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ABSTRACT

This document is the Final Report on ARF Project 1158A01, sponsored
by the Bureau of Yards and Docks. The report covers the seqond year of
the. proglra.rn.

The objective of the program is an analytical and experimental investi-
gation of nuclear radiation atreamiﬁg in ducts and shelter entranceways,

In the program just completed the energy dependence of duct attenuation
was extended for gamma rayé. Further duct geometry dependence was also
measured. Thermal neutron attenuation was determined for a non-point source
and the neutron attenuation was found to be extremely small,

Use of albedo theory to successfully desgribe the radiation streaming of
gamma rays was further strengthened and a computer code was prepared to
describe the streaming in a straight duct. The code will represent a tremen-
dous laboy saving device for future calculations. An analytical analysis of a
straight duct, using albedo theory, is included in the appendix along with an

outline of future research needs,
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RADIATION STREAMING IN SHELTER ENTRANCEWAYS

L INTRODUCTION

In recent years increasing emphasis has been plaged on survival
oriented research projects. Both the Military and the Civil Defense are
concerned with the protection of personnel and property againsg nuclea®
attack in terms of hardened bases and personnel shelters., This project
deals with the nuclear radiation aspect of the weaponfs output and how this
radiation behaves when allowed to fall on a shelter entranceway or duct.

Whaa nucleay radiation 4s incident on & semi~infinite plane surface,
contalning the entrance to a duet or shelter entranceway, a csrtain quantity
of the radlation will be transmitted. The quantity of the »adiation trans-
mitted will depend on the duct ¢ross sectional area, number of bends, the
bend angle, the length of each leg, the wall material, the enazgy and type
of radiation and the nafure of source, i, e., plane parallel, plane isotropie
or point,

Investigation of the above parameters is the objactive of this program.
This document ie a final report on the work done undex Contract NBy=3185,
sponsored by the Burgau of Yards and Docks, and summarizes the results
of the second year scope o0f the contract eovering tha period Octobesr, 1960
to June, 1961,

Since the inception of the program in October, 1959, majox emphasis

has been placed on obtaining experimental data under sufficiently realistic

ARMOUR RESGARCH BOUNDATION QF ILLINOIS INETITUTE OF TECHNOLOCY




conditions so that direct shelter and duct design criteria might be formu-
lated. Existence of such measurements then allows analytical investigation
to determine a general reéipe to obtain the attenuation offer by any given
design of duct or entranceway, The need for such research has been
repeatedly stressed by others and need not be amplified here.

The Foundation is pleased o have the opportunity to conduct this
investigation for the Navy and the individual staff members on the project

look forwaxd to continuing programs to complete the study in full,
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I, SUMMARY OF PRIOR WORK

In the previous report, ARF 1158412, we summa?ized most of the
analytical and experimental work done by others, We have recently
uncovered an old report gontaining differential neutron albedo information.
This work, done by Dr, S, W, Kash, who is now a member of our staff, is

summarized briefly,

A. Difierent!lal Neutvron Albedo Data

Interesting information about neutron reflection from dlificrent
matsrials, which can easily be related to the neutron number albedo, was
reported by 8. W. Kashl. Kash used Chandrasekhar'e distribution exprese
‘ sion for the reflection of a constant net flux falling perpendiculazly en a
semi-infinite, isotzopic scattering, absorbing medium. On integrating
overall perpeadicular cutward directions, the expressions for the tota!
fraction of nautrons reflected from the semi-infinite medium, {or an arbie

trary inclident angle of a payallel beam is

AP, G = t-t -t Pmp

. ) §
&gs ['0 a angle of ineidence

c u ratio of scattering cross section to total eross section
: of the semieinfinite tmedium

H{ [’o,G) ® Chandrasekhax's reflection distribution function.

z. Kash, S. W., ""Reflection of Neuirons by a Semi-Infinite, Isotropic
Scattering, Absorbing Medium.'" NAA-SR-275, Reactor Physics
Quarterly Progress Report, May=Tuly, 1953,
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This, as well as the éingle scattering fraction expression fl( /'lo, C), are
plotted in Figure 1, It should be noted that these expressions lack the
angulay scattering dependence in their derivation, Also, it is interesting
to note that the single scatteving approach is a closer approximation for

highly absorbing materials,
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from a Semi-infinite, Isotropic Scattering Absorbing Medium
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III. ANALYTICAL PROGRAM

A, Introduction

The problem of nuclear radiation transport through ducts and
shelter entranceways may be approached in many different ways. The most
practical approach is that which invokes the albedo recipe. The dose albedo
is defined as the ratio of the dose emerging from & surface to the dose
$mplinging upon the surface, Foxr this approach to be satlsfactory, angle
and energy dependence of the albedo 1s needed, Monte Carlo calculated
incldent angle and energy dependent albedo values are available for gamma
rays only, and with very little information about the re-emisgsion distributionz.
No such information is available for neutron albedos,

The albedo approach is the maln analytical method adepted in
most of the calculations done at ARF and has baen programmed for the
ARF Univac 1105, The program has also begen prepared in Fortiran and
will caleulate the gamma yay dose and neutron flux distribution aleng the
centerline in a stralght rectangular duct of any half width to length ratlo,
and for any sourge and detectoy centezline position,

One of a numbes of yeasons for goding this galeulation l1igs in the
fact that the ¢omputation of a rectangular duet involves a double integration
{see Appendix [1I}, and requives many man hours of ealeulation of effoxt,
especially when 8/ L is not small and no simple approximation for evaluating

the i{ntegrals is realistic,

2, Berger, M, and D. Raso, "Backsgattering of Gamma Rays, " N. B.8.
Report Nu., 5982 (July 24, 1958).
ARMOUR RESGARCH FOUNDATION OF ILLINO!S INSFIIUTE OF TGCHNQLOGY




B. Albedo Approach

The computey code utilizes the following analytical approach.
In a rectangulay duct of length jand half width §, as shown in Figure 2,
let the source and detector centerline positions be at a distance LI and
L2 respagtively from the entrance of a duct. For a point source strength

kSD. the direct contribution to the detector is:
kS,

-
- L
47(L, - L))
The reflection contribution is to be treated for cosine or tsotropic re-

emission distribution or a combination of both,

1. Cosine Re~emission Distribution

The reflection congribution to the detector from a dif-

ferential roof area dA located at {y, &, )

xS
o. 1 5 28 1 ’
ek Ry a' (K, ﬁ)xAx.R x—=—y x dA
R 1 2 27R
1 2
where
RZI(Y-L)Z*GZ:QCZO
1 1
2
R2= ty =Lt 4 6% aec0

A is the fraction of the total re~emission distribution which ig cosine,.
! is the albedo based on the first reflection

dA! & dxdy =Sseq® 0 dody.

ARMOUR RESEARCH FOUNDATION OF ILLENOLIS INSFITUTE OF TECHNOLOGY
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’
To include the multiple reflection, o{ should be replaced
by

O.'
1 - &Kc(ﬁ.g » Y)

where

2 2 ) 2 2
o1 yZ + 26 (4-v)%a 26
K, = 5 A+28- -

\lyd +45% \/({-y)z-w&z

The total reflection contribution from the whole dugt surface ayes to the

detector is:

s -5 264 o 8250020 dody
© g2 -8 a0y ginrd

it
QQ

x= 0

2, Isotropic Re-emisaion Distribution

For thls case tha reflection contribution from at elements

area dA' at {y, §, 0)is

ksO 1 ) 1 ’

—— x = x=——x alE, @) x B x x dA
7r 2 R 2
Rl. 1 . ZWRZ

3. Simon, A, and C, E. Clifford, "The Attenuation of Neuttons by Alr
Duets in Shields, ® Nuc. Sci. and Engr. 1, 156-166 (1956,
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and the total reflected contribution to tha detastos is:

A e

¢ = kso Ba! 52 secz 6 dody
I~ 2 . 3.2
T (1 - KIO- } Rl Rz

0

where B is the fraction of tha total re=emission distribution which is

isotropic, and B= 1 =« A,

2 4
(j- y) 1+1 45 168

1 9
2z 7 2 2" 64 2. 222 2 ( "
ﬁj.v)z:f a5” (- w0 E&'V’ + 4q

Kxu

—_—Y )1 ._.‘.1.§.2__ . __16_52__
JT“? 4 2t o [a E’Z
y +46 Yy + 46

where only the first three terms have been yetained, Here, both Kc and K!
are derived for cylindrical geometry with the Simon and Clifford assumption
that the multiple reflection integrand dominates for the yadiation scattered
points in a plane perpendiculay to ,g aty. It {s also ussumed that these
functions are not vayy sensitive to tha difference between ractangular and
cylindrical geometry and so they are used with a radtus equal to the half

width of the ducts In addition it is assumed that they are also not sensitive

to the position of the source and the detectar,

ARMOUR RESEARCH FOUNDATIOAN OF 1LLINQYIS 'NSIITYTE OF TECHHOLOGY
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The total flux seen by the detector is the direct plus the

reflected contributions

172

1 L
g = kso *kso 28A + (1-A) u'6;sec20d0dy
Toanueny?t o (1-K_a')R, (1=K a') rR2R2 -
Yﬂo =0

C.  Albedo Dats

1. Gamma Rays

Moante Carlo calculated gamma ray albedo values for
incident angles ranging from 0° to 90° and for energias from 0. 2 mev to

2 mev were fittad to & simple expression. For concreis, the expression im

b cos § Best {it to gamma,
af) = ae +ccos and neutron incldent (III-C-1)
angle dependence,

wheze # 48 the incident angle anda, b u;d € are parameters to be avaluated
for the given gamma ray or neutron source snergy.

From the refercncad roport’} little information about. the
re-emlsslion distyibution is available. Wherae the cosine and isotrople re-
emission distributlons dominate, for perpendicular and grazing incidence

sespactively, the dlstribution is faund to be an approximats {it to the

following:

ARRBOUR BESEARCH FOUNDATION OF ILLINOIS INSTITUTE QF TECHUNOLOGY
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algh e Joos 8 " {i-c-2)

Best flt t0 gamma

reremission data
B{#)= ) - ‘)cos 4] {11 C=3)

whera A and B reprasent the cosine and {aotropie ygeentission distribution

" parts respectively, It is assumed tha} the albedos fo¥ other materials will

behave in a similay way as concrete.

2. Neutrons
Little incident angle dependange data for neutrons is
available. Equation llI.C=] may be used for any desired incident angle
dependence or if in equation II1-C=!, b= ¢ = 0, then a'® a and the alhedo
is constant for 21l incident angles,
For ve-emlssion distributions, again either isotropie
or cosins depsndence should be used until dependengas such as equations

I1-C=2 and II1-C-3 for gamma rays have been determined.

D, DProgramming Notes

The following are included {o aid users of the computey
program.
1. xis measured from the centerline of the duet,
2. Y /e. Ll and LZ are measured {rom the duct entzance,
3. A1l source and detaector positions are on the centerline,
4,  ‘The program assumed symmetry about the centerline for the four

faces and for the two halves of any fage,

ARMOUSR HESEARCH POUNDATIOH OF I1LLINDIS INSTITYTE OF TECHUNOLOGY
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This program will work directly for a square cross section tunnel,

and with a simplc modification for other cross sectlons.

No approximation based on/—%<<i te used,

This program can be used for a ¢{rcular ¢ross section duct of radius
. ? ir

§ by integration along y (let Oo = 0, On a ZI:IT<<Z and a = 4) and -

by multiplying the reflection contzibution part by N!' , (See input data)

E, Code Input Data

The following are the input data symbols necegsary for all

cases that this program can handle, expressed inIT (Univac) and Fortran

(IBM) program language;

Fortran poy

Dl il n: number of increments of 0 to be integrated over
but where n is always taken as an even nuinber.,

D 4 14 N: numbar of increments of y to be integrated over
but whers N ig always taken as an even numbez,

Y202 Y201 OQ: the {nitial value of 9 expressed in rvadians,

Y203 Y202 Onz the {inal value of § expressed in radlans,

Y204 Y203 Yo! the initial value of y.

Y 205 Y204 y.: the flnal value of y

Y 206 Y208 f-zﬁ‘ wheze kSo is the souree strength expressed in R/hr.

Y207 Y206 ,? t tha total length of the duct.

Y 208 Y207 §: thae half width of the dust,

Y 209 Y208 Lls the source distange fram the entrange end of the

duct,.

ARMOUR RESEARCH FDUNDATIGN OF 134N 018 inNstituze OFf SECHUROLOGY
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Fortran IT

Y210 Y209 Lz: the deteg¢tor distance from the entrance end of
the duct,

Y211 Y210 a: a parameter for the albedo expression.

Y212 Y211 b a parametar for the albedo expresgsion,

R £ ) Yalz e a parameter for the albedo express'ion,

Y500 C499 g & parameter designed to be 0, 1 and 2 for an
isotropic, cosine or both, distrihutions
respectively,

Other symbols used in the IT program azre listed below in

the ordar that they appear in the program.

Y216 A0

¥ 224 62

vas PP

vae - Ll

Y21 L

Y228 Ry(0 = 0, y = 0)

Y229 R,(0n 0, y = 0)

Y230 cos P (w0, yn 0) .
€408 or 0, y= 0)

Y231 ¢D

Y221 Y,

15 the y subseript §, 4 £%00
13 the initial value for i or

ARHOUG RESEARCH SOUNDATION OF ILLINDIS INSTITUIE OF TECHNGLOGY

14




Y217 Qj

12 the 0 subsgzipt §, | 4700

C401 62 seczo-

C402 Rl |

C403 cos

404 o |
C405 Ki {fixst paxt of the K‘ expression)
Y218 Sl for 0 (summation by Simpson rule)
Y202 Ay

G501 P (v = 0

Y222 8 1 far y

Y223 0

Y232 25

F, Sample Problem

For demonstration as well as ¢hecking how and what the code
does, a test problem was prepared, and & hand caleulation pexrformed as a
check., The sample problem 1s to calgulate the gamma dose yate at a
centerline distance of 6 feet from the entrance of a 6 by & foot, 18 foot long
straight concrete duct, A 0. 2 mev sourca of strength icso; such. that
ksuhr2 = 1 was chosen, and the souvrce is positioned 3 feet from the
entrance, The albedo parameters a, b, and ¢ were fitted to the NBS data

and found ¢o be 0,48, 2,0, and 0,08, respactively. A cosine mg well as an
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isotropic re-emiesion dlstribution was expected, in which case g = 2,
(See pravious Seetlon.) Integration over 7 points (6 Increments, 40} and

18 points (10 inerements, Ay)along the length of the duct are chosen, The

input data needed is as follows:

ne YN © 18 feat L?‘ s b feat
N=10 kSo/7r2‘= 1 R/hrxftZ aa (0,48
Oo = 0 radians j: 18 feat b=0,2

On = 0. 7854 radians 8= 3 feet ea 0,08

Yo ® 0 iest Lla 3 feet g= 2

The code "unconditional” output will appear as follows:

B, = 0.1072509 R/hr  y_= Ofeat y = 18fest ¢y = 0.019984 R/ur
am 0,48 b= 2.0 ¢c= 0,08 _l:_Szg.l ‘

' Values of many of the intermediate steps of the caleulation may be printsd
out if Mconditional" output is called for,
We note that the code gave a detector reading of f,, -
0. 1072 R/hyr of which the reflected contribution [ﬂR = 0.01998 R/br) s
approximately 19% of tha total,
A hand calevlation was performed to Insure the correctness of
the computey program,
The 1T and Fortran programs are given in Appandix 1V, The

Fortran programn was translated diregtly fxom the IT program but was

not run,.
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IV. EXPERIMENTAL PROGRAM

From the beginning of the Radiation Streaming program the dominant
philosophy which has gulded the experimental planning has been to design
experiments and perform measurements which will be amenable to theogetival
treatment. Because of the simpligity of albedo theory we have persisted in
the econtention that the albedo formalism will move than adequately do the job
of giving the designer a tool to determine the radiation attenuation of a duct.

' Becausa of the importance to the military (hardened bases) and o the
eivil defense requivements (personnel shelters), this program has to date,

layed major emphasis on large ducts and entranceways.

A. Description of Experimeants

Figures 3, 4, and 5 show diifercnt views of a concrete entrance~
way having & single 90® bend. The width and height of the duct ave & feet
with 1 foot thick concrete walls exceopt where additional thickness has been
added to ensure against radiation leakage between source and detector.

The walle are built from interlocking blocks to aveid eracks.

Mozre details may te seen In Figures 11 through 15 of ARF 1158-12,

B. Gamma Dosg Rate Distributien Measuremants

As the previous program had investigated Co=60 {E = 1, 25 mav)
and Cs-137 (0. 67 mav) dose rate distributions in the 6 by 6 foot duct, we
wished to extend the studies to higher and lower photon energies, Feor this

purpose Na-24 (2. 76 mev and 1, 36 mev) and Au=198 (0. 411 mev) sources wers
used.
ARMOUR RESEAREH FOUNDATION ©F I1LLINOIS 1KSTITUTE OF TELHNOLOOGY
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Figure 3.

Assembled Qunerete Entranceway
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Figure 4.
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1. Sources
L ]

The gold sourge wae prepazed In the form of 2 cylinder,
one (1) ineh i!; diameter and six {6) inches long, The gold cylinder wall
thickness was 0, 01 inches to minimize photon self absozrption and scattering,
The gold cylindey was slipped into a thin walled {8. 017 inch) aluminum can
of slightly larger dimensions and aluminum solder aealed, Such permanent
construction allows the source te be reactivated at any time in the future,
A five hour irradiation of the 19. 2 gram gold source resulted in an estimated
8. 1 curies of actlvity at ehutdown. Study of the Au-198 decay achemse indlcates
that 99 out of every 100 disintegrations produces the dasired 411 kev photon.

The sodium source was mades as followa: Na¥F, packed toa
measured density of 1,67 g/::m3 by 2 high pressure press, was contained in
an aluminum can and gealed, The active length of the NaF was 6 inches and
of 7/8 {nch dlameter., The gluminum can contained a total of 54. 1 grams of
Na.

Na«24 has a decay scheme like Co«£0 in that u palr of

cascade gammas result from each disintegration (E = 2, 76 mev and

1
Ez s 1,37 mev). Inorder to be sure that self abgsorption was not modifying
the spectrum, the sourge was given a one minute activation in the Azmour
Rasearch Reactor. One hour was allowed to be certain that the 2, 3 minute

aluminum activity had decayeds The Na-24 source was then placed | meter

from a 3 % 3 inch Nal crystal and on axis and the spectrum swept out with a
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256 channel ana.lyze.r: The spectrum observed was {ound to be a perlect
Na-24 spectrum.

A twelve hour irradiation of the 54. | gram sodium source
in the central exposure tube of the Armour Research Reactor produced
approximately 7.4 curles of Na activity. Fiftean hours of decay was allowed
#0 that knowa impurities In the aluminum container were decayed out. When
the measurements started the source strength wag appré:dmately 4. 2 curies.

The source, in all cases to be reported, is located inthe
exact ;eomeirlcal centar of the duct, beling raised by a pulley system from
a meoveable pig on tha floor of the duct. Detactor exposure times were
measured with a stop watch.

2 Detectors

As for all previous work, ths Landsverk ionization
chambers wore again used for all doss measureinents. Three-sixteenth
{3716} inch thick bakelite sleevaes, provided by Landsverk, were used for
all measgurements. The sleeves were modifled so as to cover the top of
the chambezs as well,

No energy dapendence measurements were mads. We
assumed the ghamber's rasponse to be linea? up to 2. 76 mev, Figura b
s a photograph of the chambers employed, including the neutron detector

(BF3) and ¢cadmium slacva discussed later,
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Figore 6. Photograph of Detection Equipmént.
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3. Results

a. Sodlum source measurementa

A8 we wished to extend the siudy to tn»c;ude the effect of
long leé lengths, the 6 by 6 foot concrate entranceway was medified as
shown in Figure 7. Here, part of the Reactor's biological shield was used
to extend the length of Ieg'j X j 1= defined as the distance from the
source to the beginning of the hend, /? {s geen to be 16 feet.

2

Figure 7 shows the three source positions § nd

14 510 ®
87 used. These source positions define three jl 's, /?1 s 14, 11 = 10,
and ’P! t 7 feet. The positions labeled A, 1, 1a', la, 2, 3, 4, etc,, up
to 11a are the detector positions at which measurements were made.

Two points about the measured data need explanation.
First, referring to Figure 7, when a measurement is made at, say
posiiion 3, that position {s characterized as a measurement for which

1 2" 8. We say the same measurement would be obtained if the remaining

8 feet of the duct behind position 3 were nor present. This was sstablished
in the first program and {s valld for gamma rays only, not neutrons.

Second, sodium has a half life of approximately 15 hours
and thus decayed substantially over the week period required to make the
meagsurements, Decay corrections (0'7\3, were computed for each of the 130

measurements made fox the three source positions. The correction was

made back to the time of the first measurement (position A) for the first
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Figure 7. CGamma Doss Rate Distribution Measurements

ARMOUN LESCARLH FOUNDATION OF ILLINOIS I1NSTITUTE OF JTECHNOLQOY




gource position uwved, S1 4 Muitiple measurements were made at each
detector position and averaged.

The data of Table ! are plotted in Figures 8 and 9; the
data of Table I, in Figures 10 and 11; and that of Table Il in Figures 12
and 13.

Observation of Figures 9, 11, and 13 showa an almeost
i Rz falloff in the first leg. This is quite reasanable in view of the low
albedo {for sodium energles, Note that for neutrons (Figure 26) the albedo
appears to play a more significant role in view of the nearly 1/R falloff,

Of significance 1s the slope of the second leg ( Iz) data.
If the second leg data are normalized and plotted, all three { 1 1 s 7, 10, and
14) fall on top of each other. Hence, the rate of {alloff in the second leg
appears to be independent of the length of I! {or sodium energies,

In Figures 12 and 13 the data point at 27 feet i= clearly
2 bad measurement, A review of th:a measurement data, howevar, offars
no jJustification for disgarding the point.

Finally, no error measurements ars indicatcd as the
error is laaas than the helght of an error bar that eould be drawn, From the

. experimental point of view the total error in a measuroment {a probably

iess tﬁan 5%. Only ths energy dependence of the detectors at 2. 76 mev is

in doubt,
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TABLE 1

Gamma Dose Rate Measurements in ¢ by 6 Foot Concrete Entranceway

Na=24 Point Source at 314
Measurement Centerline j j Dose Dase®
pesition distance 1 2 rate attenuation
from source ' factor
{it) (£t [633] {mr/min)
A 37 14 “am 0. 0067 822
1 36 14 16 0. 0077 715
la 34 14 14 0.0105 523
2 32 14 12 0.0132 398
3 28 14 8 0.0323 171
4 24’ 14 4 0.105 52, 2
4a 23 14 -3 0.164 53, 6
1) 22 14 2 0. 276 20,0
4e 2l 14 1 0.727 7.58
5 20 14 = 5.00 1. 10
Sa 18.5 14 oo 8. 46 ~ecaas
é 17 14 e 5. 91 cmmase
6a 1.8 14 LT 6. 65 ¢ eaneas
7 14 14 nee 7. 91 aeeama
8 11 14 wne 12. 4 an-aae
9 8 14 cne 22,2 amaman
.10 s 14 “aa 55.1 -n-an
11 3 14 .- 148 cmaman
ila 2 14 == 300 wasa-e

)
Dose attenuation faetor is always defines as ratio of Position No. 6
teading to the position of mgasurement rsading,

ARMDUYR RESEAREH FOUNDATION OF ILLING?!S INSTITUTE OF 1EEHROLOHOY

27




[ISTEN

§ et
P

1000

100

10

0.1

0.01

0.001

y=rrrevf -

-

Point Source ~ Na-24

,P‘ t 14 {eot

§ = 3fecet

Cantariineg dh.ta.nce

from souree in feet

5 10 15 20 25 30 35 40 45
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Figure 9. Meagured Garama Dose Rate Centeriine Distribution
in 6 by 6 Foot Concrete Entranceway with Single Right Angle Bend,
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TABLE I1

Gamma Dose Rate Measurements in 6 by 6 Foot Concrete Entranceway

Nae~24 Point Source at S1

0
Measurement Centerline } j Doae Dose
position distance 1 2 rate attenuation
from source factor

{£t) R £33 (fty (mzx/min)
1 32 10 16 0.0152 587
iat 30.5 10 . 14,5 0.0175 511

28 10 12 0. 0278 32!

24 10 8 0. 0607 147
4 20 .18 4 0. 210 42. 6
4a 19 10 3 0. 330 7.1
4b 18 10 2 0.621 14. 4
4¢ 17 10 1} 3.61 2.48
5 16 10 .- 8. 86 1. 11
Sa 14.5 10 e 8.83 womane
6 13 10 nce 8.95 esccna
ba 1.5 10 o 1.4 camena
7 10 10 “-= 14.4 ewmane
8 7 10 oo 28. 6 cmwamn
9 41 10 nee 85.1 wamsse
9a 2 10 wew 340 csanan
10 1 10 ~am 1348 canane
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Figure 10, Measured Gamma Dose Rate Centerline Distribution
in 6 by 6 Foot Concrete Entrangeway with Single Right Angle Bend,
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TABLE i1 '

Gamma Dose Rate Measurements in 6 by 6 Foot Concrete Entranceway

Na-24 Point Source at S

1
Measur_ement Cet.zterline j j Dose Dose
position distance 1 2 rate attenuation
from source factor

(ft) {1t) {ft) (mrfmin)
1 29 7 16 0.0250 588
la 27 7 14 0. 0409 359

25 7 12 0. 0467 314

21 7 8 0.113 130

17 7 4 0.423 34.8
4a 16 ? 3 0. 661 22,3
4b 15 7 2 .42 10.3
4c 14 1 1 11.8 1.3
% 13 7 oo 129 1.13
Sa i1.5 1 ~ee 14, 2 cse-rm
6 10 ? wan 14,7 weasmm
6a 8.5 ) — 19.8 avan~m
1 U 7 cee- 28.3 sannen
8 4 1 -ee 83.6 ananaw
8a 2 7 mee 340 ena-ne
9 1 7 —-- 1322 e m
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'back to the time of the first measurement, (Position No, i, j

». Gold Source Measurements

The use of Au=198 (0,411 mev} as a source was entended
to extend the dose rate distribution and dose attenuation factoy studies to
lower energies. The albedo for gamma rays is known to have an extreme
energy dependence.

Measurements made with Au~198 are given in Tables 1V,
V, and V1, and the data are plotted in Figures 14 through 19, Again, because
of the decay of the source (‘ex /2 a 2,7 days) all data is corrected for decay
 ° 14}, 1In
Figurs 14, the point at 17 feet is again a bad data point but muat be retained,

Study of Figures 15, 17, and 19, again show that the
dose rate distribution function in the first leg falls off like URz just as the
much higher energy sodium does, Comparison of the data in Tables Il
and VI for positions 7 and 8 shows that for sodium {Table II1) the dose vate
{adis off 3. 5% less than IIRz while for gold the dose rate falls off 7% leas

than IIRz. ‘The difference batween the albedos for say 2 mev {sodium
average) and 0,4 mev, would give the factor of two difference depending on
the angle of Incidence chosen,
4, Analysis and Compayison
In an attempt to show trends as the parametars, such as

j!, and ,( y and energy vary, Table VII summarizes the dose attenuation

ratios. Somae partinent ghservations are;
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TABLE V¥

Gamma Dase Rate Measurement in & by 8§ Foot Concerete Entrangeway

Au=198 Polat Source at 8

Measurement Centerline j (( Dose Dose
position * distance l 2 rate attenuation
from source factor
{1t () {ft) (mr/{min}
1 36 14 16 0,00313 an
la 4 14 14 0,004}13 228
32 14 12 0, 00597 157
28 14 8 0, 0143 65. 17
24 14 4 0. 0453 20,8
da 23 14 3 0,0646 14. 8
4b 22 14 2 0. 101 9.3
de 21 14 1 0.188 5.1
S 20 14 one 0. 990 L TY L
b 17 14 —e 0, 940% wuamom
7 4 14 -- 1,62 meanem
8 11 14 -—- 2, 68 cam—mn
9 14 omn 4,72 ca-cam
10 14 L) 10,7 senam~
ila 2 14 caam 67.1 esen~m
*Average of 4 readings,
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Figure 14. Measured Qamma Dose Rate Centerline Distribution
in & by b Foot Conerete Fntranceway with Single Right Angle Bend
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Figure 18, Measured Gamma Dose Rate Centerline Distribution
in 6 by 6 Foot Concrete Entranceway with Single Right Angle Bend
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TABLE V

Gamma Dose Rate Measurement In 6 by 6 Yoot Congrete Enttangeway

Au-198 Polnt Source at 8

10

Measurement Centerline ’p j Dose Dase
position distance 1 2 rate attenuation
from source facior
(£t) {ft) {ft) {mz{min)
1 32 10 16 0. 00616 303
1a 30 10 14 0. 00934 200
28 10 12 0.0119 157
24 10 8 0. 0277 67.8
20 10 4 0. 0866 21, 6
4a 19 10 J 0, 150 12,5
4b 18 10 2 0, 227 8. 23
4c 17 10 H 0, 596 3.14
5 16 10 - 1,62 1. 15
6 13 10 - 1.87 -
T 10 10 “a 3,04 PR
8 10 . 3,83 “annan
9 10 .- 15,4 csuuva
9a 10 -e 67. 17 anemea
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Figure 17. Measured Gamma Dose Rate Centerline Distribution
in 6 by 6 Foot Concrete Entranceway with Single Right Angle Bend
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TABLE V1

Ganima Dose Rate Measurement in & by 6 Foot Congraeta Entranceway
Au-138 Point Source at-S

”
Measurement Centerling j ,P Dose Dosa
position distance | 2 rate attanuatien
from source factor
{£:) {£t) {£e) {mr/min)
1 29 1 16 0.0123 249
ta a7 ? 14 0.01468 182
2 25 7 12 0, 0229 134
21 7 8 0.0537 7.1
4 17 ? 4 0. 175 1.8
4a 16 7 3 0, 251 12, 2
4b 15 1 e 0, 376 8.15
4c 14 7 1 Z. 44 1. 26
5 13 9 - 2, 61 .18
10 7 we 3.07 cmemm.
1 ? e 6. 73 A
8 4 7 - 16.4 cnanve
8a 2 7. -~ 67. 2 nea-an
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Figure 18, Measured Gamma Dose Rate Centerline Distribution
in 6 by & Foot Conasete Entranceway with Single Right Angle Bend
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The attenuation ratis of a duet deeveases as jz becomes
shortes, .

The attenuation ratio of a duct is larger for higher energies.
The performance of the second leg distribution is less

sensitive to the length of 1 1 for low energies.

TABLE VI

Dose Attenuation Ratios Versus Energy and Length of ,P 1

Energy Duct j j Dose
half 1} 2 attenuation
width ’ ratio
{ it) (it) (§2)
[
Na-24 3 16 588
Au-198 3 . 16 7249
Na=24 3 10 16 587
Au-198 3 10 16 303
Na-24 3 14 16 715
Au-198 3 - 14 16 301

In Figures 20 and 21 a comparison of Na=24, Co=60 and

Au«198 in the first ﬂ 1} and second { 1 z) legs ia shown, These data are

for 11

page 558

s 7andd = 3feet. The Co-60 data wasa taken {rom Table V on

of the previous final reposrt, ARF-1158=123, The Na-24 and Au-198

data was normalized to the Co-60 data at position aumber six (6} which is
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Figure 20, Comparison of First Leg "P 1) Centerline Gamma Dose Rate
Distributions for Au, Co, and Na
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Figure 21. Comparison of Second Leg (jz) Canterline Gamma Dose Rate
Distributions for Au, Co, and Na
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is the center of the right angle bend.

A IIRZ line is drawn in Figure 20 for comparison. There
is no obvious reason why the Co~60 data show a greater deviation from
1/ R.a. We therefore suspect the data, which was taken under slightly
different conditions than the Na and Awu data,

In Figure 21, for jz. the second leg, the identical slopes
are puzzling., This might be explajnable on the basis thas the contributions

from albedo scattering from the walls of the second leg is negligible com-

pared to the direct contribution {ram the four scattering surfaces which
make up the right angle '.bend and which see bath source and detector,

A tabulation of all existing ARF gamma ray data for full
scale concrete personnel shelter antranceways is given in Table VIII. The
attenuation factor is seen to decrease rapldly with a decrease in j 1 and
to also decrease rapidly as the energy decreases, Note the behavior of

the attenuation ratie of Na and Au as ,? v varies. This {s not understood.

G. Relative Worth of the Fouy ScatterinL‘Surfa;:es which Form
the Right Angle Bend

Given a duct with a fixed ¢ross sectional area, 8 fixed ,p‘ and
!z’ and hence a definite attenuation ratio for gamma rays of energy E, we
wish to Investigate possible artificial ways of increasaing that attenuation,
As lead has a lower albedo than ¢oncrete, an ohvious device would be to
cover onae or mare of the surfaces at the right angle bend, Questlons of

importance ars, what thickness of lead and which surfaces?
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A four (4) curie Co«h0 source was posltfoned in the § by & foot
entrangeway as shown in Figure 42 with me;suréments $0 be mada at
positions D 6 and Dl' A lead sheet, 6 by 6 feet, was placed on the floor |
surface (A3}. The data are given in Tahle IX,

' The results show that the addition of 1/8 inch of lead to A3
(floox) reduces the dose rate Dl by about 11%. The addition of a second
1/8 inch lead sheet, giving a total 1sad thickness of 1/4 inch on the floor,
did not further reduce the dose at Dl' The results ave reasonable and
are explainable by observing the average distance through the lead the
incident and scattered gammas must pass. We may also conclude that 1/8
inch addea to the ceiiing would result in anothar 11% decrease, due to
symmetry. The attenuation ratios shown have little value bagause the lead
is affecting the dose rate at D6 alaa. We should have used another position
in ,Pl {closer to the seurce) In erder to have a fixed reference (unafiected
by the addition of 1aad), |

The above prosadure was repeated for area Al. The results
are given in Table X. The tramendous weight of the lead (72272 1/8
inch sheet) precluded hanging more than 1/8 inch on A!. Cleavly, 1/8
inch of lead on .‘\x results in & greatey attenuation than on Ajera, The
difference (ns 2%) {n the no lead values of D‘ {0.0223 « Table X, and
0.0217 « Table X) is due to reproducibility of source and datector. The

data in the two tables mentioned above were taken on two different days,
the setup heing necesaarily disassambled in~batween.
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A4 vceiling)
Dl o XL

Figure 22. Experimental Geometry for Determining Contribution

from Scattering Surfaces

which Form Right Angle Bend of the 6 by 6 Foot Concrete Eantrangeway
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TABLE IX

Effect of Lead Sheet on Scattering Surface A,

Position

1

Reading" BNG Dose Rate Attenuation % Change
(mr/min) (mr/min) (m/min) Ratio in D
D,/D 1
6" 1
No Lead
Dé, 8. 85 0. 00065 8.85
397 LY Y Y Y T
D1 0.0229 0. 06065 0.0223
1/8 Inch Lead on Area.‘A3
D6 8.96 Q. 00065 8.96
4583 11. 2%
Dl 0. 0204 0. 00065 0.0198
1/4 Inch Lead on Area AS
Db 8. 80 0.00065 8.80
440 10,5%
D 0.0207 0. 00065 0.0200
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TABLE X

Effect of Lead Sheet on Scattering Surface A 1

Poeition R eading BNG Dose Rate Attenuation % Change
{mzr/min) {mr/min) {mx/min) Ratio in D
D,/D 1
6 1
Nao Lead
D6 8. 45 0. 00065 8. 45
390 cmumum
D1 0.0223 0. 00065 0, 0217
1/8 Inch Lead on Area A!
DE ‘8. 31 0.00065 8. 31
442 17%
Dl 0.0186 0.00065 0.018
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To simulate a perfect radiation tyap the Jead was removed and
the wall represented by area A4 (ceiling} was removed completely, The dose
rate at Dx'decreasec\ by 18%, Comparison with the data of pages 55 and 61 of
the previous final report {ARF 1158-12) show an 18% reduction also. The
reproducibility here is gratifying.

Finally, areas A, and A, were geparately removed to determine

their warth, A summary of the results is as follows:

Area Reduction in Dl dose rate due to removal of area
Al 22%

A, ' 10%

A3 18%

A 4 . 18%

Referring again to Figure 22 note that, for example, area A 3 is not

definad 80 28 to represent the entire area of the floor seen by the detestor
at Dl' The shaded areas, seen by the source and detector, will contribute

to the reading at D1 along with A s Thus, the reductiong in dose rate

represent the specific total contribution that only the designated area (As)

tnakes to Dl' The sum of the four area contributions does not therafore,

.add to the total reading at D!. becausa of the contributions due to the shaded

a&rcasd and any corner effect contribution,

In attempting to draw conclusions basaed on tha measured data,

eaution niust I?e exercised, The measuru: .cnts show that eaeh of the aveas
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reduces the dose rate 2t D‘1 by approximately 20%, except A 2 which givee
10%. The measurements, however, say nothing about the absolute quantity

(dose) of radiation from each area.

Conslder AZ versus A3. The incident angle for A?‘ ia 0°. The
in¢cident angle for A 3 is 73°, At )| mev, the albedo for 0® incidence is only
1/5 of the albedo at 73°, Or conside:«:.Al versus A3. The angle of ingidence
is the same, but the angles of emergence to reach the detector directly
are in two different planes. This difference cannot be evaluated as no real
differential albedo emergence angle dependence {8 known to exist,

Finally, it must be emphasized that the reduction in the dose
rate due to removal of any ona of the four areas has an 'Pl' 4?&, and b
dependence, As /Pl and 'PZ increase, the shaded areas of Figure 22 will
decrease and for a shorter ,pl the effect of any one scattering area will

diminish, Also, this experiment was done with a long '?Z in ordex to

reduce ¢orner effest contributions to Dl to a minimum (A2 1%},

nD. Thermal Neutron Flux Distribution Measurement from
Plane Thermal Souree

During the first year of the program measurements of epl=
¢admium and subscadmium heutron centerline flux distributions were made.
{See pages 71 and 79 ef ARF 1158-12), Attenuation ratlos were found to be
smal}l and the agreement between measurement and caleulation was poor,

The poor agreement was believed to be due to lack of any differentl_a.l
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teutron albeda informaiion neaded for the caleulations, Also, svidence wasm
abtained which indicated the neutron number albedo was much larger than
ga;,mma. albedos and a single measurement gave a value of 0. 675 for the epi-
cadmium neutron numbher albedo.

The second year neutron effort attempted to increase the

accuracy of measurements and to {nvestigate the effect of plane scurces,

The sections to follow report the results of these measurements and describe

the conditions of the experiments,

1. Source
—t—p——

As the full scale 6 by & foot congrete walled shelter
eniranceway 48 built sa that the face of the graphite thermal column of the
Armour Research Reactor covers the entirg entrance of leg ,‘)1. this graphite
face can be used as a source of neutrons, The geometry of the expériment
is shown in Figure 23,

Ag we were Interested in sub~cadmium neutrons (we will
call them thermal), we wished to ba sure that the neutrons conrﬂng frorn the
graphite face were thermal, A series 0f measurements, using a ¢admium
covered BF3 then a bare BF3, were made. The ratio of the bare to cadmium
covered count rate will be directly proportional to thermal to fast neutron
flux ratio. As we had no information as to the average energy of the fast

(epi=cadmium neutrons) no energy sensitivity corrections te the fast gount ’

were made.
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Figure 23, Thermal Neutron Distributivn Measurements
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Measgurements of the thermal to fast count rates were mada

at positions 12, 6, and L {Figure 23) and the ratios

Bare = Cd - Thermal
Gd Fast

formed. These measurements indicated that 99. 75% of the neutrons leaving
the graphite thexmal column face and entering the duct were sub=cadmium

{ ( 1,44 ev). Again, no counter efficiency correction to account for the
1/v drop in the boron gross section was possible as the average epi-
cadmium neutron energy was unknown. The results ars sufficiently gone

clusive so as to call the measured distribution, thermal or sub-gadmium,

2. Detectors
As was mentioned in previous reports, no tissue

equivalent neutron dose counters are commercially available, and as such,
all our measurements are of number flux. For this purpose a new and
more sensitiva BF, counter was purchased. It had a 4-1/2 inch active
length and was ] inch in diameter with an aluminum ecathode and 60 ¢m of
Hg pressure. This detector was checked for its gamma ray sensitivity. Itg
plateay was determined for neutrons {n the gamma ray {leld expected to Lo
present during the measurement and for the length of eable nsaded, The
voltage used was 3025 volts with a | mv sensitivity setting on the diserimine

ator. (The detector ¢an he sgen in Figure 6.)
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3. §our ce Distribution

In order to ohtain the source distribution a BF_ ¢ountep

3
was covered by a 1/8 inch thick ¢cadmium ¢ylinder. Only the end area of the
counter was left bare, Tha cmmt-eg was positioned so that its axias was
perpendicular o the graphite thermal column face, With the reactor at 0.1
watt power level, the counter was moved horizontally and vertically across
the center of the graphite face in six inch steps, The results of these
meagurements are given in Table XI and plotted in Figure 24, A ¢osine

distribution is plotted for comparisen and the meagured distribution can

rather reasonably be described as an isotropic cosine source vertically and

hor{zontally,

4., Thermal Neutvon Distribution Measurements = Reaylts

The reactor power was again ralsed to 0,1 watt and thermal
neutron measurements made at the 24 positions indicated in Figure 23. Al
measurements, except positions B and C, were made on the canteriine of the
entranceway, Note the concentration of points at the bend and the measure-
mants at positions labeled A, B, and C. the data are given in Table XIi
and plotted in Figures 25 and 26.

In Figuze 26, tho data from Figure 25 is replotied and
labeled cosine source. In addition, previous data for a peint thermal

source (ARF 115812, Table X1I, page 78), is pletted, The point source

' data was normalized to glve the same flux at position six (6), 45, 466 counts
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TABLE Xt

Thermml Neutren Source Distribution

Reactor Power 0. 1 Watt

Position Distance Position Distance :
along the - from the cts/min along the from the etafmin
X axis left side y akis lower end
{inches) {inches)
1 ¢ 5,115 12 0 5, 600
2 é 15,919 13 (Y 18, 583
3 1% 28, 636 14 12 31, 785
4 18 40, 745 15 18 41, 997
5 24 50, 716 16 24 53,867
6 30 58, 700 & 30 88, 700
7 36 53,945 17 36 54,113
8 42 45,151 18 42 42, 386
9 48 32,096 19 48 34,035
10 54 19, 090 20 54 18, 811
11 60 3,519 i €0 5,192
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TABLE XI1

Measured Thermal Neutron Flux Centerline Distribution in 6 by 6 Foat
Concrete Entranceway from lsotropic Cosine Thermal Neutron Source

Position Centerline j /P BI:'3 Numbey
distance 1 2 attennation
from source z#atio
(£t) (1t) (§:3] {ecounte/min)
A® 490 17 - 1,492 30. 47
Bk .- 17 - 1,602 28, 38
Copay - 17 .- 1, 588 28. 63
1 39 17 16 1,763 25. 79
ia a8 17 15 2, 080 20. 96
1b 35 17 12 3,425 13, 27
2 32 17 9 5, 248 8. 66
3 29 11 6 8, 469 5.37
4a 26 17 3 14, 340 3. 17
4b 25 17 2 17,953 2.53
4c 24 17 1 21,888 2,08
5 23 17 ) 35,979 1. 26
Sa 22 17 -- 40, 063 1. 14
-3 21 17 - 42, 841 1. 06
6 20 17 - 48, 466 wemaa
6a 19 1] - 48,182 “ecwe
éb 18 17 e 52, 350 wemae
7 17 17 wa 58,446 wewre
3 14 l? badnd 80. 869 L YR )
9 11 17 - 115,321 ascas
10 8 '? -aa 160, 275 LY ¥ 7Y )
11 8 17 we 249,732 menca
12 2 17 an 672,688 n~acwe
13 0 17 == 1,616,682 “—an-

*One foot outside the seeond leg

*¥ihree feet to the right on No. 1.
" hree feet to the left of No, 1.
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Figure 26, Measured Thermal Neutron Flux Centerline Distribution

in 6 by & Foot Concrete Entranceway with Single Right Angle Bend
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Figure 26. Comparison of Thermal Neutron Flux Centerline Distributions
for Point and Cosine lsotvopie Thermal Neutron Sgurces,
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per minute. Note that the ‘Pll § ratios are not the sanie and henee
{nfluence any comparison,

For convenience, a 1/R line is drawn in order to obsezrve
the rate of flux fall off in the first leg for the two different sources, Recall
that the gamma dose vate falls off as lle.

Comparing the slopes of the cosine and point souree
curves with the 1/R line, hoth fall off like 1 /R in the first leg ( j 1). In
the second leg { ,? ?_), the cosine source curve falls faster than the paint
source. The attenuation ratios (No. 6/No. 1} are quite different, and
disturhingly low, The cosine source has the larger attenuation ratio which
is !bttwte since & weapon detonated at a distance {rom the entrance to the
shelter would appear more as a plane inbtropic source, rather than a point
source at the entrance,

A number of points must be borne in mind in attempting
to draw conclusions {rom the measuremeﬁts. The data 8 for thermal
neutrons, which from a dellvered dose viewpoint are grossly less impostant
than fast neutrons. However, the shelter entrance might be located at a
distance from the burst point at which & high thermal flux {s present, If
it 13 argued that the scatteving surfaces at the right angle bend could be
coverad with boral or cadmlium, the attenuation of the thermala would be
large. Unfortunately, the boral or ¢admium beeoines a la:g; source of

hapd capture garnns yays, It 1s not ¢leay that we have made any gain {rom

8 delivercd dose viewpoint.

ABNOUR SELEARCH SOUNDAYION OF TLLINGIS INSTiTUTE OF 1ECHNOROGY

66




Seeond, foz the point seurce the numbes distribution in
jl €alls off ke !/R, instead of L/ Rz as the gamma distribution does,
because of the magnitude of the albedo for thermal neutrons {~ 0,7). We
believe the slower fall off in ﬂz for the point source may be due to the
closeness of the source to the bend ( f! = 9 feet), thus {ncreasing the
corner effect contribution, ( .p - 17 feet for cosine source),

If the fast neutron dose attenuation is anywhare near as
low as the number attenuation (p. 69, ARF 1158-12), a real problem exista,

Greater research efforts must be placed on neutron dose distribution data

and theory.
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V. SUMMARY AND CONCLUSIONS

Completion of this program has resulted in the availability of a
substantlal amount 0f measured data on radfation distributions in ducts,
Such data is highly necessary input to duct and shelter design and has c;n-
aidegable value in that it setves a8 a guide to the development of analytical
techniques,

Specifically, gamma ray distrihution measurements were extended
in energy and geometrical dependence., Thermal meutron flux distribution
measuremaents {02 a non point source were mads and a computer code
weitten which has a running time of approximately two minutes and which
gives dase distributions in straight square ducts,

Considerabls effort was put out in order that complete detalls of all
measuresments be clear and that the caleulations made and included in this
report be equally clear as to methodology.

The third year of the program will concentrata on measurements in
ducte of mugh amauller gross sectlon than § by 6 feet and {nclude a segond
vight angle bend or third leg. The computer gode will be extended to
bandle duots containing right engle bends. The code will represent a
sigaificant labor saving device to project pesrsonnel and will be available
for gensral use. Persons having a computation ¢to be solvad may prepare -
the program for thelr computer or submit the input 0 ARY for running here.

The Foundation is plezsed to have the opportunity to conduet this

program for the Bureau of Yards and Docks, We look forward to the next
ARMOUR RESSARCH FOUNDANION OF 1LLINAIS INSIITUTE BF TECHNOLOGY
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phase of the program and would be equally pleased to have the opportunity

to discuss other research projects.
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APPENDIX I1
FUTURE RESEARCH RECOMMENDATIONS

The jtemized list of suggested research problems is brief but will

be clear ta those knowledgeable in the field. The list §s not in any ardey

of importange, nor is it complete. We ave prepared to undertake these

studies and would welcome the ppportunity to have suggestions as to thelr

conducat,

1

2,

3.

4,

L8

6.

A

ARMOUR

Measurement of dose rate distribution in two leg ducts for fast
neutrons from point sources to develop the theory in ocxder to
handle analytically.

Measurement of fast neutron dasc rate dlstributidns in 2 leg ducts
for plane souxces,

Measurement of thermal neutron flux distridbutions in 2 leg duects

fox plane seurges,

Measurement of fast neutron dose rate distributions in 3 leg duest
{twe right angle bends).

Experimental determination of differential (energy and angular
dependence) neutron al‘be;ioa.‘ |

Mecasurement of gamma dose rate at pasition one (1), restdiing from
removal of neutrons by absorbezs at the right angle bend suriaces,
Measurement of gamma doss rate distributions in 2 leg ducts for

plane isotropic sources. (Usge one or two sources and employ

superposition, }
RESEARCEN POUNDATIOM GE 1 1NCIE INSTIVTYRE OF TECHHOLOGY
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8. Measurement of gamma dose rate distributions in three {3) leg
duets,
9. Measurement of differential gamma albedos,
10, Completion of the computer code to aulculate the dose rate

distribution and the attenuation of a duct of any geonmetry, any
energy of source, and for any number of bends,

11, Measurement of gamma dosa rate distributions specifically fos
fission product gammas as a function of time, A U-235 flssion
plate would be used as a source,

12 Measurement of neutron and gamma dose rate distributione {n one

by one oot cross section ducts,
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ABPENDIX 1L

SEMI-RIGQROUS ALBEDQ ANALYSIS

Considez a straight rectangulaxr duct of half thickness §, length 1
and having a wall thickness equivalent to many meaa free paths fox
scattering of the source radiation, Let the sourca be a point and located
on the duct centerline ang in the plane of the entrance, The detector is
placed on the centerline and in the exit plane of the duct.

The geometry of the problem iz shown in Figure Hl-1, The
differentlal wall surface area dA is on one of the four walls of the rectangulax
duct. The reference coordinate system is at the sourcs. J<A is a distance
R1 from the source and Rz fzom the detector, Only the uncollided and
once reflected radiation is to be considered., This is an excellent approxie

mation for gamma rays but poor for neutrons. The uncollided flux raaching

the detectoz is
S
u 4,”1&2
The flux striking dA from the source s at an incident angla of § measured

from the perpendicular to dA and is seen {o be

5
—— <o (2
41faf we )

The reflected or re-emission flux from dA is a fractien ofof that

which fell on dA. ol is ealled the albedo and is a function of the type and
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Rectangulaz Duct Geomstry

Figure 11-1.

w o)
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energy and angle of incidence of the radiatlon. %Thus, the quantlty of

radiation leaving dA and reaching the detector D is

$ (9, E)
cos § ———= {3
477'1if zma;

where the re-amlssion distribution is taken as isotyople. Since we assumc
a monoenergetic source of radiation the albedo 1s taken as o{{#) only.

From YFiguve Iil-1, the following may be asgertaineds

dA = dxdy
cos = SIR.1
Rf v Bz+xz+vz

R:- 62+x2+(4(-7)z

The total reflected flux reaching 1) from the one wall surface is

A
' oL (9)
= 2 S ek ok dA (4)
8 j 417'9.15 Ry zﬂkg
= 0 a

Considaring that there are four symmetrical walls and substituting in the

zelationships {zom Figure Jife1,

8 P
o (@) dxdy

372 = {3
A {;z-v-xz-ryﬂ [(.(-y)zd-xz-ré?
0 -
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The double jntegral is not conveniently handled analytically without the
introduction of undesirable approximations {such as §/f << 1) and in
addition we wish to investigate the behavior of the integrand. Such investi-
gation requires resorting to double numerical Integration, a somewhat tedious
procesg if any accuracy is desired,

o order to study the behavior of the §ntegrand,the following para-

meters were chosen as representative of a practical duct such as a shelter

entranceway.
,Q = 14 feet
8 = 3feat
Ax = 1 faot
Ay = 1 foot

E = 0,411 mev {Au-198)
S = kso - 1 mr/hr; x) euarle
1.2%10° y/cm =see

Bergar and Raso¥* gomputed the energy and incident angle dependenca
of gamma ray albedos in conarete, Thelr data for 0,2 and 0,5 mav 1a plotied
and & linear 9rdinate extrapolatfun dong to the estimate 0, 4 mev albedos, The
data is shown In Figuve {ll=2, plotted as a function of the gosine ¢f the incident

angle, with energy as a parameter.,

*Radiological Health Handbook {p. 139).
**NBS Report 5982,
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2, ¥l

i

-

0‘!

From NBS Report 5982
(Berger and Raso)

E = 0,2 mev

\\ E = 0.4 mev

Eur 0.5 mev

cos ¢
'

L ! 1 i
0 Ocl 0.2 °a3 0.40.5 0.6 001 008 009 1

1 4§ | 1 2

Figure I1I-2, DPo3c Albedos for Conaerate as a Funetion of the Ineldent Angle.
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The integrand is evaluated for 15 values of y and 4 different values

Mot it ok

of x as shown in the Tables. The behavior of the integrand is seen in

] Figures IlI-3 and lII-4. (The 10" factor is for convenience.) Recall that the

source is at y = 0 and the detector aty = X = 14 feet. We see that the wall

section closest to the duct center (x = 0) and the general wall area nearest
i ' the source (y = 0 to 3 feet) will contribute heavily to the integrated value of
. I(x,y). Also, that the area near the detector (y = 11 to 14 feet) is more
‘ | important than the area near the center of the duct.
{ Numerical integration of the four areas yields
I{x ) = 150, 88
(<]
I(xl) = 140,74

116. 55

I(xz)
I I(x3) =~ 89,85
In Figure 1II-4, I(x) is plotted against x and a second integration again

; pexformed by the trapezoid rule resulting in I(x,y) = 378, 63. We have

; expressed the source in equation (&) in terms of dose, hence the solution

to five (5) required dose albedos and gives the answer in dose.

6S k
| Ds- 6 I(x,y) dxdy = 3,‘3 7x 10 3 [378 6'9 3 xi%-
| xo1r 10 x‘n‘ x1.2x10 (3043}

i w 0.0642 mr/min,

PR—
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Plot of Integrand I{x, y)

Figure ILI-3.
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The uncolliided dose is

D = --§£-—2 = 0. 225 mr/min-Curie

u 4ﬂl£
The total dose rate seen by the detecior, 14 feet from a one(l) curie point

source of Au-198 (E ~# 0. 41 mev) inside a § by 6 foot rectangular duct is

o]

n
(=)

D S*Du

&

0.225 + 0,064

n

0. 29 mr/min per curle.

The albedo scattered contribution (DS) te the total (DD) ia seen to

be approximately 22%.

We now wish to have an experimental check as to the valldity of the
analytical approach, We may obtain this by referring to Table IV. At
position 7 tha source {s 14 feet away, The measured value is 1. 62 mr/min
from & source of unknawn ¢urle strength and we assume the wall behind

the detector to make a negligible contribution, We have determined that

22% of the reading §s due to albedo scattering, Therefore, 1.6% x 0.78 &

l. 27 mr/min direct from the source. For a point source of 1 curie of

Au-198 we have

.

5 mr/nain at 3 feet* or 0. 23 mr/min at 14 feet.

For the direct value of 1, 27 mr/min the source atrength, at the time

of the measurement, must have been ;—-g%‘ a8 5,5 curies.

*
Radtological Health Handbook. (p. 139).
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Using the 5. 5 curie gold source, we measure a dose rate of

1. 62 mr/min at 14 feet from the source. Our analysis yields 0. 29 mr/min-

Curies x 5.5 curies = 1. 60 mr/min, some 1% low.

The computer program described in Section III and in Appendix IV,

was given the problem with a six (6) curie source.

The input statement appears as

and the output as

ARMOUR

106568466 00
14000000 02
42500006 00

RESUAREW

L.

.25

2.1
.05

uckg9

2.

mENDATA
mNOMORE

0
30000000 01
21000000 01

FOUNDATIQN OF

14000000 02

2403751501

0 14000000 02
5000000001 20600000 02
0
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The total dose rate DD at the detector = 0.10658 R/hr = 1,77 mr/min.

However, for a 5.5 curie source

ARMOUR

5.5
DD =1,77Tx el 1. 62 mr/hr.
Measurement - 1.62 mr/min.
Hand calculation - 1,60 mr/min.
Code calculation - 1,62 mr/min.
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IT AND FORTRAN COMPUTER PROGRAMS
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A UNIVAC 1105, IT PROGRAM FOR RADIATION DISTRIBUTION

27.5
27.6
27.8
28.
28.6
29,
30,
.
32.
33.
3k,
35.
36 e
37.
38.
39.
he .
L1,
L2,
L3,

45,

ARMOUR
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IN STRAIGHT DUCTS

Y 700 c T00 s 33 £2,4,6,

READ
¥216:=(Y202v201) /11
13:a0 .

v22h: mY20T*Y20T
¥225:=Y206%Y206

Y2263 m=Y205%Y208

v227 :=Y209%Y209
7228:=065,§Y226+Y224;Q
v229:=Q6¢€, ( Y22T7+Y22L )Q

v230:=Y207/Y228

cO:m( Y210%Q2E,uY230*Y21%a )+( Y212#Y230)
choBialo .

¥0: m( Y206+Y207a( Y22542.#v221 ) /06, (Y2254, % Y224 )Q

) /(2.%Y207)

¢0:m( 2., #Y207*Q6E, v2300) /( (L-YE*CO)*Y229)
v0:aY22k /( Y2254k #Y22k

COMPUTE H

IR T T T T T T B e B B

nmma

vO:m( Y206/(2.%Q6E, (Y2254, #Y22L )0 ) )% (14 YOH( 2. 25%Y

e*Y0))

c@:-co+(1.Q6a;v230qP/ 1Yo c4ad)
cOt=( CONY205%Y2211%C

TY231TYOTCcOT OB
13221

y221:my203
23,15,13,1, 141,
1318

Y217 s my201

613 1FY20150,
Gl31FY221>0.
v217:wy217+Y216
131m2
3,512,13,1,1141,
12:m(2al
ci2imY22h/(Qle, 21 Tq*Qle,v217Q)
chOls=Cl12
c12:mabE, ( Cl24(Y221Y205 j*(¥221.Y208))Q
clo2:aC12
c12:=Y207/CI2
aT1rchoomd
aBirchyal,
ab1rchoo-2,
cho3:m0

v230:=0

G5

cho3ml.
v230:ml,

a5
cho3:=Cl12

c12:a( Y2108 o2, («C12%Y211.)Q ) J+{Y212%C12)

choli=L12

95

)/(¥220%Y220%Y220%Y220%Y229)
v23L1m( Y205+, 7854 ) /( (Y209-Y260 )*(Y209.Y260))
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46,
b7,
L8,
4o,
52,

56.

97.

Note: There isnodifference betweenupper andlower caselettersin thel T Language.

ARMOUR

17
26
27

22

23

16
2k

1
15

21
10
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6l91rcli®3=0,
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AN IBM 1620, FORTRAN PROGRAM FOR RADIATION DISTRIBUTION
IN STRAIGHT DUCTS. '

DIMENSION ¥(701), C(701)
1 READ, 11,D1,14,D4, C{560)
DO 40 7=202,213,1
READ, Y(J)
40 CONTINUE
Y(217)=(Y(203)-Y(202))/D/
I13=0
Y(225)=Y(208)*Y(208)
Y(226)=Y(207)*Y(207)
Y(227)=Y(209)%Y(209)
Y(228)=Y(210)%Y(210)
TEMP=Y(227)+Y(225)
Y(229)=SQR(TEMP)
TEMP=Y(228)+Y(225)
Y(230)=SQR({TEMP)
Y(231)=Y(208)/Y(229)
TEMP=({-Y(231))%Y(212)
C(l):(Y(Zl1)*EXP(TEMP))+(Y(Z13)*Y(231))
C(409)=C(1)
TEMP=Y(226)+4. *Y(225) '
Y(1)=(Y(207)+Y(208)-(Y(226)+2,%*Y(225)) /SQR(TEMP))/{2. %Y({208))
C(1)=(2,*Y(208)*%SQR(Y(231))}/((1. ~Y(1)*C(1))*Y(230))
Y(1)=Y(225)/TEMP
Y(1)=(Y(207) /(2. *SQR(TEMP)))*(1, +¥(1)4+(2, 25%Y(1)*Y(1)))
C(1)=C(1)+{1. -SQR(Y(231)))/{1. =Y(1)*C(409))
C(1)=(C(1)*Y(206)*Y(225)*C(409))/(Y(ZZ9)*Y(229)*‘1(ZZ9)*'Y(Z30)*Y(230))
Y(Z3Z)=(Y(ZO6)*.7854)/((Y(ZIO)-Y(ZO‘)))*(Y(Z10)-Y(209)))
IF(SENSE SWITCH 1) 41,42
41 PaUNCH, Y(232), Y(1), C(1),C(409)
13=1
42 Y(222)=Y(204)
Ml=I3+1
M2=14+2
DO 23 15=M1, M2, 1
25 13=1
Y(218)=Y(202)
IF(Y(202))28, 28,13
28 IF(Y(222))31,31,13

31 Y(218)=Y(218)+Y(217)
13=2

13 M4=13+1
M5=1142

DO 3 M3=M4, M5, 1

32 12=M3-1
C(12)=Y{225)/(COS(¥(218))*COS( Y(218)))
C(402)=C(12)
TEMP=C(12)#H Y(222)- Y(209))¥{ ¥(222)-Y(209))
C(I2)=SQR(TEMP)
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C(403)=C(12)

C(I12)=Y(208)/C(I2)

1F(C(500))43,7,43

IF(C(500)-1, )44, 8,44

IF(C(500)-2,)7,6,7

C(404)=0,

Y(231)=0,

GO TO 5

C(404)=1,

Y(231)=1,

GO 10 5

C(404)=C(I2)

TEMPa={-C(12))*Y(212)
C(I2)=(Y(211)*EXP(TEMP))+(Y(213)*C(12))
C(405)=C(12) :

IF(C(404))45, 19,45
TEMP=((Y(207)-Y(222))%(Y(207)-Y(222)))+4, *Y(225)
Y(12)=(((¥(207)- Y(222))#(Y(207)-Y(222)))+2, *Y(225))/SQR(TEMP)
TEMP={Y(222)%Y(222))+4, *¥(225)
TEMP={(Y(222)%Y(222))+2, *Y(225))/SQR(TEMP)
Y(12)=(Y(207)+(2, *Y(208))- TEMP-Y(12)) /(2. *Y(208))
TEMP=C(404)/{((Y(222)- Y(210))% Y(222)-Y(210)))+C(402))
C(12)=(2, *¥{208) /(1. - Y(I2)%C(12)))*SQR ( TEMP)
IF(SENSE SWITCH 1)46, 19

PUNCH, Y(I12),C(12),12,C(405)

IF(C(404)-1,)47, 11,47
Y(12)=Y(225)/(((Y(207)~Y(222))*(Y(207)- Y(222)))+4. *¥(225))
Y(12)=1, +Y(I2)+{2, 25%Y(I2)%*Y(I2}))
TEMP=(({Y(207)-Y(222))%(¥(207)-Y(222)))+4, *Y(225))
Y(12)=Y(I2)%( Y(207)-¥(222))/SQR(TEMP)
C(406)=Y(12)

Y(12)=Y(225) /((Y(222)%Y¥(222))+4. *Y(225))
TEMP=({Y(222)%Y(222))+4. *Y(225)

Y(I2)=(1, +Y(12)+(2, 25%Y(I12)%Y(I2)))*( Y(222)/SQR(TEMP))
IF(SENSE SWITCH 1)48,49

PUNCH, Y(I2), C(406)

Y(I2)=(Y(12)+C(406))%0. 5

IF(C(404))26, 26, 27

C(12)=0,

C(I2)=C(12)+{1. -SQR{C(40411} /{1, - ¥(i2)%*C(405))
IF(SENSE SWITCH'1)50, 11

PUNCH, Y(12),C(12)

TEMP={({ Y(222]-Y(210))%{¥(222)- Y({210}))+C(402))
C(12)=(C(12)*Y(206)*C(405)*C(402))/({C(403)*C(403)*C(403))* TEMP)
IF(SENSE SWITCH 1)51,52

PUNCH, Y{12), C(12), C(404), C(402)

12=12+1

Y(218)=Y{218)+Y(217)

CONTINUE

Y(219)=0,

Mb-11-1

DO 4 12=3, M6, 2
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J=12+1

Y(219)=Y(219)+(2. *C(I12))+4. *C(J)
CONTINUE

J1=15+500

J2=11+1 ,
Y(J1)=(¥(217)/3.)¥{C(1)+(4. *C(2))+
Y(221)(¥(205)-Y(204)) /D4 (2N+¥(219)+GLy2)
C(502)=¥(502)

C{J1)=Y(J1)

IF(SENSE SWITCH 1)53, 54
PUNCH, C{J1),15
Y(222)=Y(222)+Y(221)

CONTINUE

¥(223)=0,

DO 24 15=4,14, 2

J4=15+500

J5=15+4501 o
Y(223)=Y(223)+(2. #C(J4})+4, %C(J5)
IF(SENSE SWITCH 1)55, 56
PUNCH, Y(223)

Joo14+2

Y(224):5{ Y (221) /3, )¥(C(502)+(4, *C(503)) +Y(223)+C(T6)}

¥(233)=7{224)+Y(232)

PUNCH, Y(233), Y(204), ¥(205), Y(224)

PUNCH, ¥(207), Y(208), ¥(209), Y(210)

IF(SENSE SWITCH 1)57, 58

PUNCH, ¥(229), Y(230), ¥(231), C(409)

PUNGCH, ¥{217), Y(221), Y(502), C(502)

?;ngcn, v(211), Y(212), ¥(213), Y(206)
=

PUNCH, J7

GO TO 1
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