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A study of geometrical factor in optical particle counters
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Variation of geometrical factor for various geometries of illumination and collection 
optical system in optical particle counters has been studied.

1. Introduction

Light scattering single particle Optical Particle Counters (OPC) have found 
a widespread use in clean room monitoring, pollution research, laboratory aero
sol research, inhalation studies of aerosols and many other important fields. 
In the recent years the complexity of OPCs has increased and several types are 
now available commercially. The operation of OPCs is based on the principle that 
when aerosol flows through an intensely illuminated view volume, light flash 
scattered by a single particle into a particular solid angle is sensed photo-electri
cally, and the response pulses are classified according to their magnitude. 
Various authors [1-5] have studied the response function (R) of OPCs which 
can be calculated with the help of Mie scattering theory. The latter assumes 
that the particles are spherical and are illuminated by light of unit flux per 
unit beam cross-sectional area, and the scattered intensity is calculated as 
a function of scattering angle 0, measured with respect to the incident ray, parti
cle refractive index m, and particle size parameter a =  tiD/X, where D  is the 
diameter of the particle and X is the wavelength of the illumination light. The 
results of calculations based on Mie theory [6-8] are usually presented in form 
of angular intensity functions ix (a, m, 0) and i2 (a, m, 0) which are the components 
of scattered light polarized in and normal to the plane containing the directions 
of illumination and observation. The scattering angle 0 is measured with respect 
to the incident ray which, in general, is inclined at an angle 0  to the axis of 
collection aperture.

Therefore, the calculation of response function for each particular geome
try of the optical system includes a geometrical factor [9 ],/(0 , 0) and, moreover, 
an additional factor /(A) which accounts for the spectral emissivity of the light 
source and the spectral response of the photo-sensitive detector. Thus, the total
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flux or counter response R of spherical particles, in the absence of coincidence 
and cross-sensitivity, is given by

R = f  ff-<J>)f(X)du<Kdx. (i)

The calculation of the flux collected for various geometries have been dis
cussed by H odkxnson  and G r e e n f ie l d  [10], although the functional form of 
geometrical factor is not explicitely stated.

Q u e n ze l  [1] in his response calculations carried out for Eoyco 220 and 
Bausch and Lomb Counters did not include appropriate geometrical factor. 
Even in a revised paper written to answer criticism by M a r te n s  and D oonan  
[11], he [2] utilized a geometrical factor which appears to differ from that of 
H o d k in so n  and Gr e e n f ie l d  [10]. Recently, in a paper on optimization of 
response function, H e y d e r  and G e b h a r t  [4] have calculated the geometrical 
factor only implicitely, through the use of matrix formulation and rotation of 
co-ordinate system, the analysis being not limited to circular apertures. In 
addition, it may be seen that W il l e k e  and Liu [9] and Co o ke  and K e e k e r  
[3] have wrongly termed 0  an angle made by the incident ray with the axis 
illumination. In fact, 0  is the angle made by the incident ray with the collection 
axis [10].

The verification of the reported results on response function might be 
therefore difficult, especially when the formulation of geometrical factor is 
ambiguous. The purpose of this communication is to present the explicit func
tional form of the geometrical factor for various geometries of the optical 
system of commonly used OPCs.

2. Geometrical factor: definition
Let the particle be illuminated by parallel rays making an angle 0  with the 
axis of collection aperture, carrying unit energy flux, per unit transverse area. 
Let the intensity scattered by the particle in the direction 0 be 1(0) unit of 
flux per unit solid angle per unit transverse area of the particle. Then, the total 
flux F  scattered through the angles 0 and 6 -f dd, collected by the collection sys
tem for any geometry, may be written in a general form as

F  =  /(0 ,  0)I(d)ddd0 , (2a)

or if 0  =  0

F  = f (d ,0 ) I (d )d d ,  (2b)
where F(d, 0)  may be defined as the geometrical factors for this geometry of 
illumination and collection system. Thus, /(0 , 0)  represents in a way the col
lection efficiency of the differentially scattered flux through d and d-\-dd. 
This definition constitutes the basis for calculation of /(0 , 0)  for all the instru
mental arrangements considered in this analysis.
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3. Discussion: geometries o f illumination and collection

In what follows the geometrical factor has been calculated and its plot dis
cussed for various gemetries in the order of their complexity. Such curves 
illustrating variations of geometrical factor have not yet been reported.

3 .1 . Instruments with collimated illumination along the axis 
o f collection aperture

In this type of instruments laser light is normally employed for illumination 
in order to achieve highly intense and collimated beam. Figure 1 shows the geo
metry of illumination and collection for this arrangement. AB  is the circular 
collection aperture which subtends an angle 2/? at 0, where the scattering parti-

Fig. 1. A scheme of the instruments with colli
mated illumination along axis of collection aper
ture. AB  is the circular collection aperture, 
and 0 0  is the direction of the illumination beam, 
7) is the half angle of the light trap, O is the 
illuminated particle

cle is situated. 0 0  represents the direction of illuminating beam. The light 
directed into the collection aperture is eliminated by a light trap of circular 
aperture which subtends an angle 2rj at 0. The whole light scattered through 
the angles rj to is collected.

The light scattered through angles 0 to 6 +  dd passes through a circular 
strip of radius ^sinG and width rxdO to the surface of a sphere of radius rx 
centered at 0. The area of this strip is 2nr\miQdQ which subtends at 0  solid 
angle

Wq (0) =  2jzsin Odd. (3)

Therefore, the flux F  collected by the collection system is given by

F x =  w0{6)I{6) =  2^sin Oddl(d). (4)

Comparing eqs. (2) and (4), we can write

fiiO, 0) =  2^sin0, where rj<  0 <  (}, and 0  =  0, (5)
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where/^ 0 , 0)  is the geometrical factor for this simple geometry. Figure 2 shows 
the plot of / x(0, 0) which is a simple sine curve bounded by half angles of light 
trap and collection aperture. It is easy to see that f x(d ,0 )  is maximum for 
0 =  90° if /0 ^  90°. If <  9O°,/X(0, 0)  is maximum when 0 just approaches /0.

Fig. 2. Variation of fi(Q ,0 ) 
against scattering angle 6 for 
i? =  16° and p =  25°

3 .2 . Instruments with collimated illumination not co-axial 
with collection aperture

In this type of instruments the collimation direction makes the angle 0  with 
the axis of collection aperture so that the collimated beam is not intercepted by 
the collection aperture. Figure 3 shows the scheme of geometrical arrange
ment for such instruments. KOBE represents the collection aperture of semi-

Fig. 3. A scheme of the instruments with colli
mated illumination not co-axial with collection 
aperture: 0  is the angle between direction of colli
mation and axis of collection aperture

angle /0. The particle at 0  is illuminated by a pencil of rays travelling to the 
axis of collection aperture in the direction OB at an angle 0  >  /0. The locus of 
rays scattered through the angle 0 is a cone of semi-angle 0 about ON. OLE is
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the intersection of this cone with the spherical surface centered at 0, and the 
collection aperture. All the scattered rays passing through CLE are collected. 
If the radius of the sphere is r2, the angle DAG — cos_1[(cos^— cos0 — cos#)/ 
sin 0 sin 0], so that arc length CLE =  2AC x angle DAC. The increase of angle 
0 by dd widens this arc to a strip of the width r2d6 which subtends at 0  a solid 
angle

wx(d ,0 )  =  2sin0d0cos_1[(cos/3 — cos 0cos<Z>)/sin0sin$]. (6)

It is easily seen that if 6 ^ & —(3 or 0 >  0  +  /? no flux is collected. As required,. 
wx =  0, when 6 =  0  — fi or 6 =  & +  /3.

Equation (6) holds for the light scattered through an angle 0 from all illuminat
ing rays inclined at the angle 0  to the axis of collection aperture. Thus, the 
total flux scattered into the collection system for this geometry can be written a»

F2 — wx(0} 0)1(6 ).

From eq. (2), it follows that for 0 —(3< 6 <  <Z> +  /0

/ 2(0, O) =  2sin0cos_1[(cos/? — cos0cos0)/sin0sin0]. (7>

A plot of f 2(d, 0)  against 0 for (1 =  15° and 0  =  23°, 33° and 48° is shown 
in Eig. 4; / 2(0, 0)  is a smooth curve for all the cases. It is noticed that f 2(O0} 
attains the maximum value for the value of 0 slightly greater than 0.

Pig. 4. Variation of / 2(0, 0) against scattering angle 0 for /? =  15°, & =  23° ( —)» 0 =  15°* 
0  =  33° ( ------------ ), P =  15°, 0  =  48°
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This is consistent with the observation made by Pinnick et al. [12]. Moreover, 
as 0  increases, the maximum value of / 2(0, 0)  remains nearly the same,
i.e., the collection efficiency is nearly constant.

3 .3 . Instruments with convergent illumination not co-axial 
with collecting aperture

Tn order to increase the level of illumination of this type of instruments the 
illuminating rays should converge on the view volume. Here, the axis of col
lection aperture is inclined to the axis of illumination at an angle W such that 
no light from the illumination cone is intercepted by the collection aperture.

Let the illumination be provided by a lens of circular aperture IX J W  (Fig. 
5) which subtends an angle 2y at 0  where the light converges at the particle,

Fig. 5. A scheme of the instruments with 
convergent illumination not co-axial with 
collection aperture: Y  is the angle between 
axis of illumination and collection aperture, 
y is the half angle of the illumination cone

and where the axis is inclined at an angle W to the axis of collection aperture. 
The illuminating rays making an angle <J> with the collection axis 0 0  will appear 
to originate from the circular arc W YX,  which is the intersection of the conical 
surface of semi-angle 0  about collection axis, with the surface of the sphere. 
Thus, illuminating rays inclined to the collection axis 0 0  at the angles 0  and 
0  +  d0  originate from a band of the length W Y X  which subtends at 0  a solid 
angles

w2(0, W) =  2sin0d0cos-1 (cosy—cos ̂ cosi^V 
sin !Fsin 0  ] * ( 8)

Thus, for this geometry the scattered flux received from the particle will be 

F , = w a(0)»,(«)I(fl). (9)
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So that,

r , (0 ,  0 )  =  48in98m 0  [ c o s -  (0080- 00* 1
5 L sin 9 sin 0  J

, / cosy— cos 0cos W\
0  COS I :  zfi ; —  ) >\ Sin 'F8W.0) J

0 - p ^ e ^ & + p  v - y < & w + y .

(10a)

(10b)

A variation of / 3(0, 0) against 0, for different values of 0  at /3 =  25° W =  90° 
and y =  5° (Eoyco PC 220) is shown in Fig. 6. It may be seen that as 0  in
creases, the maximum value of / 3(0, 0)  increases too, and the curves are nearly 
symmetrical about 6 = 0 .

0 (degrees)

Fig. 6. Variation of / 3(0, 0 )  
against scattering angle 6, for 
P =  25, Y  =  90°, y =  5° (<Z>
=  86°---------- , 9 0 ° --------------- ,
8 8 ° - . - . - )

3 .4 . Instruments with hollow-cone illumination, co-axial with collection aperture 
inside the cone o f darkness

As in the case of dark field microscopy, in this type of instruments illumination 
lens subtending angle 2e (see Fig. 7) at the particle is co-axial with the collection 
lens and has a circular dark stop which subtends at the particle an angle 
2d greater than 2/3 subtended by the collections lens. Now, the illuminating rays 
inclined at an angle 0  to the common axis appear to originate from the entire 
circle YZ of the radius r4 sin 0  made by the intersection of the cone with semi

T — Optica Applicata XII/J
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angle 0  about this axis and the sphere of radius r4 centered at 0. Illuminating 
rays, from 0  to 0  +  d0, thus appear to originate from a circular strip of width 
rAd0. The solid angle subtended by this strip at 0  is given by

' w3(0) =  2n8U10d0. (11)

Fig. 7. A scheme of instruments with hollow 
cone illumination co-axial with collection 
aperture inside the cone of darkness : 2  s, 
2/3 and 28 are the angles subtended by the 
illumination lens, collection aperture and 
circular dark stop respectively at the particle

Thus, the flux scattered through angles 0 to O +  dO from circular strip of 
radius r4d0, collected by the collection aperture is given by

Ft =  wx{O)wz{0) =  2rcsin 0I(6)d0.  (12)

Thus

/ 4(0, <i>) =  4,sin0sin0cos-i riC-OŜ COSgCÔ )1, (13a)
J4V ’ ' [ sin0sin^ J’

0 - p <  6 <  0  +  0, 8 < 0 < .

Figure 8 shows a plct o f / 4(0, 0)  against 0 for 0 =  10°, 6 =  10s, rj =  20° 
and 0  =  16°, 17° and 18°, only. L ike/3(0, 0), / 4(0, 0)  is also smooth but slightly

Fig. 8. Variation of f4(0, 0) against 
scattering angle 0, for (3 — 10°, d — 15°,
n =  20°, 0  =  16° (----), and 0 =  10°,
d =  15°, r\ =  20°, 0  =  18° ( ---------- )
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biased towards higher values of 0. As 0  increases, the maximum value o f /4 (0, 0), 
as well as value of 0 where this maximum occurs, increases too. It is interesting 
to note that for 0 ~  14.5°, / 4 (0, 0)  is nearly the same for all the values of 0.  This 
means that for all the rays inclined at an angle 0  to the common axis the same 
amount of flux is collected for 0 =  14.5°.

3 .5 . Instruments with convergent illumination, co-axial with collection aperture 
haying a central dark stop

A schematic representation of the geometry of this type of instruments is 
shown in Fig. 9. Here, BK  represents the aperture of the collection lens which 
subtends an angle 2(3 at 0. IJ  is the intersection of cone with semi-angle around

Fig. 9. A scheme of the instruments with 
convergent illumination co-axial with collec
tion aperture having central dark stop: 

y and r) are the half angles subtended by 
collection aperture, illumination lens and 
light trap respectively at the particle

the common axis 00,  and sphere of arbitrary centered at 0. The formulation 
of geometrical factor is slightly complicated in this case. This is because the 
collection of the flux scattered through angles 0 and 0 +  d0 by illuminating 
rays inclined at an angle 0  to the axis of collection is not always complete, as 
a part of the flux is lost in the light trap. A complete collection of scattered flux 
can be achieved only when r} +  0 <  0 <  (3 — 0.  Under these conditions the total 
flux collected is

F4 =  ws{0)wo{d)I{6)
=  4:7t2sm68m0I(O)ddd0.

(14)

In fact, flux is lost under the following circumstances:
i) 0 <  0 <  — 0  — no flux is collected, as the whole scattered flux 

falls into the trap.
ii) rj — 0  6 ^rj +  0  — only a part of the scattered light falls into the

light trap, and the rest into the collection aperture.
hi) (3 — <£<0</S  +  <£ — part of flux falls outside the collection aperture 

and the rest falls into it.
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iv) /9 +  0  <  0 <  tt — the whole scattered flux falls outside the collection 
aperture.

Under condition ii), the flux lost in the dark stop is calculated by putting 
r) =  fi in eq. (13a)

, . „ . . r ( C 0 S ? 7 — C O S 0 C O S 0 )  1
F . =  4 T r s m 0 s m 0 d 0 c o s _ 1 1 --------- . ■■ ----------1.

I sm 6 sin 0  J (15)

Similarly, based on the discussion in the previous section, the flux lost under 
the condition iii) is given by

F's — 43TSin0sin<M0d<£ cos *j_j j cos/? — cos0cos<£n
sin 0 sin O J·

(16)

Thus, the total flux received by the collection aperture can be written as

Fs = M 6 ,0 ) I (O )d O M ,  (17)

where

/ 5(0, 0) = A  +  B +  C. (18a)

Fig. 10. Variation o f /5(0, 0) against scattering angle 0, for /3 =  30°, r) =  11°, y =  5°. 0  — 5°
(------------- ), /3 =  30°, rj =  11°, y =  5°, 0  =  4° ( ------------ ), /3 =  25°, 17 =  16°, y -  5°, 0  -  5°
(O---------------- o), j3 =  25°, rj =  16°, y =  5°, <Z> =  3° (□ ------------- □), and j3 =  25°, =  16°,
y =  5°, 0 =  4.5° (A------------- A)
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In the latter equation, A  represents the total flux that would have 
been collected if there were no loss of flux falling outside the collection aperture 
or into the light trap, В and G being the flux lost in the light trap and outside 
the collection aperture, respectively. The values of A ,  В and G are calculated 
according to the following formulae:

A  =  4тг28Ш0вшФ, (rj — Ф <  0 <  /? +  Ф),
_  . ■ . ^ . / с оей— СО60СО8Ф\
В — — 4тг81П 0вшФсо8 ------- ---  ^-----  , (г> — Ф <  0 <  Я +  Ф),\ sin0sin Ф I i n

л ^ . Л  I сов в —сов 6 сов ФУ]0 =  — 4тгвт Ф ет 6 я — cos М — :——— -----  ,
|_ \ втдвтФ ) ]

(/3 -  Ф <  0 <  /3+ Ф).

Figure 10 shows the variation of / 5(0, Ф) against 0 for /3 =  25°, rj =  16° 
and у =  5° (Boyco 245) and /? =  30°, rj — 11°, у =  5° for different values of Ф.

1. It may be seen that as Ф increases, the range of 0 for complete collection 
decreases, but the value of / 5(0, Ф) increases.

2. / 5(0, Ф) attains its maximum value when 0 =  /? —Ф and it varies sharply 
at 0 =  ?7 +  Фог 0 — /? — Ф. If /3 —Ф >  ?7 +  Ф the value of / 5(0, Ф) in the interval 
0 =  p — ф and 0 =  ?? +  Ф, rises втооШ у. However, if /? — Ф <  >; +  Ф, / 5(0, ф) 
for/? — Ф <  0 <  ?? +  Ф shows a dip in the middle. This is because for this range 
of 0, the collection of the scattered flux is never complete. There is always some 
part of flux lost in the light trap as well as outside the collection aperture·

3. If jв — Ф =  rj +  Ф, / 5(0, Ф) shows a sharp peak for 0O =  0 — Ф =  ?у +  Ф. 
This value of 0 =  0O divides the / 5(0, Ф) curve into two parts. For 0 <  0O there 
is always a part of flux lost in the light trap. For 0 >  0O there is always the 
same part of flux which falls outside the collection aperture.
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Исследования геометрического фактора в оптическом счётчике частиц

Исследована роль геометрического фактора для оптических осветительной и собирающей систем 
различной геометрии в оптических счётчиках частиц.


