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ABSTRACT Approximate computational models are developed to describe the 
spatial variation in the radiation field transmitted through a straight 
rectangular duct obliquely illuminated by monoenergetic gamma photons. These 
models account for single and multiple scattering from the duct walls and lips 
as well as for direct penetration by the photons. Results of calculations are 
compared to results from a recent benchmark duct streaming experiment, and 
empirical correction factors are obtained which enable the models to predict 
the transmitted exposure rates to within 20 percent of the experimental 
values. \ 

I. INTRODUCTION 

A frequently encountered problem in shield design is the calculation of 
the gamma radiation field transmitted through a straight duct that is 
obliquely illuminated by gamma photons. While several computationally 
intensive techniques (e.g.,. Monte Carlo and albedo methods) can yield good 
prediction for the general duct streaming problem, their routine use is 
generally expensive and requires the use of large mainframe computers. On the 
other hand, simplified techniques suitable for initial design considerations 
i're usually restricted to the unrealistic conditions of either a plane or 
point gamma-photon source located at the duct entrance and the detector 
located at the center of the duct exit f1—61. Such methods provide little 
flexibility for realistic source and detector locations, and thus have limited 
usefulness. 

The development of simplified duct streaming models for more realistic 
source/detector geometries requires benchmark, data for validating the models 
as well as for obtaining values for empirical factors introduced into the 
models. These data may be generated either- from sophisticated duct-streaming 
computer programs, or preferably, from duct-streaming experiments. A few 
years ago, a benchmark duct streaming experiment measured the spatially 
dependent radiation field transmitted through many different sized ducts which 
were illuminated obliquely by gamma photons [7]. In this paper, the duct 
streaming experiment is briefly reviewed, then simplified duct transmission 
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models are developed to describe the radiation field emerging from straight 
rectangular ducts that are obliquely illuminated by monoenergetic photons. 
The results of these models are then compared to benchmark experimental data. 

II. REVIEW OF DUCT STREAMING EXPERIMENT 

An extensive experimental program to measure the spatial dependence of 
the gamma radiation field transmitted by straight ducts in concrete walls was 
conducted by the Department of Nuclear Engineering at Kansas State University. 
Many types and sizes of ducts were illuminated by a 'collimated point 60Co 
source placed at various distances and angles to the duct axes. 

The 6(1Co source, while always at the duct elevation (2 m above grade), 
was positioned at three different angles to the duct , axis (33, 45, and 60 
degrees) and at three different distances (200, 300 and 400 cm). The point 
source was collimated to reduce the radiation scattered over and around the 
duct wall, although the duct itself was always fully illuminated. 

Behind the duct wall, the gamma radiation field was measured over a 300-
by-300-cm area at three different elevations (0, -38 and -76 cm) with respect 
to the duct centerline elevation. A spherical high pressure ionization 
chamber (Reuter-Stokes RSS-111) with a diameter of 25.4 cm, was used to 
measure the exposure rate at various locations in the traverse area. Three 
types of measurements were made: (1) horizontal traverses parallel to the duct 
wall ("x-traverses"), (2) horizontal traverses perpendicular to the wall 
("y-traverses"), and (3) iso-exposure rate contours in the x-y plane. Besides 
obtaining analog exposure-rate profiles as the detector was moved continuously 
by a specifically constructed traversing mechanism, digital readings were also 
obtained at discrete positions in each traverse. 

For each duct/source configuration, measurements were taken with the duct 
in place and with a solid wall. The difference between these two exposure 
rates, at the same detector location, then represents the radiation field 
transmitted only by the duct and eliminates radiation scattered around the 
duct wall. These exposure rate differences were then normalized by 
multiplying the differences by the square of the distance from the source to 
the center of the duct entrance and dividing by the source strength. .These 
normalized reduced data as well as the raw data are reported in Reference 7. 

III. DEVELOPMENT OF DUCT STREAMING MODELS 

Many simplified models have been developed to describe gamma-photon 
streaming through ducts. Simplest among these is the method suggested by 
Rockwell [1] who assumed that the gamma photons escaping the duct depend only 
on the geometry of the duct and the angular distribution of the source, and 
that photon interactions in the duct wall material need not be considered. 
Slightly more complex models separate the transmitted flux into several 
components, each of which is calculated separately. For the situation in 
which the detector is at the duct exit, ray techniques are widely used to 
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describe the radiation that directly streams through the duct cavity [6], 
while albedo methods have been successfully used to describe radiation 
scattered from the duct walls [2,81. Ledoux and Chilton [3] separated the 
transmitted photons through two-legged ducts into wall-sc.attered and 
lip-scattered components. They used an albedo approach for the wall-scattered 
component and an effective single scattering-point approximation for the lip-
scattered component. Kitazume [51 in a study of straight cylindrical ducts 
also used two components, one to describe (with a ray technique) photons that 
directly penetrate the duct wall, and another to describe (with a semi-
analytical albedo approach) photons scattered from the duct wall. 

The description of the radiation field away from the duct exit is much 
more complicated. Clifford [9] in a study of straight cylindrical ducts used 
three different components of transmitted photons: (1) those directly 
penetrating the duct, (2) those scattering from the duct wall, and (3) those 
scattering from the duct lips. By making various approximations to photon 
data and to the problem geometry, Clifford was able to obtain simple 
closed-form expressions for the various transmitted components. 

In this section, the methods developed by Clifford will be extended, and 
models will be developed for various components of photons transmitted through 
straight rectangular ducts obliquely illuminated, by monoenergetic photons. 
Unlike the. cylindrical duct problem, rectangular ducts have four distinct 
walls each of which can be expected to contribute differently to the photon 
transmission. 

A. Approximations of Photon Data. 
In the development of expressions for the various transmitted components, 

integrals over photon energy and along various paths through the wall material 
will be encountered. To permit the analytic evaluation of these integrals, 
several simple functional approximations are introduced here for needed 
attenuation coefficients and buildup factors. 

1. Mass attenuation coefficients for concrete and air. A least-squares fit 
to the total mass attenuation coefficient, ytot/p> f°r concrete yielded the 
following result: 

y(E)/p = 0.06381 E" 0- 4 1 8 5 1 {cm2/g} , (1) 

where E is the photon energy in MeV. Similarly, the energy mass absorption 
coefficient for air can be approximated by 

ru (E)/p]air = 0.01933 + 0.04397E - 0.05492E2 + 0.01889E3 . (2) en 

For photon energies between 0.1 and 1.3 MeV, the maximum error in these 
approximations is two percent. 

2. Photon response function. The exposure rate & caused by a flux density <j> 
of photons with energy E is 

ft = R (E) <f, , (3) 
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where R^(^) is the dosimetric response function and can be expressed in units 
of {yR cm2 s h using the approximation of Eq. (2) as 

RjjCE) = 66.04 (0.01933 + 0.0437E - 0.05492E2 + 0.01889E3)E . (4) 

3. Buildup factor for concrete. A Berger-type approximation was fit to 
buildup factor data for a point isotropic source in concrete [10] to yield 

k 2 B(E,z) = 1 + z k1 E exp[zk3 exp(k^E)] , (5) 

where E is the photon energy in MeV, z is the number of mean free path lengths 
travelled through the concrete, and k^ are fitting parameters. For photon 
energies between 0.3 and 1.5 MeV and for distances up to 20 mean-free-path 
lengths, values of the fitting parameters k\ = 1.2858, k? = 0.4560, k3 = 
0.09739 and kt* = -0.8319 yielded an approximation within 20 percent of the 
buildup factor data. 

« 

B. Calculation of Transmitted Radiation Field. 
Gamma radiation transmitted through straight ducts can be divided into 

four categories: (1) directly penetrating radiation, (2) radiation that 
scatters from the four lips , around the entrance of the duct, (3) 
wall-scattered radiation (i.e., radiation entering through the duct walls and 
scattered into the detector, and (4) radiation scattered multiple times 
between the duct walls. For each of these four principal transmission 
mechanisms, several subcases can be identified depending on which of the four 
duct walls is involved. In the following sections formulas will be given to 
predict each of these transmitted components. 

The geometry and associated variables for the duct-streaming problem 
considered here are shown in Fig. 1. The source location (x ,y ,z ) and the & o ' o o 
detector location (x^y^* 2^ a r e by a Cartesian coordinate system 
with the origin at the center of the duct entrance and oriented as shown in 
Fig. 1. The model development presented here is limited to the situation in 
which both the source and the detector are at the duct centerline elevation 
(i.e., y = y, = 0). The models below can be extended to the case of J o d 
non-equal elevations, but at the expense of greatly increased complexity in 
the formulas. 
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1. Direct penetration component. Calculation of the radiation which 
penetrates directly through the duct cavity without deflection can be 
estimated using simple ray theory. The associated radiation buildup for this 
component can be expected to be quite small since most of the buildup will be 
described in the other scattering components. The general geometry used to 
describe the direct penetration case is shown in Fig. 2 in which the angles 
and 0' ar6( collimation angles for the source. Outside these collimation 
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Fig. 1. Geometry for the develop-
ment of duct streaming models. 

Fig. 2. Geometry for the 
formulation of the direct 
penetration component. 
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// 
angles negligible directly penetrating radiation reaches the detector, that 

/' is, no direct component need be considered if !l 

a . = TT/4 - Q - 9' < a < -,f/4 — 6 + 6 = a , (6) min s c s c max 

•here a = tan ^(lz,-z !/(x -x.) . (7) /•• a o' o a 

For a between the limits a . and a , the exposure rate resulting from min max ' ° 
the direct-penetration component Is given by ray theory as 

RY(E ) S 
jr = ° 2. exp[-y(E )P] B(E X) , a < a < a , (8) D , „ z o o m m max 4irR 

where Sq is the source strength {photons/s}, Eq is the n energy of source 
photons, P = Pq + P] the path length through the concrete representing 
X = y(Eo)P mean free paths, and B is an appropriate buildup factor (taken as a 
small fract ion of that given by Eq. (3)). The source—to—detector distance R 
is given by 

R - K x o - x d) 2
 + (yQ - y / + (zfl - z / ] ^ . (9) 

Five subcases for the direct component are possible, each having a 
different expression for the path length P: 

(i) P = 0 , 62(L) > a > e 2 ( 0 ) , (10) 

(ii) P = L/sina , 0.(0) > a > 8„(L) or x, > x , (11) I I a — o 

(iii) P = L/sina - W/cosa , 62(L) < a < 92(0) , (12) 

(iv) P = [x -W/2 + z /tana]/cosa , 9_(L)>a>0,(L) and a>9o(0) , (13) 
O O 2 1 2 

(v) P = [-xo-W/2+(L-zo)/tana]/cosa , 02(L)>a>0^(L) and a>8 (0) , (14) 

where 0 ^ O = tan"1 ((C~ZO)/(XQ+W/2)) and 02(?) = tan"1 ((?-Zq)/(x -W/2)) . 
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2. Lip-scattered components. Lip-scattered components refer to radiation 
that enters the source side of the duct wall and after scattering enters the 
duct cavity before reaching the detector. Four lip scattering regions around 
the duct entrance were considered in this study: (1) the vertical side lip 
nearest the source ("near lip"), (2) the vertical side lip, farthest from the 
source ("far lip"), (3) the lip at the top of the entrance, and (4) the lip at 
the bottom of the entrance. Because of the assumption of y^ = y^ = 0, the top 
and bottom lip components are equal in this study. 

Lip-scattered photons are attenuated in the duct wall material before 
their first scatter and undergo further attenuation and "buildup in the duct 
wall after the scatter. A general expression for the exposure rate resulting 
from lip scattering can formally be written as 

X = 
r ( 
I 
J V 
I dV 4>E exp(-Y.P - U P') B RY , (15) J S I S A 

where the integration is carried out over the lip volume, X is the exposure 
rate resulting from photons scattering in the lip region, dV is a differential 
volume element in the lip, <J> is the photon flux (due to a source outside the 
duct wall) ' incident upon the differential volume, is the differential 
scattering cross sectijon for the incident photons scattering toward the 
detector, u. and u are the attenuation coefficients in concrete of the 
photons before and after the scatter, P and P1 are the photon path lengths in 
the wall material before and after the scatter, B is the buildup associated 
with the scattered photons, and R is a detector dosimetric response function. 
Equation (15) can be applied to any duct lip region to yield the exposure rate 
contribution from that lip region. 

For any one of the lip scattering regions, Eq. (15) can be evaluated by 
numerical integration. In fact, Gaussian quadrature orders as low as five 
were found to give adequate results [11]. To evaluate Eq. (15) analytically, 
a variation of the method used by Clifford for cylindrical ducts was used [9<]. 
By using the approximations of Eqs. (1-5) and by assuming the effective lip 

scattering volume is small compared to the duct length and source-to-detector 
distance, the lip component appears to emanate from a single effective 
scattering point. It is then possible to complete an analytical evaluation of 
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Eq. (15). Unlike Clifford's approach which assumed the scattering point was 
on the duct wall, the present study found better results could be obtained by 
embedding the effective scattering point within the lip. 

a. Near lip component. The geometry for scattering from the near lip is 
shown in Fig. 3. The near lip, of height H, extends from the. duct edge to 
infinity in the x direction and over the length of the duct in the z 

TOP VIEW 

Source 

Fig. 3. Geometry used in 
the formulation of the near 
l ip component. Elevation 
i s at duct center l ine . 

direction. The explicit form of Eq. (15) for the near-lip exposure rate 
component becomes 

So 
^NL = 4T? 

H/2, L 
dy jdz dx 

-H/2 0 W/2 

W 9 ^ V E s c > exp[-y(Eo)PQ] 

(16) 

where R - [(x-xQ)2 + (y-yo)2 + (z-zo)Z]h , 2,h (17) 1 

R 2 = [(x-xd)2 + ( y - y d ) 2 + ( z - z d ) 2 ] h , (18) 

2 ' (19) 
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a, = tan_1((z-z )/(x -x)) , and (20) 1 o o 

a9 = tan~1((x-xd)/(zd-z)) . J (21) 

In the above, is taken as the macroscopic Klein-Nishina scattering cross 
section and E represents the energy of the scattered photon, sc 

If the lip is assumed to be illuminated uniformly along the duct height 
H, the integration over y can be readily performed. Then if the scattering is 
considered to come from a single effective point, all variables except those 
in the attenuation and buildup in the immediate scattering volume can be taken 
outside the integral. Lastly, if the lip region is considered small compared 
to the distance to the source or to the detector, Eq. (16) can be reduced to 

'I 

T, ® 
V = C [dz [dx exp[-y(E )? ] exp[-y(E )P ] B(E ,y(E )P ) , (22) NL J o o sc 1 sc sc 1 

0 W/2 

S H L (E ,6 ) R (E ) 
where ° „ S C, X- S C exp[-y(Eg )PJ B(Eg ,U(Eg )P ) , (23) 

4tt R 2 R 2 S C 2 * S C S C 2 

P = z/sinct. , (24) 0 1 

P;̂  = (x-W/2)/sind2 , and (25) 

P 2 = 0 if a2 < tan_1((x-W/2)/(L-z)) ; otherwise 

P„ = [L - z - (x + W/2)/tana_]/cosa„ . (26) 1 Z i (i 

Finally, substitution of the approximations for the buildup factor, Eq. 
(5), and Eqs. (24) and (25) into Eq. (22), and integration of the result gives 
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sina. sina„ • 1 2 
XNL " ~ C y(E ) y (E > [ e X p 

o sc 

-y(Eo)L 
sma. - 1] 

(r 

I + 
k. (E ) 1 sc 

k2{t 

[k3exp(k4Esc) - 1]' 
(27) 

For a thick duct wall, y(E )L/sina, >> 1, so that this result reduces to the o l 
relatively simple expression 

*NL = C 
sina^ s i n a 2 

1 + 
k. (E ) 1 sc 

[k3exp(k4Esc) - 1] J 
038) 

By comparing the above result for the near lip component to the result 
obtained by numerical integration of Eq.. (22), the effective scattering point 
was found to be at x = W/2 + 4 cm, y =, 0, and z = 4 cm, (i.e., at a point 4 cm 
into the duct wall from both edges of the lip). 

i) 
b. Far-lip Component. The geometry for; the far lip is shown in Fig. 4. 

An effective scattering point was placed at x ,= X+W/2, y = 0, and z = Z in the 
lip (X and Z were both set to 4 cm).o Then,based on the same assumptions used 
in the near-lip analysis, the exposure rate resulting from scattering in the 
far lip is 

TOP VIEW 

Detector 

Fig. 4. Geometry used 
in the formulation of 
the far l ip component. 
Elevation i s at duct (, 
center l ine . 

0 



119 

-W/2 
C I dx exp[-y(Esc)P1]„B(Esc,y(Esc)P1) 

- C O \ "H ' 

dz exp[-y(Eo)PQ] , (29) 

where a = (-x - W/2) tana^ , (30) 

P = Z/sina , o 1 

P x = -(X + W/2)/sina2 , 

a = tan"1((z-z„)/(x - x » , 
1 0 0 

a
2 = tan"1((xd-x)/(zd-z)) , 

(31) 

(32) 

(33) 

(34) 

So H V W V B s c > 
2 2 4. R 2 R 2 

exP[-y(Esc)P2] B(Esc,y(Esc)P2) , (35) 

and 6 = TT/4 - a + a . sc 1 2 (36) 

With the approximation of B given by Eq. (5), evaluation of the integrals in 
Eq. (29) yields 

X F L = C 

sinot̂  sina2 sina^ sina2 sina^ 

y(E )y(E ) y(E )y(E )cosa, + y(E ) sina,, o sc o sc 1 o 2 

+ sina 
kl ^ac* 

1 P(E V 
sina v(E ) sc 

D2y(E ) s i n a 2 sc 

y(E ) y(E ) - 2 

slna2 cosa^j J D -

where I) = k_exp(k.E ) - 1 , and 3 r 4 sc 

(37) 

(38) 

P 2 = 0 if L - z + (x-W/2)/tano^ < 0 ; otherwise 

P 2 = [L - z + (x-W/2)/tana2l/Cosa2 . (39) 
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c. Top- and bottom-lip components. The geometry for the scattering from 
the lip at the. top of the duct entrance is shown in Fig. 5. (The bottom lip 
contribution is the same as that of the top lip because of the restriction to 

TOP VIEW 

Fig. 5. I l lus trat ion of the 
top l ip scattering geometry. 

Detector 

equal elevations for the source, detector and duct axis.) Again the surface 
of the lip is assumed to be uniformly illuminated, and the single-scattering-
point approximation together with the same geometric and buildup factor 
approximations used in the near and far lips reduces the top lip component of 
the transmitted exposure rate to 

XTL = 

sxna„ . 
^ I H t f f e x P ( L F ) - ^ p sc 

Sg { e x p ( L G ) [ L - i - i ] + I + i } (40) 

where P = z/sina. , (41) o 1 

Pj = (y-H/2)/sina2 , (42) 

a x = sin"1((y-yo)/R1) , (43) 

cc2 =.sin_1((y-yd)/R2) , (44) 
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c , k o sc expr-u(Esc)P2] B(Esc,y(Esc)P2) , (45) 
4ir Rj R9 

_1(-(x-xo)(xd-x) + ( y - y 0 ) ( y d - y ) + ( z - z q ) ( z ^ z ) - , 

0 = sin = — = 1 , sc R1 R2 
(46) 

D = k l ^ s c ^ 2 ^ E s c ) / S i n a 2 > ( 4 7 ) 

K = y(Esc)[(k3exp(k4Esc) -l]/sina2 , (48) 

F = y(EQ)/sina1 + zoy(Egc;)/[ (H/2)sina2] , and (49) 

G = -v,(E ) /sina, - 2Kz /H . (50) o 1 o 

If one assumes -z > H/2 and L » l/y(E ), then -LF » 1. In Eq. (50), o o 
the dominant term is -Y(Eq)/sina^, so that -LG >> 1. Equation (40) can thus 
be simplified to 

' - f S l n a2 1 D fl l)} 
*TL " C Y(E ) F + KC G + ELL ' ( 5 1 ) 

sc 

In calculating C in the above expression, the path P 2 can be approximated by 

P 2 a [(L - z)/cosy - (W/2)/sinY]/cosa2 , (52) 

where y = tan-1|x - xdl/(zd~z) . r (53) 

If the value obtained from Eq. (53) is negative, then one should set P = 0 
since the path is entirely in the duct. 

3. Wall-scattered components. Wall-scattered radiation refers to photons 
which first enter the concrete through one of the walls surrounding the duct 
cavity and then subsequently scatter back through the cavity towards the 
detector. Unlike lip-scattered photons, wall-scattered photons enter and 
leave through the same wall face. Initial studies using the albedo reflection 
technique [8] to describe the wall-scattered components were not entirely 
satisfactory, and a scattering volume approach similar to that used for the 
lip-scattered components was adopted. 
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As in lip scattering there are several different contributions to the 
scattering from the duct walls. Components considered in this study included 
(1) scattering from the far duct side that is directly illuminated by source 
photons ("wall //l") , (2) scattering from the far duct side shaded by the near 
lip ("wall it2"), (3) scattering from the illuminated top- and bottom-duct 
walls (both give equal contributions), and (4) multiple-wall scattering. 

a. Wall #1 scattering component. The geometry for scattering from the 
directly illuminated portion of the far duct wall is shown in Fig. 6. 
Equation (15) can again be considerably simplified by assuming uniform 

illumination over the wall //I surface and that the scattering region is small 
compared to the source-to-duct or duct-to-detector distances, so that all 
geometric variables (except in the attenuation and buildup) can be brought 
outside the integral. In this manner the wall scattered contribution to the 
transmitted exposure rate reduces to 

Elevation i s at the duct 
center l ine . 

Fig. 6. Geometry used 
to develop the wall #1 
scattering component. 

-W/2 
X W 1 s c jdx exp[-u(Eo)Po] e x p T - P ^ ) P ^ B(Esc,y ( E ^ P ^ , (54) 

where C 
S HWE, (E ,0 ) R^(E ) o k o sc X sc tanaL exp[-y(Egc)P2] B(Esc,y(Egc)P2) , (55) sc 2 sc 2 

P D = -(x + w/?Vcosa 1 ' (56) 

P, = -(x + W/2)/ sina, 
2 (57) 
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a. = tan *((z-z ) / (x -x)) i o o 

ot2 = tan ((xd - x)/(zd - z)) , 

f58) 

(59) 

5 = ir/4 - a, + a 0 , and sc 1 2 (60) 

P 2 = 0 if L - z + (x - W/2)/tanag < 0 I otherwise 

P 9 = [ L - z + (x - W/2)/tana7]/cosa2. ( 6 1 ) 

Here Rj is the distance from the source to the effective single scattering 
point (taken as the centroid of the wall #1 illuminated area), and R£ is the 
distance from this centroid to the detector. 

Finally the single integral in Eq. (54) can be evaluated analytically 
after substituting Eq. (5) for the buildup factor. The result is 

*W1 = = c 
cosa. KL <BBC> 

cosa. ^ s c 5 U(EJ TZ" 
T<EBC5 

I 
sina. D - cosa, 

sina. ( 6 2 ) 

where D = k„ exp(k,E ) - 1 3 4 sc (63) 

b. Wall #2 scattered component. Before photons can be scattered from 
the wall #2 region, they first must penetrate the near lip. The geometry for 
analyzing the wall #2 scattered component is shown in Fig. 7. If the same 
assumptions are used as were used for the wall it 1 scattered component, the 
wall #2 component to the transmitted exposure rate can be reduced to [11] 

*W2 = C 
sina^ 

7 ( V i - ¥} A] " 

D+A exp tana. 
3Wl 

" 2 J 
(D+A) tana 1 

3W 
2 D+A D+A (64) 
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TOP VIEW 

w 

\ Detector 

Fig. 7. Geometry used in the formulation of the wall #2 
scattering component. Elevation i s at the duct center l i n e . 

S H £. (E ,6 ) R (E ) fl 
where C = -5 * ° 8 C X S C exp[-y (Esc)P3l B(Esc?y ( E ^ P ^ , 

Air Rx R 2 

(65) 

a = W - L/tanaj , 

b = (W/2 - x) tana^ , 

a = tan-1((z-z )/(x -x) , 1 o o 

a 2 = tan ^(x^x)/z d~z)) , 

0 = Tr/4 - a, + a , sc 1 2 

P = z/sina - (W/2 - x)/cos a. , o X i 

P L = -(x + W/2)/cosaL , 

P 2 = -(x + W/2)/cosa2 , 

A = -y(E )/cosa - y(E )/sina_ o i sc t-

(66) 

(67) 

(68) 

(69) 

(70) 

(71) 

(72) 

(73) 

(74) 
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D = P(Egc) k3exp(k4Egc)/sina2 , (75) 

k 2 
F = k. (E ) y (E. ) /sina , and (76) 1 sc s.c 2 

P 3 = 0 if L - z + (x-W/2)/tana^ 1 0 ; otherwise 

P 3 = [L - z + (x - W/2)/tana2]/cosa2 . (77) 

c. Top and bottom wall scattering. An analysis of the scattering from 
the illuminated portions of the top and bottom duct walls (both give equal 
contributions) using the same effective scattering point approximations as 
used for the wall #1 and wall #2 components, gives for the top wall component 

XTW = C 

exp(AF tan$2) - 1 
2 F tang. " P + 

(G+F)' 

where 

x exp[A(G+F)tan$ ] 

a = (W/2) tan3x , 

A - (G+F)tang. + A + (G+F)tan3, (78) 

(79) 

b = H/2 + z tan32 , (80) 

C = 
So w V E o ' 0 s c > RX ( Esc ) 

2 2 4tt Rj R2 
e x p [ - p ( E a c ) P 2 ] B(Esc,p(Esc)P2) , (81) 

Pq = (y-H/2)/sina1 , 

= (y-H/2)/sina2 , 

a, = sin 1((y-yd)/R1) , 

-1 a 2 = sin ((y-yd)/R2) • 

(82) 

(83) 

(84) 

(85) 
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Bj_ - tan"1(-zo/(xo-W/2)) , ( 8 6 ) 

0 2 = tan_1(-2zo/H) , ( 8 7 ) 

A = (W/2)tang^ , ( 8 8 ) 

k 2 D = kl (Esc) u(Esc)/sino2 , (89) 

F = -y(EQ)/slna1 - p(Egc)/sina2 , and (90) 

G = U(E s c) k3exp(k4Esc)/sina2 . (91) 

Again Rj and R 2 are the distances between the scattering area centroid to the 
source and to the detector, respectively. 

d. Multiple-wall-scattered components. Scattering models for photons 
which scatter from two walls in the duct were also developed [II]. The 
resulting expressions are quite lengthy; since for all the ducts examined this 
component was at most a few percent of the total from all the other 
components, these results will not be presented here. 

IV. EVALUATION AND COMPARISON OF THE TRANSMISSION MODELS 

Before the duct transmission models presented above can be compared to 
the benchmark experimental data, two important!! refinements must be 
incorporated. First, the experimental measurements were made with a 25-cm-
diameter detector which thus measured the exposure-rate field average over the 
detectors volume. Consequently, it is necessary to spatially average the 
exposure rates obtained by summing all the components in the above models over 
the detector volume to produce an equivalent model resolution. 

Second, the point-source infinite-medium buildup factor which was used in 
the * above models can be expected to overpredict the various scattered 
components. The scattering volumes near the duct surfaces are not infinite 
media, and consequently there will be less buildup than that predicted by Eq. 
(5). To reduce the contribution of photon buildup, a correction factor 6 was 
introduced into Eq. (5) such that the constant k1 was replaced by 6k1. In his 
earlier study of photon transmission , through cylindrical ducts, Clifford 
reduced the photon buildup by half (i.e., 6 = 0.5) to account for the 
overprediction of photon buildup. By comparing the models of Section III to 
data for rectangular ducts it was found that 6 varied between 0.3 and 0.8 to 
obtain the best agreement. An average value for all comparisons was 
6 = 0.53. 
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The factor 6 was found to vary with the detector distance from the duct 
wall, with the duct size, and with the source angle. From comparisons to the 
benchmark data the following empirical relations for the buildup-correction 
factor <S were found. For 30 x 30-cm ducts 

6 = 0.75 + 0.273/cose - 0.142 c/L , (92) s 
while for 30—cm wide x 15-cm high ducts, 

6 = 0.991 - 0.232/cose - 0.142 c/L . (93) s 

where c is the distance from the back of the duct wall to the. detector, L is 
the duct length, and 0g is the source angle (see Fig. 1). 

Although a buildup contribution was included in the directly transmitted 
component presented in Section III.B.l, most of the photon buildup is 
accounted for by the other transmitted scattered components. Only very 
shallowly scattered photons should be included in the direct component. Thus, 
the buildup-correction factor for the direct component of the transmitted 
exposure rate should be considerably smaller than for the other components. 
From comparison to the benchmark profiles, an approximate value for 6 of 0.1 
was found to be appropriate. 

With these refinements added to the duct transmission models, good 
agreement between the benchmark experimental data and the model predictions 
were obtained. Agreement was usually within twenty percent over the entire 
craverse range. In Fig. 8 the various transmitted components (unaveraged) and 
their sum (averaged over the detector volume) are compared to measured values. 
The greatest disagreement between the models and experiment occurred for large 
source angles (i.e. grazing incidence) and at large z-distances from the duct 
wall. 

From an examination of the model predictions for the rectangular ducts 
used in the benchmark experiment, it was found that the top- and bottom-wall 
scattered components were negligible compared to the wall #1 and wall #2 
single scattered components. Similarly the multiple-wail-scattered components 
contributed less than 2% in the peak transmitted regions, although at the 
limits of the x-traverses where the other components drop off sharply, they 
can contribute up to 10% of the total exposure rate. For ducts with smaller 
aspect ratios than considered in this study, the multiple scattered components 
can be expected to become increasingly more important. 
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Fig. 8. Comparison of calculated and measured (large dots) exposure rates transmitted through a 
30. 5-cra-square duct in a 101.6-cro-thictc concrete wall illuminated by a point Co-60 source (200 
cm and 33° from the duct entrance) along a traverse 100 cm from the rear of the wall. Source, 
detector and duct center line are all at the same elevation. Exposure rates have been 
multiplied by the square of the source-to-duct distance and divided by the source strength. The 
various transmitted^ components are shown by the dotted lines and their sum (solid line) has been 
spatially smoothed/f.o account for the 25-cm diameter of the detector. 

r 

V. CONCLUSIONS 

The models developed in this work, while based on several approximations, 
give excellent agreement with benchmark experimental data. Even if the 
empirical buildup-correction factors of Eqs. (92) and (93) are not used, but 
only an approximate value of 0.5 for 6 is used, agreement to within a factor 
of 2 is achievable. 

Because of the ease with which the transmission models can be evaluated 
on a microcomputer (or even a programmable calculator), the models provide an 
excellent tool for the shielding analyst during preliminary design studies. 
Although the accuracy of the models are probably not sufficiently accurate for 
final design stages, they do provide simple, inexpensive, and rapid methods 
for initial calculations. 

* ^ _ 

The models reported here are limited to the case of the source, detector 
and duct all being at the same elevation. However, the models can be extended 
to treat different source-detector elevations. Such extensions are the subject 
of future investigations. 
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