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1. INTRODUCTION

The accurate calculation of the radiationm that penetrates through a
duct in a shield wall is generally quite difficult and expensive.
Typically, computerized Monte Carlo or albedo techniques are used as the
basis of most duct streaming calculations. However, in many routine
duct analyses, the potential accuracy afforded by these sophisticated
methods is often not needed. It has become apparent that there is a
great need for the development of simplified, inexpensive, engineering
methods for estimating the radiation fields from photon penetration
through ducts. While such simplified methods may not be as accurate as
the transport-theory based methods, they would serve as an important
preliminary analysis tool for the shielding analyst.

One of the major impediments to the development of such simplified,
semi-empirical, duct-penetration models has been the dearth of experi-
mental data against which the validity of simplified models can be
tested. Thus the primary motivation for this study was to obtain benchmark-
quality data for the streaming of gamma photons through ducts in concrete
walls.

The objective of the experimental phase of the project was to pro-
vide a sufficient wealth of radiation penetration data to permit the
development of simplified engineering models for predicting gamma photon
scattering through straight ducts. In the experimental program, the
opening of a duct constructed in a solid concrete wall was illuminated
by gamma radiation from a point 6000 source. The spatial distribution
of the exposure rate arising from radiation that penetrated through the

duct was measured.



The primary emphasis of the experimental program was to obtain
benchmark gamma-ray streaming data for twenty-two open duct and three
closed duct (solid wall background) configurations. These ducts were
built into walls made of ordinary concrete. Three wall thicknesses were
studied--50.8 cm, 101.6 cm, and 152.4 cm. Each wall was nominally
3.1 m high and 3.6 m long.

Point 6OCo gamma-ray sources were positioned at various locations
with respect to the duct opening so that the duct was illuminated at
various angles of incidence. A polar p-6 coordinate system was used to
describe the source position with the origin at the center of the duct
mouth, Limits on p and 8 were 100 to 400 cm and 22.5°% to 600, respec-—
tively. A collimator was placed around the source to minimize air
scatteréd (skyshine) radiation components; however, the duct mouth and a
sufficient area of the adjacent wall were always fully illuminated so as
to obtain the total duct penetration radiation component.

Gamma-ray exposure rates were measured behind the duct-bearing wall
using a high pressure ionization chamber attached to an automated tra-
versing mechanism. Three dimensional exposure rate mappings were meas—
ured for each duct configuration. Acquisition of traverse data involved
moving the detector in the x dimension (parallel to the wall) at dis-
‘crete distances, ¢, measured from the back of the wall, and at fixed

elevations relative to the duct centerline (y dimension).



The straight duct and annular configurations studied are listed in
Tables 1.1 - 1.2, Detailed information 'is presented for each of these

general arrangements of duct size and wall thickness.

Table 1.1 Summary of Benchmark Gamma-Ray Streaming Configurations
with Straight Circular Ducts in Ordinary Concrete.

Configuration Diameter ' Length Conditions
Number cm in cm in
1 21.1 8.3 50.8 20 Shield Wall
2 41.9 16.5 50.8 20 " "
3 4.76 1.88 101.6 40 " n
& 10.3 4.06 101.6 40 " i
5 21.1 8.3 101.6 40 o fr
6 41.9 16.5 152.4 60 " "
7 10.3 4.06 152.4 60 " W
8 21.1 8.3 152.4 60 w "
9 41.9 16.5 152.4 60 " M
10 10.3 4.06 101.6 40 Reflecting Wall
i i 21.1 8.3 101.6 40 - Reflecting Room

12 10.3 4.06 152.4 60 Iron Liner




Table 1.2 Summary of Benchmark Gamma-Ray Streaming Configurations with
Straight Annular Ducts in Ordinary Concrete.

Configuration gz:zzgzr Dg:;:ter Length
Humbax em  in em  in cm in

13 21.1 8.3 6.03 2.38 101.6 40

14 21.1 8.3 10.16 4.0 101.6 40

15 41.9 16.5 27.62 10.88 101.6 40

16 41.9 16.5 32.39 12.75 101.6 40

17 21.1 8.3 6.03 2,38 152.4 60

18 21.1 8.3 10.16 4.0 152.4 60

19 41.9 16.5 27.62 10.88 152.4 60

20 41.9 16.5 32.39 12,75 152.4 60




In addition to straight ducts and annuli, rectangular ducts and
solid wall (background} configurations were studied. Specifications for
these configurations of ducts dimensions and wall thickness are presented

in Tables 1.3 and 1.4,

Table 1.3 Summary of Benchmark Gamma-Ray Streaming Configurations
with Straight Rectangular Ducts in Ordinary Concrete.

Configuration Height width Length
Number cm in cm in cm in
21 15.2 6 30.5 12 101.6 40
22 30.5 12 30.5 12 101.6 40

Table 1.4 Summary of Benchmark Gamma-Ray Streaming Solid Wall Back-
ground Measurements.

Configuration Wall thickness
Number cm in

23 50.8 20

24 101.6 40

25 152.4 60




Source geometry requirements necessitated moving the gamma-ray
source (with its 2000 kg storage cask) several times during the sequence
of measurements for each duct configuratiom. The source also had to be
moved into a storage building adjacent to the experimental area during
non-working hours. Use of a forklift provided a simple solution for
both positioning the source on the concrete pad and moving it to and
from its storage building. Morever, since the source rested on metal
rails, radial position changes were quickly made by manually rolling the
source to the desired location.

The experimental program was conducted at the Kansas State Univer-
sity (KSU) Radiation Shielding Facility. This facility is a 710 hectare
site located 8 KM west of the University campus in Riley County, Kansas.
The site was purchased in 1962 by the State of Kansas for use by the KSU
Nuclear Engineering Department, and has been used for numerous radiation
shielding/dosimetry studies. A map of this unique university facility
is presented in Fig. 1.l1.

The northeast corner of the KSU Radiation Shielding Site was
selected for development of the desired gamma-ray streaming facility.
This area contained a large metal building on relatively level terrain.
The building was necessary because the ionization chamber traverse
system and the associated control and data acquisition instrumentation
required a dust-free, temperature controlled environment. As shown in
Fig. 1.2, the instrumentation building contained two rooms. The smaller
one, called the instrument room, was used for the data acquisition
electronics. The larger room in the building was used to house the

ionization chamber traverse system.
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The purpose of the analytical phase of this research was to develop
engineering models of the duct scattering. Additiomally, the computa-
tional codes resulting from these models do not require numerical inte=-
gration or other iterative techniques and are of a size and simplicity
such they will fit on a small programmable calculator such as the HP
67/97 series.

Gamma radiation scattering and transmission phenomena are broken
down into three basic components--duct wall scattered, lip scattered and
direct penetration. Within the two scattering components, only single
scatters are considered. The scattering models calculate the scattering
as if it occurred from a single point within the duct region. The scat-
tering points were chosen based on experimental measurements, GGG, and
MORSE calculations (9) « The models also assume the detector to be a
poinf detector.

An empirical lip penetration correction for the wall scattering
component is also derived. This model corrects the wall scattering
model's assumption of an opaque duct lip for the physically reality in
contradiction to that assumption. The correction applied to the wall
scattering model is dependent upon illumination angle and duct radius.
The constants within the correction have been determined based on the
data collected and therefore are implicitly valid only for 6000 gamma
rays. However, sufficient background is given to formulate constants
for other source energies.

The last of the three basic components, identified in this research,
is direct penetration. The potential importance of this contribution
is realized, however the major thrust of this research has been in

measurement and prediction of scattered gamma rays. Techniques used



to estimate direct penetration, while similar to those of scattered
radiation, are fundamentally different from scattered techniques and

therefore are not discussed.

10
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2.0 THEORY

Radiation streaming through cracks and ducts in shield walls
has long been recognized to be one of the most formidable analytical
challenges within the realm of radiation shielding. Historically, most
analyses of potential streaming problems have been met with excessive
computational effort to insure the accuracy of the calculation. The
methods involved in this computational overexertion are transport and
albedo téchniques, frequently using Monte Carlo solution techniques,
These methods are elaborate, expensive to run, and typically provide
more accuracy than is required of a first-pass design code. Engineering
models are developed within to bridge the analytical gap between
transport/albedo code solutions and hand calculationms.

The analytical approach to this problem entailed reducing
spatially dependent exposure rates into two major components. These
components are: 1) 1lip scattering from the duct entrance, and 2) duct
wall scattering within the duct. The models presented use point
scattering kernels to approximate the scattering in and about the
duct region and point detectors to measure the scattered radiatiom.
The problem of direct penetration was not addressed.

The general geometry of this analysis is presented in Fig. 2.1.
Notice that the duct is modelled as a parallel slot as opposed to
the actual duct with curved walls, top, and bottom. Results of
this study (see Chapter 6) show that this approximation is adequate
for centerline calculations where the source and detector are at

the same elevation. However, if this vertical symmetry is lost, i.e.,
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in off-centerline calculations, the duct top and bottom would become
significant contributors and this approximation could be invalid.

Presented next are those general facets of radiation shielding
calculations that are common to both compoment models. These facets
include: 1) an empirical fit to the Compton mass absorption cross
section, 2) presentation of the flux-to-exposure rate conversion factor,
3) the Klein-Nishina angular differential cross section, and 4) an

energy dependent Berger buildup factor for a collimated source.

2.1 Compton Cross Section

The cross section used throughout these models is approximated by
the Compton cross section. This approximation is. justified since with-
in the photon energy range of interest, from 1.33 Mev to around 200 keV,
the Compton interactions in concrete are by far the most dominant
mechanism for scattering and attenuation. Within this energy range,

the Compton cross section is represented approximately by (9):

— = 0.0625 E —_—
p

g (2.1)

uc -0.467 {cmZ]

where E is equal to the photon energy (MeV).
Table 2.1 compares the tabulated total absorption cross section
for concrete (10), the calculated cross section using Eq. 2.1, and

the relative error between the two.

2.2 Flux-to-Exposure Rate Conversion Factor

The flux-to—exposure rate conversion factor, common to both models,

is developed using the following equation for the exposure rate in air,



Table 2.1. Comparison of tabulated and calculated cross sections
over the energy range of interest in this investigation.

& Calculatedb
Photon Tabulated Compton Relative
Energy Cross Section " Cross Section Error
(MeV) (em“/g) (cm®/g) (%)
1.5 0.0518 0.0517 -0.16
1.0 0.0636 0.0625 -1.73
0.8 0.0707 0.0694 -1.89
0.6 0.0805 0.0793 -1.44
0.5 0.0870 0.0864 -0.71
0.4 0.0954 - 0.0959 0.50
0.3 0.1070 0.1097 2.49
0.2 0.1230 0.1325 7.74

%3ee Ref. 10.
bCalculated using Eq. 2.1.
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Dair’ expressed in units of uR/h

Dair =¢ E Kd(E) (2.2)

where

¢ - photon flux of energy E {Ehg%QEE}

cm s
E - photon energy (MeV)

Kd(E) - flux-to-exposure rate conversion {M2$ cﬁétin h]'
factor for photons of energy E P

Using the following physical contants, Kd(E) can be expressed in the

desired units:

l1h = 3600 s
1 MeV = 1.6021916 x 100 erg
1 urad = 100 x 107° 2k
1 uR = 0.877 urad in air
u
and, Pﬁﬂ% is the mass energy absorption coefficient for photons
air )

2
in air with the units of {EE—}. Substitution of the above constants

gives

uen

(1.6021916 x 10~%) (3600) [uR -y ] (2.3)

o - 5 :
‘ P lair  (0.877) (100 x 1076)  \MeV photon h
or, more simply

U
en
Kd(E) = 65.77 [ =

) 0.0
air

Table 2.2 presents Kd(E) in tabular form for photon energies
from 200 keV to 1 MeV. As illustrated in Table 2.2, Kd(E) is

reasonably constant and can be represented approximately by

Kd(E) =1.90 for 0.20 < E < 1.00 MeV. (2.5)



Table 2.2. Values of flux-to-exposure rate conversion
factor, Kd (E).

K4(E)

Photon Energy IR cmz p }

(MeV) LﬁeV photon h;)
1.00 1.842
0.80 1.901
0.60 1.947
0.50 1.953
0.40 1,947
0.30 1.894

0.20 1.763
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2.3 Klein-Nishina Cross Section

The Klein-Nishina angular differential cross section is the
basis for the calculation of the probability for scatter through a
given scattering angle and, hence, the spatial dependence of these

models. The Klein-Nishina cross section ag is presented in general

d
form as
do _ 3 Z2 |i _ 2 b
dQ lé6m (0.665) y y +ty ain (esc)] [elec sr} (2.6)
where
E
-
VT E,
:
and,
ES - scattered photon energy
Ei - source photon energy

Gsc - scattering angle.

Since these models assume that all scatters are Compton inter-
actions, the expression for Es in terms of Ei and esc is

E
g = 3 : (2.7
s Ei
1+ g5y [ - cos(By)]

For convenience, the Klein-Nishina cross section should have
units of cm—l. Representing this quantity as k(GSC)’ it is defined

as
pZN

A do
k(® ) =7 & (2.8)
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where
P = medium density [3—31
cm
Z - electrons per molecule
N, - Avogadro's number [EEEE;E;EEJ
A g-mole
- - .
A - molecular mass [g-mole .

Additionally, since ordinary concrete was assumed to consist
solely of SiOZ, the following value of (iﬁ was used in the deter-

mination of k(8 )
scC

Zy -
qp = 0.5, (2.9)

2.4 Buildup Factor

Buildup factors are used throughout shielding calculations to
correct simple exponential attenuation for scatfer and the resulting
photon energy degradation. These bulldup factors correct the un-
collided gamma flux density for energy spectrum degradation based
on the number of mean free paths of material encountered, incident
energy of the photon, and medium compbsition and geometry. The build-
up factor used in this model is a Berger type with energy dependent
constants. The general form of the Berger equation is given as

follows (11)

BUF(X,E) = 1 + Elexp(SAi) (2.10)
where
A = number of mean free paths

8§ = §(E), and & = E(E) and are energy dependent fit parameters.
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Eisenhauer and Simmons (8) have measured the buildup factor
for an infinite wall. Results of these measurements have been

empirically fit to the energy dependent Berger equation given by

BUF(A,E) = 1 + u(lEKz exp (AK jexp (K, E)) (2.11)
where
K, = 1.23
K, = -0.466
Ky = 0.0812
K, = -0.848.

However, it would be inappropriate to use an infinite medium
buildup factor for development of the subject models since the gamma-ray
source was collimated and by no means approximated a bare source. Experi-
ments were performed during the course of this research to estimate
the departure of the measured exposure rates from those calculated using
the infinite medium buildup factor. Details of these experiments
have shown that the correction for a collimated source can be obtained

by reducing K1 by a factor of two (12).

2.5 Lip Scattering

Lip scattering is defined as those scatters that occur in the
wall but near enough to the duct region that the scattered photons
emerge in the duct region. Refer to Figs. 2.2 and 2.3 for the
specific geometric details of this model. The basic assumptioms for

this model are:
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ﬂ

Fig. 2.3. Expanded view of duct region used to develop
: the lip scattering model.



1)

2)

3)

4)

Th

rate of

D,

where

and dV
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The duct lip can be represented by an annular element
of the shield wall surrounding the duct closest to the

source,

Scattering occurs very close to the edges of the duct
such that the geometric attenuation can be assumed to

be constant and the scatters occur at x=r.and 2=0,

The angles Bs, Bt and Bsc are constant throughout the

scattering volume of significance,

The wall is thick enough that the number of free paths for
direct penetration 1is very large, i.e., uiL >> 1.

e most general form of the equation describing the exposure
the detector due to lip scattering Dz, is given by

L 10 -, Z
= I f” (3.7 x_%gf 280 dv k(esc) exp G———i——yﬁ BU'F2
0 szl s

- cos(e

“Hg (x-r) ES Kd(ES)
exp (m-;)—) BUF exp(-usPc) T— (2.13)
2

- source intemsity (Ci)

- number of photons per disintegration

~ linear attenuation coefficient at source energy (cm-l)

— linear attenuation coefficient at scattered emergies (cmfl)
- path length in far 1lip (ecm)

- buildup factor for far lip

- buildup factor in scattering lip

is the differential scattering volume for the lip given by:
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dV = 71x dx dz.

The coordinate system origin for this model was on the duct center-
line at the duct mouth closest to the source. The scattering volume
is defined only for the semi-circular annulus closest to the source.

The following substitutions were made to simplify the algebra in
Eq. (2.13)

l-li H

S -
= ;Tn—'(e—t) and X = B(x-—r). (2-14)

Q@ B —,
cos(as)

Recognizing that A (in Eq. 2.14) is the number of mean free paths
in the lip, after scatter, the buildup factor can now be applied for
this scattering leg as described in Section 2.4. From the preceding

definition of A, the change of variables from x to A is

X =%+ " (2.15)
and
ax

dx = g (2.16)

Additionally, this model assumes that GS and et (and therefore
esc) are constant in the range where the integrand of Eq. (2.13) is
significant. Therefore, substituting Eqs. (2.14)-(2.16) into Eq. (2.13)
yields

L
D, = %-Jm J C% + 1) exp(-az) [1 + EXexp(SA)] exp(-A) dz dA (2.17)
0-0
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where
G=(3.7x101°)s:1k(e ) X,(E) E_ BUF_ exp(-u P ) (2.18)
. 2 .2 se’ Xa s T TXPLTUGTLI '
4 92 o2

Further simplification is gained by separating and defining the

A and z dependent terms as shown im the following expression for Dz

G

where the A dependent term Il’ is

I, = r da (%+ £) [1 +Erexp(8A)] exp(-A) (2.20)
0
and the z dependent term 12 has the form
L
I2 = J dz exp(-az). (2.21)
0

Both of these integrals are easily evaluated analytically. Since in

this analysis oL >> 1, I2 can be expressed as

_1-exp(=al) _ 1
2 a T o

I

.

Integration of Eq. 2.20 by parts gives:

I =_:_|._+_2_E;__+r+_l‘_5_______ (2.23)

To express the § and £ dependence of Eq. 2.23 in terms of the
parameters of the problem, compare § and £ to the specific form of

the buildup factor developed in Sec. 2.4. This comparison shows
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that £ and § can be expressed as:

Ky

g = KlE - and & = K3 exp(KﬁE). (2.24)

Substituting Eqs. 2.22 and 2.23 into Eq. 2.19 yields

DE=%-%+—ii—3+r+—£—7} (2.25)
B(L - §) Q-8

Next, the expression for G (Eq. 2.19) will be evaluated explicitly
in terms of the parameters of this problem. The scattering point for
geometric attenuation considerations is chosen to be located at x=t
and z=0, i.e., on the horizontal diameter chord of the duct at the

corner of the lip closest to the source., As illustrated in Fig. 2.3,

gi =a%+ (b -1)? (2.26)

zg - L+ )+ (- )2 (2.27)

§. = fad T [—b—-'——il (2.28)

s a

6 = S-l [L + c}

g ©° %, (2.29)
and

The only quantity in the expression for G remaining to be evaluated
is Pc. Referring to Fig} 2.2, the path length in the far lip, Pc, is
given as the difference of P2 and Pl. These two path lengths can be

defined in terms of two direction cosines, Y4 and ad, where:
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Yd = the direction cosine for path 22 with respect to the
z axis, and
a4 = the direction cosine for path 22 with respect to the

X axis.

Or, in terms of the same parameters used previously, as

L+c
Y4 T 1 (2.31)
2
r-d
a4y =73 . (2.32)
2
Pc then becomes
ep _p oA _2r -1 -1 2r
Pc P2 Pl - S for cos (Yd) > tan (L )
d d
or
-1 -1 ,2r
P =0 for cos (yd) < tan (L ). (2.33)

The entire expression for the lip scattering exposure rate can

now be written explicitly for the geometry defined as

_(3.7x10"% s

D, Y o2 3 k(esc) Kd(Es) Eg BUFc[u(ES)Pc.ES] exP(-u(ES)Pc)
feg g
) K K
2 2
2K E K. E
%E & + 1P 3 *r+ S 2] (2.34)
(1 - X, exp(K,E ) (1-Ky exp(KaEi))

2.6 Duct Wall Scattering

The duct wall scattered component of the exposure rate behind
the shield wall is considered in this section. Figure 2.4 illustrates
the basic geometric details of this model. The basic assumptions for

this model are:
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1. There is no line-of-sight path from the source to the detector,

2. Scattering occurs only in the duct wall opposite the source
on the horizontal plane diameter chord,

3. The duct can be modelled as a parallel slot of separation 2r,

4. The duct 1lip is totally opaque (this assumption will be re-
laxed later), and

5. Scattering occurs a distance x into the duct wall where x << r.
With these assumptions the exposure rate at the detector due to duct wall

scattering, Dw’ is given by

N. PBK.(E) E

_ _imn d' s” s

Dw = 3 (2.35)
2's

where
in " number of photons entering the duct mouth
Es - scattered photon energy (MeV)

B - buildup factor for scattered leg (initially assumed to
be a constant, B = 2.0)

P - probability per steradian that a photon will scatter
through an angle Bsc and exit the duct wall

¢ - distance from the scatter point (assumed to be on the duct
wall surface) to the detector (cm).

Using the specific geometry shown in Fig. 2.5, the number of
photons which enter the duct mouth is
(3.7 x 1010) Sn vrz cos(BS)

N, = (2.36)
in 4u(al + b2)

where
S - source strength (Ci)

n - number of photons per disintegration.
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Fig. 2.5. Expanded view of the duct wall scattering model.
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Explicit determination of P requires specification of the
scattering region. Scattering is assumed to take place on a line
perpendicular to the intersection of the source beam centerline and
the far duct wall. Furthermore, photon.scattering is assumed to occur

in the duct wall on the line

z = 2L, (2.37)

Based upon these assumptions, the expression for P can be shown to be-

P =J0 dti k(esc) exp( —uiti) exp(-usts) . (2.38)

Or in terms of x,
H,.X - X ]
= s

= ¥ dx i
P = IO sin(BS) k(esc) EXP[Sin(es)J exp[———-——-—sin(et) (2.39)

where x is the perpendicular distance into the duct wall.

The traveled path in the wall, i.e., t, and ts increase very

i
rapidly with x. GGG calculations (9) show that the important scattering
volume for this component to be where 0 < x € 0.25 cm. Within this

range, GS, Bt’ and esc are assumed to be constant. Therefore, Eq. 2.39

can be approximated as follows

k(®_)) u u -
- sc i s
P = sin(8 ) [sin(e ) ¥ sin (0 )] (2.40)
s 8 t
where

9, = tan™’ e+ | : (2.41)

t ar

c+ 2 - -_B-"J
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Referring to Fig. 2.4, Bsc and iz are defined as

Béc = Gs + Bt (2.42)

and

2 ar 2 2
is = (¢ +L - E—) + (r+4d) . (2.43)

The entire equation for duct wall scattering can now be written

explicitly as follows:

10 2
(3.7 x107°) S n 7r cos(es) B Kd(Eg)Es.k(Bsc)

4ria® + b2 [(c # 8 = %1)?- + (r + )% sin(8 )

D =
w

-1
H H
1 g ] ) (2.44)

stn(e_) + s1n(8,)

After combining all terms, the final equation used to calculate

the duct wall scattered exposure rates is

_@7x10% s by, 2N EE 545
Aas 4+ oy 22 a7 et { S "
sin(es) sin(et)

D
W

S

2.7 Lip Penetration Correction

Earlier it was stated that the assumption of a completely opaque
duct 1lip could be relaxed. Certainly this assumption must be relaxed
as photons obviously do enter the duct by penetrating the small amount
of material at the edge of the duct lip. Figure 2.6 illustrates the
general geometric layout of this analysis.

Initial calculations, assuming the duct lip to be opaque and

a buildup factor B equal to 2.0, showed good results for acute
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angles of illuminationm. Increasingly poorer results were obtained for
shallower angles. It is at these angles where the lip penetration con-
tribution to the duct wall scattering should be the largest. However, the
model consistently predicted the proper relative spatial distribution. These
two items lead to a correction for lip penetration that modifies the

source term of the duct wall scattering model to reflect the true

number of photons incident at the scatter point.

Generally, the number of photon penetrating the lip can be repre-

sented by
E2
' s’ _
Nin alle J d? exp( -uit(ed)) (2.46)
E1
where
t(8,) - path length for phoﬁons in the duct lip emitted from

d the source at an angle, ed, in the horizontal plane

-1
Wy - attenuation coefficient for source emergy photons (cm )

dQ - solid angle defining illumination by source.

The terms listed above will now be defined explicitly in terms of the

parameters of the model,

%g

tley) = Ei_ﬁ'@ (2.47)
b-r-a tan(ed)

t(ed) - sin(ed) (2.48)

£, =8, - 8, (2.49)

£, = tan (b = r} (2.50)

and

3" = (3.7 x 109 sn (2.51)
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where
Bc - horizontal angle defining the horizontal collimator edge
S' - source strength (Ci)
n - number of photons per disintegration.
Since the duct is modelled as a parallel slot, the collimator

solid angle, d2,. is dependent only on ed, therefore -

an = &4 (2.52)
)
and
(pd8,) [p tan(6_ )]
aq = d = 2 . (2.53)
o

After simplification,

_ dQ = tan(ev) de (2.54)

d
where ev is the vertical angle defining the top and bottom collimator
penumbra. Substituting Eqs. 2.48, 2.51, and 2.54 into 2.46 yields the

following equation in terms of the parameters of the problem

§'tan(e ) £ b-r-a tan(ed) ]

Equation 2.55 was numerically evaluated for four different angles
and duct radii. Results of these calculations are presented in

Table 2.3 in terms of the quantity, g(Bs,r) where:
N!  hnp

2
;(es,r) -z 7 (2.56)
S'ccs{es)nr

The function g(es,r) is the ratio of source photons which penetrate

the duct lip per photon entering the duct mouth.



Table 2.3. The ratio of source photons which penetrate the duct lip
per photon entering the duct mouth, c(es,r).

Source

Angle, BS c(ﬁs,r)
(deg) Duct Radius, r (cm)
5.0 10.0 15.0 20.0
22.5 1.5322 0.3719 0.1600 - 0.08684
33.0 2.2606 0.5613 0.2455 0.1378
45.0 3.0441 0.7683 0.3445 0.1953

60.0 3.8849 0.9944 0.4524 0.2605

35
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This method of representing C(Gs,r) allows the lip penetration
correction acC(Bs,r) to be applied such that the corrected exposure

rate prediction, D; is:

' =
Dw Dw (1 + a, t(BS,r)) {(2.57)
where
e, is a fit parameter to be determined.

Further simplification is achieved by defining

o

W
Du 3 (2.58)

where Du is the duct wall scattered prediction independent of B.
This relation simplifies the following development since B is a
parameter to be determined and Du need only be calculated once.

The objective of the model development has been to keep the calcu-
lational complexity at such a level that a small programmable calculator
could practically execute the resulting codes. Clearly, codes involving
numerical integration are outside this objective. Therefore, the values
of C(Ss,r) as tabulated in Table 2.3 were least square fitted as an
empirical function of es and r of the form

Cl (02 + C3r)

;(Gs,r) =T BS . (2.59)

Where the quantities in Eq. 2.59 are defined as follows:
r - duct radius
g ~— source illumination angle

and, Cy» Cp, and C, are the fit parameters tabulated in Table 2.4.



Table 2.4. ;(es,r) fit parameters, Cn'
Cl -1.954
C2 0.8933
c 0.01144

37
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These values are implicitly appropriate only for the range of
parameters encountered during the experiment. The parameters are:
6OCo photon energies, vertical collimator angle, and the range of
duct radii and source angles listed in Table 2.3. .However, test cal-
culations of ;(es,r) for different horizontal collimator angles
have shown that ;(Bs,r) is insensitive to changes in Bc past the
first few centimeters of wall illumination.

The term, a.s in Eq. 2.59 is annotated differently since it is
considered to be a free parameter. This is because it is realized
that ev is an obvious misrepresentation of the vertical component of
the true solid angle represented by the duct lip. Experimental data
obtained duriné the measurement program were used to provide the
necessary information to determine the value of a, The method used
for determining o, and a revised value of B demand that the mean of
(%9 for a selected data set equal one and that the standard deviation
of C%), g(B), for the same data set be minimum. The ratio of calculated

to experiment is expressed as:

D . (L+a g8 .r)
C w,1 c - e
(f)i - 7 (2.60)

:

where

(%91 - ratio of calculation to experiment for the i-th case
at the component peak

E, - experimental measurement for the i-th case at the
component peak.

The condition on the mean of 6%) can be expressed generally as
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= 1.00. (2.61)

All four source angles for the 20 cm diameter (r = 10.0) duct
were used for this fit in the 100 cm thick wall. These points
were chosen for the wealth of experimental data that exist from the
experimental program and for the confidence in the validity of these
data. The equation demanding the condition on the mean can be written

explicitly for this case as:

D' D' D' D'
;’1 + ;LZ + 2’3 + ;4& = 4.00 (2.62)
1 2 3 4
where for simplicity;
! =
Dw,i BDu,i (1 + o ;(Bs,r)). (2.63)

Equation 2.62 was solved for L in terms of B. The resulting

relation is
Y1+
uc(B) =3 T (2.64)

where Y1 and 72 were solved from the explicit relation resulting
from solution of Eq. 2.62. The values of Y1 and YZ that satisfy

the condition on the mean. are listed below

Yy < 5.8257 and Y5, = =2.2344.
These values of Y, were then substituted back into Eq. 2.64 and the

resulting value of @, for a given value of B was further substituted

into Eq. 2.60.



The standard deviation of C%D defined as 0(B), was then calculated
for the same data set used earlier and the result was plotted as a
function of B and graphically minimized. TFigure 2.7 shows the plot
of this funetion. The resulting values for B and a, are tabulated

below for the conditions given throughout this derivation

B =1.5625 and @, = 1.4940.
The preceding correlation has reduced the spread of (%0 ratios from

-100% and +200% to typically +50%Z.

40
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3. DISCUSSION OF RESEARCH FACILITY

The gamma-ray streaming facility, developed at the Kansas State
University Radiation Shielding Site by members of the Nuclear Engineer-
ing Department, is described in this chapter. It should be emphasized
that the only type of radiation considered, during the design of this
facility, were gamma rays. Although only 6000 sources have been used in
this facility, other energy gamma-ray sources could easily be accommo-
dated. In addition, shielding walls of virtually any thickness and
composition could be installed in place of the existing concrete walls.
Flexibility also exists in the sizes and compositions of the ducts which
could be mocked up in shielding walls.

This facility was designed to satisfy the following objective --
obtain benchmark gamma-ray streaming data for many different straight
ducts in thick concrete walls. In view of this objective, consideration
had to be given to the flexibility of changing duct configurations,
positioning the source, and measuring the exposure rate throughout a
large area behind the shielding walls. Because measurements for a large
number of different duct configurations were required in this project,
frequent duct changes were required. An important system design con-
sideration was the convenience in making the required configuration
changes. It was, therefore, vital that the time required to change from
one duct configuration to the next not be excessive. This ability to
change configurations rapidly was accomplished by building into each
shielding wall a large duct-block opening. Smaller insert duct blocks
were then easily placed into the opening to establish the desired duct

configuration.
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Adjacent to the building, a level, 15 cm. thick, 10 x 10 meter

concrete pad was constructed to provide a base for the shielding walls
and to accommodate the gamma-ray source. Shielding walls were stacked
at the side of the pad next to the building. The concrete pad also
contained a 2.5 ¥ 3.25-m extension upon which a source-storage building
was built. Sufficient space was also available on the pad to allow room
for maneuvering the source-handling forklift from the source storage
-building to. the desired source locations.

Experimental measurements were made in three phases, each phase
concentrated on a separate thickness of the shielding wall. The first
task of each phase involved constructing the designated wall from con-
crete blocks. Data were then acquired for each specified duct config-
uration. Stacking patterns for these duct-bearing free-standing walls,
fabrication of the concrete shielding wall blocks and the concrete duct
blocks, and specifications for each type of block are described in this
section.

Shielding walls were constructed by stacking individual concrete
blocks. The first wall investigated (Phase I) was 50.8 cm thick.
Additional wall thicknesses were obtained by adding blocks in front of
the previously studied wall. A partially completed, 50.8 cm thick, wall
is shown in Fig. 3.1 with the 21.1l-cm diame;er duct installed. This
figure also shows the relative position of the shielding wall with
respect to the instrumentation building. The block stacking pattern for
the completed 50.8-cm thick wall is shown in Fig. 3.2.

Each wall consisted of close-packed blocks with only a rectangular
duct section left unfilled. The duct opening centerline elevation was
fixed at the height of the 6000 gamma-ray sources used for these bench-

mark duct measurements. Moreover, the center of the duct opening was
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displaced along the horizontal centerline of the solid wall. The
additional wall length, on the source traverse side, shielded the
detector traverse area from the gamma-ray source. As shown in Fig. 3.3,
the solid shielding wall was between the detector traverse area for all
values of source positions.

The 1.016-m thick wall (Phase II) was constructed by placing
another thickness of concrete wall blocks in front of the 50.8-cm wall.
Its stacking pattern was similar to the one used for the thinner wall;
however, blocks were displaced slightly to cover the cracks between
individual blocks in the first layer, and the second layer was only 3.57
m long since it did not contain the wall extension.

Experimental measurements, made in Phase III, were for a 1.524-m
thick wall. This wall was also constructed by placing an additiomal
layer of wall blocks directly in front of the 1.016-m thick wall.

As discussed previously, the major portions of the shield wall were
constructed from solid concrete blocks. These blocks, discussed in this
section, 50.8 x 50.8 x 24.5 cm. Block specifications were established
during the planning stages of this project. A prime criterion in the
design of these blocks was the ability to stack them to obtain the three
required shield wall thicknesses (0.508, 1.016, and 1.524 m). Addi-
tional criteria were quality control, negligible gamma streaming between
blocks, fabrication time to complete the requisite number of blocks,
design flexibility, ease of handling, transportability to the shielding
site, stability of the free standing walls, and removal from the experi-

mental area following project completion.
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Fig. 3,3 Experimental arrangement used for the benchmark measure-

ments made in the 50,8-cm.

thick wall,
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Each wall block was of essentially the same composition. A "seven
sack/30" mix was specified for each batch of concrete delivered by a
local concrete company. This mix contained seven sacks of cement (300
kg) per cubic yard of sand and aggregate (30 weight percent heavy
aggregate and 70 percent sand). The mean and standard deviation of the
specific gravity for the wall blocks was measured to be 2.22 + 2.1%.
This value was calculated from size and weight measurements made using
smaller concrete blocks which were poured at the same time each set of
16 wall blocks were being poured. Following pouring, a liftinyg insert
was embedded into the exposed surface of each block. Figure 3.4 shows
several of the finished wall blocks. The small hole, visible at the top
of each block, is the location of the lifting insert. A metal eyebolt,
wﬁich could be screwed into this threaded opening was used to 1lift the
blocks with the aid of a forklift.

Cylindrical ducts having a wide range of length/diameter ratios
were mocked up using sets of concrete duct blocks. The concrete for
these blocks had an average specific gravity of 2.22 + 2.1%. Hence,
these blocks contained only ordinary concrete and had the diameter
penetrations required to establish the duct configurations listed in
Tables 2.3 - 2.6.

Duct blocks with the dimensions listed in Table 3.1 were fabricated
using wooden forms. Cardboard tubes, designed specifically for concrete
forming, were used to produce the 41.9-cm and 21.l-cm diameter duct
openings. Steel pipe served as the duct forming material for the smaller
diameter ducts. Solid blocks, for background measurements, and for fill

blocks were also fabricated.
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Table 3.1. Dimensions of concete blocks used to comstruct
the duct openings in the concrete shielding walls.
The specific gravity of these blocks was 2.22 + 2.1%.

Length Width Thickness

Block Type

cm in cm in cm

Solid wall duct blocks
Solid wall blocks 30.5 12 30.5 12 12.7
Fill blocks 40.4 15.9 10.2 4.0 25.4

.41,9=cm (16.5-1in) diameter duct
Duct block pairs 502 19.75 50.2 19,75 12.7
Fill blocks - - - - -

21.l-cm (8.3-in) diameter duct
Duet block 30.5 12 30.5 12 12.7
Fill blocks 40.4 15.9 10.2 4.0 25.4

10.3=cm (4.06-in) diameter duct
Duct block 30.5 12 30.5 12 12.7
Fill blocks 40.4 15.9 10.2 4.0 25.4

4,76=cm (1.88-in) diameter duct
Duct block 30.5 12 30.5 12 12.7
Fill blocks 40.4 15.9 10.2 4.0 25.4

30.5=cm (12-in) square duct
Fill blocks 40.4 15.9 10.2 4,0 25.4

15.2-cm (6-in) High x 30,5-cm (12-in) wide rectangular duct

Duct blocks 61.0 24.0 30.5 12.0 7.62
41.0 16.0 30.5 12.0 7.82

Fill blocks 40.4 15.9 10+ 2 4.0 25.4
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Duct blocks were placed into the duct-block opening (refer to Fig.

3.2) of all three shielding walls in patterms similar to those sinown in
Figs. 3.5 and 3.6 fpn,the'O.SOB-m thick wall. As is shown in.these
figures, the blocks were oriented in a manner which minimized gamma-ray
streaming through the cracks between individual blocks. Additional duct
blocks, with the same dimensions and insertion patterns, were used for
the thicker wall configurations. Furthermore, 10.3-cm duct configura-
tions were constructed by replacing the 2l.l-cm diameter duct blocks
with blocks of the same dimensions having the appropriate smaller diameter
openings. The 41.9-cm diameter duct was the only duct insert not requiring
solid fill blocks.

Annuli were constructed by inserting either water-filled or concrete-
filled iron pipes through the center of the straight circular ducts.
Small amounts of styrofoam were used to suspend these inserts in the
center of the duct., Table 2.4 lists the annuli configurations inves-
tigated, and the dimensions of the duct annuli are presented in Table
3.2. The one steel-lined duct experiment consisted of inserting
0.953-cm inside the 10.3-cm diameter duct opening. Analysis of the

annuli and iron lined ducts will not be addressed within this paper.

Table 3.2 Dimensions of Annuli used with the concrete shielding walls.

Qutside Diameter Inside Diameter Remarks

cm in cm in
41.9 16.5 32.39 12,75 Water filled 12-in ID iron pipe
41.9 16.5 27.62 10.88 Water filled 10.06-in ID iron pipe
21,1 8.3 10.16 4.0 Concrete filled 3.5-in ID iron pipe
21.1 8.3 6.03 2.38 Concrete filled 2.,13-in ID irom pipe

Figure 3.7 shows the collection of duct blocks and annuli inserts used

throughout the experiment.
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Two 60C0 sources were used in the gamma-ray streaming measurements.
The less intense source, identified as the nominally 0.5-Ci source, is
contained in a Technical Operations, Inc. Model 402 Gamma-Ray Projector.
The more intense source, identified as the nominally 10-Ci source, is
contained in a J. S. Shepherd and Associates Model 78-18 Irradiator.

The proijector consists of a source storage shield, a source cable
control unit, and a 6.4 m source tube. The source tube is a flexible
metallic hose through which is mechanically projected the gamma-ray
source on the end of a flexible cable. Electrical switches activate
signals indicating whether the source is in its shielded storage posi-
tion or in its fully exposed positionm.

The cobalt-60 gamma-ray source of nominal strength 10 Ci, is
housed in a lead-shielded irradiator unit (J. L. Shepherd and Asso-
ciates, Model 78-18). In operation the source was driven pneumatically
from its shielded housing vertically to a position centered 1 in (2.54
cm) above the top of the housing and 78 in (1.98 m) above the wheeled
base of the irradiator. The source is located 2 in (5.08 cm) radially
from the centerline of the storage cask. The source and housing define a
maximum collimation aperture illustrated in Fig. 3.8.

Five 60

Co sources were used in the calibration procedure. They
are identified in Table 3.3. Uncertainties are expressed as estimated
standard deviationms. Source calibration was achieved by cross-calibration

of the relative source strengths of the source to be calibrated and the

next smaller source.
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SOURCE
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| C‘I‘ . ‘-“"--1_32{ \.\\
8 =~<_2>. SOURCE EXPOSED

1
TOP OF IRRADIATOR CASK N
7.1875" '
- ‘e SOURCE OBSCURED
o.|355"/.
Source C (cm) 61 (deg) 62 (deg)
10 C1 2,22 6.813 9.068
250 Ci 1.59 4,878 11.034

Fig. 3.8 Source Position with respect to Lip of Steel
Clad Lead Source Housing (not to scale).
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Table 3.3 60Co source Identification and Intercalibration Data.

Source Identification

Calibration Source, 94.7 uCi + 3.1%, June 1, 1977
Intermediate Source, Serial No. 027-16
Intermediate Source, Serial No. 027-5

Gamma-Ray Projector Source, Nominally 0.5 Ci
Shepherd Source, Nominally 10 Ci

M O O & P

Source A is the principal calibration source, with calibration
traceable to the U.S. National Bureau of Standards. Based on the above
relative source strengths, and a 6000 half life of 5.26 years, the

source strengths, effective 1 June 1979, were computed and presented in

Table 3.4.

Table 3.4 Cobalt-60 Source Strengths, Effective 1 June 1979.

Source Strength (Ci)
A 7.28 x 1078 + 3.12
B 6.24 x 10™° + 3.5%
c 4.45 x 1072 + 3.8%
D 4.74 x 1071 + 4.5%
E 8.12 + 4.8%

Orientation of the irradiator unit with respect to the test wall
for the streaming experiments is illustrated in Fig. 3.9. Because of
the constraint presented by the l-in vertical clearance between the
center of the source and the top of the source housing, it was rea-
soned that the collimator need not provide more than a l-in vertical
clearance above the source centerline nor more than l-in clearance on

either side of the sources.
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Fig. 3.9 Irradiator Position Relative to Test Wall
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Placement of the collimator with respect to the source and irradiator
housing is illustrated in Fig. 3.10.

The following factors affected design of the associated shadow
shield. Firstly, it should be fabricated from readily available mater-
ials (lead bricks). Secondly, it should be of such size and mass to
allow mounting on the irradiator support table (to the right of the
source housing in Fig. 3.9) and within the confines of any weather
housing used to protect the irradiator. Thirdly, it should provide the
same or smaller aperture as the collimator. Such a shadow shield is
illustrated in Fig. 3.11, shown in relation to the collimator.

A mockup of a collimator and shadow shield was constructed in
Ward Hall at Kansas State University. Comparisons of pulse height distri-
butions for the final collimator design with a 60Co source showed the
spectrum to be essentially identical to that of a "pure" 6000 reference
spectrum. Therefore, it was concluded that the collimator and shadow
shield would result in negligible energy spectrum perturbation and
would only serve to minimize skyshine contributions in the measurement
area.

A collimator and a siadow shiezld of the same dimensions as those
described above, were installed atop the J. L. Shepherd Irradiation
Unit. When the 0.5-Ci source was used, it was supported in a wooden
frame and positioned in the collimator at the same position to which the
10-Ci source was elevated during its use. The irradiator, with colli-

mator and shadow-shield in place, is illustrated in Figs. 3.12 and 3.13.
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For a given wall configuration and source position, exposure rates
were measured using one of three procedures -- x traverse (along d with
c and y fixed), c traverses (along ¢ with d and y fixed), and isodose
(along lines of equal dose in one c-d plane). Nearly 500 traverse and
isodose exposure rate profiles were made during the experimental phase
of this project. Acquisition of this large quantity of data was achiev-
able because the ionization chamber was mounted to a remotely controlled
traverse system. Moreover, the source could be rapidly moved to a new
position and the time required to change duct configurations for a given
wall thickness was minimized by using a small duct-block opening in the
experimental wall.

In addition to the standard x and z traverses and isodose measurements
performed with straight and annular ducts, two special configurations were
measured. These configurations, the reflecting room and reflecting wall
were performed to measure the effect of scattering within a room or from
a wall respectively. Analyses of these experiments are not attempted
as they are outside of the scope of the techniques presented.

One reflecting room experiment was performed to measure the duct
scattered components arising directly from a bare 6000 gamma-ray source
and from the associated scattering sources within the room. Dimensions
of the room and the experimental arrangement are provided in Figs. 3.14
and 3.15. Based upon the results of previous measurements made without
the room, this study was completed using the 101.6-cm thick wall con-
taining a 21.l-cm diameter straight circular duct. Within the con-
straints of the materials available, the room was nominally cubical. It
was constructed adjacent to the duct-bearing shielding wall using con-

crete blocks and slabs as shown in Fig. 3.16. The ceiling and floor of
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101.6 cm Thick Wall

21.1 cm diameter Duct

— 50.8 —>
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|22,
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all dimensions in cm

Fig. -3.14 Reflecting room configuration




66

90.2

N

45

all dimensions in centimeters

157

151

Fig. 3.15 Front view of the shielding wall area used for the
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the room had a minimum concrete thickness of 23 cm. Room walls were
constructed from the standard 50.8-cm thick, solid-concrete, shielding-
wall blocks.

The nominal 0.5-Ci 6OCo gamma ray projector source was used for all
scattering room measurements. Its holder was attached to a mounting
support such that, when the source was extended, the active volume was
at the desired position within the test room. The room dimensions were
established from the design constraint that the exposure rate from gamma
rays scattering through the duct would be within the range of the detec-
tion system (< 500 pR/hr). Room access, for repositioning the gamma-ray
source holder, was gained by removing several concrete blocks at one

side of the structure.

As specified in Table 3.5, all measurements were made with the

source at the duct centerline except for the single angle of 453°.



Table 3.5. Summary of Reflecting Room Measurements
made using the Nominal 0.5 Ci Source and
the 101.6~cm Thick Wall with a 21.l-cm
Diameter Duct.

Experimental
Parameters
e p Vi c
(de8rees) (cm) (cm) (cm)
22.5: 150 0 150
22.5 150 0 250
33: 125 0 150
33 125 0 250
33 125 -38 150
33 125 -38 250
45 50 0 150
45 50 0 250
45: 100 0 150
45 100 0 250
45: 100 0 150
45 100 0 250
90 35 0 150
90 35 0 250
90 75 0 150
90 75 0 250

8Measurements repeated without the scattering room

bSource elevated 15 in above duct centerline



Measurements were also made of the duct-penetrated radiatiom
arising from source photons first reflecting off a back wall and then
streaming through the duct. This experiment was performed using the
101.6-cm thick shielding wall with a 10.3-cm diameter straight circular
duct. As shown in Fig,3.I7, a 101.6 x 101.6 x 50.8-cm thick reflecting
wall was positioned 457 cm from the front face and parallel to the
shielding wall. The reflecting wall was centered on the axis of the
open duct. These dimensions were chosen so that only the reflecting
wall could be seen from the detector side of the duect wall through
the duct. Thus the component of the duct penetrating radiation caused
by photons streaming directly through the duct after being scattered
from the reflecting wall was maximized.

The reflecting wall was constructed using the standard 50.8-cm
thick solid wall blocks. It was stacked on a wooden pallet and posi-
tioned using the forklift.

Gamma rays from the nominal 10 ci 6000 source provided the radia-
tion for illiminating the reflecting wall. It was positioned 513 cm
from the reflecting wall at an angle of 30 degrees. Source elevation
was at the duct centerline.

Exposure rate traverse data were measured at the duct centerline
elevation (y = 0) for ¢ - 100, 150, and 250 cm. Background measure-

ments were also made with the reflecting wall removed.
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4,0 DISCUSSION OF INSTRUMENTATION

For this duct streaming experiment, it was anticipated that
measurements would have to be made of transmitted radiation fields
approaching background levels. Accordingly, a very semsitive high
pressure ionization detector (HPIC) was used as the gamma photon
detector in this study.

The specific detector used was a Reuter-Stokes RSS-111 Area Monitor
System, serial number 1-3575, calibrated by the manufacturer on 24 March
1977. This system employs a spherical ion chamber 25.4 cm in diameter
made of 0.30 cm thick stainless steel. The spherical chamber is filled
with high-purity argon at a pressure of 25 atmospheres (2.5 MPa) at 0°c.
The center electrode of the ion chamber is an aluminum sphere, 5.1 cm
in diameter. The ion chamber is contained in a cubical weather housing
made of 0.24 in thick type 1100 aluminum alloy. The detector response
for photons between 0.3 to 2.0 MeV is relatively flat (see Fig. 4.1),
and thus the energy averaged weight factor, F, for these photons should
be close to unity.

The HPIC system was calibrated by the manufacturer with 6OCo gamma
rays to read directly in units of LuR/h. According to AEC Health and
Safety Laboratory (HASL), the presence of the aluminum protective hous-
ing should affect the detector response to gamma rays from 6000 by only
about 1%. With several sources calibrated by the U.S. National Bureau
of Standards, the manufacturer's calibratiom, the approximate energy
sensitivity, and directional isotropy of the HPIC detector was verified
by KSU experimenters (6).

Spatial mapping of gamma-ray exposure rates, behind the duct-

bearing walls, was accomplished using a detector traversing mechanism
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designed and fabricated at Kansas State University. The traverse

system was assembled inside the instrumentation building and positioned
near the centerline of the duct opening. Figure 4.2 shows the traverse
system which can be described as a three dimensional, rectilinear,
remote controlled, motorized positioning device with nominal traversing
distances of 3 x 3 m in the horizontal plane and 1 m in the vertical
dimension.

The traverser consisted of a system of precision machined rods and
circumferential linear bearings. Motorized drive units, attached to the
horizontal plane bearings, provided the tractive force and remote control.
Stationary plastic ladders were engaged by gears on the drive units to
move the detector throughout the horizomtal plane.

The design objective for the traverser was to arrange the rods and
linear bearings in such a way as to allow the detector to be positioned
at any desired point within the traverser volume. To accomplish this
objective, the z dimension of thé traverser was a parallel set of guide
rods with two bearings on each rod (see Fig. 4.4). These bearings were
mounted on the z-dimension motorized drive unit which in turn supported
the detector. As shown in Fig. 4.3, the x-dimension drive unit which
moved along the x-dimension guide rods had the terminatioms for the z-
dimension rods, drive ladders, and one set of parallel linear bearings.
Additionally, the x-dimension traverse assembly included a cabling
assembly to assure parallel movement of each side. This arrangement
provided the system with the desired horizontal plane x-z movement
capability.

Once, this arrangement was chosen, the horizontal plane rods were
sized for their load handling capabilities. The design constraint

considered was how much the rods would deflect under load. The deflec~-
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=4 «3  Ion chamber mounted to the traverse system.
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tion was calculated assuming that the ends of the x-traverser rods were

fixed and that the load of the z-traverser dimension represented a point
load at the midpoint of the x~dimensiocn guide rod. Estimated deflection
and measured deflections were in good agreement at 8.9 cm.

Vertical height adjustments of the x-z traversing assembly were
made by manually sliding the counterbalanced assembly up or down on
2,.54=cm diameter steel rods. Linear bearings on each x-guide rod were
attached to a metal anchor plate located at each corner of the assembly.
Once in position, the assembly remained stationary in the x~z plane
since the corner anchor plates rested on wooden supports.

Finally, the entire system was supported by a wooden frame con-
structed of 2 X 4-in and 2 x 6-in lumber. This frame provided the
necessary dimensional rigidity for the system. The four cormer y-
dimension rods were attached to the four corner uprights on the frame
and pulleys were attached to the top of the uprights for the counter-
balancing cables.

High quality metal guide rods and matched linear bearings were used
to achieve the desired traverse motion for the ionization chamber. The
x- and z-dimension traverser rods were 3.1750 + 0.0005-cm diameter
precision machined 1060 steel rods surface hardened to Rockwell 58-63 e,
Ionization chamber travel, parallel to the plane of the rods, was achieved
using recirculating ball type bearings. These bearings were selected to
provide the required low friction rolling load carrying capability.
Static and dynamic friction in these bearing assemblies was low and
decreased with wear-in. Dust seals prevented foreign matter from
entering the bearings which could have damaged the precision machined

surfaces. The z-dimension rod/bearing arrangement is shown in Fig. 4.4.
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Fig. 4.4 2 traverse drive rods and bearings.
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Remote control of the ionization chamber's position, within the
traverse area required construction of two motorized drive units. Since
the basic task performed by the x- and z-dimension drive units was the
same, two similar drive units were constructed. However, bearing place-
ment was different because the ionization chamber was mounted to the z-
dimension drive unit. Photographs of the x- and z-dimension drive
plates are shown in Figs. 4.5-4.7. The traverser was designed to have a
maximum transit speed of 15 cm/s and a maximum scanning speed of 5 cm/s
with 475 N gross linear thrust.

Several types of motors were considered for the drive system which
would move the HPIC. It was clear that DC stepping motors were the best
choice for this particular application. These motors can be varied in
speed over a wide range, are quickly reversible, have a high stall
torque, and are brushless,

A stepping motor is a DC motor with a multi-pole permanent magnet
rotor and a four pole wound stator. Rotation is achieved by alternately
exciting and de-exciting these four stator fields in sequence, so that
the permanent magnet rotor will rotate in steps to follow the new magnetic
field alignments. This characteristic gives the stepping motor a decided
advantage over an AC motor in that its rotational speed can be easily varied
simply by stepping the stator magnetic field at different rates. Moreover,
the speed-torque characteristics of a stepping motor are such that maximum
torque is achieved at zero rotor speed. This was the most desirable
speed-torque characteristic for this system since with the traverser stopped,
the motor had to overcome not only the inertia of the system but also the
static friction within the system. Stepping motors also operate without

brushes. This was an important consideration since the ionization cham-
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ber was mounted near the stepping motors and it was felt that the electrical
noise from brushes might superimpose itself upon the ionization cham-
ber's electronics and become an undesired source of electronic noise.

The maximum desired speed for the HPIC of 15 cm/s specified a
particular reduction ratio for a reduction assembly attached to the
motor drives. It was then possible to calculate the frictional losses
within the system and to specify the acceleration rates (from which the
inertial requirements of the drive mechanism could be estimated). From
these factors, the torque required to move the system at the speci-
fied speed could be obtained. With such an analysis, a Superior Elec-
tric Model M092-FD09 motor coupled with the same manufacturer's model
STM=103 translator module was chosen for the motor system.

Stepping motors require, as an integrated system, electronics to
switch the stator windings in an orderly manner. A translator module
and external control circuitry were designed to perform this function.
The translator module purchased for this project was contained on a
single prefabricated circuit board. It was used to switch the stator
windings such that either a clockwise or counterclockwise rotation
resulted. The traverser electronics translated all the signals from the
control panel and automatic control circuitry and interfaced them to the
translator module. A block diagram (Fig. 4.8 ) illustrates the concep-
tual layout of the traverser electronics.

In the manual mode, the oscillator in the translator module pro-
vided the pulse train for the stator sequencer and established accele-
ration and deceleration ramps to meet the operator's request for speed
and direction change of the HPIC. This manual mode of operation was

used to collect exposure rate data in a sequence of x traverses where
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the HPIC was moved in the x dimension at roughly 0.5 cm per second while

the z and y coordinates of the HPIC were held fixed.

The interface module's function was to isolate the traverser elec-
tronics from the control system electronics. Signal isolation was impor-
tant since the traverser performed high current switching im the stator
sequencer, another possible noise source. Steer modules performed the
actual.direction selection by directing the selected pulse train to
either the clockwise input or the counterclockwise input to the trams-
lator module. Traverser limit switches were also implemented in the
steer module by disabling the pulse train from the translator module
input for the motion of the HPIC in the direction of the activated
limit switch.

The automatic mode was used to collect isodose data which provided
qualitative data about the shape of the radiation field emerging from
the duct. The design logic behind the isodose control system is illu-
strated in Fig. 4.9.. To perform an isodose measurement, the isodose
circuitry comparéd the actual exposure rate from the ion chamber to a
constant set point. This comparison generated an error signal whose
magnitude was used to control the speed of the HPIC in the z dimension
using a voltage-to-frequency converter on the steer module. The sign of
the error signal dictated the direction of motion in the z dimension.
In the automatic mode, the ion chamber normally travelled at a maximum
set speed in the x direction. However, when the magﬁitude of the error
signal was very large, this x-dimension speed was linearly decreased
towards zero speed. If zero speed was reached, the direction of travel
in the x dimension was reversed and the speed ramped up to the maximum
in the new x direction. This feature allowed the mapping of re-entrant

contours.



86

MEASURED
DOSE
INPUT MAGHETMIE o 2] SPEED SPEED
-1 CONVERTER L Z
V/F PULSE
e Junruo
COMPARATOR
Z DIMENSION
DETECTOR ’
sorY| DIRECTION Lol Zmax?
FWD/REV
v v
5 5 .
SET DOSE = POSITIVE (V=Z )
max
ZERO (otherwise)
FWD/REV
Z DIRECTION
_ " x| SPEED SPEED
POS. (zmax) P CONVERTER — X
3 m V/F PULSE
max
Y
4 LOW LEVEL X DIMENSION
r DETECTOR DETECTOR
INTEGRATOR [ AND LOGIC p——> DIRECTION
GENERATOR FWD/REV
ACCELERATION
ADJUSTMENT
FWD/REV
X DIRECTION
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The position transmitter used in this system was a 20 turn poten-
tiometer with 1% tolerance and 0.05% linearity. The shaft of this
potentiometer was coupled directly to the shaft driving the ladder
drive gear. Since the ladder drive system was linear and the poten-
tiometer had a high linearity tolerance, the potentiometer wiper vol-
tage was proportional to the position of the traverser throughout its
span. Position reproducibility was typically 0.25 cm. Curve fits and
linearity checks are presented in Figs. 4.10 and 4,11, Voltage across
the position potentiometers was provided b& a dedic;;ed precision vol-
tage source with full thermal compensation.

Each stepping motor was coupled to a reduction assembly through a
flexible coupling. This coupling allowed for small alignment errors
between the motor and the reduction assembly (see Fig. 4.12). The
reduction assembly consisted of a 20:1 worm—gear reductionvset supported
by radial ball bearings with appropriate thrust loading capabilities.
These gears were mounted on a 1.27-cm mild steel shaft with set screws.
Fastened to the reducti&n shaft were the drive gear for the ladders and
the position transmitter shaft. The reduction assemblies were fabricated
at Kansas State University using 0.635-in aluminum plate in a welded
construction fo achieve maximum rigidity. Aluminum was chosen for its
light weight, ease of machining, and availability. Limit switches were
mounted on the base plate of the reduction assembly to assure that the
HPIC did not exceed the system's physical travel limits.

It was important that the drive system for the traverser be linear,
strong, and provide reproducibility. This objective was achieved, in

this application, by using Winfred M. Berg type 1l6GCF stainless steel

cable reinforced plastic ladders. Each ladder was mated with specially
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machined spur gears which were mounted on the reduction output shaft.
Idler gears were used to insure that the drive ladders completely en-
gaged the driving gear throughout its rotation. The drive ladders were
attached to spring loaded terminations at the end of the guiderrods. These
drive ladders performed admirably and are in a large part respomsible
for position reproducibility that exceeded the design criteriom.

Exposure rate and ionization chamber position data were accumulated
using a data collection system designed and constructed by members of
the Nuclear Engineering Department at Kansas State University. This
system, shown in Fig. 4,13, was situated in the instrument room of the
facility's instrumentation building. The analog output of the high
pressure ionization chamber's electrometer was channeled to the input of
this system and to the x-y recorder. Detector position signals were fed
directly to the data acquisition system from the detector traverse
instrumentation.

Operational mode (traverse or isodose), detector movement, and
data collection were all controlled b} an operator from the system con-
sole., As is shown in Fig. &.ié, the console contained two basic sections--
detector positioning and data acquisitiom. In the manual operation mode,
the upper 3% digit LED panel could be made to display (by proper selection
of the "address" switches) one of the following experimental data: the x,
v, or z position of the HPIC, a number proportional to the exposure rate,
or a configuration identification number. The single digit LED "address"
panel at the top of the console indicates which of these experimental
data is being displayed. The value related to the exposure rate measured

by the HPIC is continually displayed on the lower 3% digit LED panel.
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Input to the consol was data in the form of analog signals. Each
of these analog signais were '"frozen" at the same time by sample and
hold modules. This feature removed any uncertainty in the time depen-—
dency of the individual values for x, y, 2z, and exposure rate contained
in a given data set when the system was functioning in the automatic
traverse mode. As is indicated in the data acquisition system block
diagram, Fig, 4.15, these "frozen" analog signals were applied to an
analog multiplexer (MUX) and the proper signal directed to the digital
panel meter (DPM) according to the address signal supplied from the
address generator. The multiplexer output was then converted to digital
information in the DPM and printed. To uniquely identify the printed
quantity, the leading digit was the address for that particular device.
Address identification used was: 0 = configuration identificatiomn
number; 1 = exposure rate; 2 = x position; 3 = z position; and 4 =y
position.

The numerical values printed were only proportional to the actual
physical values since the analog voltage signals were scaled to achieve
a'voltage range of O to 10 V. This scale was chosen to be compatible
with the output level from the high pressure ionization chamber's elec-
trometer. Input scaling of the DPM was simplified by using a common
scaling network for all of the signals used at the output of the MUX.
It should be mentioned that this was a very stable system and required
only minor adjustments throughout the course of the project. Adjust-
ments, when required, were made during the daily checkout of the system.

Several measures were taken to assure system stability. All power
supplies were precision regulated and temperature compensated. The AC
line input to the instrumentation system power supply was filtered,

regulated, and conditioned. Additionally, the AC line to the instru-



Fig. 4.15 Block diagram of data ac
of the system is driven
the S/H and address outputs.
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ments was so designed that, in the event of a power surge, the system

would shut down.

Data were displayed and converted using two Analogic AN2570 digital
panel instruments (DPM). This 7 segment LED display unit operated with
a full scale input range of + 1.999 V giving a bipolar 3 digit (+ 1999)
display. The printed output was derived from the latched BCD circuit -
(option added to the AN2570). An analog-to-digital converter (A/D),
within this instrument was logically tied to the display through a
binary coded decimal latched data bus. The A/D conversion was of the
dual slope integrating type.

Digital logic control for the data acquisition system was provided
by the address generator module. This module generated the address and
sample/hold signals for the sample/hold module and synchronized the
printer with the panel displays (AN2570 DPM). Two modes of address
selection were provided. Manually selected data channels coulé be
displayed and printed or all data channels could be displayed and
printed sequentially. In the manual mode, the sample line was held in
the sample state so that the selected data value could be obtained in
real time. For automatic mode operation, the address generator supplied
the sample command at the beginning of each data scan to hold the data
at one point in time. As the system sequenced through the addresses, it
provided a AN2570 DPM settling delay before issuing the print command.
This delay was adjusted such that the AN2370 DPM usually completed 2 to
3 conversions on each data point. Thus it was assured that converted

data were valid.
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A Precision Digital Model 1010 data collector provided the
desired hard copy printout of the information generated by the AN2570
digital panel meter. Data printing involved supplying the print com-
mand signal from the address generator and transmitting the BCD and hold-

reading signals from the AN2570 DPM to the 1010 printer.
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‘5.0 EXPERIMENTAL RESULTS

Presented in this chapter are: 1) the methods used to "reduce" or

process the raw data into a consistent form, 2) samples of raw and

reduced data for selected cases, and 3) analysis of experimental error.

The coordinate éyatem identifying source and detector locations and

angles of incidence is depicted im Fig. 5.1. Notation is as follows:

S - source strength (Ci) effective June 1, 1979,

t

Distances ¢ and

where zg is the

time between date of measurement and June 1, 1979, i.e.,
decay time for source strength correctioms,

distance from source to center of duct at the entrance plame,
angle of iﬁﬁidence, measured between duct axis and p-axis,
horizontal distance from detector to the duct exit plane,
horizontal distance from the detector to the duct axis,
vertical distance from detector to the duct axis,

position potentiometer readings for the d and ¢ distances,
respectively,

exposure rate instrument reading,

exposure rate (uR/h).

d are related to x and z by the formulas
c(ecm) = 100 + (z - zg)/4.956,
d(em) = (x - 808.5)/4.919,

potenticmeter reading at the reference (c = 100 cm) posi-

tion; usually zy = 74 to 76, The quantities X and E are related by the

formula

.

X = 0,25 (E - Eo)g

where Ey is a bias reading; usually Eg = 8 to 10.



99

DETECTOR CENTER

c
y

d

SOURCE

a0 00T e %
n?&%&%&&?ﬁm
000,050 %0 %%

Benchmark gamma-ray streaming geometry.

S.1

Fig.



100
Reduced data are presented in the form pzi/S (mzuR/Cih), i.e.,
net exposure rates normalized to unit source strength and multiplied
by 92 to account for the inverse-square geometrical attenuation between
source and duct entrance. The data are corrected for the background,
or solid-wall, exposure rates, thus eliminating the effects of gamma
rays scattered over or around the test wall.
A sample set of raw digital data, for the 100 cm thick wall with
a 20 cm diameter duct, is presented in Table 5.1. Corresponding raw
background data are presented in Table 5.2. The corresponding reduced

data are presented in Table 5.3 and plotted im Figs. 5.2 to 5.5.

~ .
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Table 5.3. Reduced x-z traverse for the 100-cm thick wall using the 60Co source of mominal strength 10 Ci.

2s 2
Data reported are values of p X/S in units of m pR/Cih.
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300
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45
300
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300
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300

(cm)

Duect Dia.

45
300

45
400

33

300

60
300

8 (deg)
p (cm)
y (cm)
c (cm)

150

150

150

150

150

150

250

150

100

150

d (cm)

4.8
9.3

28.3

150.4

4.2 2.8

6.7
11.0

120

74.3
119.0
142.7
180.6
154.4
133.7

98.6

39.6

15.8

279.4
450.0
562.3
606.0
613.5
597.4
527.8
538.4
537.4
581.4
281.4

0.0
6.8
18.6
18.1
0.6

3.7
7.3
9.6
11.3
15.2
15.8
15.2
11.8
10.1
6.5
7.3

9.0
14.1
32.7
74.

128.9
134.3
111.2
54.9
28.4
16.9
11.3

27.0
86.7
233.1
260.0
212.5
220.4
202.1
64.1
30.7

7.3
21.1
45.3
50.
40.5
33.5
42.2
54.3
45.9
16.0

3.9

29.8
103.0
118.2
101.9
121.0
103.0

25.3

7.0
1.4

1.4
5.9
14.4
90.6
218.4
218.4
235.5
81.6
1.7
5.6
Xl

2.5
2.3
7.0
37.2
44.5
39.7
49.8
41.1

100
80
59
39
19
-2

~22

-42

-63

-83
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Annulus, 40 cm 0D, 28 cm ID.
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Fig, 5.2 Normalized exposuré rate as a function of ¢ and d
for the 100-cm thick wall with a 20-cm diameter duct.
Measured at a 45° angle of incidence, with y = 0.
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A few measurements were also made of the exposure rate as a function

of the distance ¢, or z-position, and the elevation y, all at the x-position
of the duct axis, namely x = 808.5 or d = 0., These c traverse measurements
were made only for the 20-cm diameter duct in the 100=-cm thick wall. Raw
data are presented in Tables 5.4 and 5.5. The matching reduced data are
presented as Table 5.6 and illustrated as Figs. 5.6 and 5.7.

Isodose lines, in the x-z (or c-d) planes were also determined for
selected values of p, 6, and y for various sized ducts in the 100-cm thick
wall. Representative results are illustrated in Figs. 5.8 - 5.12.

The normalized exposure rates, pzils (mzuR/Cih), are approxiamate values,
based on the estimated background (solid-wall) exposure rates assumed to
be constant throughout the measurement plane. The results are thus

appropriate only for qualitative interpretation.
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diameter duct and an angle of incidence of 45°.

Measured at y = 0 and p = 4m,
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Measured at y,f‘O and p = 3m,
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Because duct penetration data were collected over a period of many
months, great care was taken in design and operation to insure long term
stability in the measurement system. To aid in the verification of the
constancy of the system response, a standard daily startup procedure was
adopted for this experiment. An example of the checkoff sheet used in
this startup procedure is shown in Table 5.7.

During this daily verification procedure the following items were
examined and adjusted if necessary:

(i) internal voltages of the potentiometers in the data acquisition
system used to record detector position and the detector signal,

(ii) the proper operation of the limit switches of the detector tra-
versing mechanism and the position indication for the detector
at these limit positioms,
(iii) the response of the HPIC to a known calibrated Co-60 check source,

(iv) measured background radiation exposure rates at the four cormers
of the traversing area,

(v) miscellaneous maintenance and safety items.

From these daily checkout procedures, it was found the system was
remarkably stable and little adjustment was ever needed. Moreover, it was
found that the background radiation field at the experimental site was
nearly constant throughout the course of the experiment at 9.0 + 1.5uR/h.

As is discussed earlier, a collimator/shadow shield assembly .
was constructed around the Co-60 sources to minimize air-scattering
(skyshine) around the test wall. Nevertheless, the duct test section
must be uniformly illuminated over a sufficient area so that the total

duct penetration component may be obtained. The area of illumination on
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Teble 5.7 Startup Checklist Used for Daily Operation

Startup Procedure Date July 25, 1979 ) S
/
Yﬂ

Check=out dosimeters Protective Rope Placement

Y
01l Mechanism v
Check Line Conditiomer (115 V)

Source Carriage Placement

e
A
Check 10V power supply A
Adjust Configuration Pot (1999) A
Adjust Dose Set Pot (199) v

v

Check Microswitches (X,Z) = ( 0, 0)
(100, 0) Y

(100,100) _Y

( 0,100) _¥Y __ -
Check Position Pot Readout X-Pot  Z-Pot

c o, 9 76 __16

(100, 0) 1545 76

(100,100) 1544 1698

( 0,100) 76 1698

Check Exposure Rate: Check Source at (100,0)
HPIC at (0,0) 102 R/ -

Check Background: Positiomn ( 0, 0) _8.1 * 0.3 uR/h

(100, 0) _9.6 * 0.2 wR/h
(100,100) 9.2 * 0.3 uR/h
( 0,100) _8.6 % 0.3 wR/h
Average 8,9 * g

0.6 _uRf_.‘Q

Shutdown Proecedure

Turn off electrometer __r_/_

Gather Protective Rope __ Y

Lock-up Sources A

Check-in dosimeters v : .
Line Conditioner Off ~ _ v |

Air Conditiomer Off _y

Circuit Breakers Off _1/__
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the test wall was measured in this experiment by using a small GM probe
to trace out the pnembra boundary on the test wall. Except for the
larger ducts in the thicker walls with large source angles and small p
values, it was possible to illuminate not only the entire hog duct mouth
but also a sufficient area of the adjacent test wall so that the uncol-
lided photon beam would fully illuminate the duct mouth. For those
cases where such complete illumination was not possible, it was verified
that the hot duct mouth was still always fully illuminated as well as
the adjacent test wall surface up to several centimeters away from the
duct.

In all duct configurations, both the duct measurements and the
corresponding solid wall measurements were performed with the same area
of the test wall illuminated. In this way, the difference between the
two measurements would give only the duct penetration component (assum-
ing the background exposure rate was the same for both measurements).

In this experiment the detection area on the cold side of the test
wall was located inside a thin walled metal building. With such an
arrangement measurements could be obtained in inclement weather and a
controlled environment could be maintained for the sensitive detection
system. The building wall adjacent to the cold side of the duct was
modified to eliminate any structural beams near the exit radiation beam.
Only a thin corrugated iron wall (0.17 em thick) was left interposed
between the cold side of the duct and the detection area.

To assess the importance of the iron wall on the experimental
results, x-z traverses were made with and without a second piece of
corrugated iron wall placed over the cold side of the duct mouth.

These traverses were made for two different duct configurationms.
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In both cases the effect of the second piece of corrugated iron wall was
to reduce the exposure rate profiles by about 4%. Thus the building wall
may be inferred to cause the same percentage reduction in all the exposure
rate profiles obtained in this project.

Although the measured exposure rates could have been corrected for
the building wall attenuation, this correction was not performed in
reducing the data since the wall attenuation tended to compensate for
the expected over-response of the HPIC to the low energy, duct-scattered
photons.

The geometric parameters which specify the source and detector
position are indicated in Figs 5.1. Accuracy of the pertinent dimensions
relating the traverser area and detector position to the cold side of
the duct wall (Fig. 5.13).are estimated to be within * 1 cm. The potentio-
meter position indicators for the HPIC in the traverser area were found
to drift only very slightly throughout the course of the experiment.

The estimated position error in the x or z dimension obtained from the
digital output of detection system is thought to be less than + 0.5 cm.

The same uncertainty is expected for the y dimension since the same
vertical block shims were used throughout the experiment to adjust the
vertical height of the x-z traversing mechanism. Although the vertical
height, y, of the detector was reproducible to within + 0.5 cm, the
exact vertical location of the HPIC varied within + 4.45 cm depending on
the x and z coordinates of the detector. This relatively large varia-
tion was a direct result of the "sag" in the x-z traverser mechanism
~such that when the detector was in the center of the traverse area the
detector was 8.9 cm lower than when the detector was at either of the
four corners. In Table 5.8 the measured vertical sag of the HPIC with

respect to the y = 0 plane (containing the duct centerline) is presented
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for the detector in the center of the traverse area and along the periphery.

Table 5.8. Displacement of the center of the from
the y = 0 plane for the detector at
the center and along the periphery of
the x-z traversing area.

c d(em)
(cm) =150 0 150

0 +4.45 -2,22 +4 .45
250 +1.43 -4.45 +1.43
500 +4. 45 -2,22 +4,45

The source position on the hot side of the duct wall was determined
by the two coordinates p and & (see Fig. 5.2). The uncertainty in the
measured values of p is + 1 cm and in € is + 0.3°. The source cask was
repositioned several times for the same nominal p and 6 settings and
the exposure rate profiles from x-z traverses were found to have no ob-
servable differences., Thus any positioning errors were siznificantly

less than changes in 6 or p necessary to affect the exposure rate profiles.

(ii) Exposure Rate Measurements

The exposure rate as determined with the Reuter-Stokes HPIC was obser-
vable in four manners in this experiment. The primary readout was a digital
display built into the Reuter-Stokes Area Monitor System and whose indi-
cation was used to verify the manufacturer's calibration of the HPIC system
(6). The three other exposure rate indicators were (i) a pressure sensi-
tive paper strip chart recorder (also calibrated by the manufacturer) built
into the HPIC system, (ii) an X~-Y linear recorder which plotted exposure

rate versus position ("x-z and c traverses'"), and (iii) a digit readout
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(both with printer and digital display) on the data acquisition system.
The exposure rate as measured on the traverse profiles from the X-Y
recorder was generally well within + 2uR/h of the primary digital indica-
tion. Since the exposure rate signal for the X-Y recorder is taken
directly from the Reuter-Stokes system without interposing amplification
or digital conversion, the data obtained from x-z or c-traverses are
thought to be the most accurate obtained in this experiment.

The digital printout of the exposure rate produced by the data
acquisition system, E, was found to be well represented by

E= Eo + b (X)

where "Eo" represents an "offset" (typically between 8 and 12 units) and
"p" is a voltage-to-exposure-rate conversion factor whose value was
found to be 3.98 + .02 (mVeuRh™1). The linearity of this digital readout
with the primary readout was excellent (r2 = 0,.99998). An example
calibration is shown in Fig. 5.,14. One major deviation from the lin-
earity was noted. Above an exposure rate of 475uR/h, the exposure rate
potentiometer reading saturated and remained constant (see Fig. 5.12).
Thus exposure rate printouts above E = 1900 must be viewed as suspect.

To obtain the "reduced data" for a particular duct configuratiom,
the difference between the exposure rate obtained with the duct in the
wall and that from the corresponding solid wall was taken. With this
difference the bias, Eo’ in the potentiometer readings subtracts out and
only the value of b is needed to convert the reduced exposure rate
potentiometer reading.

Finally it should be mentioned that the semsitive HPIC had a signi-
ficantly long time comstant of about 10 sec. Thus as the detector moved
through a varying radiation field, it was necessary to move sufficiently

slowly so as to prevent the indicated exposure rate reading from lagging
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behind the actual value. In plotting the x-z traverses and c traverses,
the detector was stopped at the traverse positions where data were to be
recorded for a sufficient length of time to allow the detector response
to reach equilibrium. On many of the x-z traverse plots, sharp rises or
dips in the exposure rate profiles can be observed at the positions
where the detector was stopped.

The long detector time constant can also be seen to affect the
isodose profiles. F;om the isodose profiles it is seen that there is
significant oscillatory variation in the z position (up to ome-half of
the detector diameter) caused by the tracking mechanism searching for
the "target" exposure rate. With a proper choice of detector drive
speeds to complement the detector time constant, these oscillations were
minimized but not eliminated. For all the isodose profiles, the indicat-
ed exposure rate on the Reuter-Stokes strip chart was comstant to within

a few percent thus indicating the tracking mechanism was indeed functioning

correctly.

(1ii) Uncertainties in the Reduced Data

To obtain the exposure rate arising solely from the presence of the
duct in the test wall (i.e., the duct penetration component) it was
necessary to make two measurements: (a) the exposure rate with the duct
in place, and, without changing the source-collimator configurationm, (b)
the exposure rate with the duct filled with concrete (i.e., a solid
wall)., The first measurement gives the sum of the duct penetration com-
ponent (Ed), the skyshine or air scattered component (ES), and the
.- natural background Eb‘ The second measurements should then be only the
sum of the skyshine and background components, if it is assumed that the

filled duct negligibly affects the skyshine component and that the test
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wall is so thick that any direct penetration component is totally negligible

(easily calculated and compared to measured values).
The reduced exposure rate (normalized to unit source strength and
corrected for the geometric attenuation of the source-to-duct distance, p)

is thus given by

2e 1 pz
= -— — =TT
9——8 T 5 {E d+ES+Eb ES Eb}

where E is an exposure rate instrument reading (unprimed quantities
for the ducted wall, and primed quantities for the solid wall). The
source strength is denoted by S, and b an instrument-to-exposure-rate
conversion factor (see (ii) above). For the reduced data presented in
this study it was assumed that (ES + Eb) = (Eé + Eé), and that the two
measured exoosure rates, (Ed + ES + Eb) and (E; + Eé), were both esti-
mated to contain random errors of about + 2uR/h (+ 8 units of the imstru—
ment system). The correction factor 1/b was taken to be 0.25 + 5%.
The uncertainty in p is typically less than 0.5%; however, the
strengths of the two sources used in this experiment are known only to
within 4.8% for the 8.12-Ci source and to within 4.5% for the 0.474-Ci
source (see Table 3.4). With these assumptions and error estimates, the

"normalized reduced exposure rate'' becomes

DZX

ke £‘Z—§ + 6. 9%} {(EHE_HE) - (El-E)) * 11,33

For large differences in the ducted and solid wall exposure rates, almost
all the uncertainty in the normalized reduced exposure rate is due to

the 6.97% uncertainty in (pZ/S). However for small differences the
uncertainty in the exposure rate measurements can lead to very large

percentage errors in the normalized reduced exposure rates as is shown

in Table 5.9.
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Table 5.9. Estimated percenEgge error in the normalized
exposure rate (p"X/S) for various duct pene-
tration exposure rates.

X = ‘% (Ed+Es+Eb_E;-Eé) % error in Eg;
(uR/h)
10 29.i
25 13.3
s 8.9
100 749
300 7.0

500 6.9
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6.0 CALCULATIONS AND COMPARISONS

This chapter will present and discuss the results of the calcu-
lational models and compare and contrast these calculations with
the corresponding experimental-results. Unfortunately, before a
direct comparison of the calculations and the experiment can be
attempted, the calculated results must first be modified to replicate
the conditions measured by the experiment as closely as possible.

The largest discrepency existing between the models and the experi-
ment is the detector size. Exposure rate measurements were made using
a 25.4 cm spherical high-pressure ion chamber. Model predictions are
for a point detector and, therefore, direct comparisons with the
experimental results will require volume weighting of the predicted
exposure rates for these comparisoms to be meaningful.

Response of the detector for a general unknown field is given by

_ 1% p(r) V() F() (6.1)
Idsr V(r) F(r)

D

where

D(r) is the 3-dimensional space dependent function describing
the exposure rate,

F(r) is the detector response function as a function of position
within the detector,

V(r) is the detector volume as a function of position within
the detector.

For this model, the detector is assumed to be equally responsive

throughout the volume of the detector, i.e., F{r) = constant,

Additionally, the spatial dependence of the exposure rate field is



agsumed to be one-dimensional in the d {or x) axis, i.e., constant
vertically along the wall and away from the wall. Therefore, Eq. 6
can be written as

_ Jdx D(x) V(x)

D= Fax v(x (6.2)
or discretely as
l V. D,
i i1
D= }r———~—— (6.3)
i vi
where Vi is the volume about node i and Di is the total exposure

rate at node i.
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.1

A five point grid mesh was chosen to represent the exposure rate

gradient in x and the appropriate weight factors were calculated
such that the exposure rate at the center of the detector is given

by:

DO = D_2w1 + D_lwr2 + D0w3 + Dlw4 + Dzws. (6.4)

The weight factors, wn, were calculated as follows

<

= 2
LA (6.53)

where

V= 2nlei(xy - x) - 3 (5 - D1, (6.6)

V is the volume of the éphere, X ,%, are the boundaries of the node
and r is the detector radius. gybstituting Eq. 6.6 into Eg. 6.5
gives Eq.- 6.7 describing the weight factors explicitly

¥n T _6'1_3 [rz("z - %) '% ("3 - Xi)]' (6.7)
T
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Experimental data were measured using a spherical detector of
25.4 cm radius. The detector was represented discretely as evenly
spaced chordal sections of a sphere with the section (nodal) boundaries

at

0.0 cm, X, = 2.5 em for Wq

Xl

X

[

2.5 cm, x, = 7.5 em for L) and LA

7.5 cm, X, = 12.7 cm for Wy and Vs

1

X
1
relative to the sphere center. The weight factors, wn, were evaluated

at the nodal boundaries listed above using Eq. 6.7 and were found to be:

Wl = w5 = (.1085
v, = w4 = (0.2456
Wg = 0.2914.

The sum of both calculated components (duct wall and lip scattering)
were smoothed using this technique.

With a direct comparison of calculated results to experimental
measurements now being possible, Figs. 6.1 and 6.2 graphically illus-
trate these comparisons over § with r constant and over r with § con-
stant respectively. Additionally, Appendix A presents a complete
set of calculated versus experimental results for the entire range of
parameters in the 100 cm wall. Table 6.1 contains a tabulation of
calculated to experimental (%5 values for both the lip and duct wall
scattering component models. These ratios were evaluated only at the

peak exposure rate value of the respective component. Large errors
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Fig. 6.2. Exposure rate profiles as a function of duct
radius for the 100-cm-thick wall (experimental
points connected with dashed straight line seg-
ments for visual clarity).



Peak (%)’s for Wall Length, L = 100.0 cm

TABLE 6.1
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"cll c
Source C
Coordinate = (=
Angle, es (deg) (cm) E‘L E‘D
DUCT RABIUS R = 20.0 cm
33.0 100.0 0.893 0.624
33.0 150.0 P 0,661
33.0 250.0 0.697 0,681
45,0 100.0 0.515 0.548
45,0 150.0 1.320 0.518
45,0 250.0 1.765 0.629
60.0 100.0 1.146 0.562
60.0 150.0 1.259 0.467
60,0 250.0 1.060 _0.477
DUCT RADIUS R = 10.0 cm
22,5 100,0 1.085 1.050
22,5 150.0 1.254 1.263
22.5 250,0 1.250 1.303
33.0 100.0 1.228 1,044
33.0 150.0 1.023 1.099
33,0 250,0 1.321 1.254
45.0 100.0 0.846 0.852
45.0 150.0 0.785 1.087
45.0 250.0 1.460 . 1,053
60.0 100.0 0.667 0.718
60.0 150.0 0.966 0.888
60.0 250.0 0.783 0.989
DUCT RADIUS R = 5.0 cm
22.5 100.0 1.356 1.579
22.5 150.0 2.096 3.143
22.5 250.0 1.724 3.243
33.0 100.0 1.000 1.566
33.0 150.0 1.323 1.563
33.0 250.0 1.500 - 3.667
45,0 100.0 0.712 1.345
45.0 150.0 1.000 1.111
45.0 250.0 1.294 2.625
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do exist in the tabulated values of (%D for the 5.0 cm duct simply
because of the spacing of the experimental points. This spacing
was coarse enough that experimental points did not exist for all
component peaks. In these cases a representative point near the
peak was used to calculate the respective (%b ratid.

Notice in Fig. 6.1 that the agreement between the calculated and
experimental values is within 20%. This result is to be expected, at
least on the duct wall scatter component, since measured peak exposure
rates in these data sets were used to £it the 1lip penetration correction.
However, when referring to Fig. 6.2, good agreement is also observed
between calculated and experimental values for these configurations.
These results lend credence to the validity of the models.

Figures 6.3 and 6.4 present the comparisons made between calcu-
lation and experiment for the 150 cm wall. Figure 6.3 compares ex-—
posure rate profiles with r constant and variable 6. Figure 6.4 compares
exposure rate profiles with ¢ constant and variable r. Appendix B
also presents the complete set of calculated versus experiment for
the entire range of parameters in the 150 cm wall. Table 6.2 pre-
sents the (%ﬁ.ratios for the 150 cm wall. These ratios were evaluated
in the same manner as for the 100 cm wall with large uncertainties at
small duct radii. Notice that the calculated and experimental results
are still in good agreement for a 50% longer duct and therefore, higher

duct aspect ratio.
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Peak %}'a for Wall Length, L = 150.0 cm

TABLE 6.2.
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"clr
SOURCE C c
Coordinate =) =)
ANGLE, 8 (deg.) { it E’'L E‘D
DUCT RADIUS, R = 20.0 cm
22.5 300.0 1.813 - 0.940
33.0 150.0 1.191 0.790
33.0 300.0 1,813 0.940
45,0 300.0 1.740 0.774
60.0 150.0 0.752 0.703
60.0 300.0 0.939 0.645
DUCT RADIUS, R = 10.0 em
22.5 300.0 2,091 0.444
33.0 150.0 1.374 1.343
33.0 300.0 1.896 1.578
45.0 150.0 1.081 1.107
45.0 300.0 1.559 0.968
60.0 150.0 0.786 0.894
60.0 300.0 1.000 1.111
DUCT RADIUS, R = 3,0 em
22.5 150.0 2.368 ——
22,5 300.0 2,512 4.330
33.0 150.0 —— ——
33.0 300.0 2,368 4,069
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As illustrated by the preceding figures and tables as well as
Appendices A and B, agreement between the calculated and measured
exposure rates are typically within a factor of two. It should be
noted that the accuracy achieved tends to decline as the aspect
ratio of the duct, (%3 grows larger. This result is to be expected
since, with increasing aspect ratio, the scattering phenomena within
the duct becomes more complex (tending toward multiple scatters).
Under these conditions, models assuming single scatters only are not
adequate to describe these processes. The solution of these high
aspect ratio problems are more in the realm of the transport/albedo
codes. Also, the high aspect ratio experiments tended to have ex-
tremely severe spatial exposure rate gradients. The corrections
allowing direct comparison of this model with the experiment assumed
that these gradients were only one-dimensional. However, it is doubt-
ful that these large gradients would vary only across the duct and
therefore, should these gradients become too large, comparison of
calculation and experiment become questionable.

Throughout this development, the contributions from photons
directly penetrating the wall or duct region has not been addressed.
For most configurations, there is no discernable evidence of any
direct penetration contributions. However, for large ducts and
shallow angles there are a few results reported in Appendices A and
B where the experimental exposure rates in the range d < -30 cm
show evidence of direct penetration. This contribution is because,

at these shallow angles of illumination and large duct radii, there
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is very little material between the source and the detector.
Finally, the models adequately predicted the general shape of
the exposure rate distributions. Even where the peék values were off

by a factor of two or more the genmeral shape was accurately predicted.



142

7.0 CONCLUSIONS

The most important result of this research effort has been the
compilation of a complete set of benchmark quality gamma-ray streaming
data.(12) During the experimental phase, nearly 500 traverses and
isodose contours were measured in twenty-five configurations of wall
length and duct radius/type. The range of aspect ratios measured was
from 1.25 to 15. Results from the experimental phase show that the
scattering phenomena are dependent on the angular gamma flux density
at the duct mouth. Therefore, normalization of data for distance from
the wall and source streﬁgth (xS/pz) is possible. With this being the
case, distributed sources can be analyzed by multiple application of
the models and superposition of the results. Further confidence
in the experimental apparatus and procedures is gained from the fact
that, upon several occasions, configurations were rerun with different
measurement crews and precision of typically +57% was observed.

Another important finding is that it is the first few centimeters
of concrete that are most actively involved in the scattering process.
This observation was verified in two results of this research. TFirst,
the lip penetration correction integral wés found to be very insensitive
to where the limit is placed on the angle away from the duct edge past
the first 3-4 cm of wall illumination. This finding substantiates
one of the basic assumptions of this experiment in that it verifies
that a collimated beam illuminating the area 3-4 cm away from the
duct edge appears to be, for all practical purposes, a bare source,

Secondly, the wall scattering model assumes that the -scattering occurs
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at an infinitesimal depth into the wall and approximates an integral
with that assumption. Surprisingly enough, the wall scattering model

proves to be fairly accurate with that assumption made.
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8.0 RECOMMENDATIONS

The most interesting recommendations for further research is
that of modelling the annular ducts and the off-centerline measure-
| ments. Both of these suggestions will undoubtedly prove to be most
formidable. Thhe author recommends, for the annuli, a modified source
term reflecting the presence of an assumed black Body (the annulus)
with the general spatial distribution of the air filled duct of the
same size. The off-centerline measurements conceivably could be treated
in much the same manner as the centerline measurements only with
different scattering points to reflect the different geometry of the
problem and different relative angular incident gamma flux at the
duct mouth.

A further recommendation is, that should the experimental phase
be resumed, that a detector of a much smaller physical size and shorter
time comstant be given serious consideration. While the Reuter-Stokes
HPIC performed admirably throughout the course of the experiment,
inherent characteristics of a detector 25.4 cm in diameter make working
in radiation fields with potentially high spatial gradients very
difficult. Additionally, detector with a larger dynamic range would
be extremely desirable.

Finally, a computer based data acquisition and control system
would prove to be extremely desirable as long as sufficient flexibility
in hardware and software are provided for. Thhe proposed system should
be capable of performing not only routine data collection, but also
of complete traverser control as well as data reduction, storage, and

transmission.
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APPENDIX A

The figures presented in this section are ail of a standard format
generated on the KSU ITEL System 370 computer. The legend in the uppér
right hand corner of each figure uniquely identifies that figure. Table A.l
presents a summary of the figures in this section as well as the page nuﬁber,

for each figure. All figures in this section are for the 100.0 cm wall.

TABLE A.l
Duct Radius (em) Source Angle {(deg) Figure Numbers Page
20.0 33.03 A.1,2,3 147-49
20.0 45.03 A.4,5,6 150-52
20.0 60.0 A.7,8,9 153=55
10.0 22,52 A.10,11,12 - 156-58
10.0 33,02 A.13,14,15 159-61
a
10.0 60,05 A.19,20,21 165-67
10.0 60.0 A.22,23,24 168-70
5.0 22,52 A.25,26,27 171=73
5.0 33.02 A.28,29,30 - 174-76
5.0 45.0% A.31,32,33 177-79

a - rho equal to 300.0 cm
b - rho equal’ to 400.0 cm
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APPENDIX B

The figures presented in this section are identical to those of
Appendix A only for the 150.0 cm wall. Table B.l presents a summary

of the figures in this section as well as the page number for each

figure.
TABLE BR.1l
Duct Radius (cm) Source Angle (deg) Figure Numbers Page
20.0 - 22.5 B,1,2 181-82
20.0 33.0 B.3,4 183-84
20.0 60,0 B.7,8 187-88
10.0 22.5 B.9,10 189-90
10.0 33.0 B.11,12 191-92
10.0 45,0 B.13,14 193-94
10.0 60,0 B.15,16 195-96
5.0 22.5 B.17,18 157-98
5.0 33.0 B.19,20 199-200
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APPENDIX C

Presented in this section are the actual FORTRAN computer codes
used to calculate the results presented earlier., CGRS (Conversational
Gamma Ray Streaming) was the code that resulted from the analytical
developments presented in Chapter 2. This code was written for the
Kansas State University's ITEL System 370 (similar to IBM.3701158) in
the FORTRAN related language of WATFIV. WATFIV was used because it
readily allows user conversational programs. CGRS is, however, to the
best knowledge of the author, fully FORTRAN compatible. The source
listing for CGRS is presented as Fig. C.l with a sample printed output
(unit 8) presented as Fig. C.2., CGRS also produces a punched output (umit 7)
that was used to supply data for the plotting routine. The input to
CGRS comes from two sources. The parameters that are frequently varied,
i.e., the duct radius and the source angle are entered conversationally
at a remote terminal. The remaining parameters are read as standard data
cards on unit 5. An abbreviated output appears at the terminal subsequent
to entering the conversational parameters that completely describe the
parameters of the problem presented in that rum.

Figure C.3 presents the Calcomp plotting routine used to generate
appropriate plots of data presented. Examples of this plotting routine
appear in appendices A and B, This routine reads a tagword identifying
the data set, then the calculated data set, and then the experimental
data set corresponding to the calculated. The plots generated are all
of a fixed axis, therefore calculated points greater than 500 uR/h are
truncated to plot as 500.0 uR/h and a message is generated on the output

listing to alert the user that truncations have occurred.



% _203

3J0B
1 COMMUON E.PI
2 DIMENSIUN CI(3).DI(62)+DOSE(6243).D05ELI62.3)
3 DIMENSION TTLDSE(62,31REDUCE(62:3),0TTL5(62,3)
4 REAL LoN+NIN.KF.MU
S REAL L1SQeL25Q+L2eKLloK2eK3sKGsNINLyKEL
& READIS. 1000} «RHU S5+ N+ AFC.E RHUCUN
T REANDIS« 1000JIDINT «USLUPE L INTFCSLUPE
a8 1000 FORMATI(Fla.d8}
9 WRITE(9.3000)
10 3000 FORMATILIX."ENTER DUCT RADIUS IN CENTIMETERS')
1 READ{9+*]R
12 WRITE(9.3001)
13 3001 FORMATILX,"ENTER SUOURCE ANGLE IN GEGREES')
14 READI9,#)SORFSA
15 WRITE(9.8000)
16 WRITE(9:1OULIRHO+SORESA+L +ReSeN+ERROCON
L7 1001 FORMATILOX."INPUT PARAMETERS' o/ /s SXKe'RHG ="' sEL6.3 e LM."e/05X,'SUU
LRCE ANGLEF ='".Fl6.8+" DEGREFS."+¢/«S5X+"DUCT LENGTH =7,EL6.8+" CM."y/
2.5%. 'NUCT RADIUS =*,E16.8+" CM."e/:5X¢"SOURCE STRENGTH =',EL6.Hs"
3 CURIES WITH *".Fé.1+" GAMMAS PER CISINTEGRATICON.' ./,
45X "EFFECTIVE SOURCE ENERGY ="', El6.8+" MEV."+ /5K,
SICONCRETE DENSITY ='.E16.8." GM PER CM3.'.///)
LR PI=3.141359265%4
19 THETAS=SNRESA*P1/180.0
.20 Cl=132.46006
21 C2=-1.953935301
2? C3I=0. 89330964
23 Ca=lal44216E-2
24 FOP=C L*(R*2C2)s(THETAS**((3+C4*R) )
25 A=RHO®L.OS{THETAS)
2a B=RHIO*SINITHETAS)
27 laA=sN.5%6.023E2)
28 TTM=ATAN((2.0%H) /IL-{A®R/B)))
?9 DO 1L J=1,3
30 BOOC FORMATL///)
3l 8OOl FORMAT{6X.'DETECTOR POSITIGNT »7X,114".*)." COSE RATE CONTRIBUTORS
' L 2B ') /)
iz BO03 FORMAT(6Xe*CMe’ o 7Xo"CM." s 11X "URFHR® (13X "UR/HR" . 13X, "UR/HR "¢ BX,'U
LR.M*®2/HR.CI"/ /)
c
c END INITIALIZATION
c
33 00 L I=l.61
34 ClJI=sCINT+CSLOPE*Y
35 IF(C{J).ED.200.0) C(J1=250.0
EL) O{I)=DINT+USLOPE®*]
c
c CALCULATFE DUCT SULATTERED LUNTRIBUTICN
. [F D .LT. =R SLATTERING IS THROUGH WALL ANC NEGLIGIBLE.
c
37 | IFUIDIT)+R) LE.O0.0) GO TO 200
38 NIN=3.7TELOSSEN®(R*E*2 )% (A/HB)/14.0% (RHO**2))
a9 THETAT=ATANCIR+OI[D}/LCII}+L-1A%R/E)))
&0 KE=FTEXP{ESCATLTHETASTHETAT})
41 . CALL KLEIN{THETAS,THFTAT.CROS5])
42 FinA=(ClJ)+L=({ASR/R) ) *%2+[R+UI1}) #¥2
43 FINHSHUfElfslNITHE'ﬂSl’HU‘ESCﬂTl[Ht’ASUT”ETﬂT,|IS[N{THETﬁT]
44 FIN=({Ll.0/FINAY*{1.0/FINB}

45 DOSE( L. JI=NIN®CROSS*ZAASKESFIN®UFC

Fig. C.1 CGRS Source Listing (P. 1)
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47
4R

49
50
51
52
53
54
55
56

58

59
60
Gl

63
64
65
86
67
&8

69
10
T

12
73

75
16
17
T8
79
RO
Al
A2
A3
s
RS
A&
AT
an
89
90
91

92
93
G4
55

[aNzlal

OO0

o000

300

20C
201

600

&01

1

2

204

UOSE(T . J)=DO0SEC] . J)*FUP+DOSE(] . J)
DOSE = THE OUCT SCATTERED COMTRIBUT ION

IF{THETAT.GT.TTMIGD TO 300
GO TN 201

CORRECT THE DUCT SCATTERED COMPUNENT FUR BUILDUP IN THE FAR LIP.

P={L-{A*R/BI-((2.0*R)/TANITHETAT) })) /COSITHETAT]}
EST=ESCATITHETAS.THETAT)

ROCT=RHOCON*P*MULEST)

DOSE{ L« JI=DOSElI L1+ JI*EXP{-1.0*ROCT )*BUF (RDCTES5T}
GO TO 201

BNSELL,J)=0.0

CONTINUE

ST1I=ATAN{IB-R)/A]

ST3=ATANIIDB+R)/TA®L])

IFISTA.GE.STL) GO TO 999

CALCULATE THE LIP SCATTERED COMPONENT.

LL150=A%224 [B-R]**2
L2S0=(L+ClIII*%2(R-D(1)]} %82
L2=SQRT(L25C)
THETSL=ATAN((B=R)/A)
THETTL=ARCOSIIL+CIJY)/L2)
ALD=(R-0{1))/L2

GAMD=[ L +ClJ) /L2
AL=RHOCON*MULE)}/COS{THETSL)
THESCL=THETSL-THETTL
IF(DII).LT.R) GO TO 600
PATHL=L/CNSITHETTL)
ESCL=ESCATITHETTL.THETSL)

CALL KLEIN(THETTL .THETSL.CROSSL)
FINL=1.00

GO TO &01

PATHL=L/GAMU~-2.0%R/ALD
[FIPATHL.LT.0.0) PATHL=0.0
FSCL=FSCAT(THESCL 40.01

CALL KLEIN(THESCL.Q.0.,CROSS5L?
BET=HHOCON*HU(ESCLI/SINITHETTL)
K1=0.615

K2=-0.4066

K3=0.0812

K4==0.848

TlL=K1®{E**K2]

T2L=1.0-[K3I*EXP (K4*E} ] .
FINL=(1.0/8ET1+2.0*TIL/(BET®(T2L**3)) +R+RETIL/1T2L¢22)
FINL=FINL/{AL*BET]
NINL=3.TEIQ#S*N/ (4.0%L150*L25Q)
KEL=FTEXPIESCL ) *RHOCON
RL=RHOCON®PATHL*MULESCL)
DOSEL(1+J)=NINL¥*CRUGSSL*KEL*RUFIRL JESCL)*EXP(-1.0%RL)*ZAA*FINL

8002 FORMATI7Xa 0" ¢9Xo"Ct el 3N "DUCT? 415X o"LIP" 13X, ' TUTAL .1 1X, "REOUCEL

1%+ /42X492('%%))

TTLOSEL 1.1 =00SEl1+J)+0OSELTI .J)
DO 2 J=1.3

CALL SMOOTHITTLOSE.DITLS.J)

DN 3 J=1,3

Fig. C.l CGRS Source Listing (p. 2)
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7
S8

100
101
102
103
104
105
106
107
104
109
110
L1l

112
1123
114
115
116
117
118
119
120
121

122
123
124
125

126
127
l2a
129
130
1131

132
113
134
135

136
1317

134
139
L40
141
L 42
143
144
145
L4a

147
148
149

150
151
152
153
154
155
1546
157
158

159
160
161

162

163

L&64
145

166
L&7
168
169

WRITE (8.,8000)
WRITE(B100L)RHG SURESAsL erRsSoNJEJRRUCON

WRITE(B.,8001)
KRITE{(8.8002)

WRITE (8,80013)
IR=100000000%K

15=0

IFIS.6T.1.0115=1
IKHO=RHG/ 1O
IL={(L/5a)=-1)*100
IC=(C(J4)/201*1000
[A=(SORESa®10.0}#100000
ITYPE=IR+IS+IRAUeILEICe]A
WRITELT.TLS4)ITYPE

7654 FORMATILILO)

00 3 I=1l,01
HREDUCEC L, J)=DTTLS(1J}*{{RHU/LOO. D) %®2) /S
WRLITE{T.6000)001)4O0SEN]ed) +DUSEL 1L )] DTTLSIT )

600C FORMATL4[EL&.8)]

3 WRITELA,200L)001),CtI0,DOUSELL+J)eDOSELLIE ) +OTTLSEL»J) REDUCELL,J]

2001 FORMATIZ(2XFB.2) ¢4 l2XsELBLB))

s7op

999 WRITEL9,9090)
4090 FORMAT(' EXECUTI(ON ABORTED eceews« CPEN LUCT PRESENTEOD.®)

stup
END

REAL FUNCTIUN MU(E]
MU=0,0625/E**0.4467)
RETURN

END

FUNCT I(iN ESCATITHE TAS.THETATI

COMMIIN E.PI

ALPHA=E/Q.511
ESCATSE/[LO*ALPHA®{ L. O-COSITIHETAS+THETATEY)
RETURN

END

SUBROUT INF KLEIN{THETAS.THETAT,CROSS)

COMMON E.PI

Y=ESCATIIHETASTHETAT)/E
CRUSS=[3.0E=24%0,065/L10.0%P1 1 )2 (Y*#2)#{(L.0/¥)+Y-ISINITHETAS+THET
taTi*%2))

RETURN

END

FUNCTION AUF(R.E)
REAL K1.:K2.,K3.K4

Kl=0.615

K2z=0.466

K3=0.0412

Ke=—=0,d4%4d
BUF=L0+R*KL#(E+3K2)*EAP(RSAI*EXP (K4*E} )
RETURN

END

SURROUTINE SMOUTHIDTDS,41
DIMENSION DTL62,3),05(62.3)
DSEEed)=0TIL D)

NS(2:.J1=DT(24J)

NS{(60.4)=0T160.4)

DS{61.J)=DT(61.4}

#1=0.10A5753983

W?=0.2456937585

W3=D.2914616066

Wa=wW2

KS=Wl

N 1 I=3,59

1M2=1-2

INL=1~-1

1Pi=1+1

IP2=1+2
IITEL;.J)=DIIIHZ»JI*HI*DTIlHl-Jl*HZ*DTIle)*HitDTllPl-Jl'hkiDT(lPéoJ

RETURN

END

FUNCTION FTEXPLE)
FTEXP=1.,90%E
RETURN

END

SENTRY Fig, C.1 CGRS Source Listing (p. 3)
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ABSTRACT

The design and operation of a unique facility for measuring the
streaming of gamma radiation through ducts is described. Of particular
note is a special automatic traversing mechanism constructed for
remotely measuring the radiation field behind the duct wall. With this
facility a major benchmark experiment was performed to obtain detailed
information about the spatial distribution of the exposure rate resulting
from 6000 gamma photons that penetrate straight, concrete-lined ducts. A
large variety of duct length-to-diameter ratios and incident photon direc-
tions on the duct mouth were considered, The complete set of experimental
data is presented. While the data obtained in this study could be used
directly for the analysis of ducts, they are intended to serve primarily
és benchmarks against which simplified models for duct penetration of
radiation can be tested.

Additionaily, semi-empirical models for the scattering phenomena
within the duct are presented. These models are one pass, analytically
simple calculations of a size and complexity such that it is feasible to
execute them on a small programmable calculator. The models consist of
semi-empirical point scattering kernal modelling for a point detector
designed to provide accurate prediction within a factor of two. tera-

tions for non-point detector behavior are also presented.



