 is the thrust
stand sensitivity from calibration, 𝐹𝑖 is the calibration forces, and 𝑛 is the number of calibration
measurements.
An unbiased estimate of the variance of the thrust stand sensitivity (𝑠𝑆𝑐𝑎𝑙 ) is calculated by
finding the unbiased estimate of the variance of the thrust sensitivity and the squared sum of the
calibration forces [9].
𝑠𝑥

𝑠𝑆𝑐𝑎𝑙 =

(31)

√∑𝑛𝑖=1(𝐹𝑖 − 𝐹̅ )2
A variability in the measurement between the torsional spring and the calibration force
(𝜎𝐿𝑡 ) and the thrust force (𝜎𝐿𝑐𝑎𝑙 ) are included in the aggregate error calculation. Since a statistical
method was not used to measure the distance, a reasonable judgement must be made. The
variability for the two measurements is 0.5 cm (0.2 in) by measuring with calipers. Finally, the
aggregate thrust error is computed.
𝜎𝐹𝑡
𝜎𝑥 2
𝜎𝑆𝑐𝑎𝑙 2
𝜎𝐿𝑡 2
𝜎𝐿𝑐𝑎𝑙 2
= √( ) + (
) +( ) +(
)
𝐹𝑡
𝑥
𝑆𝑐𝑎𝑙
𝐿𝑡
𝐿𝑐𝑎𝑙
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(32)

3

EXPERIMENTAL SETUP AND METHODOLOGY

This chapter describes the experimental setup used to generate thrust measurements for
the BHT-20. Information regarding the facilities and laboratory equipment used to perform the
research are provided. The methods used for data reduction and data quantification are described.
Measured thrust is obtained using a torsional balance thrust stand. Volumetric flow rate, voltage,
and current are recorded for the cathode and anode.
3.1

Vacuum Facility and Support Equipment
All experimental testing was performed at the SPOT Lab at The University of Alabama.

The SPOT Lab includes multiple vacuum chambers for testing nano- to mini- satellite thrusters.
Testing was performed in the red vacuum chamber measuring 1.5 m diameter and 2.4 m length
(Figure 14). The Figure 14 photo was captured before the cryopump was installed. The red
chamber can reach a base pressure of 3.0 Torr with a mechanical roughing pump, turbopump,
and cryopump. The vacuum chamber includes a viewing window, propellant feedthroughs,
power feedthroughs, and a fiber optic laser feedthrough.
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Figure 14: Red Vacuum Chamber
The vacuum chamber has three pumps: Leybold Trivac D65BCS (Figure 15), Leybold
Mag W 1500 CT (Figure 16), CVi Torr Master 450 (TM450) (Figure 17, Figure 18). The
Leybold D65BCS is a rotary vane pump that reduces the pressure in the chamber between 0.5 to
1.0 Torr. The pumping speed of the D65BCS is 75 m3h-1 for Nitrogen.
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Figure 15: D65BCD [12]
The Leybold Mag W 1500 CT is a turbomolecular pump turned on at the 0.5 to 1.0 Torr
crossover pressure. The 1500 CT pumps the chamber down to approximately 10 Torr. The
pumping capacity of the 1500 CT is 1100 ls-1 for Nitrogen and 1050 ls-1 for argon.

Figure 16: Leybold Turbomolecular Pump [13]
The TM450 pumps the chamber down to 3 Torr. The TM450 has a pumping speed of
7,100 ls-1 for Nitrogen and 6,400 ls-1 of argon. The best pumping speed for cryopumps are
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achieved at the lowest chamber pressures and lowest cryohead temperature, about 15 to 20 K
provided by a helium compressor and cryocooler. Operating pressures depend on the cathode and
anode mass flow rate. Generally, the operating pressure was 0.1 to 1 mTorr. A detailed pump
down procedure is located in Appendix A.

Figure 17: TM450 and Cryocooler [14]

Figure 18: Helium Compressor [15]
3.2

Pressure Monitor System
The pressure inside the vacuum chamber is monitored by a Kurt J. Lesker Company

(KJLC) 275i Series Gauge with Integrated Controller and Display (PN KJL275807LL) and an
MDC / HPS Vacuum 919 Hot Cathode Controller plus Nude Ionization Gauge. Both pressure
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gauges interface with the vacuum chamber through a KF-25 flange. The 275i is a convection
enhanced pirani gauge measures pressure between 10-4 to 1,000 Torr. The 275i includes an
integrated display showing the pressure and analog voltage output for recording the pressure on a
computer (Figure 19).

Figure 19: KJLC 275i Pressure Gauge [16]
The 919 Hot Cathode Controller plus Nude Ionization Gauge measures pressure between
10-2 to 10-10 Torr. The 919 Hot Cathode Controller includes a light-emitting diode display
showing the pressure and analog voltage output for recording the pressure on a computer
(Figure 20). A nude ionization gauge is required because the base pressure of the vacuum
chamber is between 10-7 to 10-6 Torr (Figure 21).

Figure 20: 919 Hot Cathode Controller [17]
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Figure 21: Nude Ionization Gauge [18]
Other types of pressure gauges could be used at the required pressure range, but cost
drove the decision to use a 919 Hot Cathode Controller and Nude Ionization Gauge. Operating at
the lowest pressure possible and highest pumping speed is beneficial in preventing unintentional
cathode poisoning and increasing the distance an electrical arc can form due to Paschen’s law.
Paschen’s law states that the breakdown voltage, the voltage required to start an electrical arc, is
a function of pressure and gap length [19]. At constant gap lengths, the breakdown voltage
increases rapidly at lower pressures and increases steadily at higher pressure after a minimum
point at 10 Torr•cm for Nitrogen and after a minimum point at 8 Torr•cm for argon (Figure 22).
Electrical arcing can be detrimental and permanently damaging to equipment. Kapton® tape, a
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polyamide film, was used to mitigate electrical arcing due to the electrical insulation properties
of Kapton®. Kapton® is frequently used in the aerospace industry including spacecraft, such as
NASA’s New Horizon spacecraft or on the International Space Station.

Figure 22: Paschen's Curve
Testing a different thruster in The University of Alabama red vacuum chamber displays
the problems with high chamber pressure and poor electrical isolation (Figure 23). A white gas is
leaving the cathode traveling towards the propellant inlet tubing. A blue/violet ionized argon gas
is gathered around the propellant inlet tubing to the thruster. The high local pressure causes a
buildup of gas and the poor electrical isolation causes some ionization to occur outside the
thruster. The high local pressure is caused by low vacuum pumping speed. The poor electrical
isolation is caused by not effectively utilizing Kapton® tape along the propellant tubing or using
Polytetrafluoroethylene (PTFE) tubing instead of stainless steel tubing.
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Figure 23: Poor Electrical Isolation Example
3.3

Propellant System
The anode and cathode propellant is provided by two MKS GE50A mass flow controllers

(Figure 24), which are connector to a MKS 946 Vacuum System Controller (Figure 25). The
anode uses an MKS GE50A with a usable range of 0 to 50 sccm and the cathode uses an
MKS GE50A with a usable range of 0 to 10 sccm. The GE50A mass flow controllers connect to
the 946 vacuum system controller via a 9 pin connector. The 946 vacuum system controller
converts the analog outputs of the GE50A mass flow controllers to digital data onto a user visible
screen and to a 9 pin RS232 port. The RS232 port was utilized to record the flow rates onto the
computer.
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Figure 24: MKS GE50A Mass Flow Controller [20]

Figure 25: MKS 946 Vacuum System Controller [21]
3.4

Electrical Power System
The power system included three power supplies fed into the vacuum chamber. The

cathode power supply is a TDK Lambda Z650-1.25 with a maximum operating voltage of 650 V
and a maximum operating current of 1.25 A (Figure 26). The TDK Lambda is connected to a
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computer via a Universal Serial Bus (USB) for control and monitoring of the voltage and current
outputs. The TDK Lambda has a 16-bit Analog to Digital Converter (ADC) and Digital to
Analog Converter (DAC).

Figure 26: TDK Lambda Power Supply [22]
The calibration electrode power supply is a Keithley 6517B with a maximum operating
voltage of 1000 V and a maximum operating current of 1 mA (Figure 27). The Keithley is
connected to a computer via RS-232 for control and monitoring of the voltage and current
outputs.

Figure 27: Keithley 6517B Power Supply [23]
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The anode power supply is a Spellman SL1200 (Figure 28). The SL1200 is a high voltage
power supply providing well regulated, low ripple voltage with a maximum operating voltage of
3600 V and a maximum operating current of 350 mA. The SL1200 is connected to a computer
via a NI 9263 for remote voltage programming. Remote programming is done by sourcing 0 V
(no output) to 10 V (full rated output) on terminal block 1 (TB-1) pin 8 for current output, TB-1
pin 10 for voltage output, and TB-1 pin 1 for common. For remote programming, the
connections between pin 8 & 9 and pins 10 & 11 must be removed. Remote monitoring is
performed by measuring 0 V (no output) to 10 V (full rated output) on (TB-1) pin 5 for current
monitor, pin 6 for voltage monitor, and pin 1 for common. The measurement of the remote
monitoring pins was performed by NI-9205.

Figure 28: Spellman SL1200 Power Supply [24]
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Figure 29: Thruster System Power Supply Schematic
The calibration electrodes use a Keithley 6517B electrometer as a high voltage source
(Figure 30). The Keithley 6715B can source up to 1000 V at 1 mA. The calibration electrodes
require a high voltage to produce a discernable force for effective calibration in the design
measurement range of the thrust stand. The Keithley is connected to a computer via a
straight-through RS-232 serial cable. Standard Commands for Programmable Instruments (SCPI)
were sent from the computer using LabVIEW® via a straight-through RS-232 serial cable to
command and monitor the Keithley. SCPI is defined on top of IEEE 488.2-1987 “Standard
Codes, Formats, Protocols, and Common Commands” to define instrument specific commands.

Figure 30: Calibration Electrode Power Supply Schematic
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3.5

Laser System
The laser system, a Philtec Model D125-Bv1-C1E2Q+L (Figure 31), measures the

distance from a fixed point and a mirror target on the torsional balance arm (Figure 32). The
D125 laser is a fiberoptic sensor that outputs analog voltage at DC-20 kHz. The output is
proportional to the distance between the sensor tip and target and the target reflectivity. The
target is a mirror mounted to the torsional balance arm. A mirror is required because the D125
uses a reflective type transducer that detects the intensity of reflected light. The best results are
obtained when the target is a highly reflective gold-plated mirror and the target is perpendicular
to the sensor tip. The target is assumed to be perpendicular to the sensor tip even though the
torsional balance rotates. The rotation angle is much less than 1° so the perpendicular assumption
holds due to the small angle theorem. Each part of the model number is an extra feature or
function of the laser. The Bv1 option connectorized the sensor system with a single channel
vacuum feedthrough rated for 10-7 Torr using a Swagelok Ultra-Torr® compression fitting. The
C1 option is an interlocking stainless steel jacket providing good flexibility and is crush proof.
The E2 option is 2 extra meters of fiber optic cable length. The Q option is a connectorized
Alternating Current / Direct Current (AC/DC) power adapter and BNC output. The +L option is
an additional DC-100 Hz output with the best resolution.
The LDS was procured with two DC voltage output frequencies: The standard is a
20 kHz with nominal resolution of 5µm and an additional 100 Hz with a nominal resolution of
0.6 µm. The Nyquist sampling frequency would be 10 kHz and 50 Hz respectively. The nominal
resolutions are determined by the internal electronic noise. Resolutions can be increased by
external filtering such as analog or digital time domain averaging.
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Figure 31: Philtec D125 Laser Displacement Sensor [25]

Figure 32: Simple System Schematic
3.6

DAQ System
The DAQ system uses a personal computer with Windows operating system, NI

hardware, and (Laboratory Virtual Instrument Engineering Workbench) LabVIEW® software.
All data acquisition is directly transferred to the computer through an RS232 port or
communicated to the NI cDAQ-9174 CompactDAQ USB chassis and transferred to the computer
through USB.
3.6.1

Hardware
The NI cDAQ-9174 is a CompactDAQ USB chassis designed for small, portable sensor

measurement systems (Figure 33). The cDAQ features a “plug-and-play” architecture that
interfaces well with NI LabVIEW® software. The cDAQ-9174 can hold 4 C Series I/O
(Input/Output) modules. The cDAQ-9174 has a USB 2.0 Hi-Speed connection so data obtained
from the modules can be permanently stored on a computer.
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Figure 33: NI cDAQ-9174 [26]
The NI-9205 with DSUB is a C Series analog voltage input module inserted into one of
the cDAQ-9174 slots. The NI-9205 can measure ±10 V at 250 kS/s aggregate with a resolution
of 16-Bits across 32 single-ended channels. The DSUB option includes a NI-9923 37 pin
D-subminiature connector to screw-terminal connector block for ease of connecting wires.
Instead of single-ended measurements, differential measurements were used. The effective
number of channels is reduced by half to 16, but not all channels were used during testing.
Differential measurements have the benefit of noise rejection. The NI-9205 is used to measure
remote monitoring voltage output of the Spellman SL1200. The remote monitoring outputs
analog DC voltage from 0 to 5 V linearly proportional to 0 to 100% rated voltage and current
output.
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Figure 34: NI-9205 [27]

Figure 35: NI-9223 [28]
The NI-9263 is a C Series analog voltage output module inserted into one of the
cDAQ-9174 slots. The NI-9263 outputs analog ± 10 V that simultaneously updates the 4
channels at 100 kS/s. The NI-9263 includes a screw-terminal for ease of connecting wires. The
NI-9263 is used to control program the Spellman SL1200 voltage and current. The control
programming receives analog DC voltage from 0 to 5 V linearly proportional to 0 to 100% of the
rated voltage and current.

41

Figure 36: NI-9263 [29]
The NI-9234 is a C Series sound and vibration input module inserted into one of the
cDAQ-9174 slots. The NI-9234 can measure ±5 V at a rate of 51.2 kS/s simultaneous with a
resolution of 24-Bits across 4 channels. The electrical connection is a BNC connector. The
NI-9234 is used to measure the analog voltage output by the D125 laser system. This specific NI
module was chosen for the 24-Bit resolution and the module was in hand. The 24-Bit resolution
equates to a resolution of 5.96x10-7 V.

Figure 37: NI-9234 [30]
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3.6.2

LabVIEW®
The LabVIEW® software is a graphical programming language produced by National

Instruments. LabVIEW® seamlessly interfaces with NI hardware described above. Other non-NI
hardware can also be programmed using LabVIEW®. LabVIEW® is used to control all
instruments, control the cathode and thruster, and record all data as comma delimited files. Data
can be imported into other software such as MATLAB for analysis.
3.7

In Situ Calibration Procedure
First, before the vacuum chamber is closed to be evacuated, the Philtec D125 Laser

Displacement Sensor (LDS) must be calibrated (Section 3.5). The calibration procedure is
referred as set-up calibration in the LDS manual. The torsional balance arm is taped stationary
using Kapton® tape. The analog voltage of the LDS is measured by a Fluke 87V multimeter,
which has a maximum resolution of 0.1 mV. The sensor gap, the distance between the sensor tip
and target, is changed until a max voltage is reached. The max voltage is the transition point
between the near side and far side of the response curve (Figure 38). The sensor gap is changed
by using a linear position micrometer that the D125 is mounted to.

43

Figure 38: LDS Transition Point [31]
Once the transition point is reached, the analog gain is changed manually by using a
small flathead screwdriver (Figure 39). The gain is changed so the transition point voltage is
5.000 V, which is read on the Fluke multimeter. The gain must be changed because the mirror
used in testing is not an ideal gold-plated mirror. A gold-plated mirror has the best reflectance.
The gain is increased to compensate for a non-ideal mirror. The transition point voltage is
extremely sensitive; therefore, the set-up calibration process should be performed two or more
times for the most accurate results until moving the linear position micrometer in either direction
reduces the LDS voltage. The Kapton® tape holding the arm stationary is removed after
calibrating the LDS.

44

Figure 39: LDS Gain Control
Once the LDS has been calibrated, the electrode distance must be determined for the
electrostatic calibration force (Eq. 23) (Figure 40). The electrode distance is determined by
moving the linear position micrometer of one electrode until it touches the other electrode to find
a zero point. The Fluke multimeter can assist in finding the point when the electrodes touch.
When the electrodes touch, the arm will suspend oscillations from small external forces such as
touching the vacuum chamber or walking around the vacuum chamber. The linear position
micrometer will be backed off by 1.5 mm to achieve a 1.5 mm gap between electrodes. The LDS
voltage on the Fluke multimeter must be recorded for calculating the actual electrode distance in
the calibration curve. Evacuating the vacuum chamber will cause the thrust stand to move,
changing the electrode distance.
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Figure 40: Two Circular Calibration Electrodes with Linear Position Micrometer
Next, the procedure to pump down the vacuum chamber is executed (Appendix A) and
the cathode is lit to until stable cathode operation is achieved (Appendix B). The cathode flow
rate is reduced to the test volumetric flow rate of 3 sccm (89.20 µg/s). A waiting period of
30 minutes is issued before the in situ calibration to allow the cathode to stabilize and the
chamber pressure to reduce. Once the cathode has been warmed up and the chamber pressure is
not reducing, the calibration is initiated by a LabVIEW® sub-program (Figure 41). Immediately
before calibration, the cryopump should be turned off due to the large low frequency vibrations
produced by the pump.
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Figure 41: LabVIEW® Front Panel of Calibration Program
The calibration LabVIEW® program has 6 inputs: Initial LDS Voltage, Filename, Power
Supply Com Port, LDS Sensitivity, Time at Each Voltage, and Electrode Diameter. The Initial
LDS Voltage which was recorded from the LDS calibration. The Filename is where the
calibration data will be saved. The Power Supply Com Port is the communication port the 6517B
power supply is connected to the computer. The LDS Sensitivity is the far side sensitivity of the
LDS from the data sheet (Figure 38). The Time at Each Voltage is the time each calibration
voltage is held for. The electrode diameter is the diameter of the two identical calibration
electrodes. The program is executed to produce the electrode calibration force, change in LDS
Voltage, a plot with the data points and linear fit curve. The program accounts for the change in
arm position by including the Initial LDS Voltage recorded from the LDS calibration. The arm

47

position will change during pump down due to the change in pressure, which will change the
calibration force. The resultant slope of the linear fit curve is fed into the main test LabVIEW®
program to calculate the thrust (Figure 42).

Figure 42: Example Calibration Curve
3.8

Test Procedure
After the LDS has been calibrated by the instruction set in Section 3.8 and the vacuum

chamber has been evacuated, the test procedure can begin by using the programmed LabVIEW®
test program (Figure 43). The LabVIEW® test program performs many functions such as pretest
in situ calibration, controlling and monitoring power supplies, controlling and monitoring mass
flow controller settings, setting test parameters, and displaying a preliminary thrust graph.
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Figure 43: LabVIEW® Test Program Visual Interface
First, the cathode is lit by using the procedure outlined in Appendix B. Next, the thrust
stand is in situ calibrated. Then, the anode is lit by using the procedure outlined in Appendix C.
Finally, the test is initiated, and the data is gathered.
The test program will record LDS voltage data using the specified test profile
(Figure 44). Profile 1 is 0 to 60 seconds. The thruster will be operating at the specified test
voltage and volumetric flow rate conditions. Profile 2 is 60 to 120 seconds. The thruster will be
turned off by returning the anode potential to 0 V and the anode volumetric flow rate will remain
at the specified test condition. Profile 3 is 120 to 180 seconds. The anode volumetric flow rate
will be returned to 0 sccm. The test profile creates specific delineated positions to calculate the
thrust. The difference between profile 1 and profile 2 is the thrust generated by the Lorentz force
only. A drastic jump in LDS Voltage should be seen when changing from Profile 1 to Profile 2
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as the Lorentz force is removed. The difference between Profile 2 and Profile 3 is the thrust
generated by the mass flow rate only. Profile 3 will have a gradual change in the LDS Voltage as
the propellant is being evacuated from the propellant lines. The thrust calculations are based on
the difference between Profile 1 and Profile 2.

Figure 44: Example Test Profile
3.9

Data Reduction and Thrust Measurement
The test program will complete, and the data will be saved to the user defined directory

on the computer. The volumetric flow rate for the anode and cathode, the voltage and current of
the anode and cathode, the calibration data before testing, and the raw LDS voltage (Figure 45) is
recorded as comma delimited .txt files. The .txt files can be imported into MATLAB and
converted to .mat files to decrease the file load time.
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Figure 45: Example - Raw LDS Voltage Data
The raw LDS voltage data is recorded at 51200 Hz for 180 seconds. A moving mean
filter is utilized for all final thrust, Isp, efficiency calculations. The moving mean filter size is
51,200 points equating to 1 second of data. The large filter size was chosen because a large noise
reduction factor was needed the calculate the voltage difference between each profile. A filter
size of 51,200 points equates to a noise reduction factor of approximately 226 where the noise
reduction factor is the square root of the filter size. Much higher filter sizes would start to flatten
the drastic delineation when the anode voltage is removed. A large difference can be seen
between the raw LDS voltage data (Figure 45) and the filter LDS voltage data (Figure 44).
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4

RESULTS AND DISCUSSION

This chapter discusses and summarizes the performance of the BHT-20 under the
conditions tested. The operating conditions are presented. Thrust measurement is tabulated.
4.1

Operating Envelope
An operating envelope at the conditions determined by the test setup was gathered. All

data points were at approximately 1.9x10-3 to 3.1x10-3 Torr operating pressure. The SL1200
anode power supply was set to a current limited mode to prevent high power consumption or
inadvertent power spikes. Previous testing indicated that 3 hours of discharge power between 20
to 45 W caused significant and rapid anode post degradation at the 45 W power condition [7].
Previous operation between 5 to 25 W for 70 hours demonstrated no degradation to the HET
anode post [7]. Time at each operating condition was limited to 60 seconds to reduce anode post
erosion, especially for the higher power levels. Some operating conditions were considered
unstable if the voltage or current became erratic. At some unstable conditions, the discharge
power reduced significantly and then returned to nominal values. Some of the instability was
caused by the high chamber pressure since high anode mass flow rates were utilized when
operating. The operating envelope testing occurred before the TM450 cryopump was installed to
further reduce the operating chamber pressure.
Table 4: BHT-20 Operating Envelope at 0.050 A
Anode Potential
(V)

Anode Power
(W)

Mass Flow Rate (g/s)

207.69

8.620

564.9

184.88

9.251

595.0
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Stability
Periods of Current
Instability
Stable

Table 5: BHT-20 Operating Conditions at 0.075 A
Anode Potential (V)
242.68
230.21
219.03
207.86
202.58
197.17
192.81
189.35

Anode Power (W)
18.22
17.34
16.46
15.67
15.27
14.89
14.54
14.29

Mass Flow Rate (g/s)
386.5
416.3
446.0
475.7
505.5
535.2
564.9
595.0

Stability
Stable
Stable
Stable
Stable
Stable
Stable
Stable
Stable

Table 6: BHT-20 Operating Conditions at 0.100 A
Anode Potential (V)
351.79
275.42
244.99
230.06
218.38
209.25
201.44

Anode Power (W)
1.638
27.59
24.48
22.99
21.84
20.93
20.15

Mass Flow Rate (g/s)
386.5
416.3
446.0
475.7
505.5
535.2
564.9

Stability
No ignition
Stable
Stable
Stable
Stable
Stable
Stable

Table 7: BHT-20 Operating Conditions at 0.125 A
Anode Potential
(V)
314.99
303.24
246.52
233.90
224.36
218.91
211.47

Anode Power
(W)
39.29
37.81
30.73
29.15
27.98
27.29
26.36

Mass Flow Rate
(g/s)
416.3
446.0
475.7
505.5
535.2
564.9
595.0

Stability
Stable
Stable
Stable
Stable
Stable
Periods of Voltage Instability
Periods of Voltage Instability

During operating envelope testing, it was observed the discharge power could be
increased for the anode mass flow rates presented, but the rapid degradation of the anode post at
45 W demonstrated in previous testing prevented increasing the discharge power further. The
BHT20 was not operated at the optimal conditions for the conditions tested at in Table 4 to Table

53

7. The first recommendation will be to test the BHT-20 at lower anode mass flow rates in future
testing.
4.2

Thrust Measurement
Thrust produced by the BHT-20 thruster was generated by using a torsional balance over

various operating ranges (Table 8). Some test cases did not produce thrust throughout the entire
data collection profile, which presents inaccurate thrust values. The high chamber pressure up to
3.1x10-3 Torr was a cause for the thruster to shutdown prematurely. Because the anode power
supply was limited to an operating voltage, if voltage-current instability was generated, the
voltage was not able to overcompensate to stabilize operation. The anode power supply was
limited to overpowering the thruster.
Before each test condition, the thrust stand was calibrated with the cathode operating by
the in situ method described in Section 3.7. The in situ calibration generates an electrode voltage,
which produces an electrode force displacing the torsional balance. The slope of the calibration
curve is used to calculate the thrust. The asymmetric lengths of the thruster location and
calibration electrode to the torsional spring is accounted for. An example of a calibration curve is
presented (Figure 42). All calibration curves are recorded in Appendix D.
Using Figure 42, the applied electrode force lies on the x axis and the Delta LDS voltage
lies on the y axis. The slope of the linear fit is recorded and used to calculate the thrust. The
lowest calibration least squares regression value recorded before testing of 0.9975 is for the
anode conditions of 14 sccm (416.3 µg/s) and 310 V. Most tests had a least squares regression
value of 0.998 or higher.
The results presented include the test parameters, thrust values, error, and Isp. All test
conditions were conducted with the CSU cathode, which is too large for a 20 W thruster. The
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cathode conditions were set for 1.312 A, 3 sccm, and the voltage was allowed to float at
approximately 315 V for a cathode power of approximately 413 W. The Isp values reported are
systematically lower compared to an appropriately sized cathode. It has been recommended to
pair the BHT-20 with a thermionic cathode, but previous research utilizing a thermionic cathode
was not successful [7, 32].
Testing conducted generated moderate errors. The errors were caused by two major
systematic errors, which were not corrected. One systematic error is that the calibration curve did
not span the measurement range. In general, the calibration curves that did not span the
measurement range had large errors. The tests that did not span the calibration curve are marked
with the letter C. A second systematic error is that the thruster inadvertently shut off during some
test cases, designated by the letter I. Further discussion of the errors is detailed in Section 4.4.
Generally, thrust is shown to increase when increasing the anode potential by comparing
three sets of cases. The anode potentials of 290 V, 300 V, and 310 V at 14 sccm (416.3 µg/s), the
anode potentials of 270 V and 300 V at 15 sccm (466.0 µg/s), and the anode potentials of the
270 V and 290 V at 16 sccm (505.5 µg/s) conditions show an increase in thrust in each set of
anode flow rates. By the Lorentz force, an increase in anode potential relates to an increase in
thrust. Also, by increasing the thrust at a constant anode flow rate increases the thrust generated
is more efficient as shown by an increase in Isp.
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Table 8: BHT-20 Measured Thrust and Derived Values

C
C
CI
I
CI
I
I
I
C
C
CI
CI

4.3

Anode
Potential (V)
289.6
300.3
309.7
316.6
270.0
278.6
290.7
300.7
270.4
280.2
291.2
302.3

Anode
Current (A)
0.0812
0.0871
0.0813
0.0456
0.0805
0.0671
0.0925
0.0937
0.1050
0.1118
0.1172
0.1180

Anode
Power (W)
23.52
26.17
25.2
14.46
21.75
18.72
26.91
28.19
28.38
31.31
34.12
35.66

Anode Mass
Flow Rate (µg/s)
413.3
413.7
415.1
415.1
444.9
444.8
444.8
444.8
474.1
474.1
474.3
474.4

Thrust Error Isp
(µN)
(%)
(s)
1944
4.439 394.8
2223
3.624 450.9
2319
6.659 469.2
1242
3.464 251.3
2031
3.846 388.0
1703
6.579 325.5
2400
4.358 458.6
2237
5.706 427.5
2362
5.455 427.9
2233
11.64 404.5
3193
4.248 578.2
2822
3.64 511.0

Thruster Efficiency
Busek has demonstrated a 100 W Hall effect thruster that generates a thrust of 4.0 mN

with an efficiency of 20% and MIT has developed a Hall effect thruster that generates a thrust of
1.8 mN with an efficiency of 6% [2]. Previous BHT-20 testing demonstrated thrust of 43.71 to
180.94 µN with anode efficiencies of 0.76 to 1.52% [7].
The BHT-20 testing performed at The University of Alabama reported higher anode and
total efficiency compared with previous BHT-20 testing. The total efficiency is dominated by the
thrust squared term in the numerator (Eq. 16). The higher total efficiency is attributed to the high
thrust measured in testing compared with previous BHT-20 testing. The higher anode efficiency
is also attributed to the high thrust measurements and low electrical utilization efficiency (Eq.
17). Electrical utilization efficiency is the ratio of discharge power and total power. An
appropriately sized cathode was not utilized for the testing, which led to higher than desired
cathode power. The ratio of discharge power to total power is low because the anode required
significantly less power than the cathode. Higher electrical utilization efficiencies are desired
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because more power is devoted to the discharge properties of the HET instead of other systems
such as the cathode power and power to generate a magnetic field. Cathode efficiency is the ratio
of anode mass flow rate to total mass flow rate. The cathode efficiency is higher than normal for
a 20 W HET due to the anode mass flow rate being significantly higher than the cathode mass
flow rate. Higher cathode efficiencies are desired because less propellant is devoted to electron
generation by the cathode. Generally, 82 to 84% cathode efficiency would be desired, but the
BHT-20 can operate at lower anode mass flow rates at similar discharge electrical characteristics,
which decreases the cathode efficiency at the benefit of lower total mass flow rate. In general,
the thruster efficiencies reported are good for a 20 W HET, but other operational conditions
should be considered to obtain more practical system level performance.

Table 9: Thruster Efficiencies

C
C
CI
I
CI
I
I
I
C
C
CI
CI

4.4

Anode
Potential (V)
289.6
300.3
309.7
316.6
270
278.6
290.7
300.7
270.4
280.2
291.2
302.3

Anode Mass Flow
Rate (µg/s)
413.3
413.7
415.1
415.1
444.9
444.8
444.8
444.8
474.1
474.1
474.3
474.4

𝜼𝒄
(%)
82.30
82.31
82.36
82.37
83.35
83.35
83.35
83.35
84.22
84.22
84.22
84.23

𝜼𝒐
(%)
5.415
5.970
5.743
3.399
5.022
4.348
6.142
6.406
6.399
7.015
7.597
7.911

𝜼𝑻
(%)
0.8664
1.121
1.215
0.3600
0.8922
0.6315
1.232
1.065
1.117
0.9924
2.015
1.568

𝜼𝒂
Thrust
(µN)
(%)
19.44 1944
22.82 2223
25.70 2319
12.85 1242
21.31 2031
17.42 1703
24.06 2400
19.95 2237
20.73 2362
16.79 2233
31.50 3193
23.54 2822

Test Error
Testing conducted generated approximately 3 to 12% error (Table 10) and are presented

in terms of µN thrust (Table 11). Some systematic errors occurred not corrected. One systematic
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error is that the calibration curve did not span the measurement range for most tests. The tests
that did not span the calibration curve are marked with the letter C for calibration. The thruster
inadvertently shut off during some test cases designated by the letter I for instability. The thrust
and Isp values obtained from the test cases designated by inadvertent shut offs are systematically
lower. In general, the calibration curves that did not span the measurement range had larger
errors. Calibration points should be linearly distributed across the spanned measurement range.

Table 10: Measurement Uncertainties
Anode
Potential
(V)
289.6
300.3
309.7
316.6
270
278.6
290.7
300.7
270.4
280.2
291.2
302.3

C
C
CI
I
CI
I
I
I
C
C
CI
CI

Anode
Mass Flow
Rate (µg/s)
413.3
413.7
415.1
415.1
444.9
444.8
444.8
444.8
474.1
474.1
474.3
474.4

𝜎

(

𝝈𝒙 𝟐
)
𝑭𝒕

9.949x10-4
4.337x10-4
3.140x10-3
3.406x10-4
5.844x10-4
3.082x10-3
9.589x10-4
2.123x10-3
1.810x10-3
9.875x10-3
8.708x10-4
4.451x10-4

(

𝝈𝑺𝒄𝒂𝒍 𝟐
)
𝑺𝒄𝒂𝒍

1.707x10-4
7.485x10-5
4.900x10-4
5.426x10-5
8.997x10-5
4.409x10-4
1.351x10-4
3.286x10-4
3.605x10-4
2.877x10-3
1.284x10-4
7.497x10-5

(

𝝈𝑳𝒕 𝟐
)
𝑳𝒕

5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4
5.949x10-4

𝝈𝑳𝒄𝒂𝒍 𝟐
)
𝑳𝒄𝒂𝒍

Error
(%)

2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4
2.1x10-4

4.439
3.624
6.659
3.464
3.846
6.579
4.358
5.706
5.455
11.64
4.248
3.640

(

2

The first error term, ( 𝐹𝑥) , is the variability in the response with a fixed input. This error
𝑡

ranged from 3.406x10-4 to 9.875x10-3. This error is caused by disturbances such as pump
vibrations and movement of personnel close to the vacuum chamber. The wide range of errors in
𝜎

2

the ( 𝐹𝑥) error term can be attributed to some cases where high personnel activity around the
𝑡

vacuum chamber. The highest variability in the response with a fixed input has a thrust error of
 222 µN for the 280.2 V at 474.1 µg/s condition. The smallest variability in the response with a
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fixed input has a thrust error of ± 23 µN for the 316.6 V at 415.1 µg/s condition. The variability
in the response with a fixed input was the largest contributing factor to the error.
2

𝜎

The second error term, ( 𝑆𝑆𝑐𝑎𝑙) , is the unbiased estimate of the variance of the random
𝑐𝑎𝑙

disturbances. This error ranged from 5.426x10-5 to 2.877x10-3. The high error of the second error
term was caused by the following systematic errors. The calibration force did not properly span
the range of the thrust measurement and not enough calibration data points were used. The
second error term can be reduced drastically in future testing in the calibration force spans the
entire measurement range and more calibration points are used. The highest variability in the
response with a fixed input has a thrust error of 120 µN for the 280.2 V at 474.1 µg/s condition.
The smallest variability in the response with a fixed input has a thrust error of ± 9 µN for the
316.6 V at 415.1 µg/s condition.
2

𝜎

The third error term, ( 𝐿𝐿𝑡 ) , is the length measurement error between the torsional spring
𝑡

and the thrust location. The error is consistently 5.949x10-4 because the length did not change
throughout the testing. This error is ± 0.5 cm (0.2 in) by using calipers to measure the distance
between the torsional spring and the thrust location. In terms of thrust, the length measurement
error between the torsional spring and the thrust location varied between 30 µN and 78 µN. The
thrust error changed because the measurement error is multiplied with the average thrust at a
specific thrust condition. Another recommendation is to more accurately measure the length
between the torsional spring and the thrust force in future testing.
2

𝜎

The fourth error term, ( 𝐿𝐿𝑐𝑎𝑙) , is the length measurement error between the torsional
𝑐𝑎𝑙

spring and the calibration force. The error is consistently 2.1x10-4 because the length did not
change throughout the testing. This error is ± 0.5 cm (0.2 in) by using calipers to measure the
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distance between the torsional spring and the calibration force. In terms of thrust, the length
measurement error between the torsional spring and the calibration force varied between 18 µN
and 46 µN. The thrust error changed because the measurement error is multiplied with the
average thrust at a specific thrust condition. Another recommendation is to more accurately
measure the length between the torsional spring and the calibration force future testing.
The measurement uncertainties have been converted to units of µN (Table 11). The test
condition with the lowest total uncertainty is 43 µN for the 316.6 V at 415.1 µg/s. The test
condition with the highest total uncertainty is 260 µN for the 280.2 V at 474.1 µg/s.
Table 11: Measurement Uncertainties in µN

C
C
CI
I
CI
I
I
I
C
C
CI
CI

Anode
Potential
(V)
289.6
300.3
309.7
316.6
270
278.6
290.7
300.7
270.4
280.2
291.2
302.3

Anode
Mass Flow
Rate (µg/s)
413.3
413.7
415.1
415.1
444.9
444.8
444.8
444.8
474.1
474.1
474.3
474.4

𝝈𝒙 𝟐
)
𝑭𝒕
(µN)
61
46
130
23
49
95
74
103
100
222
94
60

(

(

𝝈𝑺𝒄𝒂𝒍 𝟐
)
𝑺𝒄𝒂𝒍
(µN)
25
19
51
9
19
36
28
41
45
120
36
24
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𝝈𝑳𝒕 𝟐
)
𝑳𝒕
(µN)
47
54
57
30
50
42
59
55
58
54
78
69

(

(

𝝈𝑳𝒄𝒂𝒍 𝟐
)
𝑳𝒄𝒂𝒍
(µN)
28
32
34
18
29
25
35
32
34
32
46
41

Error
(µN)
86
81
154
43
78
112
105
128
129
260
136
103

5

CONCLUSION AND RECOMMENDATIONS

The findings of this research provided operational data for the BHT-20 HET at high
anode mass flow rates and higher discharge voltages. The BHT-20 thruster is a unique HET due
to the permanent SmCo magnets and small size, limiting discharge power to around 20 W. The
BHT20 has the possibility of being integrated into a CubeSat sized spacecraft if an appropriately
sized cathode is used.
5.1

Research Conclusions
A table has been provided explaining the success and an additional work set forth by the

research objectives in Section 1.3 (Table 12).
The first research object successfully determined the best type of thrust stand considering
cost, schedule, and capability. Based on previous research, an existing inverted pendulum thrust
stand was not suitable for µN level testing due to the noise floor being too high to accurately
differentiate thrust on the µN level [7]. To obtain similar characterization by previous testing, a
torsional balance design was implemented within the BHT-20 capabilities. The design of the
torsional balance thrust stand was within cost and data was obtained within schedule. The
torsional balance can be modified and better optimized for future testing by a combination of
exchanging the torsional spring or thrust arm.
The second research objective successfully designed and built a thrust stand capable of
µN range measurements. The high flow rate testing of the BHT-20 HET produced greater than 1
mN of thrust, but each calibration curve had at least 4 data points less than 1000 µN. The
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calibration curves for the 16 sccm and 270 V and 16 sccm and 280 V test conditions
produced all data points less than 1000 µN. While the thrust measurements were not in the µN
range, the calibration curves demonstrated the ability to measure within the µN range. Also, each
thrust measurement demonstrated error between 43 to 260 µN with the ability for future testing
to decrease the thrust error.
The third research objective, obtaining a similar characterization by a previously tested
BHT-20 HET, was not accomplished. Other work has been performed characterizing the
BHT-20 HET at anode power between 2.5 to 20 W and flow rates between 44 to 61 µg/s [7]. The
work performed in this thesis characterized the BHT-20 HET between 14.5 to 35.7 W and flow
rates between 413 to 474 µg/s. Higher anode power and much higher flow rates were used in the
testing. The BHT-20 HET operated at these higher anode power levels and higher flow rates, but
those conditions are not the same as previous testing.
The fourth research objective successfully operate the BHT-20 HET, was partially
accomplished. The BHT-20 was successfully ignited and produced thrust; although the test
conditions were not ideal. Mass flow rates were approximately 10 times higher than previous
characterization.
Table 12: Research Objective Matrix
Objective
Determine the best type of thrust stand for cost, schedule, and
capability.
Design and build a thrust stand capable of µN range measurements.
Successfully operate BHT-20 Hall effect thruster.
Obtain similar characterization by a previously tested BHT-20 using
higher discharge voltage.
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Accomplished
Accomplished
Partially Accomplished
Partially Accomplished
Partially Accomplished

5.2

Research Significance
The research demonstrated a UA design and built torsional balance capable of measuring

µN thrust from a commercially built Busek BHT-20 HET. The torsional balance incorporates the
ability switch out some components such as the torsional springs and ability to swap different
arms for the rotating torsional arm.
5.3
5.3.1

Recommendations
BHT-20 Operation
Operational envelope testing proved to be non-optimal. The anode mass flow rates were

believed to be too high for the discharge conditions the BHT-20 is limited to. The BHT-20 is a
low power 20 W HET that presented anode post degradation in previous testing at 45 W [7]. If
the anode power supply was not current limited, the discharge power during operational
envelope testing would have risen above 45 W with high likelihood of degrading the HET anode
post. This research recommends to continue testing the BHT-20 at higher discharge voltages
above 250 V, but lower anode mass flow rates. Operating at lower anode mass flow rates also
has the benefit of reducing the chamber pressure during operation which increases the ability for
propellant to ionize and prevents possible cathode poisoning.
5.3.2

Thrust Stand
Sensitivity and expected displacement of the thrust stand is highly dependent on the

torsional spring rate. Higher spring rates generally offer springs capable of greater loading at the
cost of lower sensitivity. A spring with a lower spring rate cannot withstand high loading due to
misalignments causing the thrust stand to impart a side load into the spring. If further testing at
lower thrust levels is pursued, is the recommendation is to pursue a lower spring rate to achieve
larger displacements. Another recommendation is to design proper thrust stand handling
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guidelines that install the swinging arm of the torsional balance in the final test location inside
the vacuum chamber. For example, a set of springs were damaged by moving the thrust stand
from a workstation into the vacuum chamber with the torsional arm installed. The rough
movement into the vacuum chamber yielded the torsional spring beyond usability.
Sensitivity and expected displacement of a thrust stand is also dependent on the thrust
arm characteristics such as thrust arm length and the moment of inertia of the system. If further
testing at lower thrust levels is pursued, the recommendation is to consider a longer thrust arm to
generate a larger displacement per unit force. Also, aluminum should be used instead of stainless
steel for the thrust arm to lower the moment of inertia. Utilizing either of these recommendations
will increase the sensitivity.
5.3.3

In situ Calibration
Multiple improvements can be made to the calibration procedure. First, the calibration

force range should bound the expected thrust well. A properly spanned calibration range is a
systematic error that should be corrected for in future testing. For example, 67% of the
calibration runs did not properly span the measured thrust, which account for unnecessary error.
Thrust should be iteratively measured so the calibration range can be corrected before a final test,
especially if a new thruster or new conditions are being tested.
Second, the calibration force range should be linearly spaced. Linearly spaced calibration
voltage is a systematic error occurred during testing. The calibration force is a squared function
of the voltage (Eq. 23). The linearly spaced calibration voltages caused more calibration forces to
be less than the median of the calibration range. Therefore, the numerator of Eq. 31 is
systematically smaller compared to linearly spaced calibration force range leading to larger
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uncertainty. Further research should linearly space the calibration forces within the calibration
force range.
Third, the errors of the calibration should be reported immediately after calibration with
the option to repeat calibration before igniting the HET. If the linear fit of the calibration line
does not represent an acceptable R2 value, the calibration force application should be repeated
until an acceptable value is found. Walking around the vacuum chamber or inadvertently
touching items close to the vacuum chamber can translate impulses into the vacuum chamber and
thrust stand. The impulses will produce errors in the calibration linear fit.
5.3.4

Laser Displacement Sensor
LDS resolution is determined by the random noise of the measurement. The LDS outputs

0 to 5 VDC; greater resolution can be achieved when the testing occurs within the lower range of
the LDS output voltage. For example, testing should be set up where the LDS output may be 2 to
3 VDC instead of 4 to 5 VDC. The recommendation is to set up the test where the lowest
reasonable LDS voltage output is measured.
All testing used the 20 kHz LDS voltage output for testing, which has a nominal
resolution of 5 µm. The D125 LDS was procured with the option of a 100 Hz LDS voltage
output, which has a nominal resolution of 0.6 µm due to the lower noise floor. If further testing is
to obtain steady state thrust and lower thrust levels, use the 100 Hz output of the LDS to obtain
better resolution.
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APPENDIX A: CHAMBER PUMP DOWN PROCEDURE
1. Close the vacuum chamber door and attach C clamps to assist in initially sealing the
chamber.
2. Close the vent valve on the chamber door.
3. Visually check the Leyold D65BCS roughing pump for oil level and oil color. Add
oil if needed.
4. Turn on the mechanical pump by pressing the start button.
5. At 1 Torr, turn on the water and nitrogen for the turbo pump. Turn on the MAG
DRIVE turbo pump controller and press the start button. The turbo pump will begin
accelerating. 600 Hz is the nominal operating speed of the turbo pump.
6. At 0.1 Torr, open the ion pressure gauge valve.
7. At 0.1 Torr, turn on the 919 Hot Cathode Controller to measure pressure with the ion
gauge.
8. If using the cryopump, turn on the compressor to the cryopump after starting the
turbo pump. The cryopump takes approximately 2 hours to reduce temperature to the
20 K operating temperature.
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APPENDIX B: LIGHT CATHODE PROCEDURE
1. Ensure vacuum chamber pressure is at the base pressure of approximately 10-6 Torr.
2. Purge propellant line.
a. Open the argon gas bottle valve.
b. Set the propellant regulator valve to 20 psi.
c. Turn on the 946 MKS Vacuum System Controller.
d. Set the flow controller to 1 sccm.
e. OPEN the propellant Swagelok valve after the flow controller.
f. Allow propellant to flow for 30 minutes.
3. Prepare Propellant Line
a. CLOSE the propellant Swagelok valve after Step 2.f.
b. Set flow controller to FULL OPEN. Propellant will not enter the chamber due
to the closed propellant Swagelok valve. Allow a few seconds for the pressure
to build up to the Swagelok valve, indicated by the flow controllers reading
less than 2 sccm.
4. Prepare Power Supply
a. Set the keeper to maximum voltage and maximum current. A TDK Lambda
Z650-1.25 was used during testing.
5. Light with High Flow Rate
a. Turn the output of the keeper power supply to ON.
b. OPEN the propellant Swagelok valve for the cathode propellant.
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c. Within 10 seconds, the keeper power supply voltage will drop to
approximately 300 V. If voltage does not drop proceed to Step 6. Then restart
the procedure at Step 3.
d. Quickly, set the flow controller to a flow rate of approximately 15 sccm.
e. Over the next 1-2 minutes, step the flow rate down to 4 or 5 sccm.
f. Wait for 5 minutes to allow the cathode to warm.
g. Step the flow rate down to the operating flow rate. 3 sccm was used in testing.
h. Wait for 30 minutes to allow stable cathode operation.
i. If the cathode becomes unlit during the process, proceed to Step 6. Then
restart the procedure at Step 3.
6. Securing Cathode
a. Turn the output of the keeper power supply to OFF.
b. CLOSE the flow controller.
c. CLOSE the propellant Swagelok valve for the cathode propellant.
d. Close the argon bottle valve.
e. Allow at 60 minutes for the cathode to cool before opening the vacuum
chamber.
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APPENDIX C: LIGHT THRUSTER PROCEDURE
1. Ensure stable cathode operation by following Appendix B.
2. OPEN the propellant Swagelok valve.
3. Set the flow controller to the operating flow condition.
4. Set the discharge voltage and current to the operating condition.
5. Turn the output of the anode power supply to ON.
6. Allow the thrust conditions to stabilize.
7. Conduct testing.
8. Securing Thruster
a. Turn the output of the anode power supply to OFF.
b. CLOSE the flow controller for the anode propellant.
c. CLOSE the propellant Swagelok valve for the anode propellant.
9. If testing is complete, proceed to Appendix B Step 6.
10. If more testing is being conducted, keep the cathode lit. Proceed to Step 1.
NOTE: Thrust flow rates used in testing were higher than previous testing.
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APPENDIX D: CALIBRATION DATA
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 290 V
System Stiffness: 0.2566 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
0
-1.559x10-5
0.0
4.308x10-5
65
-1.250x10-4
58.0
4.270x10-5
-4
130
-4.250x10
232.0
4.172x10-5
195
-8.880x10-4
522.0
4.069x10-5
260
-1.496x10-3
928.0
4.057x10-5
-3
325
-2.267x10
1450.0
4.270x10-5
390
-3.176x10-3
2088.1
4.824x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 290 V
System Stiffness: 0.2555 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-5.271x10
0.0
6.154x10-5
65
-2.100x10-4
58.0
6.100x10-5
-4
130
-5.350x10
232.0
5.960x10-5
195
-9.650x10-4
522.1
5.813x10-5
260
-1.581x10-3
928.1
5.797x10-5
325
-2.356x10-3
1450.2
6.100x10-5
390
-3.258x10-3
2088.3
6.892x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 300 V
System Stiffness: 0.2605 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-1.877x10
0.0
2.808x10-5
65
-1.680x10-4
58.0
2.783x10-5
-4
130
-4.240x10
231.9
2.720x10-5
195
-8.400x10-4
521.7
2.652x10-5
260
-1.455x10-3
927.5
2.645x10-5
325
-2.228x10-3
1449.2
2.783x10-5
390
-3.152x10-3
2086.9
3.145x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 300 V
System Stiffness: 0.2375 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-8.277x10
0.0
6.481x10-5
65
-2.520x10-4
58.0
6.424x10-5
-4
130
-5.670x10
231.9
6.277x10-5
195
-1.076x10-3
521.8
6.121x10-5
260
-1.727x10-3
927.6
6.104x10-5
325
-2.552x10-3
1449.4
6.424x10-5
390
-3.521x10-3
2087.2
7.258x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 310 V
System Stiffness: 0.3004 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-4.523x10
0.0
6.222x10-5
65
-1.250x10-4
57.9
6.167x10-5
-4
130
-2.900x10
231.6
6.026x10-5
195
-6.350x10-4
521.1
5.877x10-5
260
-1.145x10-3
926.3
5.861x10-5
325
-1.826x10-3
1447.4
6.167x10-5
390
-2.758x10-3
2084.3
6.968x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 310 V
System Stiffness: 0.2858 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-3.255x10
0.0
1.835x10-5
65
-1.130x10-4
57.9
1.819x10-5
-4
130
-3.220x10
231.6
1.777x10-5
195
-7.190x10-4
521.1
1.733x10-5
260
-1.295x10-3
926.4
1.728x10-5
325
-1.967x10-3
1447.6
1.819x10-5
390
-2.861x10-3
2084.5
2.055x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 320 V
System Stiffness: 0.2807 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-1.167x10
0.0
2.216x10-5
65
-1.190x10-4
57.9
2.196x10-5
-4
130
-3.240x10
231.6
2.146x10-5
195
-7.100x10-4
521.1
2.093x10-5
260
-1.315x10-3
926.3
2.087x10-5
325
-2.002x10-3
1447.4
2.196x10-5
390
-2.897x10-3
2084.3
2.481x10-5

80

Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 14 sccm, Anode Potential: 320 V
System Stiffness: 0.2632 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-4.841x10
0.0
5.053x10-5
65
-1.690x10-4
57.9
5.008x10-5
-4
130
-5.060x10
231.6
4.893x10-5
195
-9.210x10-4
521.1
4.772x10-5
260
-1.467x10-3
926.4
4.759x10-5
325
-2.222x10-3
1447.5
5.008x10-5
390
-3.170x10-3
2084.4
5.658x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 270 V
System Stiffness: 0.2965 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
3.365x10
0.0
2.305x10-5
60
-4.881x10-5
49.4
2.285x10-5
-4
120
-2.640x10
197.6
2.232x10-5
180
-5.980x10-4
444.6
2.177x10-5
240
-1.008x10-3
790.5
2.171x10-5
300
-1.588x10-3
1235.1
2.285x10-5
360
-2.319x10-3
1778.6
2.581x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 270 V
System Stiffness: 0.2625 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-7.892x10
0.0
2.022x10-5
60
-1.660x10-4
49.4
2.004x10-5
-4
120
-4.200x10
197.6
1.958x10-5
180
-7.740x10-4
444.6
1.909x10-5
240
-1.271x10-3
790.4
1.904x10-5
300
-1.927x10-3
1235.0
2.004x10-5
360
-2.722x10-3
1778.5
2.264x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 280 V
System Stiffness: 0.2934 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-2.307x10
0.0
8.060x10-5
75
-6.032x10-5
77.2
7.988x10-5
-4
150
-3.450x10
308.8
7.805x10-5
225
-8.660x10-4
694.8
7.612x10-5
300
-1.474x10-3
1235.2
7.591x10-5
375
-2.455x10-3
1929.9
7.988x10-5
450
-3.698x10-3
2779.1
9.026x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 280 V
System Stiffness: 0.2646 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
1.401x10
0.0
2.852x10-5
75
-1.280x10-4
77.2
2.827x10-5
-4
150
-4.850x10
308.8
2.762x10-5
225
-1.033x10-3
694.7
2.694x10-5
300
-1.825x10-3
1235.1
2.686x10-5
375
-2.796x10-3
1929.8
2.827x10-5
450
-4.098x10-3
2778.9
3.194x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 290 V
System Stiffness: 0.2832 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
1.715x10
0.0
4.621x10-5
75
-4.717x10-5
77.2
4.580x10-5
-4
150
-3.320x10
308.8
4.475x10-5
225
-8.730x10-4
694.8
4.364x10-5
300
-1.583x10-3
1235.2
4.352x10-5
375
-2.537x10-3
1930.0
4.580x10-5
450
-3.781x10-3
2779.2
5.175x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 290 V
System Stiffness: 0.2672 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-2.989x10
0.0
1.607x10-5
75
-1.660x10-4
77.2
1.593x10-5
-4
150
-4.810x10
308.8
1.556x10-5
225
-1.067x10-3
694.8
1.518x10-5
300
-1.823x10-3
1235.2
1.513x10-5
375
-2.828x10-3
1929.9
1.593x10-5
450
-4.080x10-3
2779.1
1.799x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 300 V
System Stiffness: 0.2719 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-4.105x10
0.0
7.507x10-5
75
-1.840x10-4
77.2
7.441x10-5
-4
150
-4.230x10
308.8
7.271x10-5
225
-9.200x10-4
694.8
7.091x10-5
300
-1.696x10-3
1235.1
7.071x10-5
375
-2.722x10-3
1929.9
7.441x10-5
450
-4.027x10-3
2779.1
8.407x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 15 sccm, Anode Potential: 300 V
System Stiffness: 0.2615 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-6
0
-6.786x10
0.0
6.354x10-5
75
-1.900x10-4
77.2
6.297x10-5
-4
150
-5.420x10
308.8
6.153x10-5
225
-1.159x10-3
694.8
6.001x10-5
300
-1.983x10-3
1235.2
5.984x10-5
375
-2.951x10-3
1930.0
6.297x10-5
450
-4.150x10-3
2779.2
7.115x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 270 V
System Stiffness: 0.23543 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-1.812x10
0.0
1.008x10-5
25
-5.479x10-5
8.6
9.994x10-6
-5
50
-7.644x10
34.3
9.765x10-6
75
-1.500x10-4
77.2
9.523x10-6
100
-2.460x10-4
137.2
9.497x10-6
125
-3.730x10-4
214.3
9.994x10-6
150
-5.380x10-4
308.6
1.129x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 270 V
System Stiffness: 0.2158 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-1.976x10
0.0
2.474x10-5
25
-4.995x10-5
8.6
2.453x10-5
-4
50
-1.220x10
34.3
2.396x10-5
75
-2.140x10-4
77.2
2.337x10-5
100
-3.070x10-4
137.2
2.331x10-5
125
-4.370x10-4
214.3
2.453x10-5
150
-5.850x10-4
308.6
2.771x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 280 V
System Stiffness: 0.20144 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-4.118x10
0.0
3.329x10-5
25
-9.523x10-5
8.6
3.299x10-5
-4
50
-1.550x10
34.3
3.224x10-5
75
-2.360x10-4
77.1
3.144x10-5
100
-3.780x10-4
137.1
3.135x10-5
125
-5.120x10-4
214.3
3.299x10-5
150
-6.410x10-4
308.5
3.728x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 280 V
System Stiffness: 0.18727 Nm/de
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-3.071x10
0.0
4.688x10-5
25
-9.736x10-5
8.6
4.646x10-5
-4
50
-1.940x10
34.3
4.540x10-5
75
-2.520x10-4
77.1
4.428x10-5
100
-4.090x10-4
137.1
4.415x10-5
125
-5.590x10-4
214.3
4.646x10-5
150
-6.850x10-4
308.6
5.250x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 290 V
System Stiffness: 0.2722 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-6
0
3.444x10
0.0
3.517x10-5
65
-7.484x10-5
57.9
3.486x10-5
-4
130
-3.070x10
231.7
3.406x10-5
195
-6.960x10-4
521.2
3.322x10-5
260
-1.247x10-3
926.7
3.313x10-5
325
-2.020x10-3
1447.9
3.486x10-5
390
-2.976x10-3
2085.0
3.939x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 290 V
System Stiffness: 0.2604 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-2.778x10
0.0
1.383x10-5
65
-1.090x10-4
57.9
1.371x10-5
-4
130
-3.660x10
231.7
1.340x10-5
195
-8.120x10-4
521.3
1.307x10-5
260
-1.426x10-3
926.8
1.303x10-5
325
-2.194x10-3
1448.1
1.371x10-5
390
-3.119x10-3
2085.3
1.549x10-5
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Calibration Data Before Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 300 V
System Stiffness: 0.2569 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-1.429x10
0.0
2.847x10-5
65
-1.300x10-4
57.9
2.822x10-5
-4
130
-4.280x10
231.6
2.757x10-5
195
-8.630x10-4
521.2
2.689x10-5
260
-1.444x10-3
926.5
2.681x10-5
325
-2.218x10-3
1447.7
2.822x10-5
390
-3.195x10-3
2084.6
3.188x10-5
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Calibration Data After Thrust Measurement
Test Case - Anode Flow Rate: 16 sccm, Anode Potential: 300 V
System Stiffness: 0.2544 Nm/deg
Electrode
Delta LDS
Calculated Electrode Single Sided
Potential (V) Measurement (V)
Force (µN)
Error (V)
-5
0
-4.264x10
0.0
7.330x10-5
65
-2.090x10-4
57.9
7.265x10-5
-4
130
-4.970x10
231.6
7.099x10-5
195
-1.006x10-3
521.2
6.923x10-5
260
-1.609x10-3
926.6
6.904x10-5
325
-2.316x10-3
1447.7
7.265x10-5
390
-3.272x10-3
2084.8
8.208x10-5
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APPENDIX E: LDS VOLTAGE AND THRUST DATA

98

99

100

101

102

103

104

105

106

107

108

109

110

APPENDIX F: CALIBRATION SENSITIVITY TO SYSTEM STIFFNESS CONVERSION
Below is the method to define a conversion factor to determine the system stiffness
𝑁𝑚

𝑉

(𝑘𝑠𝑦𝑠 ) [𝑑𝑒𝑔] from the calibration sensitivity (𝑆𝑐𝑎𝑙 ) [µ𝑁]. Negative values will not be accounted
for since it will not affect the conversion.
1. The constants must be defined where 𝑆𝐿𝐷𝑆 is the LDS sensitivity from the data
sheet and 𝐿𝑎𝑟𝑚 is the torsional balance arm length from the torsional spring to the
electrode calibration force. The calibration sensitivity (𝑆𝑐𝑎𝑙 ) is determined from
the calibration curve. An example calibration sensitivity of 1.5x10-6 V/µN will be
used.
𝑆𝐿𝐷𝑆 = 13.55

𝑚𝑉
𝑉
= 533.5
𝑚𝑖𝑙
𝑚

𝐿𝑎𝑟𝑚 = 8 𝑖𝑛𝑐ℎ𝑒𝑠 = 0.232 𝑚
𝑉

𝑚

2. The calibration sensitivity [µ𝑁] is converted to units of [ 𝑁 ]
𝑘𝑠𝑦𝑠 =

(106 )(𝑆𝑐𝑎𝑙 )
𝑚
= 2.812𝑥10−3
𝑆𝐿𝐷𝑆
𝑁

3. Use the arc length formula to convert to units of [

𝑑𝑒𝑔
𝑁

] by creating a ratio (𝑅)

between the angle and arc length. The small angle approximation holds well due
to the small angular deflections of the thrust stand.
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𝑠=
𝑅=

𝜋𝑟𝜃
180

𝜃
180
𝑑𝑒𝑔
=
= 280.9
𝑠 𝜋𝐿𝑎𝑟𝑚
𝑚

𝑘𝑠𝑦𝑠 = 𝑘𝑠𝑦𝑠 𝑅 = 0.7897

𝑑𝑒𝑔
𝑁

4. Inverse the system stiffness (𝑘𝑠𝑦𝑠 ) and multiply by the arm length of the applied
calibration force (𝐿𝑎𝑟𝑚 ).
𝑘𝑠𝑦𝑠 =

𝐿𝑎𝑟𝑚
𝑁𝑚
= 0.2583
𝑘𝑠𝑦𝑠
𝑑𝑒𝑔

5. The conversion ratio is below.
𝑉

𝑁𝑚

1 µ𝑁 = 0.2583 𝑑𝑒𝑔

or
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𝑉

1 µ𝑁 = 2.583𝑥105

µ𝑁𝑚
𝑑𝑒𝑔

