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ANATOL JAWOREK !

Ring Probes for the Measurement of Charge on a Single
Airborne Particle.

The paper concerns an electrostatic method for measuring the charge carried by a single particle of
turzed aerosol. The probe is in the form of a ring or a long tube. A charged particle flows throughout
e mterior of this ring along its axis. The voltage signal induced in a measuring circuit is a measure of
.« particle charge. The theoretical limit of the charge measured, determined by the thermal noise, is
wet lower than about 10~1¢C with an inaccuracy 5%.

1. Introduction

The need to know the magnitude of charge on a single aerosol particle arises
» many fields of electrostatics, for example in investigations of electrodynamic
0 "”ing, electrostatic copying or printing, electrostatic precipitation and atmo-
sreric research. The measurement of a charge distribution in a sample of an

wrosol presents still a problem. Among the numerous methods for airborne par-
‘e charge measurements, only inductive [1-6] and contact [7-9] probes allow the
sasurement of charge in situ, and in real time.

The contact probe is made in the form of a collector of arbitrary shape, on

2ich charged particles are captured. The impacting particles are discharged,
waerating voltage signals in a measuring circuit. The contact probes in the form

two coaxial cylinders and two concentric spheres were described extensively by
‘rupa and Jaworek [7-9].

The inductive probes do not collect the particles but only are sensmve to the
sarge induced on the surface of a conducting measuring electrode. This type of
. probe has found wide applications in measurement of charged particles and has

sumerous literature, for example [1-6], but because of the complex distribution
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Fig. 1. Schematic diagram of the ring probe and the measuring circuit

of the electric field, the signals generated on it have hitherto not been determined
in general case.

This type of a probe has been for example used by Vercoulen et al. [6] for t
measurement of charges down to 10716C. This lower limit seems however to be
too low, and results from the erroneous theory. As has been proved in Section £
the lower measuring limit is determined by the noise level generated by an input
resistance, and can not be decreased below the theoretical value of about 10~24C
without special statistical analysis, as done by Rossner and Singer [4].

The probe under consideration (Fig. 1) is made in the form of a ring or.
a long tube, with two co-linear guard cylinders on its both ends. The guard
cylinders are not necessary. They only allow to make the analysis easier, because
the measuring electrode can be regarded as a section of an infinitely long cylinder.
If the guard cylinders are not used the probe characteristic ought to be determined
experimentally. The inlet cylinder, which is sufficiently long, is ended with a plate
in which, concentrically with the cylinder axis, a small circular aperture is made.
A charged particle enters through the small aperture, and flows throughout the
inner zone of these cylinders, along or near to their axis. The measuring electrode
is also shielded by another metal cylinder (not shown in the figure for simplicity}
which is electrically grounded.

The paper is aimed at the study of analytical parameters of the ring probes
such as time domain response, frequency response, sensitivity, charge measuring
limit etc.

The signals generated in the probe were measured in the circuit shown in
Fig. 1.'A separating amplifier is made of an electrometer valve. The potential
generated in the measuring circuit or current forced by this potential and flowing
to the ring can be the measure of the charge on the particle. In the present
experiment the potential is measured because it allows to decrease the lowes
measuring limit. The signal generated by each particle is recorded by a storage
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sscilloscope.

The method has been verified by many authors and also in this paper. The
-harges measured by this method have been compared with results obtained using
the Faraday cage, as a reference method.

2. Time domain response

The differential equation for the voltage u(t) at the input of the measuring
umplifier is:

Qi _ dult) | ult) x
dt dt R

where R, C are the resistance and the capacitance at the input of the measuring
“rcuit, and Q; is the charge induced on the central measuring electrode. The
apacitance C is the sum of the input capacitance of the measuring amplifier,
w= self capacitance of the probe, the capacitance of the connecting cable, and
= stray capacitance. The resistance R consists of the input resistance of the
weasuring amplifier and the connected parallel discrete resistor.

The first term on the right hand side of Eq. (1) is the current charging the
wacitance C, while the second describes the current which leaks away via the
msistance K.

The general solution of the differential equation (1) is:

copil i Pl 540 ol
u(t) = exp( %) » /_oo %d—%exp(ﬁ)do. )

"he voltage waveforms can be obtained from numerical calculations of Eq. (2).
Jecanse of the complex field distribution inside the cylinders and the finite length
¢ the spacings between the measuring electrode and the guard rings the charge

nduced on the measuring electrode can not be determined exactly, specifically
wuen the particle is not a point charge. For the most simple geometry presented in
"« 1. with infinitely long guard electrodes, the charge induced on the measuring
secirode by a point charge can be calculated from the surface charge density as
ww=n by the approximate relation of MacLatchy and Chipman [5]:

Q'——Q vt + b/2 5 vt —b/2 (3)
"T2 [(a®4 (vt +6/2)2)H2 (0?4 (vt - b/2))1/2] 7
weere  is the particle diameter, a the internal radius of the ring, b — length of

e ring, and v — the particle velocity. The time is measured in such a way that
= 0 when the particle is in the half of the length of the measuring electrode.
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Fig. 2. Response signal of the ring probe (a/b = 0.5)

The general solution of the differential equation (1), with the charge Q; gives
by (3), is:

2 —
u(t) = Q;g exp(—R%) *

/ t [(aZ + (00 +5/2)%)3/2 — (a2 + (v8 - b/2)2)-3/2] exp(RiC)da .-

=00

Numerical solution of Eq. (4) gives the signal waveform. A series of waveforms
for different b/(vRC') values is plotted in Fig. 2 for a ring of a small diameter.
and in Fig. 3 for a ring of a large diameter compared to its length b. The time
t is normalized to b/v, so called characteristic time. The calculations are only
approximate, because the effect of a radial position of the particle on the signal
waveform is not considered.

Only if the time constant RC of the discharge of the capacitance C is muck
longer than the time during which the particle flows throughout the cylinder, i.e.

b
S 01
vCR<00 : (5)

the undershoot of the trailing edge below the base line (zero voltage axis) is
negligible. If the requirement (5) is fulfilled the amplitude of the signal measured is
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Fig. 3. Response signal of the ring probe (a/b = 2)

spproximately independent of the particle velocity. In this case the signal attains
s maximum value at ¢ = 0 and equals:

Q b
S (6)

The results of the calculation have been compared with oscilloscope recordings
such as, for example, that shown in Fig. 4. The measured signal amplitude Uy, is
higher than that determined from Eq. (6). This is probably caused by the edge
effects i.e. it results from the finite value of the spacings s (Fig. 1) and fringing field
between the particle and the measuring electrode, not taken into account in the
-onsiderations. We have observed that the signal amplitude U, has been higher
than that resulting from Eq. (6) when in preliminary experiments the spacings
s were about 1.5 mm. When the spacings s where made smaller, down to about
1.5 mm, the amplitude becomes closer to the value given by Eq. (6). However,
the systematic measurements have not been done. The effect of the spacing s on
the generated voltage is conspicuous particularly for high a/b values.

The reduction of the signal amplitude as a function of a/b values, obtained
numerically from Eq. (4) for different b/(vRC') values is presented in Fig. 5, in
iimensionless form. The points refer to the measurement results obtained for four
different probes. They lie slightly above the theoretical curve.

For example, in order to satisfy the condition (5) with the ring of length
20 mm, and the electrical parameters of the measuring circuit R = 101°Q, and
~ = 100 pF, the particle velocity ought to be greater than 2 m/s.

Short probes or probes without the guard cylinders have to be calibrated, or
the charge has to be calculated from Eq. (4). An example of a calibrating curve

Un,
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CH1 RISE 8.21mns

Fig. 4. Oscilloscope recording of the response signal of the ring probe (2a = 27mm, R = 1019Q, v =
2.5m/s,C = 317pF)

for two probes of a/b = 2 and 0.5 is plotted in Fig. 6. The particle charge has
been measured by means of Faraday cage as an reference method. The particle
velocity has been estimated from the signal duration taken from the oscilloscope
recordings. The charged droplets dripping from a metal capillary maintained at
high potential were used as the test particles. Their diameters changed from 3mm
down to 1 mm with the voltage ranging from 50 V up to 8 KV respectively.

3. Measuring amplifier

In order to determine the bandwidth of a measuring amplifier the spectral density
of the generated signal ought to be calculated. Too narrow bandwidth of the
amplifier causes a signal amplitude suppression while too wide bandwidth causes
that the rms value of the noise increases that confines the lower measuring limit.
In the following considerations it is assumed that the waveforms of the measuring
signal determined theoretically do not differ in the shape from that measured
except of a scaling constant coefficient. It is also assumed that a particle flows
along the electrode axis, and its charge is concentrated in a geometrical point.

The Fourier transform of the signal at the input of the amplifier is given by
the following equation:

3 et +00
U(jw) = Eg( ic)(%)z/_OO exp (&5 )exp (—jwt) *
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Fig. 5. Signal amplitude as a function a a/b ratio
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The absolute value of lﬁ(jw)l represents the spectral distribution of the
weensity of the signal, and is plotted in Fig. 7 (for a/b = 0.5) and Fig. 8 (for
o & = 2), for different b/(vRC) values. The time constant RC was assumed to be
wewzl 1s. The higher the particle velocity, the wider the signal spectrum density.

To determine the signal at the output of the amplifier, let us assume that the
—asfer function of the measuring amplifier is in the form:

Wo
A('S) £ AGS + &, 0) (8)

where w, is the cutoff frequency of the amplifier and A, its dc voltage gain, and
. = impulse response ‘of the amplifier in the time domain:

h(1) = Aowo exp(—woT) , 9)

The convolution of the two functions: the impulse response (9) and the me-
waring signal generated in the measuring electrode (4), gives the time domain
wwsonse of the amplifier. The voltage at the output of the amplifier is:

s 2 :_Q(URC’)

et /_Ooexp (75 )exp (—wolt — 7)) *



138 Anatol Jaworek

1000
mv iU Ring probe
R=10""%
100 | C=317pF

20=27mm

b=27mm
10

Q

1 " . 1 . M 1 " M
1 10 100 pC 1000

Fig. 6. Calibrating curve of the ring probes
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o0

The attenuation, 5, of the amplitude of the output signal due to the bands
of the amplifier is defined by the relation:

U,

2 Sl

where: U, is the amplitude of the signal uo(t) at the output of the amr
calculated from Eq. (10), Uy, — the amplitude of the input voltage. It fo
from Eq. (11) (Fig. 9) that if the cut-off frequency of the amplifier nearly e
to the 3dB bandwidth of the signal spectrum, the pulse amplitude at the ox
of the amplifier is reduced nearly to about 0.75, for both probes. To obtair
reduction of the amplitude to S = 0.98 the minimum cut-off frequency o
amplifier ought to be about 140 Hz for the probe of a/b = 0.5 and 65 H
a/b =2, and b/(vRC) = 0.01, in both cases. The required bandwidth incr
rapidly with the b/(vRC') increasing,.

4. Noise Characteristics

The detection of the parameters of a singular signal considerably differs

the measurements of d.c. voltages, and even from the periodic signals. A-
signal levels some difficulties arise in distinguishing them from the noise. F:
tion by low-pass filters of high time constant to remove noise from d.c. vol:
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Fig. 7. Frequency response of the ring probe (a/b = 0.5)

o+ band-pass filters or phase sensitive detectors used to reduce the noise in pe-
siodic signals can not be applied in the case of a singular signal detection. The
\wwer limit in the measurement of a particle charge is mainly confined by noise.
Ia this section only the thermal noise generated by the input resistance R, and
the equivalent noise generated by a measuring amplifier will be considered. These
onsiderations predict the lower theoretical limit of the charge that can be me-
ssured by a ring probe. The noise caused by electromagnetic fields are not taken
‘ato account, because they can be removed by screening and grounding. Also the
%icker noise of the resistor used is excluded from the considerations.

It is not possible in general case to give an exact expression for the noise vol-
tage generated by an amplifier, because it depends on the type of the amplifier
spplied [10]. However, it must be remembered that the noise generated by bipolar
“ransistors can exceed by an order or two of magnitude the noise generated by an
sesistor of high resistance, specifically at low frequencies. MOS, MIS and CMOS
-ransistors are better, but the noise voltage can also exceed the value generated
v the input resistance R.

The schematic diagram of the measurement circuit with an operational am-
glifier including the equivalent noise generators are presented in Fig. 10a. The
wurce of the measured signal is represented by the current generator I. Voltage
senerator e, is the source of the thermally generated noise by the resistance R.
Noise generated by an amplifier is represented by two equivalent sources i, and

" The rms voltage of the noise generated by the resistance R in the frequency
sandwidth df is given by the following equation:

€ = 4kTRdf , (12)
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Fig. 8. Frequency response of the ring probe (a/b = 2)
where T is the absolute temperature, k is Boltzmann constant.

The noise voltage at the input of the amplifier generated by the source =
attenuated by the RC circuit, and equals:

LT
i 76

g e /Af 4kTR
o 1+ (2rfRC)?

Upy =
where Af is the bandwidth of the amplifier.
The noise voltage and noise current generated by an amplifier can be dete:
ned only experimentally [10]. In most practical cases they can be approxim
by the following relations:

arctg(2rAfRC),

HOELAS S

where: 72, and 5,2“. are the white noise components, and o2 s and 5721 s are the fi:
noise components at a given frequency f,, and f,;, respectively, (for examp!
1 H z). The spectral density of the white noise is constant over the frequency r=
fa1 and f,9. Unlike the white noise components, the flicker noise compon:
increase with a decreasing frequency according to 1/f relation down to al
f=107% Hz (in the case of CMOS transistors), at which it diminishes [11].
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Fig. 9. Pulse amplitude attenuation at the output of the amplifier

The Equations (14) and (15) are taken from the book of Herpy [10]. The
L denen dence of the noise voltage and of the current on the frequency are presented

% Fig. 10b and c. The actual values of 2, 272157 Ung and zif can be taken from
Ln :,easurements presented by the manufacturer in the data sheets.
At the input of the amplifier the voltage caused by the current noise source

Jn be expressed as:

Af  p2? (f)
=2 n —

"2 = | T (@nfRCY
Ri.,
S (arctg 2rAfRC) — arctg (2n f,RC)) +

9=2 (2rAfRC)? (2x [LRC)°
R In foi ( 1+ (2rAfRC)? i 1+ (27rfORC)2) ; £

Wwiere f, is the lower frequency limit of the flicker noise.
| The noise generated by the voltage noise source in the bandwidth Af — f, is

@wen by the relation:

Af
EiB = /fo ( ns+§iff;v) f :Eis(Af_fo)-l_’vnffnUIn i-f E (17)
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Fig. 10. Schematic diagram of the measuring circuit, including equivalent noise sources (a), the
spectrum generated by an amplifier: voltage noise (b), current noise (c)

The effective rms value of the input noise voltage is:

=2 _ =2 | =2 =2
Up = Upy = Ung E Up3 -

The relative measuring uncertainty due to the noise is defined as the 1=
the effective noise voltage related to the maximum value of the signal meas
U

u,
bn = — .
v b Um
The error caused by the bandwidth of the amplifier due to suppression «
signal amplitude is:

fas=1-8.

The total relative measuring error ¢ is the sum of the error correspondir:
the generated noise ¢,(19) and the error caused by the limited bandwidth «
amplifier 6 7(20):

Un

6=m

+0af
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& 11. Lower limit of the measurement of charge caused by the effective noise voltage and the signal
Wsgression (the assumed error § = 5%), R = 10°Q(a), R = 107Q(b)

% Eq. (21) the voltage U,, can be assumed to be the lowest signal amplitude
seasured with the total error §. The value of the minimum charge Q i, measured
Wik the error § (the lower measuring limit) is:

m ) (22)

Qmin(Af) =
Wt is plotted in Fig. 11 as the function of the bandwidth of the amplifier, and for
\ierent capacitances. The plot has been calculated for a low noise operational
snplifier type LM108 with the following parameters: 52, = 3x10~16V?2/H 2, 772” =
% 102642/ H 2, 5721f = 10 V2 Bt = 1 Hy and fif = ol =% A2
W ;= 1Hz and for f < 10kHz (values estimated from the plot in the book of
By [10)).
From the curve both the bandwidth of the amplifier and the measurement li-
%% (the minimum charge measured with the assumed error §) can be determined.
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Fig. 12. The dependence of the measurement limit on the input resistance (assumed error § — =

For a too narrow bandwidth the measuring range is limited by the suppres
error. For the wider bandwidth the lower limit of the measurement increases
cause the decrease in the signal to the noise ratio. This is conspicuous particu
for lower values of the input resistance R, because the thermally generated -
is not attenuated by the RC circuit. The optimum bandwidth depends als
the a/b ratio.

The minimum charge which can be measured by the method is for exa:
0.5 pC, for input capacity C' = 10 pF, and the input resistance R = 1 G
0.01pF for C = 10pF and R = 10 M Q. In Fig. 12 it is presented how the mini:
measuring range depends on the input resistance R. It should be noticed thz
the resistance R < 10M 2 the amplitude of the generated signal is of the orc:
1mV or lower. It is difficult to measure the singular signals at this voltage -
by an oscilloscope and an a/c converter. This determines another practical -
in the charge measurement. It can be concluded that the lower measuring lim
the charge measurement is of the order of 1071*C, on the capacitance C = 1{

The electromagnetic distortions (caused for example by an electrical dischz-
or line interference (50H z) can cause the lower measuring limit to increase
by an order of magnitude.

5. Conclusions

Theoretical and experimental investigations of the measurement performa-
of the ring probe lead to the following conclusions:

1. The probe allows the measurement of the charge of airborne particles ¢
to the theoretical limit not lower than about .10~14C with an error -
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than 5%. The lower measurement range is limited by the thermal noise of
the parallel input resistance, and the noise of the amplifier.

2. There is only a little influence of the particle velocity upon the impulse
amplitude and the measurement results, if the condition b/(vRC') < 0.01 is
satisfied, independent of the probe geometry.

3. The probe of arbitrary dimensions has to be calibrated.

“race zgloszono 1993.03.09
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Sondy pierscieniowe do pomiaru ladunku pojedynczych czastek
aerozoli

Streszczenie

W artykule przedstawiono elektrostatyczna metode pomiaru ladunku niesionego przez
Jedyncza czastke naelektryzowanego aerozolu. Sonda wykonana jest w postaci pierscienia
odcinka rury. Naelektryzowane czastki przeplywaja wzdluz osi rury indukujac sygnal na;

ciowy w obwodzie pomiarowym. Dolna, wyznaczona teoretycznie granica zakresu pomiaro
tadunku na pojedynczych cz

astkach aerozolu ograniczona jest szumem cieplnym i wynosi o
10~ C przy bledzie 5%.




