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The use of the radioact ive  t r a c e r  method of studying impur i ty  t r a n s p o r t  in a i r  is inves t i -  
gated. An express ion  re la t ing the counting ra te  and the t r a c e r  concentrat ion in the gas mix-  
ture is obtained. Cer ta in  exper imen ta l  resu l t s  a r e  presented.  

In view of the intensified use of new chemica l  reagents  the question of the t r a n s p o r t  of harmful  i m -  
puri t ies  by a i r  flows has acquired  specia l  impor tance .  The propagation of smokes  and toxic gases  e jected 
into the a tmosphe re  by fac tor ies  and t r a n s p o r t  vehicles ,  the motion of gases  and vapors  in industr ia l  plants,  
and m a s s  t r a n s f e r  in venti lated and a i r -condi t ioned  buildings a re  typical  p roblems of this type.  

As an example  it is possible  to point to the harmful  effects  of impur i t i es  p resen t  in the a tmosphere  
of industr ia l  buildings.  Thus,  toxic gases ,  ae roso l s ,  and vapors  p resen t  in excess ive  amounts  a re  respon-  
sible for  more  than 95% of ca se s  of occupational d i seases  and poisoning [1]. The impur i t i es  e i ther  leak 
into the a tmosphe re  or  a r e  evapora ted  f rom the free sur face  of the product  in the p resence  of e i the r  forced 
or  natural  convection. By invest igat ing the t r anspo r t  of these impur i t i es  it is possible  to organize the a i r  
flow in the building with the object of improving the a tmosphe re  and providing hea l th ier  working conditions. 

As exper ience  has shown, many prob lems  can be success fu l ly  solved by using labeled a toms  (radio- 
act ive  t r a c e r s ) .  This  method is cha rac t e r i zed  by i ts  sensi t ivi ty ,  accuracy ,  speed, andeconomy,  and by the 
convenience with which the ins t rument  readings can be au tomat ica l ly  recorded.  

The t r a c e r  method is  now being used f.or invest igat ing the turbulent  diffusion of dust in mines [2], for  
studying the in teract ion of t h e r m a l  cu r r en t s  and c i rcula t ion flows in heated rooms [3], for  invest igat ing 
the behav ior  of gaseous impur i t i es  in a i r  ducts [4], in de termining  the eff ic iency of venti lat ing s y s t e m s  [5], 
for  invest igat ing the distr ibution of a i r  flows in s t r u c t u r e s  of var ious  kinds [6-8], for  studying a s e r i e s  of 
a tmospher i c  turbulence p rob lems  [9], etc.  Espec ia l ly  p romis ing  is the use of radioact ive  t r a c e r s  in model 
invest igat ions of impur i ty  t r a n s p o r t  based  on the theory  of s imi la r i ty .  

In radioisotope studies the t r a c e r  gas is mixed in negligibly smal l  amount  (10-6-10-~%) with the i m -  
puri ty,  whose concentrat ion distr ibution in the a i r  is to be studied, and t r anspor t ed  together  with the la t ter .  
In turbulent  t r a n s p o r t  the role of molecu la r  p r o c e s s e s  is insignificant  and the impur i t i es  a r e  pass ive ly  en-  
t r a i n e d b y t h e  a i r  flow. The impur i ty  concentra t ion distr ibution is a lmos t  the s ame  for  gases  with different  
mo lecu l a r  weights [10] and, accordingly,  in studying turbulent  flows it is possible  to employ  radioact ive  
gases  with tt as  much as s eve ra l  t imes  different  f rom the ~ of the nonradioact ive impur i ty .  The t r a c e r  con- 
centrat ion field is s i m i l a r  to the concentrat ion field of the invest igated impuri ty .  Knowing the relat ion be -  
tween the amount  of impur i ty  introduced into the flow and the act ivi ty  of the t r ace r ,  and having de te rmined  
the concentrat ion field of the radioact ive gas,  we can find the field of the invest igated impur i ty .  

The au tho r ' s  invest igat ions [11] have shown that  Kr-85 and Xe-133 a re  ideal for  solving such prob-  
lems.  The i r  c h a r a c t e r i s t i c s , a r e  given in [12]. 

The pr incipal  component  of the exper imen ta l  appara tus  is usual ly an end-window counter  sensi t ive  to 
soft  f l - radiat ion.  The counter  may e i ther  be located in a fixed volume, into which a sample  of the radio-  
act ive mixture  is drawn f rom the a i r  flow, or  may  be placed d i rec t ly  in the labeled a i r  flow. In both cases  
it may  be a s sumed  that  the inlet  window of the counter  occupies the c e n t e r o f a  hemisphere  filled with 
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l a b e l e d  a i r .  I n f o r m a t i o n  on the t r a c e r  c o n c e n t r a t i o n  is  g iven  b y  the pu l se  count ing  r a t e  N, which i s  r e l a t e d  
wi th  q by  the e x p r e s s i o n  

N = Kq.  (1) 

U s u a l l y ,  K is  d e t e r m i n e d  e x p e r i m e n t a l l y  fo r  a s p e c i f i c  c o u n t e r  and r a d i o a c t i v e  i s o t o p e  b y  c r u s h i n g  
in a c e r t a i n  s e a l e d  vo lume  an  a m p u l  c o n t a i n i n g  a t r a c e r  of g iven  a c t i v i t y  and m e a s u r i n g  the c o r r e s p o n d i n g  
coun t ing  r a t e .  

E x c e p t  fo r  c e r t a i n  s p e c i a l  c a s e s ,  we l ack  an  a n a l y t i c  e x p r e s s i o n  of the  f o r m  K = f(E, p, Pl, ~, ~I, h, 
r 0, G), owing to the  d i f f i cu l t y  of t a k i n g  in to  a c c oun t  a l l  the  f a c t o r s  a f f ec t ing  the d e t e c t i o n  of the  r a d i a t i o n .  
At  the  s a m e  t i m e ,  a so lu t i on  of the  p r o b l e m  i s  u r g e n t l y  r e q u i r e d .  Th i s  would make  i t  p o s s i b l e ,  wi thout  
r e s o r t i n g  to  s p e c i a l  e x p e r i m e n t s ,  to  d e t e r m i n e  the  t r a c e r  c o n c e n t r a t i o n  fo r  a v a r i e t y  of r a d i a t i o n  d e t e c t o r s  
and  r a d i o a c t i v e  g a s e s  by  m e a s u r i n g  only  the  pu l se  count ing  r a t e .  Us ing  a p p r o p r i a t e  f o r m u l a s ,  i t  would  be  
p o s s i b l e  to  c a l c u l a t e  the  o p t i m a l  a c t i v i t y  of the t r a c e r  r e q u i r e d  fo r  m e a s u r i n g  N with  p r e d e t e r m i n e d  accu*  
r a c y  b e f o r e  s t a r t i n g  the  e x p e r i m e n t .  F i n a l l y ,  the  f o r m u l a s  ob ta ined  could  be  w i d e l y  used  in m o n i t o r i n g  
r a d i o a c t i v e  g a s e s .  

Below we d e r i v e  an equa t ion  f r o m  which  i t  i s  p o s s i b l e  to  c a l c u l a t e  the  c o e f f i c i e n t s  K fo r  a c a s e  f r e -  
quen t ly  e n c o u n t e r e d  in p r a c t i c e  - an e n d - w i n d o w  r a d i a t i o n  d e t e c t o r  in a vo lume  o f / ? - a c t i v e  g a s . *  

L e t  the  c o u n t e r  window of r a d i u s  r 0 be l oca t ed  in a h e m i s p h e r e  of r a d i u s  R o c c u p i e d b y a n a i r - r a d i o -  
a c t i v e  m i x t u r e  wi th  c o n c e n t r a t i o n  q (Fig .  1). The  c o o r d i n a t e  o r i g in  i s  t aken  a t  the c e n t e r  of the l ower  face 
of the  c o u n t e r  window. I t i s  r e q u i r e d t o  c a l c u l a t e  the  n u m b e r  o f / ? - p a r t i c l e s  N r e g i s t e r e d  by  the c o u n t e r  p e r  
uni t  t i m e .  

The  e l e m e n t a r y  f i - p a r t i c l e  f lux t h rough  an  a r e a  e l e m e n t  of the c o u n t e r  window e m i t t e d  b y  a vo lume  
e l e m e n t  of the  r a d i a t i n g  gas  

cos ~z exp ( - -  ar~ ".r I dVdS  q 
\ COS ~ ! / 

d r  
4nr~ 

T h e / 3 - f l u x  e n t e r i n g  the  c o u n t e r  t h rough  the i n l e t  window can  be  found b y  i n t e g r a t i o n  

t q l ' ~  t ~  COS O~ exp ( -  OT1 - g l h )  dVdS 
= ~ cos 

4z~ r~ 
V S 

Since  

dV=R2sin~dRd~d~; dS =rdr&o; cosa  R c o s ~  . 

r 1 

r~ = R 2 -t- r 2 - -  2Rr cos 7; cos 7 = sin cp cos (~ - -  c0), 

r e l a t i o n  (3) c a n  be  r e d u c e d  to  the  fo l lowing  f o r m  

~o Ro 2~X r o 2z~ 

qb = q " " R3r cos q~ sin cp 
4zr . 

0 h' 0 0 0 

•  - -  ~ + Rcoscp] V R 2 + r ~ - - 2 R r s i n ~ c o s ( x P - - r  

(2) 

(3) 

(4) 

(5) 

• d~dRd~drdco {JR 2 -k, r 2 - -  2 R r  sin r cos (~ - -  o)13/2 }-1. 

H e r e ,  i t  i s  n e c e s s a r y  to  m a k e  c e r t a i n  r e m a r k s  c o n c e r n i n g  the  u p p e r  l i m i t s  of i n t e g r a t i o n  with r e s -  
pec t  to  qo and R.  

Since t h e / ? - p a r t i c l e s  have a f in i te  r ange ,  t hey  can e n t e r  the  c o u n t e r  on ly  f r o m  a vo lume  whose  c h a r -  
a c t e r i s t i c  g e o m e t r i c  d i m e n s i o n  does  not  e x c e e d  the  m a x i m u m  range  in the  m e d i u m  in ques t i on .  If the 
c o u n t e r  i s  l oca t ed  in an in f in i t e  a i r  m e d i u m ,  then ,  s t r i c t l y  s p e a k i n g ,  the  vo lume  f r o m  which  B - e m i s s i o n  
i s  d e t e c t e d  wi l l  be bounded  not b y  a h e m i s p h e r e  of r a d i u s  Rom bu t  b y  the s u r f a c e  of a c e r t a i n  body  of 

* Mos t  r a d i o a c t i v e  g a s e s  a r e  f l - e m i t t e r s .  
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Fig. 1. D iag ram  i l lus t ra t ing  the der iva t ion  of 
Eq. (9). 

4n 

revolution,  at  each point on which R0m has a per* 
fect ly definite value that  is a function of the angle cp 
(Fig. 2a) 

Pm Plh 
(6) 

Ro m = cos cp 
p 

The l imit ing value of q0 is found f rom the con- 
dition R 0 =h ' ;  then since Pl >>P, we have 

Plh @o = a r c c o s - -  (7) 

The re la t ion  between the radiat ion flux and the count-  
ing ra te  is given by 

N = e;k*lr (8) 

F r o m  Eqs. (1) and (8), using the re la t ion (5), 
we find the coeff icient  K. Setting K = K i, we can 
wri te  

r o 2~ 

0 h '0  o o 

oxp[-( o ] 
• d~dRd,dr&o {[R ~ q- r ~ - -  2Rr sin q~ cos (@ - -  co)] a/2 }-L 

(9) 

In the genera l  case  Eq. (9) cannot be e x p r e s s e d  in e l e m e n t a r y  and tabulated functions; it was solved b y  
numer ica l  integrat ion on a computer .  Cer ta in  values of K l, obtained as  a resu l t  of these  calculat ions,  a r e  
p resen ted  in Table 1. 

If  we a s sum e  that  R >>r, ~o 0 =rr/2 ("point" counter) and that  R0m does not depend on 9 ,  we can reduce 
Eq.  (9) to the following form, denoting K for  this case  by K z, 

2 no ~ (10) 
K~ = -~---jeL~S f J' cos cP sin cP exp (--crR--cosCr'hq) ] depdR. 

0 h' 

After  integrating we find 

K - eL~lS [ 1 - -  exp (--  crRo)] E 3 (alh). 
~ -  2cr 

(11) 

The express ion  obtained has been proposed for  use in connection with the invest igat ion of a i r  flows 
by  the labeled a tom method [6] and the moni tor ing  of radioact ive  gases  [13]. As we have shown, it can be 
der ived as  a pa r t i cu la r  case  of Eq. (9). The authors  of [6] and [13] do not give data on the l imits  of appl i -  
cabi l i ty  of Eq. (11). 

TABLE 1. Values of K Charac te r i s t i c  of End-Window Counters  
(e=l, X=I, 7? =1) 

Pl, h, kg/m ~ 
E, MeV 

0,0, 1 0 , 0 3  0,01 1 0 , 0 3  0,03 I o,os 0,03 lo,os 

ro=0,25 ~m ro=O,9 cm ro=l ,5 cm ro=2,5cra 

0,155 
0,345 
0,470 
0,670 
0,897 

0,132 0,0692 
0,448 0,343 
0,910 0,784 
1,67 1,53 
2,55 2,40 

1,89 1,07 
5,86 4,49 

11,8 10,2 
21,7 19,9 
33,0 31,0 

6,47 3,56 
12,7 9,98 
28,3 24,7 
55,2 50,8 
86,3 81,4 

15,5 8,80 
37,1 29,5 
79,6 69,7 

154 142 
241 227 
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Fig. 2. Geometry of end-window counter  measurements :  a) ideal 

(r162 b) actual (q~=0-r Ck < r 

Fig. 3. Graphs i l lustrat ing the investigation of Eqs. (9) and (11) 
and the compar ison  of the calculated and experimental  data: a) the 
dependence K2/K 1 = f(Rm/r0), R 0 =R0m; b) the dependence K/K 0 
= f(R0) for C~O2; c) the dependence K/K 0 = f(R0) for Xe-133; the 
continuous curve cor responds  to K = K 1, the dashed curve to K = K2; 
the points represent  the experimental  data. 

The resul ts  obtained using relation (11) can be evaluated by comparing them with the data derived 
f rom general  equation (9). Such a compar ison has been made in Fig. 3a. Clearly,  at small  R m / r  0 the 
values of K 1 and K 2 differ by as much as severa l  t imes.  As might have been expected, with increase  in 
R m / r  0 the difference between K I and K 2 dec reases :  at R m / r 0 -  > 25 it is a l ready less than 10%, and s tar t ing 
from R m / r  0 = 50 K 1 and K 2 a re  pract ical ly  equal. 

R m is a function of Pm '  which, in its turn, depends on E. For  the counters usually employed r 0 =2.5 
-30 ram, and plh =0.01-0.05 kg /m 2. Thus, it can be established that in the general  case Eq. (11) is suitable 
for use in radiometr ic  calculations only at E -  0.3 MeV. For  sof ter  f i -emit ters  Eq. (11) leads to sa t i s fac tory  
results  only at r 0 < 25 mm and plh < 0.05 kg /m 2. For  example, for radioactive gases based on C-14 
(E = 0.16 MeV) this equation is unsuitable for use at r 0 > 10 mm and plh> 0.03 kg/m 2. 

When Eq. (11) is inappropriate,  it is possible to employ the data of Table 1 or  graphs obtained on the 
basis  of those data.* 

On being placed in a labeled a i r  flow or  a hemispher ical  chamber,  into which a sample of the flow is 
drawn, the counter  detects the f l -emission from a cer ta in  volume with radius determined by Pm- It is 
in terest ing to consider  the contributions to the counting rate of the individual layers  of labeled air .  This 
would make it possible to se lec t  the optimal sample r  volume and est imate the actual volume from which 
f i -part icles  en ter  the counter.  Except for a curve of the form K1/K 0 = 1 - e x p  (-r following from Eq. 
(11), nothing has been published on this point. 

In o rde r  to solve the problem we numer ica l ly  integrated Eq. (9) on a computer  for var ious values of 
the limit R 0 (R 0 <R0m ). Moreover,  we conducted a se r ies  of experiments  with radioactive t r a c e r  gases.  
The relations obtained a re  compared  in Fig. 3a, b. The principal contribution to the counting rate is made 
by the layers  of a i r  neares t  to the counter  window. As R 0 increases ,  the growth of the counting rate slows 
and at R 0 ->Rm/3 pract ica l ly  vanishes.  The experimental  points lie quite close to the curves  obtained from 
Eq. (9). A slight deviation is observed only at large R 0. The investigation showed that this agreement  
holds up to E = 0.5 MeV; end-window counters a re  usually employed prec ise ly  in this region of maximum 

* In deriving Eqs. (9) and (11) it was assumed that the t r a c e r  is uniformly distributed in the a i r  volume 
surrounding the counter.  It has been shown [14] that a nonuniform distribution has little effect on the re-  
sults of the K measurements .  
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TABLE 2. Correct ions  for Measurement  Geometry 

Counter Isotope E, MeV ~ok, deg 

SBT-9 
SBT-7 
SBT-9 
SBT-7 

Xe-I33 
Xe.133 
Kr-85 
Kr-85 

0.345 
0,345 
0,670 
0,670 

33 
37 
33 
37 

0,32 
0,42 
0,31 
0,38 

x I ~ ' 

, I ] 
I* 

! 
t 

I . ! 
1 

0 20 00 80 80 -c 

Fig. 4. Experimental  de- 
pendence of the coefficient 
K (cm z) as a function of the 
t ime r (days) elapsed since 
preparat ion of the Xe-133 
(SBT-9 counter; R0=R0m). 

f l-part icle energies .  The significant deviation of the calculated from the 
experimental  data at  large R 0 and E may be attributable to the fact that 
the exponential law, always employed to descr ibe beta absorption, is not 
sufficiently r igorous [15]. 

The agreement  with the experimental  resul ts  of the data obtained 
from Eq. (11) is much less sa t isfactory;  consequently, it sca rce  ly makes 
sense to use relation (11) in calculations relating to the dependence of the 
counting rate on the labeled a i r  volume. 

As mentioned above, the cor rec t ions  e, h,and ~ are  introduced into 
the calculations.  The f i rs t  of these is the probabili ty of detection of a 
part icle entering the counter  (for f i -emission e = 1); the second is de te r -  
mined by the number of f l-part icles emitted per disintegration of the 
t r a c e r  nucleus (found from its radioactive decay scheme);  finally, the 
third cor rec t ion  takes into account the geometry  of the measurements  
and its physical significance deserves  c loser  scrutiny.  

In ordinary  counters because of design considerat ions the inlet 
window is depressed as compared with the ideal window, for which the 

Moreover,  the sensitive volume of the counter  begins not from the inner face calculations have been made. 
of the inlet window, but at a distance of severa l  mi l l imeters  f rom the latter [16]. Accordingly, under ac-  
tual conditions the f l-part icles enter  the counter  f rom an a i r  volume bounded not by the angle 2~ 0, but by 
an angle 2~ k that depends on the type of counter  (Fig. 2b). 

An approximate value of ~ can be obtained from the express ion 

E3(a~h)--c~ (hh I (12) 

E3 (~lh) 
Table 2 gives values of ~? calculated from relation (i2) for the optimal tracers Xe-133 and Kr-85 

and Soviet end-window counters in common use. 

Special experiments showed that the values of N obtained by calculation using Eqs. (1) and (9) are in 
full agreement with the values of N determined experimentally. On average the difference was of the order 
of 15%. 

In investigating the propagation of toxic gases,  and dusts, and other substances in a i r  flows it is nec- 
e s s a r y  to give ser ious  attention to the long-lived radioactive gas impuri t ies  that may be contained in the 
ampuls of t r a c e r  gas. The noxious effects of such impuri t ies  are  apparent  with reference to the example 
of Xe-133. On the day they are  prepared ampuls of the latter still contain Kr-85 (up to 1%) and Xe-131m 
(up to 5%). The half- l ives of these isotopes (10.6 years  and 12 days, respectively) a re  g rea te r  than that 
of Xe-133 itself  (5.3 days). With time the fraction of Xe-133 activi ty in the ampul fails, while the fraction 
of Kr-85 activi ty increases .  Failure to give proper  consideration to this fact may lead to distort{on of the 
results  of determinations of Xe-133 concentration in the air ,  since the K for the gas in the ampul will be 
essent ial ly  different f rom the K charac te r i s t ic  of Xe-133 (the role of Xe-131m in this effect is only slight 
since it is a T-active gas and T- rays  are  detected with a probabili ty e hundreds and even thousands of t imes 
less than that for f l-part icles) .  As an example, in Fig. 4 we show data on the dependence of Kon the t ime  
elapsed since the date of preparat ion of the Xe-133. Clearly,  only up to T < 30 days does the value of K 
remain pract ical ly  constant.  With fur ther  increase  in r the value of K increases  sharply.  This increase  
is accompanied by intense sca t te r  of the experimental  points: ampuls f rom different batches may contain 
different amounts of Kr-85, whose effect is negligible at small  7. 
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V 
S 
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6J 

Y 
R0 

P m  
% 
R0m 
Rm 

x 

K0 
Kt 
K2 
% 
E 3 (alh) and E 3 (crlh/cosga k) 

1. 

2.  

3. 
4. 
5. 

6.  

7. 
8. 

N O T A T I O N  

is the molecular  weight; 
is the amount of impuri ty  introduced into the a i r  per unit t ime; 
is the act ivi ty of the t r a c e r  gas mixed with the impurity;  
is the concentrat ion (specific activity) of the t r a c e r  in the air ;  
is the pulse counting rate; 
is a coefficient that depends on the maximum energy of the part icles,  the 
type of counter,  and the measurement  geometry;  
is the maximum energy of the f l -spectrum; 
is a i r  density; 
is density of the mater ia l  of the counter  window (usually mica); 
is thickness of the layer  of counter  window mater ia l ;  
is l inear absorption coefficient for f l -part icles in air ;  
is same in the mater ia l  of the counter  window; 
is geomet ry  factor; 
is window radius 
is f l-part icle flux through the counter  window; 
is a i r  volume in which the labeled impuri ty is contained; 
Is a rea  of the window; 

line segment joining dV and dS; 
angle between r I and the normal  to dS; 
radius vector  of dV; 
angle between R and the z axis; 
polar angle defining dV; 
radius vec tor  of dS; 
polar angle defining dS; 
angle opposite r 1 in the tr iangle formed by R, r, and ri; h '  =h/cosq~; 
radius of the hemispher ica l  volume in which the counter  is located, 

the 
the 
the 
the 
the 
the 
the 
the 
the 
the 

is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
c m ;  

is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 
is the 

maximum range of the f i-part icles;  
limiting value of the angle q~; 
limiting value of R 0 for a given angle ~o; 
maximum value of R0m [R m = ( P m - P l h ) / p ]  ; 

counter  efficiency; 
fi-particle yield per disintegration; 
geomet ry  correc t ion;  
value of K at R0m; 
value of K calculated from Eq. (9); 
value of K calculated from Eq. (11); 

is the maximum value of ~ obtainable in practice;  
are  respect ively  the tabulated integral  functions 

o~h 2 exp (--Odt and e~h2 exp (--0 dt 
t ,~ cos~(p~ t s 

(~lh o'lh 
cos~ k 
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