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ANATOL JAWOREK 1

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

lte paper concerns a.rr eleetrostatic method for measuring the charge carried by a single particle of
;cd aerosol. The probe is in the foirn of a ring or'a long tube. A charged pałticle flows throughout
l,erior of this ring along its axis. The voltage signal induced in a measrrring circuit is a measure of
prticle _chałge. The theoreticat limit of the óarge measrred, determined by the therrnal noise, is

thałr about t0-11C with an inaccuracy 5%.

t-. Introduction

The need to know the magnitude of charge on a single aero§ol particle arisets

many fields of electrostatics, for example in investigations of electrodynamic
, electrostatic copying or printing, electrostatic pf€cipitation, and atmo-

ic researeh. The measurement of a chi,rge distribution in a sample of afl
ple§ent§ still a Broblem. Among the numerou§ method§ for airbołnc pal-

ńarge mea§ufem€nt§, only inductive [1-6] and cóntaet [7-9] probes allow the
of charge in situ, and in real tim€.

The eontact probe is made in the form of a collcctor of arbitrary shape, on
charged particle§ aTe captured. The impacting particle§ are discharged,

r€rating voltagc signals in a measuring circuit. The contact probes in the form
lro coaxial cylinders and two eonecntTic §phcfc§ were d€§eribed extensively by

and Jaworek [7-9].
The inductivc probei do not eollcet the particles but only are sensitive to the

indueed on thc §urfacc of a eondueting measuring eiectrode. This type of
pobe bas found wide applieations in measurement of eharged partieles and has
rum€To118 literature, for example [1-6], but because of the eomplcx distribution

rZakład Dynamiki Plazmy, Instytut Maczyn Przepły,wowych PAN, Gdańak



Anatol Jaworek

Fig. 1. Sóematic diagram of the ring probe and the measuring circuit

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

resistance, and can not be decreased below the theoretical value of about 1o-

a long tube, with tv,o co-Iinear guardlylinders on its both ends. The
cylinders are not nece§sary. They only ailow to make the analysis easier, be"ca
the_measuring electrode can be regarded as a section of an infinitely long cylinc

This type of a probe has been for example used by Vercoulen et at. [6] for
measulement of charges down to 10-16C. This lower [mit seems howevór to
too 1ow, and results from the erToneous theory. As has been proved in Section
the lower measuring limit is determined by thó noise level geńerated by an inpl

without special statistical analysis, as done by Rossner and Singer [4].
. The probe under consideration (Fig. 1) is made in the form-oi a ring

Ifthe guard cylinders are not used the probe characteristic ought tó le a"etórr
experimentally, The inlet cylinder, which is sufrciently long, ii ended with a
in which, concentrically with the cylinder axis, a ,mull circ-ular aperture is ń
A charged particle el_ter9 through the small aperture, and flows throughout
inner zone oJ these cylinders, alo:rg or near to their axis. The measuring
is also shielded by another meta1 cylinder (not shown in the figure for i:
whieh is electrically grounded.

_The paper is aimed at the s_tudy of analytical parameters of the ring pro
sueh as time domain T€§pon§e, frequency ,espons.i sensitivity, charge *i"ro,

generated in the measuring cireuit or eurrent forced by this potential 
"ni 

flo*Ę
to the ring can be the mea§ure of the char$e on tLe pariicl.. In the pr.r*i

limit etc.
The signals generated in the probe were measured in the circuit shown ir

Fig. 1. A separating amplifier ie made of an electrometer valve. The potential

exPeriment the potential is mcasured becauJe it allowJ to decrease thó loweł
measuring limit. Thc signal generated by each particle is recorded by a stora,ga
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.,.cilloscope.
The method has been verified by many authors and also in this paper. The

:'arges measured by this method have been compared with results obtained using
-:_e Faraday cage, as a reference method.

:. Time domain response

Tlre differential equation for the voltage u(t) at the input of the measuring
r_plifier is:

133

dQl
dt

(l)

,, :eTe B, c are the resistance and the capacitance at the input of the measuring
:_:cuit, atd Q; is the charge induced on the central measuring electrode. The
-i:acitance C is the sum of the input capacitance of the measuring amplifier,
:; self capacitance of the probe, the capacitance of the connecting cable, and
,l: .tlay Óapacitance. The resistance .R consists of the input resistance of the
f .1_.uTing amplifier and the connected parallel discrete resistor.

The first term on the right hand side of trc1. (1) is the current charging the
;t;:citance C, while the second describes the current which leaks awaY via the
.,,*_.:ance,rB,

The general so]ution of the differential equation (1) is:

u(L):"*pt#) - l:*Ź*"*p{ftlaa. (zl

T'rt ,;oltage waveforms can be obtained from numerical calculations of trq. (2).

$ł,*l:":se of the complex field distribution inside the cylinders and the finite length
rrm.;:e spacings between the measuring electrode and the guard rings the charge
-ł :duced on the measuring electrode can not be determined exactly, specifically
,ułl:ę:_ the particle is not a point charge. For the most simple geometry presented in
iing _. with infinitely long guard electrodes, the charge induced on the measuring
qlrkk:;:ode by a point charge can be calculated from the surface charge density as

§',ł: by the approximate relation of Maclatchy and Chipman [5]:

n __QI ut+blz\xx- 2 |l"2 t(utlb12)2)112
(3)

],
ut - b12

(a2l(at-blZlz1l1z

w;łl* Q is the particle diameter, a the internal radius of the ring, ó - length of
:M|ił :i]rg, and o - the particle velocity. The time is measured in such a way that
", = . when the particle is in the half of the length of the measuring electrode.
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uc/o

a/b=0,5
RC=lg

-1
-0.5 L

-5 -2 2

Fig. 2. Response signal of the ring probe (o/ó = 0.5)

Th. general solution of the differential equation (1), with the charge Q; givo
by (3), is:

aaa2 . -t ,
u|t) = nv exr( u) *

1tf

J_*Lr" ł (u0 + bl2)\-3/' - (o' + (a0 - bl2)r)'lrf .*ąftlaa. (4

Numerical solution of Eq. (4) gives the signal waveform. A series of waveform
for.diffment bl^@RC) values is plotted in Fig. 2fot a ring of a small diameteą
and in Fig. 3 for a ring of a large diameter Compared to ils length b. The timt
ź is normalized to hf a, so called characteristic time. The calcńtions are onlJ
aPProximate, because the effect of a radial position of the particle on the signł
waveform is not considered.

OnlY if the time constant RC of the discharge of the capacitance C is much
longer than the time during which the particle flows throughóut the cylinder, i.e.:

b
_ < 0.0I (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 ihe signal ńuror"d i,



Ring Probes for the Measurement of Charge... l35

Uclo

o/b=2
RC=ls

0.3

a.2

o.o

-0.1
-1o ;5

Fig. 3. Response signa} of the ring probe (afb = 2)

,pproximately independent of the particle velocity. In this case the signal attains
_:s maximum value at t = 0 and equals:

abU* = bcF _ev. (6)

The results of the calculation have been compared with osci1loscope recordings
;rch as, for example, that shown in Fig. 4. The measured signai amplitude [/- is
:jgher than that determined from Eq. (6). This is probably caused by the edge

=ffects i,e. it results from the finite value of the spacings s (Fig. 1) and fringing field
:,etween the particle and the measuring electrode, not taken into account in the
:onsiderations. lĄ/e have observed that the signal amplitude U^ has been higher
,han that resulting from Eq, (6) when in preliminary experiments the spacings
_i §,ete about I.5mm. When the spacings s where made smaller, down to about
},5mm, the amplitude becomes closer to the value given by Eq.(6). However,
,ne systematic measurements have not been done, The effect of the spacing s on
:he generated voltage is conspicuous particularly for high alb values.

The reduction of the signal amplitude as a function of af b values, obtained
:umerically from Eq. (a) for different bl@RC) values is presented in Fig.5, in
;mensionless form. The points refer to the measurement results obtained for four
jfferent probes. They lie slightly above the theoretical curve.

For example, in order to satisfy the condition (5) with the ring of length
)0mm, and fhe electrica1 parameters of the measuring circuit J? = 1010f), and
C: 100 pF,the particle velocity ought to be greater than 2mf s.

Short probes or probes without the guard cylinders have to be calibrated, or
:he charge has to be calculated from trq. (ł). An example of a caiibrating curve

O;1

10
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Fig. 4. Oscilloscope recording of the response signal of the ring probe (2a = 27mm,R = 1010Q,rr2.5mf s,C - 3I7pF)

for two pTobes_ of alb = 2 ?Łd 0.5 is plotted in Fig. 6. The particle charge
been.measur9d by means of Faraday iug" u, uo ,"i"r"rr." -"thod. The pi,r
velocitY has been estimated from thó sigial dtration taken from the oscilloscr
recordings. The charged droplets drippńg from a metal capiiiary maintained
high potential were used as_the test paiticles. Their diameters changed from 3
down to 7 mm with the voltage ,urrgi,g from 50 I, up to 8 &I/ resiectively.

3. Measuring amplifier

In order to determine the bandwidth of a measuring amplifier the spectral derof the generated signal ought to be calculated. too ourrn* bandwidth of
amplifier cause§ a signal amplitude suppression while too wide band.width
that the rms value of the noise increań th"t confines the lower meaquring
]n the following eonsiderations it is assumcd that the waveforms of the meis
signal determined theoretieally do not differ in the shape ir"*1rr"i-**
exeept of a scaling constant eoefreient. It is also 

"rrn*ód 
th"i 

" 
purti.ńa;

along the electrode axis, and_ its charge is eoncentrated in a geometiieal point.
The Fourier transform of the signal at the input of the Jmpffier is given

the follorving equation:

T(i,) = 
-#ryęr r: exp ( # ) exp (-ja;ź),t



Ring Probes for the Measurement of Charge", I37

Rlng probc
El b-27mm

b/(vRC)=t

meoauremgnts:
R-l0roO
C-§l7pF
E 2o=27mm
O 2o=18mm

1.o

o.0
o.01

Fig. 5. Signal a.mplitude as a fi:rrction a af b n,tio

[(,;,' 
*(T**,') '' - (,i,' *(T -ri)-"'] ""n 

(}4a,at, (7)

(8)

The absolute value or |Ur(7c.,)| represents the spectral_ distribution of the

itv .t ir," ,ignul, 
""d 

i, ;il;;Óh t,i Flę. 7 (for !lb,;j,_2 ,:9^,1*^;1Jfi:
!'zj,i"r"tin"r?"iilrraól'".r""- ił," 1T*u 

ionstant BC was assumed to be

,r iJ. rł," higher trr"'p.rii'.r" velocity, the_wider 
1.Łe 

sięnar snec_trum je^lsi.P,

To determine the ,is"'J.iih" ootpoi of the amplifier, let us assume that the

ńr function of thJmeasuring amplifier is in the form:

u^
A(s) = A.;Tr.,

re c,.lo is the cutofffrequency of the amplifier ald Aoits dc voltage gain, and

impolse response'of tńe amplifler in the time domain:

h(r) : Aocuo exp(- uior) ,
(9)

The convolution of the two functions: the impulse. response (o) 1nd the me_

,i"g ,is"ł g"o"rut"Jln 
-th" 

*"u,oring eiectród: (1); si"":_łl" _time 
domain

;ińJ;;hfier. The voltage at ihe output of the ampiifier is:

z6(t) = #ę(ty !:_exp( Ea)exp(-o6(t - r)) *
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l l Ring proba
R-10|h
C:317pF
2a-27mm

to0o

mV

100

10 100 pC lfil0
Fig. 6. Calibrating cuve of the rin5 probes

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

l__|(,'ł' * (+ -:f)-3l2 - Gr * (+ -;f)-"'] .*n (ftlaaa,

^9- AoU*'
where: Ę is the amplitude of the signal u.(t) at the output of the am:
calculated from Eq. (70), U^ - the amplitude of the inpui voltage. It fi-
ftory trq._(1]) (rig.9) that if the cut-off frequency of the implifier iearly e.
to the 3dB bandwidth of the signal spectrum, the pulse urrrpńtod" at thó o.
of the amplifier is reduced nearly to about 0.75, fór both piobes. To obtal*
reduction of the amplitude to ,9 = 0.98 the minimum cut-off frequency c-
amplifer ought to be about t40 Hz for the probe of alb: 0.5 und 65 rY,afb:2, and bl@RC) = 0.01, in both cases. The required bandwidth incl.
rapidly with the bl@RC) increasing,

4. Noise Characteristics

The detection of the parameters of a singular signal considerably differs .

the measurements o! d.c voltages, and even froń the periodic signals, A-
signa1 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. vc--

Uo
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dB
0

-Ę

-10

-15

-2o

,: band_pass filters or phase sensitive detectors used to reduce the noise in pe-

:_cdic signal, .ur, ,,ot b" uppll"d in the case of a singular signal detection, The

.,_.wer limit in the ,,'uuror"ń"nt of a particie charge is mainly confined by noise,
_ this section only the thermal noise generated by the input resistance fi, and

__e equivalent noise generated by a meaioring amplife1 wi_1l be considered, These

:,,nsióerations prediJt the lower theoretical ńmit of the charge that can be 1e
..or"d by a ring probe. The noise caused by electromagnetic fields are not taken
_:o account, because they can be removed by screening "19 

grounding. Also the

1cker noise of the resistoi used is excluded from the considerations.
It is not possible in general case to give an exact expression for the noise vo1_

_age geneTatea uy an aiiplifier, becu,usó it depends on the type of the amplifer

,_.priJa [10]. Howev"r, it ńort be remembered that the noise generated by biłolar
-:ansistors .ur, 

"*.""d 
by an ord,er or two of magnitude the noise generatedny an

::sistor of high resistanóe, specifically at low fróquencies. yoS, MIS and CMoq
-:ansistors are better, uoi t't 

" 
noise voltage can ilso exceed the value generated

:-.- the input resistance r?.

The schematic diagram of the measulement circuit with an operational am_

_.fr", io.loding the e[uivalent noise generators ate presented in Fig. 10a,_ The

i_,.]rce of the *"u.or"d signal is repreśented by the current generator I. Voltage

:=neratot e,, is the source-of the tńermally generated noise by the resistance ,B_

!'oir" g"rr"r.tua Uy an amplifier is representea Uy two equivalent sources i, and

:-.
The rms voltage of the noise generated by the resistance R in the frequency

:;ndwidth d/ is given by the following equation:

1 10 10O f, Hz 1000

Fig. 7. Frequency response of the ring probe (a/b = 0,5)

b/vRC=0.

RC=ls
o/b=o.5
r=O

ą = 4kTRd,f ,
(l2)
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ld2
RC=ls
o/b=2
r-0

dB
0

-§

-10

-15

-20 10 l0o 1000 f, Hz 1E4

Fig. 8. Frequency response of the ring probe (a,fb = 2)

where 7 is the absolute temperature, ł is Boltzmann constant,
The noise voltage at the input of the amplifier generated by the souTce

attenuatecl by the ,RC circuit, and equals:

4kTR

-Ą|

lł(2rfRC)2
where A/ is the bandwidth of the amplifier.

The noise voltage and noise current generated by an amplif,er can be det.
ned only experimentally [10]. In most practical cases they can be approxir,,
by the foliowing relations:

,?"(f) =

-2, rl -2 -2 fn;ln\I ) = lr, * ?rJ-f ,

where: u2n" andi?." ur"the white noise components, ań, a2., andĄl are the fi
noise components at a given frequency fn, and Ą;, respectively, (for examp-
7H z). The spectral density of the white noise is constani over the fiequency i.
/r11 and /r2, Unlike the white noise components, the flicker noise compo:-.
increase with a decreasing frequency according to IlJ relation down to a:
/:10-6 Hz (in the case of CMOS transistors)-, at which it diminishes [11l,

rAJ
o7'= 

Jo

2kT- --;arclg(zTLf RC) ,

_r, *r1,? 
'
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0.8

s a/b-z

0.5

Ring probe
b/vRC=0.O1

100 Af, Hz 1000
bondxidth of thc ompllfior

Fig. 9. Pu]se amplitude attenuation at the output of the amplifier

The Equations (14) and (15) are taken from the book of Herpy [10]. The
mdence of the noise voltage and of the current on the frequency are presented
r€. 10b and c. The actual values of Ol",i'r",O't andilrl can be taken from
measurements presented by the manufacturer in the data sheets.
At the input of the amplif,er the voltage caused by the current noise souTce
be expressed as:

1.0

0.5

o,7

1o

[ol R'ilff)
J," Ti7#ffiaf :

= * (arctg (2lrLf RC) - &Tctg (21rf"RC)) ł

+}a'i?-, r,o (t,

Lil =

-lnI ł (2lrA,f RC)2 I | (2lrJ"RC)z

/o is the lower frequency limit of the flicker noise.
The noise generated by the voltage noise source in the bandwidth L,f - f. is

bv the relation:

),
(2rLf RC)2 (Ztr f "RC)2

łĄJ
X'"r= l.Jt^

(16)

(o'," +r'"r?lu :o2,"(1,7 - f") +6',łf,,r"T (I7)
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v}
t'lp,

v:

fr T
l, fi n 7d

Fig. 10. Schematic diagram of thę measrrring circuit, including equivalent noise sorrrces (a), thc :
spectrum generated by ałr amplifier: voltage noise (b), current noise (c)

The effective rms value o1' the input noise voltage is:

_jj_.r_9ui=uit+u;2+u;3.
The relative measuling unceltainty due to the noise is defined as the rr'l

the effective noise voltage related to the maximum value of the signal mea§l;,
U*:

^ 'llnA-
.u"-ń.

The error cau§ed by the bandwidth of the amplifieT due to suppression ai
signal amplitude is:

6al=1-§,
The total relative measuring error ó is the sum of the error corresponrlir!
the generated noise ó"(19) and thc crlor cau§cd by the limited bandwidth oi
amplifiel ó61(20):

6 = ?;t ół.r .
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t

oo;;
o.2

0.1

o.05

a,Oz
0.01

o.005

0.002
0.o01

10o

il!!ry, ] l - Lower Iimit of the measurement of char^ge caused by the effective noise voltage and the signal
msra,tssion(th'e assumederror6 = 5%), R = ro§O(a), R= i07Q(ó)

h Eq. (21) the voltage (J^ can be assumed to be the lowest signal amplitude
measured with the total error ó. The value of the minimum charge Qrr.;r, measuled
mrfi: tlle error Ó (the lower measuring limit) is:

Q-l,(A/) = C Tn

o_6u, Q2)

l&rr ,s plotted in Fig. 11 as the function of the bandwidth of the amplifier, and for
łJfriif'ę:ent capacitances. The plot has been calculated for a low noise operational
lm:-ifier type LM108 with the following paramete rs: u2n, - 3 * 10-1672 f H z,i?^" :
W,:'-9-z6AzlHz,T|, - 1g-uY2f Hz at fn, = 7Hz and,i?^t = 2*l0-25A'lH,

Mm.v [t0]).
From the curve both the bandwidth of the amplifier and the measurement li-

Mm , the minimum charge measured with the assumed error ó) can be determined.

100

o:fl
20
10

5

2

1

o.5

Ring probe b=l6mmR=l0M0 v=Zm/e
6=5X C=317oF

Ring probe

o.5 R=l G0 b=lOmm
ó-5S v=2m/s
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Q min Ring probe
o=0.02m
b:0.02m
Al=1000Hz
v=2m/s

1oo

pC

10

trig. 12, The dependence of the ryreasurement lim,it on the input resistance (assumed error 6 - :

For a too narrow bandwidth the measuring range is limited by the supplei
eTToT. FoT the wider bandwidth the lower limit of the measurement increase:
cause the decrease in the signal to the noise ratio. This is conspicllous paltic-
for lower values of the input resistance Ę, because the thermally genelated _

is not attenuated by the ,BC circuit. The optimum bandwidth depends ai.
the a/ó ratio.

The minimum charge which can be measured by the method is for exa,
0,5pC, for input capacity C = 10 pF, and the input resistance R:7GQ"
0.01pfl for C = 10pl and R = 10MQ.In Fig. 12 it is presented how the min _

measuring range depends on the input resistance ,R,. It should be noticed th:
the resistance,R < IlMQ the amplitude of the generated signal is of the or:,
I mV or lower. It is difrcult to measure the singular signals at this voltag€
by an oscilloscope and an af c converter. This determines another practica.,
in the charge measuTement. It can be concluded that the lower measuring li::,
the charge measurement is of the order of I1-14C, on the capacitance C = ';',

The electromagnetic distortions (caused for example by an electrical disc}.:
or line interference (50H z) can cause the lower measuring limit to increase ;

by an order of magnitude.

5. Conclusions

Theoretieal and experimental investigations of the mea§urement perforrr,.:
of the ring probe lead to the following conclusion§:

1. The probc allows the mcasurcment of the eharge of airborne particles :
to the theoretical limit not lower than about ]-0-14C with an error _:
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than 5%. The lower measuTement range is limited by the thermal
the parallel input resistance, and the noise of the amplifier.

There is only a little influence of the particle velocity upon the
ampiitude and the measulement results, if the condition bl@RC)
satisfied, independent of the probe geometry.

The probe of arbitrary dimensions has to be calibrated.

noise of

impulse
< 0.01 is

2.

.].).

}:lcę zgłoszono 1993.03.09
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Anatol Jaworek

sondy pierścieniowe do pomiaru ładunku pojedynczych cząstek
aerozoli

streszczenie

_ _W artYkule Przedstawiono elektrostatyczną metodę pomiaru ładunku niesionego przez
je!ry9zą cząstkę naelektryzowanego aelozolu. Sonda wykonana jest w postaci piJrścienia
odcinka rury, Naelektlyuowane cząstki przepływają *zdłń osi iury inłukuiąc-svgnał naooclnKa rury, l\aeleKtlyuowane c!ą§th przeplywają wzdłltż osi rury indukując sygnał
9loYY w obwodzie pomiarowym. Dolna, wyznaczona teoretycznie grinica zakresu iómiar
ładunku na pojedynczych cząstkach aerozolu ograniczona jest szuńem cieplnym i wynosi
10-14 C przy błędzie 5%.


