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Background: Exhaust Particle Sensors
 As a part of SwRI PSPD consortium (2011-2023), we have evaluated three 

classes of sensing technologies and cover them in this conference earlier:
– Cumulative Sensors (e.g Bosch)

• Relate change in electric resistance to particle mass
• Relies on the fact that soot is electrically conductive
• It takes minutes to get a measurement depending on particle concentrations

– Real Time Sensors 
• Emisense

– Relate current induced by charge particles deposition and release to 
particle mass or number

– Relies on the fact that particles carry charge on their surface
– Second by second measurement

• NGK-NTK 
– Actively charge particles via a corona needle with a monopolar charge
– Relate particle net escaping current in a faraday cage to particle mass or 

number
– Second by second measurement or better

 There is a continuous interest in particle sensing technologies that can 
measure low particle concentration for various applications
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Program Objective

 The original objective of this work was to develop a particle 
sensor based on voltage breakdown between two electrodes

– The basic concept was to measure differences in the onset of 
voltage breakdown (VB) as a function of particle concentration 
by monitoring electric current

– Other elements include the rapid rise in current to identify any 
unique features that can be linked to particle concentration
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Background-Paschen Curve
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 Paschen's law is an 
equation that gives 
the breakdown voltage, 
which is the voltage 
necessary to start a 
discharge or electric arc, 
between two electrodes 
in a gas as a function of 
pressure (p) and gap 
length (d).



Paschen Curve
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At low pressure x gap:
• longer e- mean free path 

less collisions
• More gained energy, but fewer 

collisions
• High voltages are required to 

assure ionization

At high pressure x gap:
• Shorter e- mean free path more 

collisions
• Less gained energy  harder 

ionizations
• Energy losses would require higher 

voltages



Program Approach

We used several highly polished electrode materials to study 
voltage breakdown

– Nickel, Copper, Alumina, Copper-Tungsten alloy

 The breakdown stability of each electrode was studied in clean 
air by a voltage sweep and a gap distance sweep
 The most stable electrode was chosen to carry the voltage 

sweep in the presence of particles
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Apparatus with a Piezoelectric Actuator to 
Change Distance between Electrodes
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Voltage Breakdown (VB) Sweep Example

 The voltage was 
maintained constant 
and the distance 
between the two 
electrodes was 
changed until a 
sudden rise 
 VB was identified at 

the onset of current 
rise
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Electrode Stability

 The Copper-Tungsten alloy was the most stable with the 
lowest and VB error
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VB with and w/o particles
 Voltage breakdown was 

sensitive to CO2
concentration and to 
H2O 
 VB was not sensitive 

to particle 
concentration
We were interested in 

seeing a unique signature 
in current rise during VB, 
but a higher data 
acquisition speed was 
needed to observe any 
signature in this region
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Sensor Performance Below VB

 Below VB, the sensor 
responded to soot particles 
using mini-CAST/Stripper 
particle generator at 5 
mg/m3

 Initially, it took about 28 
minutes for the current to 
increase by 2 order of 
magnitude using 2 lpm, with 
70 µm spacing between two 
electrodes at 700 V
 After that, it took 4 minutes 

for the current to respond
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Summary of Sensor Performance as a Function of 
Soot Concentration (700 V, 70 µm, 2 lpm)
 Sensor was sensitive down to a particle concentration of 1 

mg/m3

 Close to 3 orders of magnitude rise in electric current was 
observed at 8 mg/m3

 Sensor response was quicker at high concentration
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Summary of Sensor Performance as a Function of 
Soot Concentration (700 V, 70 µm), (500 V, 30 µm),  
2 lpm
 Reducing the gap from 70 µm to 30 µm, led to more sensitivity 

at 1 mg/m3, but at a higher to voltage to gap ratio. 
 The voltage to gap ratio is an important parameter 
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Summary of Parameters and Their Effects 
Below VB
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Overall Summary

We have developed a sensor apparatus to study VB in the 
presence of particles

– VB was insensitive to particle concentration

 The apparatus was used to investigate the current between 
two parallel plates electrodes below VB

– The sensor showed two to three order of magnitude rise in 
current as a function of particle concentration, as a result of 
particle deposition and release similar to that of the Emisense
sensor

 The apparatus provides us with the opportunity to do 
fundamental research on electrode surfaces, materials and flow 
rates to accelerate the response time and improve sensor 
sensitivity  
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