71-27,606
CRITES, Thomas Richard, 1942-
BACKSCATTER OF NORMALLY INCIDENT INTERMEDIATE
ENERGY BREMSSTRAHLUNG FROM SEMI-INFINITE MEDIA
OF VARYING ATOMIC NUMBER.

The University of Oklahoma, Ph.D., 1971
Engineering, nuclear

University Microfilms, A XEROX Company , Ann Arbor, Michigan

THIS DISSERTATION HAS BEEN MICROFILMED EXACTLY AS RECEIVED



THE UNLIVERSITY O OrLARGHA

GRADUATE COLLICKE

¥ }'1{_7.-'-1 I\] i

BACKSCATTER OF NORMATLY INCIDENT

PROM SEMI-TNTINIT

A DISSERTATION

>
]
eeer

TV PLT OO0 LT rA AR TA CVTY
S X I‘l]-. LLats L() l}'u'_a '\J.{'\l'x L AN I ' \l ;‘.; 1

the requiremcnis

LBOCTOR OF PHILOSOPHY

Ry
i _Tj‘
IS Y Y A \\ g '['(
SEOMAL RS rR] w5




PLEASE NOTE:

Some pages have light
and indistinct print.
Filmed as received.

UNIVERSITY MICROFILMS.



BACKSCATTER OF NORMALLY INCIDENT INTERMEDIATE
ENERGY BREMSSTRAHLUNG FRCM SEMI~INFINITE MEDIA

OF VARYING ATOMIC NUMBER

AP”ROVED BY

oL
Z/ “LL 7( 7 : 7 -«&:‘s‘é%— B

==, (lm—

/L ' ( C(eam,/q?/g 2L WL

C _.\/;g"?/n[v _.:)77' // /[;,‘ {/’ {!_ L'_v_g:"(

DISSURTATI N COMILTTEE



ACKNOWLEDGMENTS

The author expresses his sincere appreciation to
Dr. Robert Y. Welson, dissertation advisor, and William
D. Burnett, rescavch advisor, for their valuable guidance,
suggestions, and review throughout this research, which
could net have been meaningfully complieted without their
assistance.

The author is very grateful to his wife, Frances, for
the great personal efforts slie has made in seeing this work
through, and her excellent support in typing and proofreadingz.

The author is deeply iﬁdebted to William H. Kingsley
and Harold L. Rarrick for their efforts in making possible
the work arrangement under which the dissertation was
‘completed.

Gratitude is extended to the many Sandia Corporation
personnel who aided in this project, in particular:

Bill I.. 0'Xeal and Donald E. Amos for many fruitful discus-~
sions; .James H. Renken, Joann H. Flinchum and Kenneth G.
Adams for the great amount of work they did in making

ossible the computer comparisons: lLawrence D. Pose Jesse
P [ ; s

e

ii



iv
E. Harness, and Dan D, Craig for their support in obtaining
data on the 3.5 and 10.5 MeV flash x-ray machine; Robert W,
Mottern and S. A. Ravenbyrne at the Van de Graaff facility;
and Alvie A, Barrett for his able shop assistance.

Financial aid for this portion of the requifements for
the Doctor of Philosophy NDegree att the Univo}nity of Okla-
homa was furnished in part by a United States Public Health
Service Grant and in major by a United States Atomic Energy

Commission prime contractor, Sandia Laboratories, Albuquerque

New Mexico.



TABLE OF CONTENTS

A{:I(b;ro“\"LEDGl\.]E-{:‘}’SGC'000!‘09000.00&060000009.00@‘9000

'].‘ABLE OF Cc)i.\ITEI\;ITSGCOOBQOOOOG0&690009.“00090"0000

IJIST Ol? TPLBI-JESQOOO(J!‘UOQGOOOOFOOQGQGOOOOODDG\('COOO(‘

I_IIST OF I]_IIJUS'F}LA-TIO;'\TS(‘00&"660‘000‘006‘000060‘00030

Section
1 ~ TN’]‘RO])ETCTI()I\}CNDD 6B 60009 QR06GOOEOAMCHDOO0ODQ00C00CO O
2, HISTORICAL REVILEWccoceossocucocconvoancescs
2,1 TEuxperimental 4
2,2 Numerical Studies 13
2.3 Summary 19
3¢ THEORETICAL CONSIDERATION:ccoeswvcesscosssos

3.1 Introduction : 20
3.2 Photon Interactions ) 23
3:2,1 Photoelectric Absorption 23
3.2.2 Compton Scattering 28
3¢62.3 Pair Production 39
3.2.4 Rayleigh Scattering and
Photonuclear Interactions 45
3.2,5 Sumimary 49
3.3 Detection Instrumentation 50
3.3.1 Scintillation Spectrometer 50
3:3:2 Thermoluminescent Detectors 51

Poge

iii

viii

20



be

A

vi

3¢3:3 Attenuation Methods of
Spectral Determination 53

NUMERICAL ANALYSIS METHODS:wocuocvocvaccconse

4.1 Impirical Methods 57
4.2 Monte Carlec Methods 62
4,3 Method of Discrete Ordinates 64

EXPERIMENTAL DIESICHuovcccrroonocoseccooeososso
5.1 Backscatter Materials 66

olel Intreduction 66
«l.2 Lead 68
ole.3 Iron 68
5.1.4 Concrete 69

v e

2

1

5.2 TPhoton Sources 72

5.2.1 Van de Graaff 7
562 7

ZoZ2 rlasi A-Ldy DCViICes

52.2.1 3¢5 MeV Conerstor 74
5:.2:20.2 7,0 MoV Generator 78
5.2.,2.3 1C.5 HeV Geonerator &80

5.3 #ackscatter Surface, Collimator, and
Detector Positions 83

E)(PER}lIEI‘]TALL RESULTSO P O0OOBODOEPACUAODEOEDOCLODMSO OO

6,1 Data Analysis 86
6.2 Presentition of Results 92
6.3 Discussion of Results N 108

CONCLUSTONS AND RECOMMENDATIONSoocaccesnsnsce
BIBLIOGRAP}‘]‘)’LOG.O0":000.0“0&09#000‘0!\.'G..U.DQ
APPENDIX [‘A"x: .I\EO;'}}.CI‘;!CLJ?\TUREGG..OO.. GcIoOotLOGCDE @O &

APPENDIX B: VIEWED AREA COMSIDERATIONS.cceac

Page

57

66

86

112
115
128

132



15,
16.

17,

18(\

19,

21

22,

23,

APPERDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPENDIX

APPERNDIX

2 ov ATy ey
IS .L'Jl’\i)lx\

APPENDIX

APPENDIX

APPENDIX

C:

H:

K:

N

vii

COLLIMATOR EFFECTScocoeccecoossn

SPECT].M\L DA.TA.EI.O"C‘OQG0.0‘O"DDOGO
LiF ENERGY DEPENDENCY e ocecnocsos
THERMOLUMINESCENT DOSIMETEL
READ-QUT AND ANNEALING

PRASTINVIYTT X
LI RNPAN S L O N T N I S R (R R O

INFIRITE STAB SIZE MEASUREMENTS,
BE.AI\I l)IVERGENCqu«ac»caoeenocooo

THERMOLUMIRESCENT DOSIMETER
SAPERIMENTAL DATAcso0ceco0o0ecococo

ERROR ANA]_;YSISnoooooaeonoaoooouo
MONTE CARLC PROGRAMocoovoanacwos

TV NG
LL\O\JJ.\.tu'ln,.enoaoeoooeoee\'eueso

UIF

: A COMPARISON OF MONTE CARLO AND

DTF RESULTS TO PREVIOUSLY
PUBLISHED EXPERIMENTAL DATAwsceo

RESULTS OF THE CHILTON- .
HUDDLESTON EQUATIONS APPLIED

TO THE "EFFECTIVE' ENERGIES

OF THE PRESENT WORKeceeoseosoces

20 - 60 MeV BACI(S(:ATTERQ Cee60000 @

Page

203
213

219

390
401

407

413

416

424



Tahle

1.

11.
12.
13.
14,
15.
16.

17.

LIST OF TABLES

Concrete CompoSitionsS cececoccoensscocooven

REBA Shot CharacteristicCs ccveoesevonsces

3
QD3(HAO) Xlo c‘a...?5@06‘600608@600060.?

Detector Collimator Correction cococcooos
2.0 MeV Measured Spectra (99, 1OOL,°O,.°
3.5 MeV Measured Spectra (102) cecenenens
2.0 MeV Empirical Spectra@ eccoceccococcose
3.5 MeV Fmpirical Spectra cescscococcerces
7.0 MeV Measured Spectra (105) cevoveense
7.0 MeV Empirical Spectranec.-unso;ococc
10.5 MeV Measured Spectra (110) vosscoocos
10.5 M2V Empirical Spectra ceaessceccscoc
10.5 MeV Spectracescecscscscecessosocssacs
TLD Annealing ProcedureS ceccesesscccescs
TLD Annealing Procedure SUMMAYY eessscsee
Iron Reflector Ratios (x 105)..,..0.0.0.

Concrete Reflector Ratios (x 105),.0....

viii

76
104
155
159

160

166
169
170
171

173

210
211
214

214



18.
19,
20,

21

ix
LIST OF TABLES (cont'd)
Chilton-Huddleston PATamelerS. veeescsssss
Klein-Nishina Cross-seclionSescovovosocss
Chilten-Huddleston Albedo ValueSseeesooes

Differential Dose Flux AlbedOcccooncacese



LIST OF ILLUSTRATIONS

Figure Page

1. Relative position of detector, source,
and scattering medium, Hine and McCall.soe 5

2. Experimental arrangement used by Clarke
and Batten.0.0"0.....00..'..........0.... 9

3. Experimental arrangement used by Pruitt... 12

4 Experimental arrangement used by
Sugivama and TomimaSUesococesessesssssscesco 13

5. Relative position of source, detector,
and scatterer for the Chilton-Huddleston
development..i.OOOOOOCOC.DGOOO.....O...... 16

6. Compton scatteringccceccessovsssecssscsssess 30
7e Multiple Compton scatteringesceesesscecease 37
8. Attenuation extractionNSsicesssscescsssccsese D4
9. Geometry of the Chilton-Huddleston

derivation0..0....000..0..0.......Ol.000.. 57

10. Albedo dependence on concrete composition
for 2.0 MeV bremsstrahlungesceecccscssscees 71

11. REBA.................“...c.n........oo'ﬁ. 77
iz2. Pu:l.serad 1590.oeooa.ooaoooo0.-..---.00.0.0 79
13. }1EP\1\1ES II. ® 6 000000 00 0698 VS oo 0P DB O OSSOSO POES .. o8 81

14. }IERIVIES II0.0'.Q...G..0.0..Q‘O"00.0.0..00‘ 82

X



Figure

15.

24 .

xi

LIST OF ILLUSTRATIONS, (cont'd)

Exvperimental configurationeveecoscssoces
Detector collimaltorYececesocveocscoosnos

2,0 MeV lead scatterer o.. vs Angle.sss

D1

o

Lign sedblerncw ("D1 vs Angleeess

2.0 MeV concrete scattercr o., vs Angle

D1

3.5 MeV lead scatterecr o vs Angleccse

D1

3.5 MeV iron scatterer o vs Anglesese

D1

3.5 MeV concrete scatterer vs Angle

C(Dl

7.0 MeV lead reflector o ., vs Angleevee

b1
7.0 MoV jren refloctor @y VE Arglceeee
5 :
10.5 MeV lead scatterer 1 vs Angleece
10.5 MeV iron scatterer Gyq VS Angleea.
10.5 MeV concrete scatterer any VS Angle
A 3 VS E & 608 80 ¢ 0 CHCEOEIEGECEDEOSORS
D1(1,0) max

ADl(H?O) vs Atomic NUmbeTYoeveoocecessssas

Viewed area geomelIyecervcoosesscnsssecs

Crystal geometry considerationScecesceo .

Edge generated en\/'elopeo cecsrneesoceecece
Envelope genevated by two €dgESescossco
Total .jifiz\’ed area.o.'.....fl'..c.C...OCD

Umbral AYCdevsoescarsannesenecococonancwos

Page
83
85

93

\Z
I~

96
97

93

107
133
136
137
138
139

139



Figure

36.
37,
38,
3%

40,

41,
.42,

43,

47 °

xii

LIST OF ILLUSTRATIONS, (cont'd)

Total enclosed alrCldecoecscncossssssscose
Point detector viewed aredcecococessvsno
Collimator deta@ilecccoescscoscosconscens
Soppeor absovption 2.0 NeVevovssevwoonoo
2.0 MeV iron scatterer (DTF)cececoscsos
3.5 MeV copper absorptionceccescossscso
DTF 3.5 MeV iron scattererccocsoscoscss
Various 3.5 MeV input spectracesssesses
DTF 7.0 MeV lcad scattereTrcoerecsssscos
PDTT 10.5 MeV lead scattererc:cscccvocsn
10.5 MceV copper absorption.ceccecasvaseo
10.5 MV copper absorptionccecsssesscos
DTF 10.5 MeV iron scatterercccoocsococoes
10.5 MeV Spectra JTeceecsosecoceseccnccen
10,5 MeV Spectra Jlecesesscossnsnocecos
DT Various Emax concrete scattererscse
2.0 MeV measured 60° concrete scatterer
2.0 MeV measured 30° lead scattererso..
DTTF 2.0 MeV concrete scatterereseesscss
DIT 2,0 MeV iron scatiererececescscosss

DTF 2.0 MeV lead scatlCGYereeesssesscess

Page
145
149
154
157
158
161
162
164
167
168
175
176
178
180
181
183
185
186
187
188

189



Figure

57,

7G.
71

72

xiid

LIST OF ILLUSTRATIONS, (cont'd)

Monte Carlo
Monte Carlo
DTF 3,5 MeV
LIT 3.5 LV
DTF 3.5 MeV
Monte Carlo
DTF 7.0 MeV
DTF 7,0 MeV
DTF 7.0 MeV

Monte Carlo

2.0 MeV aluminum scatterer
2.0 MeV lead scattererXoceo
concrete scatleréToivevenes
LU0 SCATECTIEY vvovosoevans
lead scatterCreesovecosocce
3¢5 MeV iron scatterereess
concrete scattereroceccooce
iron scattererceececoscece
lead scatterereooocovscone

7.0 MeV lead scattererciaoo

DTF 10.0 MeV concrete scattererecceocs

DTT 10.5 McV iron scatlerCracoesveosse

DT:F ]0;-5 MeV lead scattereYoecocercenn

Monte Carlo

Monte Carlo

10.5 MeV iron scattererecs

10,5 MeV lead scattereroos

TLD Energy response petr R (81l)cssccnss

TLD Energy response per Rad(HZO)(IZB).

2.0 MeV lead surface area effeclSeeces

2.0 MeV lead

€0 MeV lead

60 MeV lead

thickness effectSecececcones
surface arca effectSecoses

thickness ¢ff{eCtScoeccvoscos

Page
190
191
192
193
194
195
196
197
198

199

202
203
204
206
206
215
216
217

218



TFigure

78,

83,

84,

85.

86,
&7,
68,
89.
90.
91,

92,

wxiv

LIST OF ILLUSTRATIONS, (cont'd)

2.0 MeV horizontal beam divergencee.

2.0 MeV vertical beam divergencecooe

3.5 MeV vertical beam divergenceeeeo

rELv? e o~ !
o8

L - , "
(O T AN | QS S WD W g

-

SRS S A S S 60 FIOT SV

7.0 MeV horizontal beam divergence, .

7.0 MeV vertical beam divergencesceo

2.0 MeV beam divergencleoesscoocscos

3.5 MeV beam divergenCeeccoceccocos

7.0 MeV beam divergenCCescocccosoanse

Charged pavticle
a,. vs Angle for
1 &

vs Angle for

Lead C and C' vs

Iron C and C' vs

Concrete C and C' vs Energvoececosecsco

Cs~137 lead

Enerx

e ]i])rjumc necoeen

Co-60 diron scatterer

- .
JLnelgyoooneteacaoeooo

4
[

scatterear

YVeoeoescocsononec

Page

222

399
L14
415
417
418

419



1., INTRODUCTION

The doevelopment of x-~ray machines of greater output
and the extension of accelerators for use outside experi-
mental laboratories, require an accurate knowledge of the
surrounding radiation fields. The radiation field about
these facilities consists of two sources: transmitted and
scattered radiation. Transmission and forward scattering
(i.e. build~up) are fairly well documented in low to inter-
mediate energy range photons.

Less well established is scattering in é backward
direction, or backscattering. Though very little experi-
mental data exist on the backscattering of bremsstrahlung
sources (1), the backscattering of gamma rays from radio-
.isotopes has been studied for a great many sources and
scattering materials, and these efforts will be reviewed
in Section 2,

The term "albedo' is generally accepted in the study
of beckscatter as the vatio of the radiation fluence
reflected from a surface to the fluence incident on that

surface. Unlike the reflection cf light (where the term

1



2
albedo arises) which can be considered a surface phenom~
enon, photons of MeV energies are much more penetrating.
The albedo considered in ruadiation research takes into
account photons that are scattered back out of the medium
from several mean free paths belpw the surface, The albedo
determinaed in the piresent research cffort is an "effective"
albedo, consisting of characteristic x-rays, singly scat-
tered and multi-scattered photons, and bremsstrahlung and
annihilation radiation from pair production interactions,
No attempt has been made to differentiate the contributions
of each method, but rather the effort was to determine the
overall fluence to obtain the differential albedo from the
surface of the backscattering material.

The dissertation investigation studied the angular
dependency of backscatter of normally incident broad beam
bremsstrahlung of varying energies reflecting from surfaces
of varying atomic number. The bremsstrahlung source machines
‘used are discussed in Section 5.2, The reflected fluence was
measured by LiF crystal thermoluminescent dosimeters, placed
in highly collimated, copper-lined, lead shields to monitor
the angular distribution. The scattering media used are
common shielding materials of sufficient size to represent
semi~infinite bodies, meaning that any increase in slab area

M

or thickness will not result in a change in albedo. The
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materials used in this work are concrete, steel, and lead,

An extensive comparison of experimental results with
results obtained by other methods is made. Computer methods
have primarily been used to estimate the extent of backscat-
ter, particularly when complicated incident spectra are
involved. Two different computef methods, a discrete ordi-
nates solution to the photon transport equations and Monte
Carlo, are used for comparison to the experimental data
obtained. As the two computer methods approach the back-
scatter problem very differently, their results predictably
differ somewhat from each other and from the data obtained.
These differences are examined in the dissertation.

Nomenclature used in this dissertation is based on the
International Commission of Radiological ﬁnits and Measure-
ments recommendations in general (2) and the Oak Ridge

National Laboratory Neutron and Gamma-Ray Albedos Report (1)

in particular.



2. HISTORICAL REVILW

As forward scattering is well considered elsewhere
(3, 4, 5, 6, 7, 8, 9, 10, 11}, the following discussion will

consider only those experiments which center on backscatter.

2.1 EXPERIMENTAL

The first studies of backscatter gamma-rays were
probably made by Imbert and Bertin-Sans in 1896 (i2). This
and cther studies led to the famous work by Compton (13) in
1923 from which he developed his quantum theory of x-ray
scattering. Klein and Nishina (14) in 1929 obtained a
general expression for the Compton differential scattering
and collision cross-sections for initially unbound and
stationary electrons. It was not until the development of
‘more sensitive detection equipment and larger sources in
the nineteen-fifties, that gamma-ray scattering was studied
experimentally in greater depth.

In 1954 Hayward and Hubbell (15), using a collimated
cobalt-60 source, studied the energy and scattering angle

distribution from wood and steel wool with a collimated
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scintillation detector., Also in that year, Hine and McCall
(16) studied the backscatter of gamma rays from lead, iron,
aluminpm, wood, and water using mercury~203, cesium=-137, and
cobalt-60 point sources in contaét.with the backscattering
material. A scintillation gamma-ray spectroncter was again
used to investigate the intensity and enefgy of the back-

scattered radiation. These experiments demonstrated the

NaI (T1)
crystal

source

A~

scatterer

Figure 1. Relative position of detector, source,
and scattering medium, Hine and McCall.

anistropy of single-scattering and the isotropy of multi-~
scattering; the significance of fluorescent radiation for
matter of high atomic number, such as lead; and the
dependenée on incident energy and angle. By varying the
thickness of backscatter material, Hine and McCall observed
a variation in the amount of radiation scattered.

Bulatov and Garusov (17) in 1938 studied a very wide
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range qf backscattering materials using cobalt-60 and
£0ld-198 sources of gamma-rays located some distance from
the scattering media. By collimating the beam they were
able to vary the angle of incidenée of the gamma-rays and
study this effect upon backscatter intensity. Théy, as
did Hine and MeCall, varied the thickness of the back-
scatterer and then expressed the dependence of the energy

albedo on scatterer thickness as

~d/a
n(d) = @)1 - e / ) Eq. 2.1
where:
n{d) = the value of the albedo for a scatter
thickness, d
n(w) = the limicing value of the albedo for "infinite"
scatterer thickness
d = the scatterer thickness in gm/cm2
a = a constant

From their work, Bulatov and Garusov formed an empirical
relation to describe the variance of the albedo as a function
of the primary beam energy, E; the angle of incidence

at the.surface of the scatterer, a; the =2ffective atomic

number, Z, of the scatterer material; and its density, P,



1 1 4 o
W(E,a,Z,r) = 3,2 = Py ;7'.i204 Eqe 2.2

=

Hyodo (18), in 1962, extended the work of Hine and
McCall, He measured the spectra of backscattered radiation
from semi~infinite slabs by means of a scintillation spec-
trometer as a function of the measuring angle. His sources
were cobalt-60 and cesium~137 in close contact to slabs of
paraffin, aluminum, iron, tin, and lead. Hyodo's work gives
a comprehensive study of the energy and number albedos, the
angular distributions of scattered energy and number of
photons, and the energy distributions for the combinations
of tho gamma sources and scacterer materials used. Hyodo
also studied the effect of thickness of scatterer material
upon his results and, because of his geometry, arrived at a
slightly lower value for 'infinitely thick" than did Bulatov
and Caruscv. Hyodo's later work with Fujita et al. (19) and
Nakamura (20) studied in greater detail the effect of
scatterer thickness using iron as a backscatterer and
cobalt-60 as a source in close contact with the iron. They
‘arrived at the empirical relation;hip

=Cx
)

A(e,x) = A(0,x){1 ~ e Eq. 2.3



where
A(6,x) = the fraction of photons emergent at

angle 6 per steradian for one primary

photon incident to the scatterer of thick=

ness x ‘

x = the slab thickness
, , HfLH

Their value for 'c¢' differs from that of 3 in the Bulatov-—
Garusov development by about a factor of two. This study of
the effect of thickness on backscattering was extended in
1967 by Hycdo, Matsumoto, and Mizukami (21) to cover poly-
ethylene, aluminum, and lead, still using the point cobalt-60

source in contact with the slab. A least squares fit of

their data against
A(x) = b = [A(0) - bl(L - ¢ ) Eqe 2.4

was made with good result., The terms here are the same as
in Eq. 2.3, with "c¢" and "b'" constants dependent upon exper-
“iment design. Their work, élong with that of Bulatov and
Garusov indicated that a thickness of material greater than
two mean free paths of the source radiation would constitute
an "infinite'" thickness.

The first detailed backscatter work done with concrete

as the scatter material was carried out in 1963 by Clarke



9
and Batten (22). They used uncollimated point sources of:
cobalt-60 and iridium-192 at varying heights above a concrate
slabf An uncollimated ionization chamber detector was
placed at various distances from the source and the concrete
to determine the effect of concrete on the dose measured,

This work was extendced by Hendce and Bllis (23) in 1965,

Source
X

& Detector

VN VRUN

Concrete

Figure 2. Experimental arrangement used by
Clarke and Batten

using uncollimated cobalt~60 and cesium~137 sources scattered
from semi~infinite slabs of concrete, lead, and water.

Jones, et al., (24, 25), in 1964, using cobalt-60
and cesium-137 as plane-parallel beam sources, studied the
backscatter from concrete, aluminum, and steel as a function
of the incident and the reflected angle with a scintillation
detector. From their results, Jones, et al., developed the

empirical formula

Ad(Q) = ¢ exp (—m@s) + b Eq. 2.5



10

where:
Ad(Q) = the differential dose-rate ratio
D .
AR = 3 Eq. 2.6
d D
o)
with:
D = the reflected dose per unit solid angle at d
Do = the incident dose rate at the center of the

slab's surface

e, "m'', and Yb" in Eq. 2.5 are constants which they
determined for each source, backscatterer, aund incident angle.
6, was the Compton scattering angle. Steyn and Andrews (26)
in their experiments of 1967, did a very complete study,
extending this work using gold-i98, cesium-137, and cobalt-60
point sources one meter from graphite, aluminum, high density
concrete, iron, nickel, tin, 1cad, and uranium. A highly
collimated scintillation spectrometer was used as the
detector to determine angular and energy dependence of the
backscattcered phetons. The expression chosen by Steyn to

best fit his data is

d Ay = a g tax*tanx Eqe 2.7
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where:
d AD = the differential dose albedo;
X = 1 -+ CcOS GS qu 2.8
OS = gcattering angle as in Figure 5.

"a ', "a,", and "a," are constants dependent upon the

conditions of the experiment.
The integrated dose albedo empirical expression is

represented Dby

s}

a
9
a == 3a0 + a. + -:-2- qu 2.

-
[
_

where the constants have the same values as in Eq. 2.7. Both

equations 2.7 and 2.9 neglect fluorescent x-ray dose
contributions.

Data in the literature concerning the backscatter of
x~rays in the source energy regions covered by the above

papers show similar results (27, 28, 29, 30, 31, 32, 33).

The backscatter of high energy bremsstrahlung was first

studied by Kruglov and lopatin (34) in 1959, when they were
concerned about energy losses in using absorption calorimetry

for calibrating the beam output of an 85-MeV accelerator.
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Pruitt (35) in 1964 was the first to consider backscatter
from megavolt phbtons in tvhe albedo senses Using a scintil-
lation spectrometer as a detector and backscatter media of
carbon, magnesium, copper, tin, and lead, he determined the
energy albedo for normally incident bremsstrahlung with a

maximum photon energy of 90 MeV, and for lead at 25, 50, and

170 MeV maximume.

, NalI (T1
L ”r:::j crystal
' | =T Backscatter-
collimated - > ing material
x=ray beam <]
N
I Ny
L. il‘ HI

Photomultiplier

Figure 3., Experimental arrangement used by Pruitt,

In 1967, Sugiyama and Tomimasu (36), using lower energy
(11.3 to 23.2 MeV iraximum) bremsstrahlung, studied the
angular distribution of the energy albedo from lead, copper,
and Duralumin, |

Karzmark and Capone (37), in 1968, performed a cursory
look at radiation scattered from concrete by a 6 MeV linear

accelerator,.
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Betatron
target
Detector

c;\\\\\\\\

X~rays

-~ Scatterer

Figure 4, Ixperimental arrangement used by
Sugiyama and Tomimasu.

2.2 NUMERICAL

The development of numerical estimates of albedo fol-
lowed the gathering of experimental data. After the work
of Compten (13) and Klein and Nishina.(la) which described
the basic scattering interaction, several years passed until
sufficient data was collected to formulate empirical esti-
mates. During this period the Monte Carlo technique of
random sampling and high speed computers were developed,
presenting another method of numerically estimating the
‘photon backscatter from a surface. Hayward and Hubbell (38)
were among the first to employ the Monte Carlo technique;
using a desk calculator they estimated the albedo of various
materials for 1 MeV photons in 1954, The next year, Perkins
(39) with an IBM computer repeated their process with

normally incident photons of 1 MeV on concrete. Berger's
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(40) Monte Carlo calculations in 1957 were based on an
experimental design (Figure 2) to be tested eight years later
by Clarke and Batten (21).

Wells (41) in 1959, developed, by Monte Carlo tech-
niques, a very complete study of‘the angular distribution
and energy snectra of gamma-ray scatterlfrom concrete, He
postulated source energies of 0.6 MeV to 7.0 MeV incident
at five diffevrent angles to the slab., His calculations
include the effects of single and multiple scatter inter-
actions, the photoelectric effect, and pair production
reactions. As the cross-section data have since been largely
revised (42), Wells repeated his analysis in 1964 (43). 1In
1962, Davisson and Beach (44) extended this type of calcula-
tion to include water, iron, and lead as backscatter media.
In 1963, two studies were madé which probably represent the
best Monte Carlo examinations of photon backscatter firom
concrete available to date. Raso (45) .and Leimdorfer (46)
each worked on the reflection of photons from concrete in
the energy range 1 to 10 MeV. While Raso allowed the angle
of incident to wvary and studied that effect, Leimdorfer used
normal incidence and studied the variance of reflector thick-
ness on albedo. Both considered photoabsorption, Compton
interactions, and pair production. Their works are

considered as standards against which experimental results
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are often compared. Each of the above works considered
only monoenergetic photons.

Bulatov and Leipunski (47) in 1961 were among the
earliest to formulate quantitativé.expressions for albedo
from experimental data. Based on experimental inférmation
gathered earlicr by Bulatov (17), they expresscd number and
energy albedo as a function of build-up and‘build~up as a
function of media thickness. Later in 1966, Bulatov (48)
developed engineering forimmulas and nomograms fotr determining
quantities of scattered gamma-radiation. These wexre based
on three geometries: a narrow beam striking a scattering
material, an isotropic source in contact with a surface, and
a plane unidirectional flow of garmma quanta. Values are
given primarily for cobalt-60 and gcld-198 sources scattered
from lead., iron, and aluwinum. Some values for carbon and
concrete are included.

In 1963, Chilton and Huddleston (49) developed a semi-~
empirical formula for the differential dose albedo from
gamna~rays incident on concrete, which has been very useful
in this field. The energy ranges covered are from 0.2 to
10 MeV in a geometry as shown in Figure 5.

Their development considers single scattering as
expressed by the Klein~Nishina representation and pair

production annihilation and multiple scattering components
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Figure 5. Relative position of source, detector,
and scatterer. for the Chilton-Huddleston development.

as isotropic sources at the surface of the backscatterer.

The relationship they derived is given by

C k(o) 1028 4 ¢

a,(6,56,9) = » Eq. 2,10
1 + cos 6, sec ©

where:

ad(eo,9,¢) = the differential dose albedo

C and C' = parameters to be adjusted for each
incident energy

K(es) = the Klein~Nishina value of the energy
scattering cross-section per electron

cos 8, = sin 6 sin 6 cos ¢ - cos 6, cos ©
]
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Values for C and C' are given in their report. A number of
comparisons are made with the results of this equation and
results from Monte Carlo estimates and existing experi-
mental data. Chilton (50) extended this work in 1965 to
calculate the total albedo. Also in 1965, Chilton and
Davisson (51) published values for the constants in
Equation 2,10 for concrete, water, iron, and lead.

Huddleston (52) in 1964 updated some of the originai
Chilton-Huddleston values and examined more closely these
values near gold-198, cesium~137, cobalt-60, and sodium~24
gamma energies. With Shoemaker, he (53) set up a series of

isoalbedo contours for engineering applications. In 1965

7

due to more accurale Monte Carlo information, Chilton (54)
revised their formula to more closely represent available

data. The new formula is

c.10%% (£ ,e ) + ¢

6(80595.0') = F(eoseﬁd)) , !
1+ cos 80 sec 8[1*—220(1-c0s GS)]2
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where

| 2 . 3 2
F(eo,6,¢) = A1 + Az(l—cos Go) + A”(1~cos 9)

+ Aq(lncos ao)z(l—cos 6)2 + Asﬂl-cos 00)(1-cos ) (1l~cos o)

Eq. 2,12

and the other parameters are as defined for the original
equation 2.10. Thus far, iny values for the constants
with cesium=-137 and cobalt-60 sources have been established.
In 1967 Chilton (55) revised these particular numbers.
Recently several other techmniques have been developed
to estimate albedo (56, 57, 58, 59) and the method of
discrete ordinates (as developed by Carlson [60]) deserves
special mention. TFor some time neutron distributions have
been calculated by discrete ordinates methods, while photon
distributions had been calculated by Monte Carlo methods,
~In 1965 Lathrop (61) investigated the possibility of using
the faster (computef time-wise) discrete ordinates method
for photon distvibution calculations. His investigation
showed excellent agreement with Monte Carlo methods and
peinted the way for further development of the discrete

ordinates method., Renken and Adams (62) in 1967 expanded
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Lathrop's work on photon scatter. Multiple scattering and
fluorescence are extensively covered,

“Pair production annihilation contributions were
written into the program two vears later (63)., Their
program (DTF) allows a rapid calculation of photon densi-
ties as a function of angle, radius, and energy. Input
parameters may be widely varied with little resultant

run~time penalty.,

2.3 SUMMARY

Except for the few examples discussed, backscatter of
bremsstrehlung above a few MeV has not been investigated
experimentally. The experimental configuration used by
Pruitt did not allow the investigation of angular distri-
bution. Both works were soméwhat limited as to the energy
range studied and choice of backscatterer materials., The
present resgarch provides information on energy regions not
_yet studied, and develops a method for determining albedo
dose and angular distributions from pulse-type bremsstrahlung
sources.

The notation used in this section is in each case that
of the author discussed and definitions are given at that

point.



3, THEORETICAL CONSIDERATTONS

3.1 INTRODUCTION

As the research topic deals with a continuous spectrum
bremsstrahlung havirg a leading spectrum edge of intermediate
energy (1 to 10 MeV), all the familiar photon interactiomns
are of interest,

In the lower energy regions of the bremsstrahlung
spectrum, photoelectric absorption is the predominant inter-
action. Electrons released by the photoelectric effect are
of low energy and are not considered further; (Their
ionization losses far outweigh their radiation loss.)A In
filling the K- and L~ orbital vacancies left by photoelectric
absorption, K~ and L- x-rays. respectively, are given off,
These x-rays are given off isotropically from the point they
arise, |

Characteristically a sharp drop occurs in the absorption
cross~section of the material at energies just below the
capture edge. The x~rays generated fall in this "depressed"
cross—-section region and consequently contribute significantly

to backscatter yields,
20
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Compton interactions are highly anisotropic, with angle
and energy distributions calculated by Klein-Nishina formu~-
las. In high energy Compton scattering events, the scat-
tered photon distribution is largely in the forward direc-
tion. However, multiple Compton scattering events occur to
create an isotropic photon fluence from this source. Large
energy transfers can occur to create Compton electrons.
These electrons can then give up their energy through
bremsstrahlung which will add to the photon fluence in the
backscatter media,

Photons of energies greater than a few MeV can react
in the field of a nucleus or an electron to create an elec-
tron-positron pair. The cross~section fo; these reactions
increases with incident photon energies and increasing
target mass number, The energy of the photon (in excess of
that required for formation of the electron-positron pair)
goes into kinetic energy of the created pair (or triplet if
in the field of an electron). The angular distribution of
the positron and negatron is mainly forward for incident
photons of'high energy. Each gives up its kinetic energy by
ionization, excitaticn, and bremsstrahlung. As the positron
slows down it will vecombine with an electron giving rise to
two 0,511 MeV annihsilation photons at that point. The

bremsstrahlung and anninilation radiation will contributle
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isotropically to the backscatter fluence.

Ccherent, or Rayleigh, scattering occurs in the energy
regions where atomic clectron binding effects must be consid-
ered in Compton scattering. .The photon does not transfer
energy to the atom while it is interacting. In the high
energy regions where Rayleigh scattering need be considered
(around 1 MeV) the majority of the photons are scattered by
less than 5° and in the lower energy regions the cross-
section for photoelectric absorption greatly overshadows the
coherent scattering effect.

The energy region employed for this study encompasses
the photonuclear absorption resonance regions. However, the
photonuclear cross-sections of the backscatter materials
studied are small and the resultant photoneutron fluence
would be quite small relative to the photon fluence. The
effect of the photoneutron fluence on the detectors used
will be discussed later in this section,.

Other photon interactions of minor importance,
resonance scattering and Thomson scattering by the nucleus,
Compton scattering by nucleons, meson production, resonance
scattering asscciated with meson productiop, Delbruck scat-
tering, and nucleon-antinucleon production, will mnot be

considered (3, 64).
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The detection instruments used in this work are thermo-
luminescent crystals and a scintillation spectrometer, Each
is differential with respect to angular distribution; i.c.
neither covers the entire emission field in the experimental
set-up chosen, and the spectrometer is differentiél also
with respect to onergy. btethods of using the output of
these detectors in a manner suitable for comparison with
prior numerical estimates will be discussed in greater depth.

Each of these topics will now be reviewed in depth to
assess their contribution to albedo as considered in this
study. It is not the purpose of the following sections to
derive a rigorous theoretical solution to the backscattering
of intermediate energy bremsstrahlung, but rather they are
given in an effort to point out sources of photons which

contribute to the backscatter field and consider their

relative importance,

3.2 PHOTON INTERACTIONS

3.2.1 Photoelectric Absorption (3, 11)

As pointed out in the iﬁtroduction, photoelectric
absorption is the predeminant interaction for photons of
low energy. h2 cross—section for this reaction is heavily
Z dependent. For high Z target nuclei, photoelectric

absorption may remain the predominant interaction to about
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900 KeV. Although no longer the predominant interaction,
a cross—~section does continue to exist for photoelectric
absorption to high photon energies (1.41 x 10_2 barn/atom
at 100 MeV in Pb [65]), This reaction will occur primarily
with the low energy region of the incident bremsstrahlung
and with photons being scattered back from some depth in the
backscatter medium.

The photoelectric effect is not easily treated theo-
retically due to bound electron considerations and outer
orbital shielding effects. Estimates have been made for

cross—-sections in the energy range 0.2 MeV to 100 MeV using

5 f: a + an -p
T = D S SRR ) a9 P
K Z «Trez % barn/atom Egq. 3.1
N=1,
where:
TK = the K-shell photoelectric cross~section in
barns per atom
Z = the atomic number of the target nuclei
a,» bn’ c» Py = ;gzstants chosen for an empirical

To add in the effect of other orbital electron interactions
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PC . 4+ 0.01481 1n’Z - 0.000788 1n°Z Eq. 3.2

is used where:

e = the total photoelectric cross-section in
P barns per atoms

In lower energy ranges absorption edges vary the cross-
section greatly. At these edges the cross-section shows
discontinuous jumps because the rhoton energy becomes
smaller than the binding energy of some of the electrons.
At this point the number of electrons which the photen is
energetically capable of ejecting is suddenly decreased.

The photoelectrons resulting from this interaction
tend to be ejected at right angles to the incident photon
path , showing preference for the forward direction with
increasing photon energy.

After the ejection of an orbital electron, a vacancy
exists which must be filled. Generally an electron in a
higher orbit gives up energy to drop into the deficient
orbit., The encrgy given up is in the form of character-

istic x-rays and can be estimated by
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hv = 13.6 2° |5 - S| v Eq. 3.3
M ™
where:
hv = the emitted photon energy in eV

nyg and n, are the principle quantum numbers for the initial
and final electron vacancies. This radiation is given off
in a truly isotropic distribution; The nunber of emitted
photons by this process is dependent upon incident photon
energy and the target material; the energy of each photon
is dependent only upon the materieal, This energy range is
such that the primary interactions these x-rays will undergo
is photoelectric absorption.. They are thus attenuated
approximately exponentially from the point they arise until
they exit from the surface of the backscatter media.

From these considerations, one can now derive an

expression for the contribution to the backscatter fluence

due to the photoelectric effect
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/ f {cbo expl-t (B 2)d) 7 (B 2)
d A

+ ¢C(d) Tpe(ECZ) + ¢pp(d) Tpe(OQS].].,Z)}

[%xp[-#t(Epe,Z)d(sec GS)]} dd da

where:

b (&

pe N ‘o’Eo’Z’r)

(o)

Eq. 3.4

the number fluence from the
photoelectric effect at some point
r from the surface of a backscatter
material with atomic number Z

the incident fluence of photons at
energy E_ '

the photoelectric microscopic
cross~section of the incident
bremsstrahlung fluence

the photoelectric microscopic
cross—section of photons having
undergone Compton scattering
interactions

the photoelectric cross-section of
photons created by pair production

the depth in the backscatter media
being considered

the total attenuation coefficient
for the incident bremsstrahlung
fluence
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¢C(d) = the fluence due to Compton scattered photons
at a depth d
¢pp(d) = the {luence due to pair production at d
A = 1incident beam area

r is assumed much greater than the beam radius at the
surface of the backscatterer,
The energy fluence under the same conditions is found

to be

S hv Eq. 3.5

= @
pe¢N(¢o”Eo’Z’r) pe’N T

where: pe¢N is given by Eq. 3¢4 and hv by Eq. 3.3
Using a detection system which is capable of differ-
entiating energies, one would expect to observe an energy
grouping due to these characteristic x-rays.
Fink, et al. (66) list extensive experimental results

on fluorescence yiclds and energies,

3.2.3 Compton Scattering (3,11)

In the energy region approximately 0.5 to 5 MeV the
dominant photon interaction is incoherent scattering from

electrons, the Compton effect (67). Over this energy range
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the cross-section for the Compton effect is given by the
Klein-Nishina equation

__ 2ne® {1ﬂ-a 2(1+a) 1

¢ m 2C4 d2 1+ 2a a

In (1 + 2a)

2
.+.
+ L 1n(l + 2a) - 1 Sa? < Eqe 3.6
2a (1+2a)”} electron
where:

7 T the probability of removal of a photon from a
collimated beam while passing through an
absorber containing one electron/cm2

e = the electronic charge (4.8 x 10—10 statcoulomb)
m, = the electron ness (9.1083 x 10-—28 gm)
c = the velocity of light (2,998 x 1010 cm/sec)
Eo
and a = 5 Eqe 3.7
m ¢

where E_ is the incident photon energy. This equation is
based on interaction with en unbound electron. In those
cases where the photon energy is comparable with the binding

energy of the atomic electrons, the photoelectric
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cross-section usually greatly exceeds the Compton scattering

cross~section (11) which is given by

. 4 9 E
o, = 20 A él u “>2 (1 + 2a - 24°)
€ s m ‘e’ | 3(1424) a“(1+2a)
° L
# = ln (1 + Za)] Eq. 3.8
2a [ :

with terms as defined in Eq. 3.7.

Incident photon /////wCompton electron
- ' (psT)
NN g
ARV
hvo

Compton scattered
photon
hv!

Figure 6, Compton Scattering

The energy of the incident photon will be shared after
the collision by a scattered photon and the struck electron.

The energy of the scattered photon is given by
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hvt = Eqeo 3.9

and the kinetic energy of the struck electron

2a 2 @
T = hoy cos
o

- 5 Eq. 3.10
(1+a)” = a cos ¢

The direction of the scattered photon is given by

d( o) a( o) 2
¢ =% _  9Msin b —H—u Eq. 3.11
de dQ electron
where:
d(eﬁ)

= the number of photons scattered at angle ©

Z .
dé per electron per ecm per incident hv

d(_o)
& = the number of scattered photons per unit
dQ solid angle given by
d( ) 4 ' hv hv'
e = 5 4 by © + - sin® 0| Eq. 3.12
dQ m “c \hv hv'  hv :
o o o)
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with terms as defined before. vInspéction of graphs of
these functions by Evans (11) shows that as incident photen
energy increases, scattering becomes greater in the forward
direction,

The direction of the Compton electron is givi s by

a4
= e 2 Il sin ¢ Eq. 3.13
de das
where:
d(eﬁ) d(eﬁ) sin 8 d 6
= - Eq. 3.14
aq' dQ sin ¢ d ¢

The distribution of struck electrons also shows peak-
ing in the forward direction with increased incident photon
energye

The number—-energy distribution of the Compton electrons

can be represented as

R . 2 2 2
d¢ o) d(eo) 21 (i+a)“-a” cos“ ¢
. 5 5 3 5 Eq. 3.15
dT i a m (14a) “~a(2+a) cos” ¢
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From applying the conservation of momentum and energy
in the Compton interaction one may write

1 1 _ 1

i P commtrsemnes =

(1 - cos @) Eq. 3.16
hv! hv m c ' .
o) o)

From an examination of Eq. 3.16 it follows that, for a given
scatter angle, higher energy incident photons suffer a greater
energy change than do lower energy incident photons. Since

the energy gained by the struck electron is
T = hvo - hyv' Eqe 3617

Compton scattering favors energy transfer to electrons in the
higher energy ranges. However, since the Compten process omnly
predominates through about 5 MeV, the bremsstrahlung from

these electrons will be of moderate energy and will be emitted
isotropically. The ratio of energy lost by these electrons by

bremsstrahlung to energy lost by ionization is approximated by

ds rad mo T

e Xad O o Eq. 3.18
Y e - 2
{dI‘) M) \ 1400 m c

ion



34
where Mo is the rest mass of the particle near which the
encrgy loss occurs and the other terms are as previously
defined. TFor this radiation to then be contributed to the
backscatter fluence, it must pass'through some thickness, d,
from the point of origin to the surface of the baékscatter
modium,

The degraded photon can then undergo further Compton
scatter to be emitted at the surface also. Previous experi-
ments (16, 23) using monoenergetic photon sources have been
able to differentiate between these multiply scattered pho-
tons and those singly scattered, Since the sources used fer
this research were bremsstrahlung spectra. this differentia—

tion was not possible.

The contributions to backscatter fluence due to Compton

interaction will be then

(¢ ,E Z,T) = b+ b ¢ Eq. 3.19

+
N sc¥n T ome®n T BN

where:

SC¢N(¢O,EO,Z,r) = the number fluence due to singly
Compton scattered photons at some
point, r, from the surface of a
backscattering medium with atomic
number Z when exposed to a photon
fluence ¢O of energy Eo’ given by
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where:

(¢05Eo:zsr)

d(GUS)

MCTN

de
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} ¢>O(EO) exp[fﬂt(EO,Z)d]
T2 ‘
d A )

exp[—ﬂt(EC,u)d(sec OS)] dd da

Eqo 3.20

the incident photen fluence

the total attenuation coefficient to the
incident photons

the depth in the backscatterer being
corisidered

the number of photons being scattered into
the solid angle of concern

the total attenuation coefficient to the
scattered photons

(¢0,EO,Z,r) is the number fluence contribution due

to multiply Compton scattered photons at some point, r,

given here for twice Compton scattered:



MC¢N(¢0’E0’Z’r) -

4

exp[-# (C_,Z)t]

exp[-ut(EDC,Z)d sec GS]

J

,0,PB)7d"d

36

PN.Z
&l e 4 ' 4 Ottt rb—
¢O(EO) expl ut(EO,Z)d ] ecrs(llo) y

1 d( o) PN.Z
e s —
411t de M

— dd' dd tdet sined Bdt

where:

dl
eUs (EO)

z 7
#t(EO )

d( o)
——E-§~(E )
de

Eq. 3.21

the depth into the backscatter medium
until the first Compton interaction

the Compton microscopic scattering cross-
section for the incident photons

the total attenuation coefficient to
the once Compton scattered photons

the distance between the first and
second Compton scatter events

the number of photons being scattered
into the solid angle of concern dependent .
upon the energy of the once Compton
scattered photons

the total attenuation coefficient for the
double Compton scattered photons
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the depth in the backscatter medium to the
second Compton event

angles defining the direction of first
Compton scattering

and the rest of the terms are as previously defined,

Higher

order scattering would be handled similarly,

<«—- Scattering
) Medium
Incident L
Photon — d' -—u First Compton Scatter
’1 <~ t\"ol
Doub ly 7 "k\\.\ e
scattered S TR Moo -
N\ =~
photen r— ci-~5: L Second
N Compton
Scatter
Figure 7. Multiple Compton Scattering

Finally,
‘bremsstrahlung
more easily be

contributed to

&
BC N’

the number fluence contribution due to

produced by Compton scattered electrons, can
represented by BCéE’ the energy of photons

the backscatter fluence by the bremsstrahlung

of Compton electrons, which can be given by



: 7 - IO al - 1 |
Y [} Y .
d d' A EB
\D "
PN.Z ds rad
o
e y /e
© ). )
rad S/ion
expl-n (Eg,2)d sec GS]
- dEP dA dd' dd  Eq. 3.22
where:
BC¢E the energy contributed to the backscatter
fluence by the bremsstrahlung of Compton
electrons at the point r
Ht(EB,Z) the total attenuation coefficient to the

bremsstrahlung radiation

and the rest of the terms are as previously defined.

The highest energy photon one might see emergent from

the scattering surface dué to Compton interaction, with the

sources used in this dissertation, would be that due to a

large number of Compton scatter events resulting in a photon

emerging at 90° to the incident beam. The larger the number

of scatterings required the lower the probability of the
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photon surviving, A 10 MeV photon undergoing three
Compton scatterings of 30° each would.emerge with an energy

of 1.13 MeV.

3.2.3 Pair Production (3, 11)

In the energy region of 5 MeV for high Z materials
and 10 MeV for intermediate Z materials, the cross-section
for pair production interactions becomes important., The
energy threshold for pair production is 1,022 MeV in the
field of a nucleus and 2.044 MeV in the field of an
electron.

The cross=-section for this interaction in the field

of a nucleus is estimated by

Kn = [Kn(Born, unscreened) - SHFS]l}.+'A(rad. corro)}

DBM

- A(empirical) ° AK_ Eg. 3.23

where: Kn(Born, unscreened) is an approximation

represented by
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2.2 '
42"t 1/3

K (Born) = €. 1n (183 7z~
n 137

)

e KN 4K 2
L 4o - =
2 Re & 2 . 6 2 ‘21<<1+ =) Yo 1
(1- 2+ ) = £ = £+ — - =5 — 5= ——=—"1In
K & 6 k2 33 k ! ] )
¢ §J1+ =2 §/1+ N
k k k
Eq. 3:24
with
o2
r, = 5 Eq. 3.25
m C
(@]
T
Y .
k = ——— Eq. 3.26
0.511
4 173,71
Il == "3‘ + 9 ].1’1 (183 Z ) qu 3.27
and
255 7~1/3
K = Eqg. 3.28

(15.6 = 4/3 1n Z)

in Eq. 3:23,

I
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HFS

S the Sorenssen screening

correction

1 + A(rad, corr.,) = the Mork-Olsen radiative
correction factor

A(empirical) = a correction factor for high-

energy Coulomb effects as is

Ak DBM
T

Values for each of these are found in the literature (3).
The cross~section for pair production in the field of

an electron is estimated by

N

o

21

ce

co

In (2k) =~

~
i
o7
$ o
PR N
|

=
W
~

[é 1n3(2k) ~ 3-ln2(2k) + 6,84 In(2k) - 21.51]}

Eq. 3.29

with terms as defined above. The energy of the incident

photon is shaved by the electron~positiron pair.

2 o 2 a7
hv = (T_+m ) + (0, + mec) £qe 3030
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where T_ and T, are the kinetic energy of the electron and
positron respectively, The kinetic energy of the positron
is slightly greater than that of the electron when they
are c?eated in the field of a nucleus., This difference

being, at most, about

2 Ze2
T - T = = 0,0075 Z Eq. 3.31

(h/2r1moc2)

The angular distribution of the pair peaks in the forward
direction for high energy incident photons (68).

ior pair production in the field of an electron the
photon's energy is divided among three particles (the
created positron and electron and the electron involved in
the interaction).

All particles here lose energy by radiation, ioniza-
tion, and excitation. The contribution of the bremsstrahlung
can be considered in the same manner as described for the
Compton electrons previously. As the positron slows down it
will combine with an electron to create two annihilation
photons of 0.511 MeV, which are emitted isotropically. This
radiation is expected to comprise the major portiocn of the

backscatter fluence due to pair production interactions (46,
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69, 70).
The fluence contribution, due to pair production

interactions, at some point, r, can then be represented by

ppfn PosEgsZoT) = popdn t A%y Eq. 3.32

where BPP¢N is the number fluence due to bremsstrahlung of
the electrons and positrons and is to be represented in the
me 3 b o
same manner as p.oy
A¢N ig the number fluence contribution due to

annihilation radiation, expressed here as

[ [ exp[—#t(Eo,Z)d']
o) I8 ~ == 5 n
wby (BpsBosZs?) = | B T
d a' A
pN.Z
2 1. —— expl[-n_(0.511,Z2)d sec € ] dA dd' dd
K M t s
Eq. 3.33

where:

4B(Eo) = the incident fluence
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i

the total attenuation coefficient
to the initial fluence in the back=-
scatterer of atomic number Z

#t(EO’Z)

d' = the distance from the surface to the
pair production interaction

il

#t(O.Sll,Z) the total attenuation ccefficient to

the annihilation radiation

d = the distance from the point of
positron annihilation to the surface
of the backscatterer

k_ = the pair production microscopic
cross—section

A = area of incident beam

The rest of the terms are as previously defined,

To obtain an idea cf the photon energy to emerge under
this interaction one can consider bremssﬁrahlung from the
most probable electron energy to be produced in the pair.

production interaction
E_ = %— (hv - 1,022) MeV Eq. 3.34

Bremsstrahlung resulting from this electron will have

a maximum leading edge equal to the energy of the electron.
With the sources used, a photon energy of 4.64 MeV might be

observed from the 10.5 MeV machine,
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3.2.4 Rayleigh Scattering and

Photonuclear Interactions

Although Rayleigh (coherent) scattering may be of
some consequence in scattering radiation from a beam for
transmission measurements, the angle of deflection is

aluvays (11) emall, and can be cstimated by

0,0133 z*/3

6 = 2 arcsin Eqs 3.25
EO(MeV)

where 6, is the opening half angle of a cone containing
at least 75% cf the coherent-scattered photons. The
number of Rayleigh scattering events necessary to reflect
a photon reduces the probability of this contribution below
the level to be considered here, Rayleigh scattered photons
might well undergo further reactions to send them back out
of the reflector, but since the total distance traveled by
. the photon will be necarly the same as the distance into the
medium and nearly no energy is lost in the Rayleigh scatter-
ing process, for purposes of this report coherent scattering
will not be considered further,

Although the photomnuclear giant resonance peaks occur
in the energy region of interesi, their cross=-sections are

smali (5% to 10%) compared to those for the Compton effect
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and for absorption by nuclear pair production. The most
probable result of photonuclear absorption is the emission
of a neutron. At present only experimental data is avail-
able for determining cross-sections,
Considering the materials chosen for this work:
-~ Lead has a photounuclear thiveshold of aboul 6.6
MeV and reaches its resonance peak at 13.7 MeV,
The cross—section at this peak is 0.81 barns/atom,
~- Iron has a photonuclear threshold of 11,2 MeV
and resonance peak at 18.0 MeV, with a cross-
section of 0.075 barns,atom at that energy (71),
~- The principle components of concrete, oxygen and
silicon, being of lower Z have higher threshold
energies, and cross~sections 2t their resonance

peaks are considerably smaller (0,02 - 0,03
barns/atom) . (72)

Since the photonuclear cross-sections are a couple of
orders of magnitude below the cross~section fox pair
production at the same energy, the decrease té the photon
fluence due to photonuclear abscrption will not be consid-
ered. However, it is mecessary to consider the neutron
fluence which arises. The number of neutrons arising can

be calculated as

E PN

m .

= . —-—-.-—g- 4 4

N f ] O—(an) (E,ZA) M)4>N(E) da dE Eq. 3.36
B “a

n
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where:
Ty n)(E,'ZA) = the photonuclear cross-section at
3

energy E in a material of atomic
number Z and atomic mass A

¢N(E) = the photon number fluence at the
point of interest
B = the threshold energy
Em = the maximum energy at which nuclear

capture occurs or the maximum energy
of the incident beam, whichever is
smaller

a = incident beam area

The neutron number fluence at a point of interest, r, can

be calculated

[]7] 552 o
¢N (¢O,E0,r,ZA) = L 41117— exp[~u (E ,2)d]

A

Pil
) —2 -5 1 2
Y,n)(E’ZA) y expl r(E,ZA)dJ dA dE dd

Eqe 3037

where:

¢O(EO) = the incident photon fluence
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# (E ,Z) = the total attenuation coefficient to
t o - .
the incident fluence

d = the distance from the surface of the
backscatter medium to the point of
nuclear absorption

2r(E,ZA) = the removal cross—section to the
emitted neutrons

and the other terms are as previously defined. Photens
having undergone one of the interactions previously
discussed will not have sufficient energy for photonuclear
capture and their fluence is not added in this calculation.

For the materials and energies used in this

dissertation,
b -k
rl<1>N(<1>O,EO,::,ZA)<<ppd>N oy pech Eqe 3.38
where:
pe¢N is given by Eq. 3.4

b . . e .
o'y Is given by Eqe 3.19

PP¢N is given by Eqe 3.32
Therefore nc neutron response correction will be made for
the TLD readings obtained,

Photofission is not considered for the materials

chosen at the energies used for this research (73, 74).
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The total energy fluence at some point, 1, can then

be represented as the sum of the previously calculated

fluence,
¢ = > h + F(E ¢ + " - 1 Lo °
E pc¢N n Y F(Dc) uPN 0.511 pp¢N 1o 3.39
where:
pe¢N % hv is given in Eq. 3.5
cby is given by Eq. 3.19 and F(EC) is the
distribution of the Compton scattered
photons, and
pp¢N is given by ilqge 232

The exposure-dese distribution may be determined from

the energy distribution above by

D = ———}¢_ dE _ Eq. 3,40
p /E E

H(E)
~ where ( 5 ) is the energy mass absorption coefficient

for water (sirce water is often used as.a dose standard,

any material could, of course, be chosen).
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DETECTION INSTRUMENTATION

w
-
w

3e3s1 Scintillation Spectrometer

The scintillation detector used in this research was
a 5" D x 3" right cylindrical NaIl (Tl) crystal of Isotopes
Inc. production with its photomuitiplier package. A Nuclear
Daté 512 channel instrument was used as the multi-channel
pulse height analyzer and data display device., The analyzer
used has a "dead" time of (5 + 0,25N) psec, where N is the
channel number5 and an intermnal delay time of 2 usec, A
detailed discussion of the operation of a scintillation
spectrometer may be found in references 75 and 760,

Due to system 'dead" time, the scintillation spectrom-
eter could not be used in the experiments.with the flash
x-ray devices.

It was not possible to sufficiently "detune" the
2.0 MeV Van de Graaff to make a measurement of the beam
spectrum, Even at the maximum distanée allowed by the
" radiographic bay and with a very small opening collimator,
the detector system was swamped out. Some measurements
were made cf the reflected spectra and these results are
found in Appendix D for comparison with spectra generated
by the two computer programs used.

Spectral data are given in Appendix D.
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3.3.2 Thermoluminescent Detectors

The thermoluminescent detectors used in this research
were Harshaw produced LiF crystals. Two sizes (1/8" x
1/8'"" x 0.035" and 6mm x 1lmm x O.%mm) were used to check for
systematic errors arising from crystal size considerations.
Particilzr characteristics of the LiT thormo-
luminescent detector are:
-~ a very linecar response over a wide energy range
(77) though with some under-response at low
energies (40 KeV) to be discussed in greater
detail in Appendix E;
-~ fading of the "glow curve' is less than 5% per
year (78) after an initial stabilizing period
of a few hours;
~~  linear response (£3%) tu accumulated doses of
about 700 R (79) and doesn't saturate until

doses of about 10° R (77);

-- lower limits of detection (with the detectors
used) of approximately 5 MR (80);

-- and dose rate independence in response to rates
up to 2 x 1011 rad/sec +10% (81, 82).

These characteristics make the LiF thermoluminescent
detectors nearly ideal for the research undertaken, and
certainly better than other, existing, passive detectors
(83, 84).

The detectors used have some neutron response,

TLD-100 (Harshaw manufactured LiF) shows a response of
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about 1:37::thermal neutron:gamma exposure. The résponsa
vto fast neutrons is much less (85, 86).

By placing these small detectors at various points
from the surface of the backscattgring material, one can
determine the angular dependency of the'scattered photons.
Due to the integrating nature of the detector, they do not
readily lend themselves to a determination of the emnergy
of the backscattered fluence.

Much work hés been done on various methods of cbtain-
ing data ffom TLD's. A variety of annealing and read-ocut
procedures have been proposed (87, 88, 89, 90, 91), to
accomplish greater statistical accuracy, reproducibility,
handling convenience, etc. In the present research an
Eberline TLD Reader Model TLR-5 was employed with the LiF
crystals previously discussed. The reader allows the
operator to control the time (0 - GO seconds) and temper=-
ature (0 - 400°C) of both a "pre-heat" cycle and an
"integrate' cycle. Nitrogeniis purged through the chamber
at one liter per minute during read-out to lower the
instrument background. A modification of the reader was
made by connecting an additional variable rheostat in series
with ﬁhe photo~multiplief gain adjust to allow greater
accuracy in setting the gain to a desired level. Appendix F

discusses the method by which the read-out and annealing



procedures were chosen,
The theory of thermoluminescent dosimetry is well

documented elsewhere (92, 93).

3.3.3 Attenuation Methods of

Spectral Determination

| Various methods have been used to attempt to gain
information about the spectral distribution of x-rays (94).
The method to be discussed here is that of graphically
fitting three exponentials to an attenuation curve. It is
felt that three extractions are all that can be made from
a single attenuation curve with accuracy (95).

The clearest use of the atcenuation curve comes from
plotting the logarithm cf the fraction trénsmitted
(ordinate) verses the depth in the attenuating material
(abscissa). If the abscrber material is thick enough, the
attenuation curve will approach a straight line at greater
depths in the material. Extrapolatioﬁ of this portion of
the curve back to zero absorber thickness and subtraction
from the original attenuation curve removes the high energy
component cf the incident fluence. The intercept of this
portion of the curve cn the ordinate axis gives the frac~
tion of incident radiation contributed by the high energy

component., This extraction procedure can then be repeated
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as diagramed below,

1.0

Transmitted.:f\
fraction \;5\

hs

™~
C -
=N ~~

Depth in absorber

Figure 8. Attenuation extractions

Curve A is the original attenuaticn information, -
“curve B the high energy comnonent extracted, curve T that
portion remaining after removal of the high energy con-
tribution, curve D the intermediate energy extraction, and
curve E is the remaining low energy component (after
Greening - 94)., Using the slopes of the linear curves,
one can determine thé linear attenuation coefficients of
the various energy components in the particular absorber
material used. From this an energy assignment éan be made
from values such as given in Attix, et al. (42). Having
the energy and the fraction of the incident flux contri-
buted by'that energy, onz can gena2rally characterize the

beam in a three~energy rcpresentation. Greening (96) also
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discusses a method of incident energy spectrum determina-
tion from absorption data using Laplace transforms. A
recent attempt has been made to computerize absorption data
in an effort to obtain better ene;gy representations (97).

Several difficulties arise in applying this method to
determining the spectral output and reflected spectra for
the machines used. The reflected intensity is so low as
to be near the limit for statistically reliable measure-
ment with TLD's. Any method which requires the attenuation
of this intensity through several half values is impracti-
cale The focal point for the electron beam striking an
w-ray tavget is not precisely controlled on flash x-ray
devices., it is therefore necessary to make a very large
number of measurements with well collimated detectors to
gain a meaningful absorption curve. This curve will then
represent an average for the particular machine and not
precisely represent any one shot. The spectral unfold for
absorption data generated by bremsstrahlung spectra of
the energy span covered in this dissertation becomes quite
severe. A number of extensive measurements of spectra have
been published (98, 99, 100, 101, 102, 103, 104, 105).
These spectra represent a compilation of information

gathered from Compton scatter devices, absorption data,



56
electron spectra~target codes, etc. In general previocusly
published spectra are used in this report for computer
program iInputs. Appendix D discusses the spectra informa-
tion generated in this work compa?ed to previously published
work., Sample albedo results with each are given to study

the effect of different spectra inputs.
- 5] !



boo NUNERICAL ANALYSIS METHODS

4.1 EMPIRICAL METHODS

Of the empirical methods for calculating albedo, only
the Chilton~Huddleston (49) development attempts to go
beyond a few MeV. For that reason, theirs will be the only
one discussed in this section. The initial development was
limited to scatter from concrcte.

The geometry of the Chilton-Huddlestor (C-H) deriva=-

tion is given in Figure 9.

Source
Detector

Figure 9. Gecmetry of the Chilton-Huddleston
derivation

57
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Starting with the formula for differential dose at a point,

from single scattering

D, ay cos 6 dA .
= o Gel
dD 1.2 Eq. 4
1 72
where:
dD = the differential dose at point of measurement
D] = dose at reference point one unit distance from
' point source
aq = dose albedo
BO = polar angle of incidence radiation
dA = differential area of reflecting surface
Ty = distance from source to differential area
¥, = distance from differential area to detector.

They develop a representation of single scattering dose

albedo

B K(o)
a = S Eq. /4'02

B, o+ P7 cos 6 sec 6
1 Z O



where:
%ds
B
K( es)
Pl and “2
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= the single scattering dose albedo

= a collection of factors which depend
only on the reflecting material or are
constant

= the Klein-Nishina value of the energy
scattering cross-section per elcctron

= the mass absorption coefficient for
the gamma radiation before and after
scattering, respectively.,

Their representation of the contribution by annihilation

radiation is of similar form but without the Klein-Nishina

factor, since annihilation radiation is produced isotrop-

iC.'d. J.ly .

di

. wiere:

By

Eq. 4.3

- -1
B+ B s 8 0
1 , cos O sec

annihilation dose albedo

a collection of factors which depend only on
the reflecting material or are constant

the energy absorption coefficient at the
average energy of the isotropically produced
radiation
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Neglecting other contributions as being below the level of
influence in this approximation, the over-all differential
albedo is given as the sum of 4.2 and 4.3 with appropriate

changes in the constants.,

B3K(_ a.) B
ad(eo,e, ¢) = = - = + ]
M . o u s
, 1 + HZ cos 90 sec 6 Hl + Hz cos 90 sec ©
Eq. 4.4

In the case of lead, and several other high Z materials,
ignoring the photoelectric contribution results in low
albedo estimates.

By assuming the attenuation coefficients are not
greatly energy dependent and incorporating them into the

constant terms, one arrives at the much simplified equation

CK(@S). 1026 + C!
a,(8,0,4) = Eq. 4a5
°© 1 + cos 90 sec 6

' are the C~H parameters which must be adjusted

Where C and C
for each incident photon energy. Comparison with Monte Carlo

results appear to justify this assumption (though since the
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parameters C and C"are obtained from a least-squares fit
to Monte Carlo data, this would follow). Their first paper
(49) gave values of C and C' only for concrete at incident
energies of 0.2, 0.5, 1, 2, 4, 6, and 10 MeV.

In 1965, Chilton and Davisson (51) publishea values
for the C-H paramcters in water, concrete, iron, and Jead
for incident photons of energies up to 6,13 MeV,.

A later paper by Chilton (54) revised the formula, to
that shown in Eq. 2.11, to more closely match updated Monte
Carlo runs. However, only values for 0.66Z and 1.25 MeV
reflected from concrete have been published. Consequently
the revised formula cannot be used in this development,

Appendix N considers these empirical developments with
"effective'' x-ray energies from the machines used in this
dissertation.

Leimdorfer (46) has developed an analyﬁical expression
for the total albedo (not considering the angular distribu-~
tion and making much the same assumptions as Chilton-
Huddleston). His development covers the same area as that
of Chilton and Huddleston and lacks some of their flexibility;

further work with it is not considered.
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4;2 MONTE CARLO METHODS

The Monte Carlo method is a computerized experiment
in which individual photon ''case histories" are compiled
until a statistically valid‘distribution is obtained. An
individual photon enters the program at a given energy. On
the basis of this energy, a probébility generating sub-
routine assigns an interaction with energy loss, change of
direction, etc. This process is continued until the photon
is emitted from the material (transmitted or backscattered)
or drops in energy below some pre-set cut~off level, At this
point a new photon is introduced into the program.

Raso (45), in 1963, published values of total dose
rate aibedo from concrete with incident photon energies of
0,2 to 10.0 MeV, However, the data of Wellé (43) published
in 1964, is of a format more.nearly that of this research.
His data gives differential dose albedos for photon reflec-
tion from concrete. Source energies of 0.6, 1, 2,'4,'apd

7 MeV are used with angles of incidence of 60 =2 OO, 300,

450, 600, and 75°.
His representation of the differential dose albedo is

given by the relation

P( (’0: 0, d’sEo)

a(9059,¢,EO) = qu 406 .

F(EO) sec 60
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where:

a(eo,e,¢,Eo) = the ratio of the dose rate current
reflected per steradian in the 8,¢
direction to the dose rate per photon
of energy incident upon the slab
surface at an angle eo

the scattered photon rate current
per steradian leaving the concrete
suriace in cthe divection 6,% per
photon incident at an angle 90 per

D (8,58, %,E )

unit area,on_the concrete surface

P(Eo)sec 80 = the dose rate incident tozthe

surface per photon per cm crossing
the surface in the direction 80

The cited literature deals only with monoenergetic
incident séurces. The author finds no published results
of Monte Carlo runs having been made for brémsstrahlung,
and since each bremsstrahlung spectrum would be a function
of the particular generating machine, inforﬁation of this
type would be of limited value.

For conparison purnoses in this dissertation, a
number of Monte Carlo ru:s nave been made and their results
plotted. The program used (Appendix K) is based on a
publication by ¥. G, Adams and C. R. Mehl (106) as updated
generally in April, 1968, by Adams and with specific update

features by Adams, August, 1970, for adaptation to the

specific energies and materials encountered in the present
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problem., A study.of results from this particular Monte
Carlo program with comparisons from DTF results (to be
discussed in Section 4.3) and previously published

experimental results is given in Appendix M.

4,3 METHOD OF DISCRETE ORDINATES
| The method of discrete ordinates is a numerical pro-
cedure used to solve the Boltzmann transport equation.
The solution of transport problems using the method of
discrete ordinates is a well-established technique in
neutron problems. These techniques have been adapted to
photon transport problems at Sandia Laboratories (62) and
other installutions decaling with shielding or energy
deposition problems.

The particular program (DTF-69) used in this research
(Appendix L) was written by J. H. Renken and.K. G. Adams
(63) with updates specific to the problem of the dissertation
by J. H. Flinchum of Sandia Corporation. |

In any particular DTF run, the incident photon spectrum
is divided into a finite number of energy groups (i.e. a
multigroup approximation). The monoenergetié transport
equation for each group is then solved numerically by
finite difference equations, The photon energy loss due to

scattering is accounted for by the transfer of photons from
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one group to another of lower energy. Within the limitétions
of the numerical nature of the solution, the result of this
procedure is believed to be a rigorous solution of the trans-
port equation.

A number of other codes based on the same pfinciple are
presently in use. A comprehensive review of the "state-of-
the-art'" as regards the method of discrete ordinates may be
obtained from the Radiation Shielding Information Center (107).

Runs have been made for each experimental configuration
for comparison purposes. These results are presented in the
discussion of experimental data in Section 6.2.

Various spectra were used as input. These specira and
results are discussed in Appendix D,

As with the Monte Carlo program, a number of runs were
made for comparison with previously published experimental

data with results presented in Appendix M,



5. EXPERIMENTAL DESIGN

5.1 BACKSCATTER MATERIALS

5.1.1 Introduction

For results of various experiments to be comparable, it
is necessary that variance in the dimensions of the back-
scatterer not affect the amount of radiation reflected. To
this end experimenters generally use a 'semi-infinite' slab
of material, meaning that any increase in the irradiated
slab area or the slab thickness must not result in a change
in the albedo for the viewed area. Though all are agreed
upon this principle, few are agreed upon what is necessary
to constitute a semi-infinite piece of material., In the
high energy bremsstrahlung experiments discussed previously
(35, 36), variations from thicknesses of seven mean free
path lengths and diameters of nine mean free path lengths to
thickness of one half a mean free path length and less than
one half a mean free path length in diameter are used.

Experiments with gamma ray sources have generally

shown (12, 17, 18, 21) that increasing the thickness of

66
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backscatter medium beyond two mean free path lengths does
not significantly alter the.albedo measured._ Lateral
dimensions are less well established however, perhaps
because of variation in experimental design.

Hine (16) has demonstrated that for diameters of less
than two mean free path lengths., variation in surface area
significantly alters the measured albedo. Mizukami et al.
(20) indicate that a surface area less than four mean free
path lengths in diamefer is inadequate, but that at a diam-
eter of seven mean free path lengths no change in albedo will
be observed by increasing the surface area. Steyn (12) feels
that five mean free path lengths fdrm an adequate surface.
Other experimenters using gamma-ray sources (17, 24, 25) do
not discuss the problem and use scatter surfaces of three to
six mean free path lengths in diameter.

To insure that slabs used in this research were "semi-
infinite', they were generally chosen to be two mean free
path lengths thick at the point of minimum absorption feor
the energy spectrum being used and three and one half mean
free path lengths from the edge of the viewed area (Appendix
B) to any edge of the reflector. A nﬁmber of measurements
were méde to insure the adequacy of the following calcula-

tions. These results are reported in Appendix G,
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5.1.2 Lead

Lead exhibits a minimum mass attenuation coefficient
of 0.0410 cmz/gm to 3.4 MeV. photons. This corresponds to a
mean free path length of 2.15 cm or 0.845 inches. A lead
slab having adequate dimensions at this energy would be
"semi-infinite" for any of the energiers used iﬁ this vorl.
Lead slabs 1.75 inches thick and 12.0 inches square were
.used for albedo measurements. The surface was uniformly

irradiated (Appendix H).

5.1,2 Iron

Iron has a minimum mass attenuation coefficient of
0.0299 cmz/gm for photons z= 8,5 MeV, This gives a mean
free path length of 4,25 cm or 1.67 inches, Thus, a sleb
3.34 inches thick and of diameter 11.69 inches plus viewed
diameter (Apperdix B) could be called "“semi~infinite'. For
the majority of this research, a slab of this size would be
larger than necessary. With a bremsstrahlung maximum energy
of 2.0 MeV, a slab 2.32 inches thick and 8.14 inches plus
viewed diameter would be semi-infinite. A slab 3.50 inches
thick and 14.0 inches square was used for albedo measure-
ments at 2.0 and 3.5 MeV, a slab 18,0 x 18.0 x 4.50 inches

was used for 7.0 and 10.5 MeV,
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5.1.3 Concrete

Normai density conéréte (2.30 gm/cm3) has a minimum
absorption coefficient of 0,0204 or maximum meaﬁ free path
length of 21,31 cm or 8.39 inches near 30 MeV. The energies
considered in the present research are not that high and the
absorption coefficient would therefore be somewhat higher.
Also considerable differences exist in the atom densities
of various concrete, dépending upon how and where they are
made. The concrete used was that typical of this area,
poured with fine aggregate, stirred to prevent voids and
formed without reinforcement steel to avoid high Z pertuba-
tion. The atom dewnsitics of this concrete arc compared with
other concretes in Table 1., The effect of differing concrete
atom densities on albedo is studied through use of the
discrete ordinates computer program at an incident bremsstrah-
lung energy of 2.0 MeV maximum in Figure 10. Aluminum is
often used for computer comparisons to'goncrete due to the
"closeness in density, atomic number (Z), etc., and the
relative ease of calculating one Z vs 10-13 Z, The effective
atomic number of the concrete used here was 12.1, the
density 2,16 gm/cmS.

A slab 8 inches thick and 32 inchcs‘square was used as

the concrete reflector at 2.0 and 3.5 MeV, a 10 inch thick,
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36 inches square slab at 10.5 MeV. No concrete backscatter
surface was used in the 7.0 MeV experiments due to the lack

of handling equipment in that facility,

TABLE 1
CONCRETT COMPOSITIONS

ATOM DENSITIES (atoms/cm3)

ELEMENT  CONCRETE USED IN ORNL RADIATION
THIS DISSERTATION  STANDARD RESFARCH
CONCRETE ASSOCIATES
- CONCRETE

2,177 % 10%1 8.50 x 107 9,886 x 10°T

C 4,355 x 10° 2,02 x 10°% 6,913 x 10°°

0 3,986 x 10° 3.55 x 1072 4,473 x 10%2

Na 3,473 x 1020 1,63 x 10°7- 9.1 x 10°°

Mg 2.6 x 10%7 1.86 x 101 9,922 x 10%°

Al 1,284 x 1079 5,56 x 1020 2,64 x 10%1

si 1,775 x 10%2 1.70 x 1021 1.355 x 10%?

p 0 0 3,326 x 1077

0 0 3,326 x 107"

K 1,257 x 10°° 4.03 x 1077 5.862 x 1020

Ca 2.274 x 10°7 1.11 x 10%2  4.334 x 10°7

T ’ 0 0 9,577 x 10

Fe 2.515 x 10°° 1.93 x 10°°  7.794 x 10%°
Cu 5.156 x 1018 0 0
Zn 4.872 x 10%7 0 0
Sr 2.406 x 10°° 0 0
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5.2 PHOTON SOURCES

5.2.,1 Van de Graaff

The 2.0 MeV bremsstrahlung source used in this research
was generated by an industrial radiographic Van de Graaff
of High Voltage Engineering manufacture. The agcelerating
voltage is adjustable from O.7S‘to 2,0 MeV, with sensitiv-
ity of #40 KeV over 95% of a two hour period at 2.0 MeV,

The electron beam current is adjustable from 0.01 to 0.25
milliamperes, with #5 pamp at 0.250 milliamperes. The
device generates 85 roentgens per minute at one meter, The
accelerator is mounted with three degrees of frecdom in a
radiographic bay 1% feet wide, 26 feet high, and 26 feet
from tube head to farthest wall.

Basic design and operating theory of Van de Graaffs
are well discussed elsewhere (108, 109).

Beam divergence at the backscatter location is
discussed in Appendix H for this and ﬁhe following machines.

A nreviously published measured spectrum from this
type of gererator is given in Table 5. Rough absorption
measurements were made with copper absorbers to determine
an "effective energy for the beam used. These results are

shown in Appendix D.
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5.2.2 Flash x-ray devices. (110, 111)

The 3.5, 7.0, and 10,5 MeV bremsstrahlung spectra were"
generated by high~energy flash x~-ray generators. The major
component:s of thesc machines are a low-inductance Marx
generator, a Blumlein transmission line, and a field-emis-
sion vacuum tube. These componente are housed within a
steel cylinder filled with transformer oil for insulation.

During the charging cycle, storage capacitors are
functionally placed in parallel with spark gaps acting as
open circuits., When the desired charging voltage has been
achieved, the power supply is electrically disconnected
from the capacitor bank, and a high-voltage signal is-
initiated on the trigger line. Adjoining spark gaps are
successively overvolted, causing the Marx generator to
erect full output voltage. The negative voltage output of
the Marx generator is placed on the intermediate cylinder
of a folded Blumlein transmission line. During Blumlein
charging, the outer and central cylinders, across which the
tube is electrically located, are held near ground potential,
When the Marx generator has erected to approximately 90
percent of its full output voltage, the Blumlein switch,
between the central and intermediate cylinderé, experiences
self-breakdown, launching a traveling wave in the inner

coaxial line., The voltage pulse formed by the Blumlein
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structure is impressed across the x4ray tube Which consists
of an insulating and vacuum-holding structure, a field
emission cathode, and an anode,

The x-ray mode anode is a tﬁick, high¥z target
(generally tungsten) for maximum efficiency in generation
of bremgstrahluug radiation by deceleration of the electrons.
A thick aluminum plate filters the remaining electrons and
low energy x-rays from the beam as it is extracted into the
experimental area., The output characteristics of the
machine are dependent upon numeroﬁs parameters, including
charge voltage, anode-cathode gap configuration, Blumlein
0il gap, switch spacing, and the post-pulse switch position.
Because of the complexity of calculations and measurements
of these quantities and the large number of combinations of
machine parameters, photon intensity and spectrum as a
function of position and time are not totally available
either in experimental or theoretical form. That which is
known of the beam produced by the machine used in this

research is discussed in the following sections,

5¢2.2.1 3.5 MeV Generator
The Relativistic Elcctron Beam Accelerator (REBA) is
a Sandia Corporation designed, Sandia built experimental

device. The primary purpose of this device is to study the
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deposition of energy in material by electron beams. By
‘placing a high Z plate in the beam one can generate a
bremsstrahlung photon spectrum, The time during which the
experiments of this dissertation were carried out, is
essentially the only time at which REBA has been dperated
in the x~ray mode. There exists, therefore, very little
information about the x-rav beam. Various spectra for pos-
sible photon distributions are given in Appendix D. A few
measurements were made with copper absorbers to give some
idea of the beam quality. A plot of this determination is
shown in Figure 41,

‘The beam intensity per burst of REBA at-the point of
backscatter.was lower tﬁan required for good measurement,
Therefore, a number of shots were made for each measurement
to acquire sufficient dose. This had the effect of averaging
out the machine's performance, as generators.of this sort
tend not to reproduce exactly from bgrst to burst. A sample
set of shot parameters (tube voltage, VT; and tube current,
IT) are given for REBA in Table 2. Tube voltage varied from
averages of 3.38 to 3.52 MeV in the sets of experiments run
for this paper. There is reason to believe (112) that these
voltages may be high by as much as 10-15 percent; The tube
output was monitored and normalized for each set as discussed

in Section 6.
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REBA consists of a single capacitor bank system which
may dump into either of two Blumlein transmission lines
(Figure 11). The irradiation cell in which the experiments
discussed here were conducted was 14 feet wide, 15 feet from

tube head to opposite wall and essentially open téppedo

TABLE 2

REBA SHOT CHARACTERISTICS

TUBE VOLTAGE TUBE CURRENT
VT (Mv) IT (kA)
3.50 40.0
3.40 38.2
3.35 38,6
3.40 ' 38.2
3.27 38,2
3.37 38.2
3.25 35.0
3,53 39,8
3.54 39.1
3.54 38.2
3,54 38.2
3.26 ~ 38.2
3.62 41.0
3.26 36.8
3.54 39.6
(VT) avg = 3,42 20,13 (3.,71%) Mv

(IT) avg = 38,49 1,40 (3,64%) kA
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5.202.2 7.0 McY Generator
The Transient Kadiation Effects Facility (TREF) {113)
is an Air Force Special Weapons Center laboratory designed
- for conducting transicnt radiatién_effects experiments to
assess the survivability of systems in a prompt gamma radia-

:1:

tion envivomreni. ae facility is perhaps less generatorw
development oriented than Sandia, but due to the high
priority of systems requiring tests in these énvironments,
and the operating expense (~$1000/day) little more is known
about the x~ray beam of the 7.0 MeV PulseRad 1590 (Figure
12) than that of the two other flash x~ray machines (REBA
and HFRMES TT). Some ahgorption measurcments have been
made with absorbers of various atomic number which indicate
an effective value of 4,1 - 4,2 MeV {(114). Filtration of
the output beam of TREF is somewhat (0.7934 cm Al and

0,076 cm Ta) heavier than that of REBA or HERMES (at the
time of these measuremants). To the primary purpose of
these machines, this excess is cf little consequence. The
effect of reducing the low energy component of the iﬁcident
bremsstrahlung through filtration of the beam (Figures 49 and
50), may be of greater importance (Figure 46) to albedo
measurements, These figures indicate that, as pointed out

by Zol'nikov and Sukhanova (1153), specification of the
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bremsstrahlung nreak may give little information as regards
albedo. This will be discussed more fully in Section 6.

The experimental area of TREF is separated from the
flash x-ray device by a 10 foot high, 12 fcot wide,‘ZO foot
long RF shielded room. Tacility design was such as to pre-
clude the ready handling of the.massive concrete slab used
for previous backscatter experiments. Results are reported
in Section 6 for iron and lead only.

Dose output for the PulseRad 1590 is rated at 4,000
rads in water at 75 centimeters per pulse. One pulse per
experimental set-up was, therefore, adequate. Tube voltage
varied from 6,48 to 7.10 MeV with an average of 6.98 +0,18

7.57%) MeV for the shots made in this work,

5.2.2.3 10.5 MeV Generator

The second High Energy Radiation Megavolt Electron
Source (HERMES II) is a Sandia designed and built flash
x-ray device similar to those discussed previously. Some-
what more is known about the beam characteristics of this
machine, Spectra and beam divergence are discussed in
Appendix D and by Chodorow (110). Tigures 13 and 14 detail
the device and experimental area. Dose per pulse is about
2,500 Rad in water at one meter, and again only one burst

per experimental set up was required to obtain adequate dose
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levels., ZExperimental configurations were repeated a number

of times for statistical purposes. Peak tube voltage varied

from 9,95 to 10,9 MeV with an average of 10.56 £0.28 (2.68%) .

MeV for runs made in this experiment.

5.3 BACKSCATTER 3URFACLE, COLLIMATOR,

AND DETECTOR POSITION

The basic experimental design is diagramed in Figure 15,

Detector Collimator“"""’((\\:\/2
\
-\

N A
] .
N \
— N
. \
X~ray 8/ s
¥ N
O S N
Source -,
[ENUEE—— < v
” 4
. Backscatter
Slab

/
/ g ,
Beam <::::§ y
Collimator

Figure 15, Experimental configuration
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The x-ray source was shielded, not to restrict the
beam, but to reduce air scatter at the detector locations.
The beam was monitored at the center line and near the end
of the beam collimator for normalization of each run.

The backscatter slab was plaéed-normal to the x-ray
beam axis at a distance adequate for uniform irradiation of
the surface.

The detector collimators were placed as close to the
backscatter slab as possible, without interrupting the
incident beam., Distance from the slab and the angle between
the slab and collimator axis determined the length of cclli-
mator required to restrict the viewed area sufficiently to
maintain an "infinite" surface area slab. To provide flex~
ibility in positioning the detecter collimators and varying
their length, the collimators were made up in segments,
Stapdard,lead bricks (2" x 4" x 8") were center drilled with
1°QO” ID holes. One inch diameter copper rod was cut into
2.0,V3.O and 4.0 inch lengths and center drilled with 0.50"
ID holes, 0.25" slugs were cut from the copper rod to
provide back-up shields. The copper was then pressure fitted
to the lead and un~drilled lead bricks used around the

assembiy for additional shielding.
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Figure 16, Detector collimator

The thermoluminescent dosimeters were packaged in
‘polyethene bags and centered at the back of the detector
collimator. The dosimeters were calibrated to Co-60 in the
same configuration, so all results are measured in dose in
LiF equivalent to Co-60.

The collimator lengths and detector distances used in
individual measurements are given with the TLD data in

Appendix I.



6., EXPERTMENTAL RESULTS

6.1 DATA ANALYSIS
The Radiation Shielding Information Center's report on
Neutron and Gamma-Ray Albedos (1) defines three types of
differential albedos for which the particle flux has been
weighted by a dose response function: @&, (EO,GB,G,é),
differential current cut (in dose units) per incident flux
(in dose units); aDz(EO,GO,8,¢); differential current out
(in dose units) per incident current (in dose units); and
aD3(Eo’eb’e’¢>; differential flux cut (in dose units) per
incident flux (in dose units). As the incident beam is
and a

normal to the reflecting slab (eo = 909 are

> “pq

identical for the present research and may bhe defined as

the ratio of the particle current (in dose units, ®,, per

R?
steradian reflected in the direction 8,¢) to the dose, Do’

due to incident rmarticles of energy, EO.

= a = Eq. 6.1
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The experimental determination of &, and Do’ and

R
transformation to a form comparable to computer estimates,

is not straight forward. Measurement of the incident dose
at the backscatter surface would result in a measurement of
the incident dose plus a reflected‘dose, which is substan-
tial due to the solid angle intercepted by the detectors
being located at the scatter surface. (This is the quantity
defined by Johns [109] as backscatter.) Therefore, two runs
were made for each individual albedo measurement, one back-
ground and the other backscatter. During the background run,
thermoluminescent dosimeters (TLD's) were located at the
point where the center of the backscatter slab was to be
placed for the albedo measurement, another set of TLI's was
located midway between the x-ray target and the backscatter
slab, and TLD's were located in each collimator to measure
the background for that particular configuration due to air
scatter, shield penetration, etc, The dosimeter positions
were the same for albedo measurements less the set at the
backscatter, location (Figure 15). The TLD's monitoring the
beam between the x~ray target and backscatter slab were
never less than thirty inches to the slab. At this point the
backscatter contribution was less than 0.5%, The dose

actually deposited at the slab's surface was then calculated

from measurements made during each of the runs.
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. p .
DD = DI (B98> inc slab Eqe 6.2
BCG e )
~en
inc \ ° LiF 1
where:
DD = dose deposited at slab surface center during
backscatter measurement
DI = dose deposited in TLD's during background run

at same distance from x-ray target as DD

BCS = dose in TLD at some point between backscatter
slab and x~ray target

BCG = dose in TLD at same point as BCS during
background run

)
en . .
( ) = mass energy=-absorption coefficient for the
inc slab slab material and the incident beam

LS
( CQ) = mass energy-absorption coefficient for
inc\ P /JLiF LiF and the incident beam

The dose to the slab surface was then averaged over the

viewed area to account for beam divergence (Appendix H) to

obtain DO.
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0

"<~§E) is an effective value for the particular
p
inc

incident beam (Appendix D) considered and is estimated by:

Eg. 6.3

M
E( en> E
(“ea) _i\NP /g
inc

v 5

P
i i

v
en . . . ,
where <~?%- is the mass energy-absorption coefficient at
i

the average energy of the '"i'th energy interval and E, is
‘the amount of energy in that interval.

The backscatter measurement was corrected for a back-
ground normalized to the backscatter input dose and expressed

in terms of water dosece.

-y

(E@ﬁ\
ref P / HZO

. (BCS
BS = [DR ~ DBG <BCG)] " ) Eq. 6.4
‘ : en
ref \ P/ LiF
i .
where:
BS = dose in water reflected by the backscatter
slab at some angle and distance
DR = dose in TLD measured at same position as BS

during backscatter run
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To determine the backscattered dose per steradian, BS

90

dose in TLD measured at same position as
BS during background run

mass energy-absorption coefficient for
water and reflected beam

mass energy-absorption coefficient for
LiF and the reflected beam

as defined in Eq. 6.2

is an effective value for the particular
reflected bzam spectrum (Appendix D)
considered.

was divided by the effective viewed solid angle of the

particular collimator system used.

where: A

d

A
€

Qg = -5 qu 6.5
d2

effective viewed area normal to the
collimator axis (Appendix B)

detector to slab distance
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The differential dose current per steradian is given by:

D = %r cos © - 6.6

where 6 is the angle between the incident beam center line

and the detector collimator axis, @1 has no meaning in the

R
true physical sense, but is the form traditionally used in
comparing albedo data. The differential current dose

albedo per steradian, a may then be calculated by

D1’
Equation 6.1

Beam intensity, for machines of the nature discussed
in Section 5, is most frequently given as Rad in walter per
burst or per unit time at some point in the beam, Calcula-
tion of the dose in any particular shielding material
involves detailed information as to incident beam energy

spectra. Lacking such information, another expression of

albedo might be more useful in shielding calculations,

PR(H,0)

aD3(H20) Eqe 6.7

Do(HZO)
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Derivation of Eqe. 6.7 would follow as Eq. 6.1 above with

B M :
( in) replacing (-§E> and the reflected
inc . H,O inc - slab

2
dose being expressed as flux rather than current, a quantity
with real physical meaning, useful in actual shielding

calculations.

6.2 PRESENTATION OF RESULTS

Figures 17 through 27 compare the values of apg
obtained experimentally with those obtained by the Monte
Carlo program (Appendix K), the DTF program (Appendix L)
and the Chilton-Huddleston formulation (Appendix N).

Error limits on the experimental points are discussed
in Appendix J. Error bars for the Monte Carlo runs are not
shown in an effort to avoid cluttering the graphs. In each
plot, 200,000 case histories were run with a deviation of
around #8,5% for iron at 10.5 MeV to about +16,2% for lead at
2.0 MeV., The precise error value was dependent upon the
number of photons falling in a given angular spread. These
errors are much increased when requesting an energy differ-
entiation as plotted in Appendix D. DTF and the Chilton-

Huddleston representations do not have readily representable

error limits,
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Table 3 lists the values of

water flux albedo, a

DS(HZO) ’

104

the differential dose in

obtained experimentally.

TABLE 3
3
s 1
“D3(H70) x 10
ANGLE OF
SCATTER SCATTER MATERIAL
2.0 MeV
es Lead Iron Concrete
150° 19.10 = 8.5% 14,05 * 8,9% 17.96 = 8,6%
140° 24,12 = 9.6% 14.72 = 9,7%
'135° 19,06 * 14.2%
130° 14,43 +10.9% 14,64 = ©,1%
120° 19.98 *= 9,5% 15.73 % 6,6% 15,55 = 9,9%
110° 7.95 £ 13,0% 17.30  # 10.4%
3.5 MeV
es Lead Iron Concrete
150° 20,76 & 9.5% 14.17  + 15.2% 14,69 £ 12,9%
1.40° 31.96 *13,0% 15.%4 + 11.2%
135° 18.23 * 9.5%
130° 27.72 % 9,0% 14.97 + 9,5%
120° 10,79 * 9,6% 15.19 %= 12.9% 19,33 * 11.5%
7.0 MeV
es Lead Iron
150° 71.26 + 21,37% 45.19 * 13.6%
140° 75,98 = 9,2% 41.58 + 12.,9%
130° 61.79 = 11.2% 31,08 * 10.0%
120° 38,11 = 31.7% 33.18 £ 15,2%
10.5 MeV
es 1.ead Iron Concrete
150° 21.91 + 13.7% 7,64 + 11.0% 10.11 + 16.0%
140° 29.07 + 10.1% Q.36 £ 15.47 10.30 = 18.7%
130° 23.03 = 7.4% 9,03 £ 9.4% 8,08 * 17.1%
120° 22.55 + 8.5% 9,83 * 11.2% 7.80 = 16.1%
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For purposes of examining o.,/ as a function of
, D3(H20) ‘
atomic number and maximum bremsstrahlung energy, the albedo
currents are "integrated" over the angular range studied so
as to have one value, A , for each material-energy
Dl(HZO) :
combination. This value should not be confused with ADJ
values published elscvhere, as the doce refeveonceos dififor
and ADl(H 0) is the current dose summed across ten degree
1(H,0;
o
averages for measurements of dose reflected only from 115

to 155°. Figure 28 is a plot of against the

Ap1(11,0)
bremsstrahlung peak energy and Figure 29 against atomic

number,
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Figure 29 ADl(HZO) vs Atomic Number
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6.3 DISCUSSICN OF RESULTS
In general the experimental valﬁes determined for N
the differential dose current albedo, quite closely follow
the estimate obtained from DITT, the discrete ordinate
computer solution. No error limits are specified on the

experimental points plotted in Figures 17 through 27 due

to their very strong dependence, through the function

inc slab

» upon the incident energy spectra

ing LiF

considered. FErrors due to measurement are discussed in
Appendix J and are similar to those given in Table 3 of
Section 6.2,

Results of the Chilton-Huddleston approximation are
generally lower than the experimental data, in particular
at the higher scattering angles. Still these numbers are
within the order of error often accepted in radiation
shielding estimates and though unfortunately low, they are
not as low as results obtained with the Monte Carlo program
used here. As fluorescence is not considered in the Chilton-

Huddleston development, the generally poor fit with lead



109
might be expected.

Error limits forx the a values in Table 3

DB(HZO)
are given with each value, This limit includes those errors

considered in Appendix J and the error introduced by

\
Hen
- p -
inc . Hvo

due to various incident energy spectra.

en
. P . .
inc Ll?l ) . .
\
M C-n.".)
. , ) inc " siab |
This factor is not nearly so variant as ——— e
. / \
}J
Len
\
inc © LiF ]

due to the absorption coefficient of LiF rather closely

following that of HZO throughcut the spectra (Appendix E).

= -
Pen
p
ref HZO
is the same in either data set and also
Fen
P
ref CLAW
. e
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does not wideliy vary ( = 5% over the reflected spectra
considered in Appendix D).

The values for ADl(HZO)'are for comparison Within this
data set only and the error limits given in those plots are
an indication of the measurement errors only, not consider-
ing fhe practice of integrating over a small number of data
points. The summation performed does, however, provide a
single value for each (Z,E) combination, formed under the
same ccnditions, by which Table 3 values may be considered
for materials of different atomic number, exposed to different
incident energies,

The plot of A against the maximum incident

©1(11,0)
bremsstrahlung energy (Figure 28) tends to confirm the
Zol'nikov, et al., report (115) that albedos have little
dependence upon Emax in the bremsstrahlung spectra. The plot
against atomic number (Figure 29) is very similar to other
plots made from data obtained with mono-energetic sources (1).
The closeness of points obtained from different reflecting
materials and different incident spectra is perhaps the most
interesting feature of this graph. The points at 7.0 MeV
maximum, that spectrum reported to have a small low energy

component, are an exception, perhaps indicating the energy

contributions below a few hundred KeV to be more important
P



111
in albedo considerations than the rest of the spectrum.

- This concept is explored, by computer; in Appendix D,



7. CONCLUSIONS AND RECOMMENDATIONS

Differcntial dosce flux albedos were measured cnperi-
mentally for broad-Beam, normally incident bremsstrahlung
spectra photons reflected from common shielding materials.,
These values were translated, through dose absorption ratios
and angular relationships, to differential dose current
albedos for comparison to various methods of estimating
albedo. The comparison of experimental data to results of
the discrete ordinates computer program (DTF) output was
excellent, though the reliability of this fit is unknown due
to the limited spectra information available on the generat-
ing devices studied. The results of the Chilton-Huddleston
development, applied to the effective energies of the spectra
.studied, fall between the two computer estimates made ard .
compare much better to the experimental results (generally
within a factor of tweo) than might be expected considering
the assumptions of this formulation. (Lead scatterers compare.
less well.)

The current albedo, though widely used in albedo studies,

is an awkward form for shielding use as it lacks physical

112
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meaning. Typical dose albedos, where the incident dose is
.baséd 6n energy deposition in the reflecting body, differ
considerably from albedos calculated with the normally
reported incident beam dose (based‘on water). These dif-~
ferences are dependent upon the reflecting material and can
be interchanged only through an accurate knowledge of the
energy spectra involved. To be of greatest value to those
performing shielding calculations, results of this disserta-
tion are reported as differential flux dose in water albedo.
The albedos reported in Table 3 are much less

dependent upon reflector material and bremsstrahlung peak

energy than might be awpected. TFigure 29 indicates

’

the low
energy make-up of the incident bremsstrahlung spectra to be
of considerable importance.

In addition to the primary subject of the dissertation:
a DTF modification is presented which yields results in a
form more convenient to radiation protection use (Appendix
"L); and a thg;moluminescengﬁgggimeter annealing procedure is
developed which greatly facilitates dosimeter handling, while
losing none of the advantages of other procedures in terms of
reliability and stability (Appendix F).

The following areas might be of interest for future

experimental study:
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a) Backscattering measurements to determine the
influence of the low energy portion of an incident brems=—
strahlung spectrum, as more information as to the beam
character in that region becomes’available.

b) A study of the effect of surface areas much smaller
than "semi-infinite'" on albedo to examine the treund indicat-
ea in Figures 74 and 76,

c) Backscattering measurements with materials of
atomic numbers between 26 and 82, which though not
generally of radiation protection interest, have valuc to

othersa.

d) Angles of beam incidence, other than normal.



8. BIBLIOGRAPHY

Selph, Wade E. Neutron and Gamma-rav élbgﬁgio

Oak Ridge National Labor -atory, Oak Ridge,
Tenncssec; February, 1923.

International Commission on Radiological Units,
Report 1il, September 1, 1908.

Jaeger, R, G.; Eisenlake, H. A., et al., editors,
Shielding Fundamentals and Methods. Veol. I of
Engineering Compendium on Radiation thclding.
Sponsored by Internaticnal Atcmic Enersyy Agenc

o/

National Bureau of Standards. Salfety Standavd for
Nonepdical x=~roy and Sonled Gamma-ray Sourcos.
Part I. General. Handbock 22, U. S. Govern-
ment Printing Office, 19(6. ‘

National Bureau of Standards. hielding for HI s~
fen) )
Energyv Electron Accelerator Inctallations.
Handbook 97. U. S. Goverunment Printing Office,
1964,
Rockwell, T. III, editor. Intwvoduction and Outline
3 3
of Basic Shielding Theoi. Reactor Shiclding

Design Manual,

Walker, R. L. and Grotenhuis, M. A Summary oI
Shiclding Constants for Concrete. Argonne
National Laboratory; November, 1961.

Kirn, Fredevick S. and Kennedy, Robert J. ''How Much
Concrete for Shielding?'' Nuclconics, Vol., 12,
No. & (June, 1954), pp. &44-48.

Murray, Kenneth M, ”Shieldins Moderate-Energy Electron

!

Accelerators,” Nuclecnics, Vol. 22, No. 2
February, 1964, pp. 61-G7.

115




10,

13.

14.

15.

16.

i7.

18.

19.

20.

21.

116

-Raso, D. J, !Transmission of Scattered Gamma-Rays

Through Concrete and Iron Slabs,'" Health
Physics, Vol, 5 (1961), pp. 126-141,

Evans, R. D. The Atomic Nucleus. New York: McGraw-
Hill, 1955,

Steyn, Julian Jack. '"Backscatter of Normally Incident
Gamma Fhotens from Semi-Infinite Media of Vary-
ing Atomic Number.' ~Thesis, University of
Toronto, Canada, 1966,

Compton, A, H. Phys. Rev. 21, 5 (1923), pg. 483,

Klein, D. and Nishina, Y. Zeit Fur Physik 52, (1929),
pg. 853,

Hayward, E. and Hubbell, J. A. '"The Baékscattering cf

0% Gamma Rays from Infinite Media," J. Applied
Physics, 25, 4, (April, 1954),

Hine, J. and McCall, R. C, '"Gamma-ray Backscattering,"
Nuclsonics 12, Hoe 4 (April, 1954), pp. 27-30.

Bulatov, B. P. and Garusov, E. A. ”6000 and 198Au
Gamma-ray Albedo of Varicus Material,"
Journal gg Nuclear Eneriyv. Part A: Reactor
Science, Vol, 11, (1960), pp. 159-64,

Hyodo, T. "Backscattering of Gamma Rays,'" Nucl. Sci.
é Engog, 1-_2_3 (1962)3 pp. 178"840 ’

Fumita, H.; Kobayashi, K.; and Hyodo, T. ''Backscatter-
ing of Gamma Rays from Iron Slabs," Science and
Engineering, 19: 437-440, 1964,

Nakamura, T. and Hyodo, T. '"Radial Distribution of
Photons Backscattered from the Surface of
Semi~infinite Scatterer," Nucl. Sci. & Technol.
6[(2]. ppe. 143-15Z2, Marci., 1939. -

Mizukami, K.; Matsumoto, T.; and Hyodo, T. '"Backscat~-
tering of Gamma Rays from Polyethylene, Aluminum
and Lead Slabs,: Journzl of Nuclear Science and
Technology, 4 (12), pp. 607-613, (December, 1967),




22, .

23.

24,

25,

26,

27,

28,

30.

117

Clarke, E. T. and Batten, J. F. '"Gamma-ray Scatter-
ing by Concrete Surfaces,'" Nuclear Science
and Engineering, 17:125-30, (1963).

Hendee, W. R. and Ellis, J. L. "Scattering of Gamma
Radiation from Semi-Infinite Slabs,' Health
Physics, Vol. 12, (1966), pp. 673-681,

Jones, T. H.; Scofield, N. E.; Haggmark, L. G.; and
Gurney, W. J. Experimental Determination of
tho Gamma-rav Anenlavr Nose AThedne of Coperyoto,
Aluminum, and Stcel. U, S. Naval Radiological
Defense Laboratory, San Francisco, California
94135, (#USNRDL-TR-790), 6 October 1964,

Haggmark, L. G.; Jones, T, H.; Scofield, N. E.; and
Gurney, W. J. 'Differential Dose-Rate Measure-
menits of Backscattered Gamua Rays from Concrete,
Aluminum, and Steel," DNucl. Sci. & Eng.,
23:138-149, (1965).

Steyn, J. J. and Andrews, D. G, "Experimental
Differential Number, Energy and Ixposure Albedos

for Sami-Infinite Media, for Normally Incident
Gamma Photons,'" Nucl. Sci. & Eng., 27:318-327,
(1967) .

Cormack, D. V.; Burke, D. G.; and Davitt, W. E.
“"Spectral Distributions of 140 KVP X-rays,"
Radiologv, 70 (1958), pg. 91.

Cormack, D. V. and Mak, S. '‘Spectra of Scattered
Radiation at Points off the Beam Axis,"
Radiology, 72 (1959), pg. 107,

Jones, H. E. and Skarsgard, L. D. "The Spectral
Distribution of Scattered Radiation Produced in
a Water Phantom by X-rays in the Range 100 RV
to 1.25 MeV," Rad. Research, 9, (1958), pg. 135.

Baran, J. A.; Faw, R, E.; and Kimel, W. R. 'Reflec-

tion of CobO Gamma Rays from Concrete,' Nucl,
Inst. and Methods, 75, (i969), pp. 141-148.




31.

32.

33,

34,

37.

38,

39.

118

Kitazume, Mitsuyaki, ''Gamma-ray Scattering from
Point Sources by Infinite Plane Surfaces,"
Journal of Nuclear Science and Technology, D,
(3), (March, 1968), pp. 98~103.

Pozdnew, D. B,; Churin, S. A.; and Gokhshtein, L. T.
“Backward Scattering of Y-Radiation from
Aluminum Barriers of Finite Thickness,"
Atomnaya Energiya, Vol. 22, No. 4, April, 1967.

Viktorov, A, JAo; Zfimenko, Be Ao Zolotukhing V. Ges
Klimanov, V. A., and Mashkovich, V. P
"Differential Albedo for Gamma Rays from a
Point Unidirectional Source," Atomnaya Energiva
Vol. 23, No. 3, pp. 187-191 (Sept., 1967.)

Kruglov, S. P., and Lopatin, S. P. "A Study of the
Dispersion of the Energy of an Impact Radiation
Beam from an Absorption Calorimeter,'" Zhurnal
Tekhnicheskoi Fiziki, Vel. 20, No. 4, (April,
1860), pp. 424-432,

Pruitt, J. S. "High Energy X-rav Photon Albedo,"
Hucle lwst. aud Methods, 27, (1964), pp. 23-28,

Sugiyama, S. and Tomimasu, T. "High Energy X-ray
Albedo for Pb, Cu and Duralumin,' Nucl. Inst.
and Methods, 53, (1967), pp. 346~348,

Karzmark, C. J., and Capone, T. '"Measurements of
6 MV X-rays; 1I: Characteristics of Secondary
Radiation," Br. J., Radiol., 41, (March, 1968),
pPPe 222-226,

Hayward, E. and Hubbell, J. "The Albedo of Various
Materials for 1-MeV Photons,'" The Physical
Review, Second Series, Vol, 93, No. 5,

March 1, 1954,

Perkins, J. G. '"Monte Carlo Calculation of Gamma—réy
Albedos of Concrete and Aluminum," Journal of
Applied Phvsics, Volume 26, No. 6, June, 1955,

Berger, J. J. '"Calculation of Energy Dissipation by
Gamma Radiation near the Interface between Two
Mz2dia," J. Applied Physics, 28, Vol. 12, (1957)
pp. 1502-1508,




119

41, Wells, M. B, "Air and Concrete Scattering of Gamma
Rays,'" Convair; ANP Doc. No, NARF-59-11T
MR-N-29 (20 March 1959).

424 Attix and Roesch, editors, Radiation Dosimetry
Volume 1, 1968.

43, Wells, M. B, '"Differential Dose Albedos for
Calculation of Gamma-ray Reflection from
Concrete,'" Radiation Research Associate
Document RRA-T46, December, 1964,

44, Davisson, Charlotte and Beach, L. As. '"A Monte Carlo
Study of Backscattered Gamma Radiation," Trans.
Am, Nucl. Soc. Vol. 5, No. 2, (1962), pg. 3°L.

45. Raso, Dominic J. 'Monte Carlo Calculations on the
Reflection and Transmission of Scattered Gammna
Rays,'" DNucl. Sci., & Eng., 17:411-418 (1963),

46. Leimdorfer, Martin, 'The Backscattering of Gamma
Radiation from Plane Concrete Walls," Nucl,
~Sci. & Eng., 17:345-351, (1963).

47 . Bulatov, B. P. and Leipunski, O. I. '"The Albedo of
X-rays and the Reflection Build-up Factor,"
Soviet Jeo At. Energyv, 7, (1961), pg. 1015,

48, Bulatov, B. P. '"Method of Calculating the Intensity
of Backscattered Gamma Radiation," Translated
from Atomnava Energiya, Vol. 21, No. 5,
(November, 1966), pp. 345-356, '

49, Chilton, A. B. and Huddleston, C. M. '"A Semi-
empirical Formula for Diiferential Dose Albedo
for Gamma Rays on Concrete," HNucl. Sci. & Eng.,
17:419-424 (1963).

50. Chilton, A. B. ''Backscattering of Gamma Rays from

Point Sources by an Infinite-Plane Concrete
Surface," Nucl, Sci. & Eng., 21:194-200 (1965).

51, Chilton, A. B.; Davisson, C. M.; and Beach, L. A,
"Parameters for C-H Albedo Formula for Gamma
Rays Reflected from Water, Concrete, Iron and
Lead," Trans. Am. Nucl. Soc. 8, (1965), pg. 656«



52,

53.

54,
55,

56

58.

59,

60.

120

Huddleston, C. M. Comparison of Experimental and
Theoretical Gamma Ray Albedo - An Interim
Report. U. S, Naval Civil Fn01neer1n0 Lab-
oratory, Point Hueneme, Ca]1fonn1a‘ Doc. TN=-567,
10 January 1964,

Huddleston, C. M. and Shoemaker, N. F. A Mathematical
Derivation of Contour Lincs for Constant Albcao
of Gamma Ravs on Concrete. U. S. Naval Civil
EngJDEL]lUU Labo*atory, POLﬂL Hueneme, Calif.
bLoce TN=539,

Chilton, A. B. "A Modified Exposure Albedo Formula
for Gamma Rays Reflected from Concrete,' (1566
Winter Meeting American Nuclear Society),
Trans. Am. Nucl. Soc., Vol. 9, No. 2, Pg. 368,

Chilton, A. B. "The Close-in Exposure Field from
Point Isctropic Gamma~ray Sources Located at an
Air-Ground Interface," Nucl, Sci. & Eng., 27:
403-410, (1967).

Eisenhauer, C. "An Image Source Technique for
Calculating Reflection of Gamma Rays or
Neutrons," Health Physics, Vol. II (1965)
pp. 1145-~1154,

Kaiser, R. E. and Mingle, J. O, '"Reflections of
High-Energy Photons from Semi-Infinite Homo-
geneous Slabs by Invariant Imbedding Techniques,'
Am. Nucl. Soc. Trans., Vol. 10, No. 2.

Doggett, W. O. and Bryan, F. A, '"Theoretical Dose
Transmission and Reflection Probabilities for
0.2 - 130.0 MeV Photons Obliquely Incident on
Finite Concrete Barriers,' Nucl. Sci. & Eng.
Vol. 3%, pp. 92-104 (1970).

Trubey, D. K. '"The Single-scattering Approximation
to the Solution to the Gamma-Ray Air-scattering
Problem," Nucl., Sci. & Eng., 10, (1961),
pp. 102-116,

Carlson, B, G.; Lee, C. E.; and Worlton, W. J. '"The
DSN and TDC Neutron Transport Codes,'" USAEC
Document MAMS=-2346 (1959).



61,

62.

63.

64,

65.

68.

69,

70,

71.

121

Lathrop, K. D. "Use of Discrete-Ordinates Methods
for Solution of Photon Transport Problems,"
Nucl. Sci. and Eng., 24:381-388, (1966).

Renken, James H. and Adams, K. G. Application of the
Method of Discrete Ordinates to Photon Transport
Calculations: A Research Report; Sandia
Laboratories, SC-RR-67-419, June, 1967.

Renken, J. H. and Adams, K. G. An Improved Capability
for Solution of Photon Transporl Problems by
the Method of Discrete Ordinates; Sandia
Laboratories, SC-RR~739, December, 1969,

Segre, E., editor. Experimental Nuclear Physics,
Vol. 1. New York: John Wiley and Sons, Inc.
1953,

Pratt, R. H., "Atomic Photoelectric Effect at High
Energies," Physical Review, 117, (1960),
pgu 1017"289

Fink, R. W,; Jopson, R. C.; Mark, H.; and Swift, C. D.
"Atomic Fluorescent Yiclds,' Rev. Mod. Phys.
Vol. 38, No. 3, June, 1966, pp. 513-540.

Morgan, K¢ Z. and Turner, J. E., editors. Principles
of Radiation Protection. MNew York: John Wiley
and Sons, 19067.

Bethe, H. A, and Heitler. Proc. Roy. Soc., (London).
146, (1934), pg. 83.

Berger, J. J.; Hubbel, J. H.; and Reingold, I. 1,
UContribution of Annihilation Radiation to the
Gamma Ray TFlux in Lead,' Phvsical Review,
Vol. 113, No. 3 (Feb., 1959), pp. 857-862.

Motz, J. W.; Olsen, H. A.; and Koch, H., W. "'Pair
Production by Photons," Reviews of Modern
Physics, Vol. 41, No. 4, pp. 581-591 (Oct., 1969),

Johns, H. E.; Katz, L.; Douglas, R. A.; and Haslam,
R. N. H. "Gamma-Neutron Cross Section,"
Physical Review, 80. 6, (1950), pp. 1062-1068.,




122

72 Baldwin, G. C. and Koch, H,. W; "Threshold Measure-
ments on the Nuclear Photo-effect,'" Physical
Review, 67 (1945), pp. 1-11.

73+ Weinstock, E., V, and Halpern, J. '"Systematics of
Photoproton Reaction,'" Physical Review, 94,
6, (1954), pp. 1651-54,

74, Levinger; Je S. Nuclear Photo-Disintegration.
Oxford Univ. Press, 1960,

75, Price, We J. Nuclear Radiation Detection. New York:
McGraw-~Hill, 1964,

76, Attix, F. H. and Roesch, W. C., editors. Radiation
Dosimetry, Vol, II. Academic Press, 1966,

77 Attix, R. H. Present Status of DOblmoLry by
Radiophotoluminescence and Thermoluminescence
Methods. U. S. Naval Research Laboratory
Document NRL~6145, September, 1964,

784 Nendee, W, Re: Ibbot Ge Scy and Gilbert, Do B
"Effects of ToLa] Dose on Energy Dependence of
TLD-100 LiF Dosimeters,'" International Journal
of Applied Radiation «rd Isotopes, Vol. 19,
(1968), pp. &31-437.

79, Durke, R. Ko.; Lucas, A, C.; York, N, B.; Dahlstrom,
Te Se3; and Blair, G. E. Energy and Rate-
Dependence Studies, Edgerton, Germeshauser,
and Grier, Inc. Document EGG-S-237-R.

80. Schayes, R.3; Brooke, C.; Kozlowitz, I.; and Lheureux, M.
""New Developments in Thermoluminescent Dosimetry,'
Health Phvsics, Vol, 14 (1968), pp. 251-263,

81. Tochilin, E, and Goldstein, N. Dose Rate and Spectral
Measurements from Pulsed X-ray Generators,
U. S. Naval Radiological Defense Laboratory
Document DASA-1703, December, 1965,

82, Bernscein, B. H, '"Pulsed X-ray Prompt Gamma
Simulation," U. S. Air Force Document BSD-TR
66-386, November, 1966,



83,

84.

85,

86,

88,

89.

50,

91,

123

Storm, E. and Shlaer, S. 'Development of Energy-
Independent Film Badges with Multi-Element
Filters," Health Physics, Vol. 11, pp. 1127~
1144,

Yokota, R.; Nakajima, S.; and Sakai, E., '"High
Sensitivity Silver-Activated Phosphate Glass
for the Simultaneous Measurement of Thermal
Neutrons, Y- and/or P-Rays," Health Physics,
Vol. 5, pp. 219-224,

Endres, G. W. R. and Kocher, L. F. "The Response of
Selected Thermoluminescent Materials to Tast~-
Neutron Exposures,' Proceedings of Second
International Conference on Luminescent

Dosimetry; Conf-680920, September, 1968.

Reddy, A. R.; Ayyangar, K.; and Brownell, G. L.
- "Thermoluminescence Response of LiF to Reactor
Neutrons,'" Rad., Research Vol, 40, pp. 552-562
(1969).,

Zimmerman, D. W.; Rhyner, C. R.; and Cameron, J. R.
"Thermal Anncaling Eifccts on the Thermolumi-
T 1t

nescence of LiF, Health Phvsics, Vol. 12,
(1966), pp. 525-531.

Carlsson, Co. A. '"Thermoluminescence of LiF:
Dependence of Thermal History,'" Phys. Med.
Biolo 19695 VOl. 14, NOo 1_-, ppp 107'—1180

Martensson, B. K. A. '"'Thermoluminescence of Lil™:
A Statistical Analysis of the Influence of
Pre-Annealing on the Precision of Measurement,'
Phys. Med. Biol., 1969, Vol. 14, No. 1,
pp. 119-130.

Harshaw Chemical Co. '"High Sensitivity Ribbon
Lithium Fluoride Thermoluminescent Dosimeters,"

Standard Data Sheets 074, 060, and 045.

Cameron, J. R,3; Zimmerman, D.; Kenney, G.; Buck, R.;
Bland, R.; and Grant, R. '"Thermoluminescent
Radiation Dosimetry Utilizing LiF," Health
Physics, Vol. 10, ppe 25-29,



92.

95,

96,

100,

101,

124

Randall, J. Te and Wilkins, M. H. F. "Phosphores~-
cence and Electron Traps I and II; The Study of
Trap Distribution,'" ‘Proc. Roy. Soc. (London),
Vol. 184, (1945), pp. 347-433,

Attix, F. Ho, editor. Proceedings of International
Conference on Luminescence Dosimetry, June, 1965.

Greening, J. R. ''The Derivation of Approximate X-ray
Spectral Distribution and an Analysis of X-ray
"Quality' Specification,'” Drit. J. Raodiols -
Vol, 34, No. 425, (May, 1963), pp. 363-371,

Silberstein, L. 'Determination of the Spectral
Composition of X-ray Radiation from Tiltration
Data," J. Opt. Soc. Amer., 22, (1932), pge. 265,

Greening, Je R. '"'The Determination of X-ray Wave-
length Distributions from Absorption Data,"
Proce. Phys. Soc., (London), 63A, (1950),
ppe. 1227-1234,

Twidell, J. W. '""The-Determination of X-ray Spectra
-Using Attenuation HMeasurements and a Computer
Program," Phys. Mcd. Biol,, 1970, Vol, 15,
No. 3, pp. 529-539,

O'Dell, As Ae, Jr.; Sandifer, C, W.; Knowles, R, B.;
and George, W. D, DMeasurement of Absolute
Thick-Target Bremsstrahlung Spectra, LEG&G, Inc.

1183-2139, May 19, 1967,

Edelsack, E. A.: Kreger, W, E.; Mallet, W.; and
Scofield., N. E, "Experimental Investigation
of Thick-Target Bremsstrahlung Radiation
Produced by Electrons of 1,00, 1.50, and 2,00
MeV," Health Physics, Vol. 4, ppo 1-15.

Pace, A, L. 'Radiographic Characteristics of High
Energy X-rays,'' Non-Destructive Testing,
March-April, 1953. -

Sandifer, Co W. and George, W. D. Radiation Calibra-
tion of a 20-MeV Linac, EG&G, Inc. # S-333-R
May, 1965,




125

102, Goldie, C. He; Wright, K. A.; Anson, J. H.; Cloud,
Re We; and Trump, J. Ge '"Radiographic
Properties of X-rays in the Two-to-Six-Million-
Volt Range,' ASTM Bulletin, October, 1954,

103, Evans, W. W.; Granke, R. C.; Wright, K. A,; and
Trump, J. G, = "Absorption of 2-MeV Constant
Potential Roentgen Rays by Lead and Concrete,"
Dept. of Elect. Enge., M.I,T, October, 1951.

104, Motz, Je Wej; Miller, W.; and Wyciwif, H, 0. "Eleven-
MeV Thick Target Bremsstrahlung,'' Physical
Review, Vol, 89, No., 5, March, 1953,

105. Hoffman-Pinther, P, X~wray Distribution from Sources
Operating at Five to Iiftecn Million Electron
Volts, OTAC-RR-45,

106, Adams, K. G. and Mehl, C. R, Calculation of the
Deposition of Enelcv by Photons, Sandia
Laboratories, SC-RR-66-G666, October, 1966,

107, Trubey, D. K. and Maskewitz, 3. F. A Review of the
Discrete Qrdinates Sn Method for Radiaction
T“anqnor* (aJCU1dLJOhb5 USAEC Document ORNL-
RSIC-19-UC~-80, March, 1668,

108, Kaplan, I., Nuclear Physics, Addison-Wesley Publ. Co.,
Inc. 1963,

109. Johns, H. E. and Cunningham, J. R. The Physics of
Radiology; Charles C. Thomas, Publisher, 1969,

110, Chodorow, A, M. HERMES II Experimenters' Manual,
Sandia LaboraL011es, SC-M~70-242, June, 1970

111, Bernstein, B. H. Pulsed X-ray Prompt Gamma Simulator,
BSD-TR-65-386, Nov., 1966, Air Force Systems
Command. :

112, Johnson, D. L., Sandia Corporation, private
communication, April, 1970,

113, TREF, Technical Planning Document, Dept. of Air Torce
Headquarters:; Air Force Special Weapons Center,
Kirtland Air Force Base, Albuquerque, New Mexico,




'1160

117,

118,

119,

120.

121,

122,

123,

126

Dye, D. Air Force Special Weapons Center, Private
Communication, April, 1970,

Zol'nikov, P. P. and Sukhanova, K. A, "Energy and
Space Distribution of Backscattered Y-Radiation,
Atomnayva Encrgiva, Vol. 25, No. 6, pg. 518,
December, 1968, .

Dahlstrom, T. S, and Thompson, W. E. '"The Angular
Distribution of Dose Rate from Gamma Rays
Scattered Througi Various Thicknesses of Iron
and Aluminum," USNRDL-TR-558, April 19, 1962,

Plimpton, J. D. Sandia Corpouration, Private
communication, September, 1970,

Mather, R. L. ''Gamma-Ray Collimator Penetration and
Scattering Effects," Journal of Applied Physics,
Vol, 23, No. 10, October, 1957,

Martin, T. Ho A Computerized Method of Predicting
Electron Beam Bremsstrahlung Radiation with
Specific Annlicotion to Llﬁh Vcltage Flash
X~ray Machines, Sandia Corpoxatlon, SC-RR~

69-241, ray, 1969,

Bonzon, L. L. and Rivard, J. B. Method for Calcula-
tion of Blcﬂsstrah7ung and Neutron Production
from Electron Driven Target, Sandia Corporation
SC-TM~70-629, December, 1970,

Golden, Je¢ Ce, Jre. Analytlca] Expressions for
Bremsstrahlung Spectra Emitted b Highly
Tiltered Thick High-Z Targeted A-ray bevices
from 2 to 20 MeV. Sandia Corporation;

— e me—aee

SC-TM=67-2900, December, 1967,

Bailey, Fo¢ A. Sandia Corporation, Private communica-
tion, October 26, 1970,

Buckalew, W. Sandia Corporation, Private communica-
tion, August, 1970.



127

124, Tochilin, E.; Goldstein, N.; and Lyman, J. T. 'The
‘ Quality and LET Dependence of Three Thermolumi-
nescent. Dosimeters and Their Potential Use as
Secondary Standards,'" Proceedings of the Second
International Conference on Luminescence
Dosimetry, Conf-680929, September, 1968.

125° Almond, P. R. et al, 'The Energy Response of LiF,

Can, and Li2B407:Mn from 26 KeV to 22 MeV,"

Luminescence Dosimetry, USAEC Doc., April, 1967,

126, Almond, P. R.; McCray, K.; Espejo, D.; and Watanabe, S.-
""The Energy Response of Lil, CaFZ, and Li2B407:Mn

from 26 KeV to 22 MeV," Proceedings of the
Second International Cenference on Luminescence
Dosimetry, Conf-680920, September, 19068,

127, TFrank, M. '"'"Thermoluminescent Dosimetry with LiF and
Energy Dependence of Thermoluminescent
Dosimeters of Can:Mn and LiF,"

Kernenergie, 6, 76, (1963).
128. Barford, M. C. Experimental Measurements: Precision,

Error and Truth, Addison-Wesley Publishing Co.
1967.




a
D1

Q "
D2 <Eo

aD3 (Eo

Apq
Apy

Dp3

a

(E

a

5 9038:‘3”)
aeosea‘vs)
,0.,6,0)

(E_:8,)
(Eo’ eo)
(Eo, eo)

B and AE

a and A

*(1,0)

A
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NOMENCLATURE

effective viewed area normal to
the collimator axis

collimator radius

differential current out (in dose
units) per incident flux (in dose
units)

differential current out (in dose
units) per incident current (in
dose units)

differential flux out (in dose
units) per incident flux (in dose

units)

total dose albedo, defined by
integration of aDl over all 0,9

total dose albedo, defined by
integration of iy, Over all 0,9

total dose albedo, defined by
integration of ap3 over all 6,9

defined as above for energy albedo

defined as above for particle
albedo

albedo determined when both dose
terms are calculated for deposition
in water
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E
« = o)
- 2
m c
o
BCG = dose in TLD at some pcint between backscatter
slab location in absence of slab and.x-ray
target
BCS = dose in TLD at some point between backscatter

slab and x-ray target

BS = dose in water reflected by the backscatter
slab at some angle and distance
_ . . 10
¢ = the velocity of light ~=- 2,998 x 107~ cm/sec,
or collimator length, dependent upon use
d = collimator to slab distance
DO - = 1incident dose
@R = dose reflected per steradian
DBG = dose in TLD measured at same position as BS

during background run
DD = dose deposited at backscatter surface center

DI = dose deposited at backscatter surface location
in absernce of reflector

DR = dose in TLD measured at same position as BS
during backscatter run
. . , -10 ;
e = the electronic charge -- 4.8 x 10 statcoulomb
E = photon energy
exp = exponential
hv = photon energy

K = Boltzmarnn's constant
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Klein-Nishina energy scattering cross-
section per electron

natural logarithm

the electronic mass -~ 9.1083 x 10~28 gms

mass energy-absorption ccefficient
total attenuation coefricient

solid angle disignation
301415%cccs0noce

the angle between the projection on the
surface of tlie backscatter material of the
incident radiation beam and the projection

cf the reflected radiation
fluence

total microscopic Compton interaction
cross—-section T

the Compton scattering coefficient

photonuclear absorption coefficient for the
emission of a single neutron

removal cross-section for neutrons

kinetic cnergy cof a particle or temperature,
dependent upon use

the K-shell photoeslectric cross-section in
barns per atom

the total photoelectric cross=scciion in
barns per atom

the angle between the reflected radiation
and the perpendicular to the surface of the
backscatier material
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@ = the angle between the incident radiation beam
and the perpendicular to the surface of the
backscatter material

6 = the angle between the transmitted beam axis
and the reflected radiation

Additional specialized abbreviations are defined at the

point of their use.



B. VIEWED AREA CONSIDERATIONS

The area of a slab, normal to the collimator, viewed
by a TLD crystal at the back of the collimator is the
envelope of the family of circles generated by considering
each point on the crystal,

If one considers a plane of origin through the leading
edge of the collimator (Figure 30) such that a circle of
radius "a' (tfhe collimater rvadius) is defined in the planc,
1, another parallel plane, 2, at distance "c¢" (the collima-
tor length) in the positive direction, and a third parallel
plane, 3, at a negative distance "d" (the distance from the
collimator to the scattering center), he may derive the

equation of the envelope defining the viewed area.

"The collimator radius, a, will appear in Plane 3 as

y = {etd a Eq. B.l

with center displacement X and ¥ given by

132
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Figure 30. Viewed arca geometry
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- X d

X - Eq. B.2
¢ d

g = - l? Eq. B.3

from (R,y) in Plane 2.
The equation of the circle in Plane 3 defined by
point (X,9) on the detecting crystal in Plane 2 and the

collimator opening specified in Plane 1 is

(% - i)z + (y - ?)2. = 12 Eq. B.4
or, substituting equations B.2 and B.3,
” 2 A 2

" The envelope of the set of circles generated by tracing
the outline of the detector is the outside boundary of the
desired area.

Setting

X = 8 (v) Eq. B.6
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N

and g = 9 (t) Eq. B.7

The equation for the general circle will then be:
A & 2
<x + hﬁ%lﬂ) + (y + Zﬁ%lﬁ) = r2 Eq. B.8

To find the envelope of a set of lines, the general equation
of the generating line is set equal to zero, differentiated
with respect to the variable and the variable then elimirated

between the two equations.

3 2 AN 1 2 .
F(t) = (x + zx.i.:lﬂ) + <y + x%lg) S22 -
Egqo Bo9
dF(t) _ KA\ d o
dt 2(X T g R
+ 2<y +l(—§-)—é>%§" (£) = 0 Eq. B.10

In the particular case being considered, several special

cases arise as follows:
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$
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v 2

Figure 31. Crystal geometry considerations

Case I

and

qu

qu

Eq.

Eq.

Eqg.

Bo11

B.12

B°13

B,14

B.15
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Substituting back into F(t):

x2 + (y - y)2—~r2 = 0 Eq. B.16

X b + 1T . qu B017

Therefore, a set of circles has been generated parallel to

the y-axis of radius "r'' along the x-axis.,

Figure 32. Edge generated envelope
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The total envelope in Case I is then the set of
ﬁarallel lines joining the circles formed by viewing points
at the first two corners of the crystal,

Case II is similar in a perpendicular direction along
a line parallel to the x-axis at distance ~y. The envelope

has equation

y = r Eq. B.18

Figure 33, Envelope generated by two edges

Cases III and IV close the viewed area with a

resultant figure:

(c +d) a

S Eq. B.19

curvature of radius, T

center line separation of (crystal length)(g) Eq. B.20
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Figure 34. Toral viewed area
(&7

This area includes the area seen by any point on the
crystals Only a fraction of this is seen by every point on
the crystal (umbra), the rest being seen by a decreasing
amount oi tie crystal {(penumbra). The umbral region is
defined by the area determined by the comﬁon area of the
circles defined by points originating at the greatest
extents of the detector (i.e. the four corners).

To find the umbral area consider the four defining

circles:

Circle 1

)

Circle 3 Circle 2

Figure 35. Uubral area



Circle 1; x
Circle 25 x
Circle 3; (x

Circle 43 (x

The intersection of

value of x:

Circle 1 - Circle 2:

y* - y* - 25y
2y = -y |
)
2
23 -

Eq. B.21
Eq. B.22
Eqo. B.23

Eq. B.24

Eq. B.25

B.26

Eq.

Eq.

Eq. B.28

Eqe. B.29

Eg. B.30

Eq. B.31
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the negative solution for x being the one of interest.,
The intersection of either Circles 1 and 4 or Circles 2 and

3 provides a mid-point value of x,

Circle 1 - Circle 4: x2 - (x + i)z = 0 Eq. B.32
x2 - %2 - 2xx -2 = 0 Eq. B.33

= (X X
X <2> Eq. Bo.34

Solution of the intersection of Circles 3 and 4 would
yield the right-most boundary of x, but is not necessary as
the two halves are symmetrical,

The total area of the umbra may then be found by:

2 - (.\21> Eq. B.35

Circle 1: y = =*=\r - x Eq. B.36
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the negative radical being of interest.

Circle 2: y2 + 2yy + (?2 + x7 - r

2 2

mfﬁz-;ﬁx + 4x

2

=27 % "'J 4y
g = S

]
y = =y :t¥ r2 - xz

the positive radical being of interest.

Eq. B.35 then becomes:

A, T 2 (— y + 2 r? - h2> dx
RE—
o2 _ 3y
TVE T (2>
-(3) *-(3)
A, = -2¥x + 4
2

Eq. B.37

Eqe Be38

Eq. B.39

Eqe. B.40

- X dx

Eq. B.41
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zj
> + r2 arcsin

A - ()
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A = - (*‘,/ :Z Q/ S. - X
Au yX 2y 2 2 + ?r arcs1n( 2r>

+ y%rz —.(%)_ - 2r? arcsink Eq. Bo4d

TN
o<l
~—

Wewr

2 . X .
+ 2r arcsin (~ 5 - arcsin

b

Eqe B.45

Substituting absolute values from Egs, B.l, B.2, and B.3

to obtain the actual area oi interest, Eq. B.45 becomes:
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N

N

1
9a’

be

0 /(c: + ) q §§2A§2
2 T C2 4CZ

i /(c—*-d)zaz _9%a?

2 R _
+ 92 (c—l-d)za~ . Rd . 02 4c2
=~ |ercsin [ -~ ————) - arcsin
c 2a(c+d) (ctd)a
L c
Eq. Bo.46

The penumbral area is most easily found by determin-

ing the total enclosed area and subtracting the umbral area,.

Circle 4

Figure 36,

Total enclosed areca
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The total area can be seen by examination to be:
A = Nr~ + yx + 2%r + 2yr Eq. B.47
A = nNr° +yX+2r (X+y) Eq. B.48

Using absolute values for X and y frcm Equations B.1,

B.2 and B.3, Eqe B.438 becomes

A

2 2 2
_ na“{ctd) n §§<§> + Eéﬁsiél(g + 0)(%) Eqe B.49

J
T C2 C
and A = A - A . qu BQSO

As pointed out by Dahlstrom and Thompson (116) and
demonstrated by Steyn (12), radiation originating in the
penumbra is not as effective as that from the umbra and
" either must be weighted as such or the area weighted in
such a manmmer as to accomplish the same end., The method
chosen by Dahlstrom and Thompson was to consider the
radiation density as decreasing linearly to zero between
the umbra and penumbra limits and choosing an "effective

area" which, emitting a constant radiation density, would



147

emit the same amount as the true umbral and penumbral areas.

= + p £qe B.Ol
Acp, Aupo ./rdAp (x) Eq. B.51
with P, T @ constant radiation density

P(r) = pernumbral radiation density

A = an eififective viewed area

Steyn carried out a more detailed consideration of
the intersected detector area and found that a numerical
integration of Eq. B.51 (since it does not reduce to an
exact solution) compared to within 0.005% of the area
determined by a point detector viewing the same surface.
As the detector used in his calculations occupied the full
back of the collimator the error involved would be greater
than that for which a smaller detector is used (other
dimensions remaining comparable).,

Field and experimental use of a variety of detector
shapes in collimators of differing aperture configurations
(117) indicate the error between a precise solution of
Equation B.51 and the pcint detector approximation to be in
the order of the square of the ratio of the greatest

detector dimension to the collimator length. In the worst
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case of the data used here, that would be:

)2 or 0.155%

(eiiif

In view of these considerations and the untractable
form the preceding development takes when considering
other than normally viewed surfaces, the point source
estimate 1is gsed in the actual data reduction. The maximum
error involved is far below the statistical variation of

the thermoluminescent dosimeter readings.

B2 POINT DETECTOR VIEWED AREA

The area of a slab viewed by a point detector located
in a collimator is determined by the detector to slab
distance (¢ + d), the collimator length (¢) and radius (a),

and the angle (8) between the collimator axis and a normal

to the slab.
x = h(sec 8) Ege B.52
y = (ctd) -~ g Eqe Bo53

Eq. B.54

olp
]
ge |z
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Figure 37. Point detector viewed area

g = £ h » Eg. Ba55
y = h tan 6 ~ Eqe. B.56
h tan 8 = <c+d) - % h ' Eqe B.57
h o= —tctd) Bq. B.58

o
- _}- ——
tan © Py

cos B =

%o

Eq. B.59
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X (ctd) sec ©
tan 6 + (-C->
a
(%)(c+d) sec B
X = - A
1+ (—-) tan @
C;
_ r sec O
x - a
i+ <—> tan €
c
a - u
¢ (ctd) + =z
tan 8 = =
u
z = u tan 8
a - u
¢ (ctd) + u tan B -
<§>(c+d) + u(é tan 8) = u
c c
<2>(c+d) = u [1 - ('é) tan 6]
c c

Eq.

Eq.

Eq.

Eq.

B.60

B.61

B.62

BG63

B.64

B.66

B.67

B.68



151

u = ‘ Eq. B.69

Eq. B.70

w = u sec 6 Eq. B.71

<%>(c+d) sec O
w = ‘ Eq. Bo 72

1 = (%) tan 6

w = r.:c—:c e Eq. B.73 :
1 - (—)tan S
c
G = semi-major ellipse = %(w + x) Eq. B.74
L r sec B + T seé e Eq. B.75
1 - <~) tan 6 1+ (—) tan 6
c = r sec 6 Eq. B.76
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H = semi-minor ellipse = r Eq. B.77

A = area of ellipse = 11 HG Eq. B.78
2 2

o o= DEogeg O Eq. B.79

The area viewed on the reflecting slab by a point

detector where:

a = ccllimator »radius

¢ = collimator length

r = detector to scattering center distance

6 = angle between collimator axis and a normal

to the slab



C. COLLIMATOR EFFECTS

One of the most complete and most frequently refer-
enced works on collimator penetration and scattering is by
Mather (118). He develops expressions which give the
amount of radiation passing through a cylindrical hole
in a slab of material, including the amount of radiation
which penetrates the edges of the hole and that due to
scattering from the walls oif the coliimator.

In Mather's report, it is showm, that to a first
approximation, the results are the same as the geometric
aperture for a like diameter hole in a similar slab with
one mean free path of material removed from each side.

Figure 38 details the collimator.éonstruction where
¢ is the collimator length, specified in Appendix I for
each measurement made.

A copper liner was pressure-fitted to the lead in an
effort to eliminate any lead fluorescence response in the

TLD's due to the shield.

153
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Figure 38, Collimator detail
calculated by the standard

The mean free path was

equation (11):

(mfp) = L Eq. C.l

where: HO is the total linear attenuation coefficient

(as found in Reference 38),

Since the reflected radiation is certainly not
" monoenergetic (see Appendix D, Figures 49 - 66 for example

spectra) a bopg Must be used.

= i i
Yo S E Eq. C.2
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where Ej is the amount of energy emitted in the "i''th

energy interval. u = is the total attenuation coefficient
i

at the average energy of the '"i''th energy interval.

The computer-~generated spectra in Appendix D were

used to obtain the following table,

TABLE 4

DETECTOR COLLIMATOR CORRECTION

Incident Bremsstrahlung Scatterer Collimator
Spectra Max. (MeV) Material Correction (Inches)
2.0 Lead 0.11
Iron 0.32
Concrete 0.15
3.5 Lead 0,15
Iron ' 0.31
Concrete 0,18
7.0 Lead 0.20
Iron 0.31
10.5 Lead 0.26
Iron , 0.32

Concrete 0.26



D. SPECTRA CONSIDERATIONS

In order to obtain a computer solution to the back~
scatter problem, one must have some knowledge of the
incident beam energy spectra., Spectra for the machines
studied in this dissertatibn are quite difficult tc obtain.
For the purposes of gaining some computer comparison to the
experimental data, the author has rcliod heavily on prev-
iously published spectra. At 2.0, 3.5, and 10,5 MeV, very
rough absorption measurements were made to have an "effec-
tive" energy measurement for comparison to the published
spectra in DTF runs. Copper was used in the absorption
study and calibrated against Co-60 and Cs-137. Absorption
measurements at 7.0 MeV had been made previously by facility
operators.

Figure 39 was obtained from copper absorption of the
2.0 MeV Van de Graaff beam., An effective energy (determined
by the ﬁethod of Greening [96]) of 0.85 MeV was used as

input to the DTF program. These results are compared in

156.
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, Figure 39  Cu absorption 2.0 MeV
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Figure 40 2.0 MeV iron scatterer (DTF)

‘ 1 . .‘ . .
RERSRS A ! SRRS
_.v . . D e e A ..”
SCIR R N ‘ R gy | -
..... i |:: B A i 80 -
. " o i T«.
- » : T
Ll i i (SN R
T L m Mo
e PP Sl e S I R D CETTTIT
3 ; . | i S
wl. 1 li*.w i . i i

I

Eﬁfectiv

ISV FUI PO S TR JRPUSSU: S SO DUV DS P UUUUR NP PRI Y

110

1o
o~
- A X |
- .—1-1
Sl
- <wl -
N (@]
_ ™
P - [ O
SR JRRDN S S
4 i
- L o
: ; g
. BN -
..... B -
I z
PN . b= o
; - R Ly
! j T e
| ! B
DI o .
. m - -1
e 3
) w ot
o N : - PO
i e
_ i M~
S S N MBS R
N Ty ;
. [ .
-.b. -

180

0 Hn W T N o

ANGLE, g,



159

Figure 40 with DTF results obtained when inputting a
measured 2.0 MeV spectrum (Table 5). Iron was used as an

example reflecting material.

TABLE 5

2.0 MeV MEASURED SPECTRA (99, 100)

GROQUP BOUNDS INPUT FLUX
(MeV) (Photons/MeV)
2.0 5,6
1.5 13.6
1.02 22.0
0.80 35,0
0.60 60,0
0,52 65,0
0.50 68.0
0.44 75,0
0.38 85.0
0.32 87.0
0.28 90.0
0.25 0.0
0225 v 90.0
C.20 80,0
0.175 70.0
0,15 60,0
0,13 50,0
0,12 _ 40,0
0.10 40,0
0.088 40,0
0.07684 40,0
0.,07664 35,0
0,68 35.0
0.060 30,0
0.055 25.0
0.050 20.0
0.045 15.0
0.040 10.0
0,035 5.0

0.030
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A similar process was carried out on the 3.5 MeV flash
x;ray machine. Figure 41 shows the absorption curve,
Figure 42 the DTF results, and Table 6 the measured
spectra (102) used for comparison. By Greening's technique
the 3.5 MeV beam was estimated to be 43,2% 0.24 MeV and
56.,8% 1.34 MaV. The meoccured spectra in this case arve
somewhat rougher than before as they were used for input to
both the Monte Carlo program and DTF. The Monte Carlo spec-
tra input is limited to twenty-five energy groups. The

scattering material is again iron.
TABLE 6

3.5 MeV MEASURED SPECLRA (102)

GROUP BOUNDS INPUT FLUX

(MeV) (Photons/MeV)
3.5 0.0143
3.3 0.0845
3.1 0.1194
2475 0.1746
2435 0.2553
1.95 0.3692
1.55 0.5355
1.36 0.6471
1.15 0.38261
0.78 1.2821
0.68 1.4412
0,58 1.6724
0.48 1.875
0.38 1.5789
0.32 0.312
0.30 0.0
0,10 0.0
0.06 0.0
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3 . Figure 41 3.5 MeV Cu absorption
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Due to the relative scarcity of measured spectra from
flash x-ray devices, several methods of calculating spectra
have been derived. Most of these are computerized methods
of studying electron transport in-altarget material. (119,
120). One (121), however, is based on an analyticél
approximation requiring only a maximum and mininum cnergy
input to obtain a spectra guess. The measured spectrum
reported for a 3.5 MeV machine (not that used in this work)
is compared with the spectrum obtained from an electron
transport code (122) and the empirical approximation
specfra in Figure 43. Normalization of the three curves
differs to more clearly show each. Results of the empirical
method are compared with results previously discussed in
Figures 40 and 42. The spectra are given in Tables 7 and 8.
The results obtained using the empirical spectra with
7.0 MeV and 10,5 MeV are compared with measuréd spectra
inputs for the same energies in Figures 44 and 45. Lead is
used as a rveflector iu ‘hese examples. The input spectra

used are found in Tables 9, 10, 11, and 12.
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TABLE 7

2,0 MeV EMPIRICAL SPECTRA

GROUP BOUNDS

(MeV)

2.00
1.50
1.02
0.80
0,60
0.52
0.50
0.44
.38
0.32
0.28
0.25
0.225

. 020
0.175
0.15
0.13
0.12
0.10
0.08805
0.07684
0.07664
0.068
0,060
0.055
0,050
0,045
0.040
0.035
0.030

INPUT TLUX
(Photons/MeV)

0.15186
0.38412
0.72064
1,06659
1.37958
1.,51365
1.63223
1.82633
2,04373
2.24355
2.39530
2,52180
2.64268

- 2,7€940

2,90216
3.02695
3.11310
3.,20190
3.29921
3.37152
3.40500
3.43588
3.48987

- 3.53260

3:56580
3.59940
3.63320
3.66740
3.70200
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TABLE 8
3.5 MeV EMPIRICAL SPECTRA

GROUP BOUNDS INPUT TLUX
(MeV) (Photons/MeV)

0.040306
0.068831
0,117541
0.200724
0.338811
0.48852
0.61139
0.70908
0.74785
0.78068
0.83246
0.88767
0.93638
0,97209
1,0111
5 1.02083
1,05614
75 1,0848
5 1,1112
3 1,1292
2 1.14747
1.16727
88 1.18183
77 . 1,19135
0.068 1.20536
0.060 1.21377
0,055 1.22029
0.050 1.22683
0.045 1.23342
0.040 1.24003
0.035 1.24669

N

NN ~ON
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Figure 44  DTF 0 MeV lead scatterer
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TABLE 9

7.0 MeV MEASURED SPECTRA (105)

GROUP BQUNDS INPUT TLUX
(MeV) (Photons/rieV)
7.0 14286
6,63 452409
6.12 65359
5.61 8.,7344
5.1 10,784
4,59 13.508
4,08 16,667
3.57 21.008
3.00 26,471
2.55 34,118
2.04 46,078
1.53 63.399
1275 76,471
1.02 83,137
0,765 95.425
0.51 . 107.840
0.40 0.0
0.30 0.0
0.10 0.0
0,06 0.0
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TABLE 10

7.0 MeV EMPIRICAL SPECTRA

BOUNDS
(MeV)

BNONNNNWWLWESENTUVMOODOUMMIOUMTOOOOO

L] © ] (] o o [ ] L4 L 4 [ ] -] L] -2 L d ° L (2] L] L L ] L 4

olsoloNeNoRololoNoNeNeRoloReoll i JdE VN SRERNLRE, o RN

=
w W

-3

0.12
0.10
0,088005
0.07684
0.07664
0.068
0.06
0.055
0.05
0.045
0.04
0.035
0,03

INPUT FLUX
(Photons/MeV)

0.0100723
0.0172003
0.0293728
0.0501598
0.0742656
0.0970494
0.126823
0,164807
0.198325
0.221891
0.239058
0.245523
0,250845
0.25903
0.267482
0,274729
0.279921
0:28407
0.2878%6
0.291773
0.295703
0.299285
0.301695
0.304128
0,306742
0.308649
0,309588
0.310322
0,311706
0.,312792
0.31363
0.314471
0.315313
0.316158
0.317005
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TABLE 11

10,5 MeV MEASURED SPECTRA (110)

GROUP BOUNDS INPUT FLUX
(MeV) ) (Photons/MeV)
105 1,18
10.0 263

9,5 5.3
9,0 12.5
8,0 18.5
7.0 24,0
6.0 31,0
5.0 38.0
4e5 46.0
4,0 53.0
3.5 70,0
3.0 87.0
2¢5 125.0
2.0 190.0
1.5 300.0
1.2 450,0
1,02 640,0
0.8 760,0
0.6 830,0
0.52 870,0
0.5 900,0
0.44 980.0
0.38 111240
0,32 1500,0
0.28 1500,.0
0,25 1500,0
0.225 1112.0
0.2 980,0
0.175 900,0
0.15 450,0
0.13 0.0
0.12 0.0
0.10 0.0
0.0880 ' 0.0
0.07684 G.0
0.07664 0.0
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TABLE 11 (cont'd)

GROUP BOUNDS INPUT FLUX
(MeV) (Photons/MeV)
0.070 0.0
0,06 0.0
0.05 0.0
0.04 0.0

0.03



173
TABLE 12
10.5 MaV EMPIRICAL SPECTRA

GROUY BOUNDS INPUT FLUX

0.03

(MeV) (Photons/MeV)
10.5 0.035003
1C6.0 0.045268
9,0 . ) 0.,065839
8.0 0.0957568
7.0 . 0013927
6,0 0.202555
5.0 0.294598
4.0 0428466
3.0 0.564976
2.5 0.681355
2,0 0,821707
1.5 0.987151
1.02 1.12425
0.8 1.,2162
0o6 1.28143
0a52 1,30561
2.3 1.32535
0,44 135547
0.38 138629
Ga32 1.41248
Co28 1.43111
0:25 144593
0225 1.45954
0.2 1.47327
0,175 1.48713
015 149972
0,13 1.50816
0.12 1.53666
0,10 1.52578
0,088005 153241
0.07684 1.53567
0.,07664 1.53764
0.07 1.54244
0,06 1.54823
0.05 1.55404
0.04 1.55988
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Absorption measurements by Kirtland Air Force
'pérsonnel indicate an effective energy of 4.1 - 4,2 MeV
for the 7,0 MeV flash x-ray machine, as discussed in
Section 5,

Absorption measurements of the HERMES II beam are
shown in Figures 46 and 47. The curve in Figure 46 was
made with a 70 mil tantalum x~ray target and 0,3125 inch
aluminum filter while Figure 47 was made with a 60 mil
tantalum target and 0.4 inch aluminum filter. The effect

" the beam can be

of the additional filter in "hardening
seen, In the first case one gets a 58% component at 3.8
to 4.2 MeV and a 42% component of 0,27 - 0,28 MeV. . The
second set~up indicates about 75% at 4.9 - 5.5 MeV and 25%
at 0,11 - 0,15 MeV, The tube configuration at the time
data was taken for this research was a 60 mil tantalum
target backed by a 0.3125 inch aluminum plate,

None of the measured spectra referenced give photon
.flux for less than 200 - 300 KeV. There is considerable
debate as to the amount of energy carried in the low energy
range of the spectra. 3Some (123) feel that the low energy
count goes significantly higher than any other portion of
the spectra, while others (104, 105) indicate a drop to

zero below 100 KeV. Something in between these two views
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is probably more nearly the correct representation. To
the primary mission of the x-ray devices studied (i.e.
dose deposition inside a steel-encased body) the question
of low energy population is 1argeiy academic. The effect
on the present experiments is shown in Figure 48. The

F

input specctra for thece cuwves ave given iun Table 13. The

3]

total energy albedo from iron is rewuced 31.8% by increas-
ing the low energy component of the beam by the amounts
shown. The difference the additional filter used at 7.0 MeV
would make on the 10.5 MeV spectrum is shown in Figures

49 and 500
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TABLE 13
10.5 MeV SPECTRA

GROUP BOUNDS INPUT FLUX 1 INPUT FLUX 2 INPUT FLUX 3

(MeV) (Photons /MeV) (Photons /MeV) (Photons /MeV)
10.5 1.18 1,18 1.18
10.0 2.3 2.3 2.3
9.5 563 5.3 5.3
9.0 12.8 12.5 12.5
8.0 18.5 18,5 18.5
760 24,0 24.0 24,0
6.0 31,0 51,0 31.0
5.0 38,0 38,0 38,0
4e5 46,0 46,0 46,0
4e0 53.0 53,0 53.0
3e5 70,0 70,0 70,0
3.0 87.0 87.0 87,0
265 125.0 125.0 125.0
2.0 190,0 160,0 190,0
1.5 300.0 500,0 300,0
1.2 4500 450,0 450.0
1,02 04UeU 640, 0 640,40
0.8 760.0 760.0 760.0
0.6 830.0 836.0 830,0
052 870.0 870.0 870.0
0.5 900.0 900,0 ) 900,0
0.44 980.,0 980,0 80,0
038 1112.0 ' 1112,0 1112,0
0.32 1500,0 1.500.0 1500.0
0,28 1500.0 1500.,0 1800,0
025 1500.,0 15G0,.0 2600.0
0225 1112.,0 1500.0 3000.0
0,20 980.0 1500,0 4000,0
0.175 900,0 1500.0 5600.0
0,15 450.0 1500,0 8000.0
0s13 0.0 1500.0 10000.0
0,12 0.0 1500,0 1300C,0
0.10 0.0 1500,0 17000.0
0,088 0.0 1500.0 18500,0
0,07684 0.0 1500,.0 ‘ 19000,0
0.07664 0.0 1500,0 19000,0
0.07 0.0 1500,0 19500.0
0.06 0.0 1500.0 20000,0
C.05 0.0 1500,0 21500,0
0.04 0.0 1500,0 22500,0
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106 Figure 50 10,5 MeV  Spectra 2 __ .
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Differential albedo plots for input bremsstrahlung
| spectra of different peak energies afe given in Figure 51
with concrete as the scattering medium. As the input
energy increases, DTF can be seen to predict a somewhat
cyclic variation with angle., This tendency is more pro-
nounced with higher 4 materials ana is shown to be quite
distinct in Figure 45. This variation is also evident
with single energy spectra inputs and is at odds-with
experimental data previously published for gamma sourcess
A comparison of DTF and Monte Carlo results with experi-

mental data published elsewhere is shown in Figures 88
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D.29 REFLECTED SPECTRA

| Physical measurement of the reflected spectra for
backscatter flux with the flash x-ray machines was not
possible, as is discussed in Section 3, Due to the steady-
state operation mode of the Van de Graaff, some scintilla-
tion mecasurcments of reflected specira were possible at
2,0 MeV, The crystal used (descfibed in Section 3) was
canned in 0,032" aluminum which gives a transmission of
about 65% at 70 KeV decreasing to 12% at 30 KeV, Due to
the rapidly shifting gain evidenced by the detector system
functioning in the high radiation background existing in
the radiographic bay, no effort was made to correct the
spectra obtained., TFigures 52 and 53 are examples of
the spectra obtained,

dreater spéctra information is necessary to make colli-

mator length and TLD response corrections. Spectral results
from DTF and Monte Carlo 1runs are plotted ia Figures-54 to
.71 for the materials and energies used in this work. These
spectra were used for the corrections discussed in

Appendices C and E.
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404 Figure 54 DTF 2.0 MeV concrete scatterer
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10% Figure 57 Monte Carlo 2.0 MeV aluminum scatterer
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105 Figure 60 DIF 3.5 MeV iron scatterer
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1o5 Figure 61 DTF 3.5 MV lead scattever
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102 Flgure 62  Monte Carlo 3.3 MeV iron scatterer
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Figure 67 DTF 10.0 MeV concrete scatterer
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E. LiF ENWERGY DEPENDENCY

A large number of experiments have bean carried out
in an effort to determine the relative résponse of LiF as
a function of energy (79, 81, 91, 93, 124, 125, 126, 127,
128). Thougi: there is scme disagreement in the literature,
the response is well enougli understood for a large rumber
of private and government agencies to adopt thermoiumi-
nescent dosimetry for personncl exposure documentation and
to consider it for use as a sccondary standard in radietion
measuremant.

Energy dependency of TLD's is most frequently plotted
as "Thermoluminescent response per R relative to that for
Co~60" vs "Inergy', and in this form shows a marked over-
response at energies below 100 KeVl(FiTure 72) .

This dissertation, however, is concerned with the
measurement of dose albedos. A plot cf encrgy dependency
as "Response of 147 per rad in water' vs ''Energy' is there-
fore a more vizible representation of the enefgy dependency

of the present measuremantis,
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Response per R
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Figure 72, TLD energy response per R (81)
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Figure 73. TLD energy response per rad (HZO) (123)

The TLD response per rad (HZO)’ essentially the

(%)
p/ H.O

—_2
{4
() 1ar

energy independent above 40 KeV. Reportedly (78) the

function discussed in Section 6 inverted, is

dosimeters arc even less energy sensitive at high dose levels.

N
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Correction to the TLD data for calculation of "water dose"
albedos is therefore relatively small and not rapidly vary-

ing as a function of x-ray spectra.



F, THERMOLUMINESCENT DOSIMETER READ-QUT

AND ANNEALING 'PROCEDURES

A series of experiments were carried out to determine
the most convenient annealing - read-out procedure, with
results comparable to '"'standard" procedures, using the
available equipment. The experimental procedure consisted
of adjusting the time and temperature of the '"Pre-heat' and
MIntegrate' cycles by ﬁeans of glow curves, to insure that
essentially all the thermoluminescence was given off in as
short a time and with as low.a temperature as possible.

Groups consisting of fifteen to twenty TLD's were
treated according to several "standard" pre-~irradiation
amealing procedures (80, 87, 89, 90), exposed to 1 R #5%
of 6000 radiation, treated according to their corresponding
post-irradiation annealing procedure and read out in the
"Integrate' cycle. The time and temperature of the "Pre~heat"
cyclc were then adjus!ed, by means of glow curves, to

eliminate the lower temperature traps, and thus serve effec-

tively as a post-irradiation annealing procedure. Upon

208
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establishment of a suitable '"Pre-heating" cycle, groups of
15 TLD crystals were pre~irradiation annealed according to
a particular "standard" procedure, cxposed to 1 R 60Co,
read out in the determined cycle énd compared statistically
to the groups which received a post~irradiation annealing
before read-out. To verify the vesalts morc'substantiully,
the experiment was repeatéd using fifty dosimeters in each
procedure.

The read-out cycle, as determined by the use of glow
curves, consisted of a "Pre~heat"" period of 7 seconds at
165°C and an "Integrate" period of 15 seconds at 250°¢C.
The time inferval allews the dosimeter to be read out and
the heating element to cool back to an acceptable level in
approximately 30 seconds with a minimum amount of dark
.current.

The data for that "standard" annealing éycle recommend-
ed for use with those TLD crystals used and the abbreviated
annealing cycle developed here were compared statistically
and found to be equivalent at the 99.5% confidence level
under chi square testing. Compared with other "standard"
anneéling procedures, the abbreviated procedﬁre yielded as
great a mean sensitivity (light units/R) and was quite

comparable in accuracy.
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Table 14 lists the anncaling procedures studied and

the results obtained with each, using twenty-five dosimeters

per set.

Table 15 summarizes the mean sensitivity and

standard deviation obtained with each set., Individual TLD

readings are found in Appendix I.

1

3)

5)

7)

TABLE 14

TLD ANNEALING PROCEDURES

1 hr. 400°C Pre-anneal

2 hr. 100°C

10 min. 100°C Post-anneal
No Pre~heat cycle

15 sec. 250°C Integrate
Mean = 718,5

% = 3.53

1 hr., 400°C Pre-anneal
2 hr. 100°C

No Post~anneal

7 sec. 165°C Pre-heat
15 sec. ZSOOC'Integrate
Mean = 711

% = 3,40

1 hr. 4OOOC Pre=-anneal
24 hr. 80°C

No Pest—-anneal

7 sec, 165°C Pre-heat
15 sec. 250°C Integrate
Mean = 706

% = 2.9

1 hr. 400°C Pre-anneal

24 hr, 80°C

10 min. 100°C Post-anneal
7 sec. 165°C Pre~heat

15 sec. 250°C Integrate
Mean = 672

h = 5,12

2)

4)

6)

8)

1 hr, 400°C Pre-anmeal

2 hr. 100°C

10 min. 100°C Post-anneal
7 sec. 165°C Pre-heat

15 sec. 250°C Integrate
Mean = 696.8

% = 6.50

1 hr. 400°C Pre-anneal
24 hr, 80°C

No Post-anneal

No Pre~heat

15 sec, 250° Integrate
Mean = 704

% = 2.98
-1 hr. 4002C Pre~anneal
24 hr, 80°C

10 min, 100°C Post-anneal
No Pre-heat

15 sec. 250°C Integrate
Mean = 695

% = 2.94

1 hr. 400°C Pre-anneal
24 hr. 80°C

No Post=-anneal

7 sec. 165° Pre-heat

15 sec. 250°C Integrate
Mean = 706

% = 2.94



9)

11)

=
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TABLE 14

1 hr. QOOOC Pre-anneal

10 min. 100°C Post-anneal
Nc Pre-heat

15 sec. 250°C Integrate

1
(cont'd)
10) 1 ‘hr. 400°C Pre~armeal

10 min. 10800 Post—-anneal
7 sec, 165 g Pyre-heat
15 sec. 2507 Integrate

Mean = 964 Mean = 932
% = 2,89 % = 4,27
1 hr. 400°C Pre-amneal 12) 1 hr. 400°C Pre-anneal
No Postwanpeal No Post—anqeal
7 sec. ]65J§ Pre-heat 7 sec, 165(g Pre~heat
15 sec. 250°C Tntegrate 15 sec. 2507C Integrate
Mean = 936 Mean = 960
% = 3,20 % = 3.82
TABLE 15
TLD ANNEALING PROCEDURE SUMMARY
PO N ST MEal STANDARD -DEVIATION
(Percent)
1 718 3.53
2 697 6.50
3 731 3.40
4 704 2,98
5 705 2.9
6 695 2.94
7 672 5,12
8 706 2.94
9 9G4 2,89
10 932 o227
11 936 3.20
12 960 3.82
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To verify that the accuracy aﬁd the stability of the
dosimeters were not affected by the abbreviated annealing
procadure, a calibration curve was obtained yielding a
slope of 1,016 and a maximum staﬁdard deviation at the 68%
confidence interval for a 10 MR exposure of *6.0%; fading
characteriscics were demonstrated to be negligible in a
three~month period.

The author was aided in work on this Appendix by -
B, L. O'Neal, Sandia Corporaticn, and D. Rudy, New Mexico

State University.



G. INFINITE SLAB SIZE MEASUREMENTS

In order to simplify the geometry associated with
beam perimeter fall-off and increasing slab size, all
"infinite-~size" studies were conducted with the incident
beam restricted to 2.0" square at the backscatter surface.
The distance from beam edge to backscatter slab edge was
then increased, holding thickness constant, and the
resulting albedos considered. Slab thickness effects were
studied with a constant slab arca. Lead slab areas of
4,0, 6,0, 7.0, 8.0, 9.0, and 10,0 inches équare and
thicknesses of 0,25, 0.50, 0.625, 0.75, 1,00, 1.25, 1,375,
1.50, and 2.00 inches were studied at 2.0 MeV., Slabs of
4,0, 6.0, 8.0, 12,0, and 14.0 inches square and thicknesses
of 0,15, 0,35, 0.58, 0.78, 1.15, 1.40; 1.72, and 2,10
" inches were studied at 60,0 MeV. Infinite size calcula-
tions were checked at 2.0 MeV for iron and steel but the
full plot not made due to machine time considerations.

A hypothesis test that the iron slabs are equally
effective reflectors falls well within the 95% acceptance

level, The concrete results are similar (Tables 16 and 17).
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TABLE 16
IRON REFLECTOR RATIOS-(X 105)
SLAB SIZE
12" x 12" 12" x 12" 14" x 14"
ANGLE X 25" x 4,125" X 245"

150° 4,04 % 8,35% 4,00 # 8,30% 4,04 % 10.05%
135° 3,96 % 9,.34% 4,04 £ 8,61% Lo16 = 8.,70%
120° 2,97 £ 9.02% 2,97 % 7.97% 2,92 = 9,5 %

TABLE 17

CONCRETE REFLECTOR RATIOS (x 105)

SLAB SIZE

32" x 320 32" x 32" 36" x 36"
ANGLE x 8" x 10" x 8"
150° bo5% 4,60 : 4,55
135° 440 422 443
120° 3,25 2.89 3.21

The following graphs, 74, 75, 76, and 77 show results
of the above experiments.,

At small backscatter surface areas, an increase in al-
bedo was noted. These measurements were made with very little
collimation, which might have recorded scatter from the sides
of the backscatter slab as well as the face. This effect
might better be studied with a gamma source-scintillation

detector arrangement,
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Figure 75 2.0 MeV lead thickness effects
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thickness effects

(s

SOUXOTYL) SaYodul
G¢°1

lead

60 MeV

Fi

gure 77

o o
0°1 SL°0
H G TT T H IR B T ™ T r
H.m ... .M“<.“ : ”w__.»ﬂmuq_“a.m‘ _m.
‘o ' ! . [ IR A T R AP ARSI B i H
S ~ N ! S ) w
H . : . St : e Ve :
. : o . . . . :
. Ve . . . : :
Y o oe b '
. ! I ! ! ! ! 1
el b L B ] : .
. R : ;
. ! Vi,
: N :
DIV DU IDEN N RN IS I
. 1 N
i ' i ] . .
e PN P .
: . ! / }
ol . : R e
P . \A.. i
.. R S I
......... 1 Q- . .
............. . f '
. P SN i
. e . oy e
. Ciie s . [ :
; S R SEEEES 1
- foit . .
. b . .
E AR . .
......... N . i
L : '
i B
[, S -l . e
[
e ' .
- ” +
. : '
- S i
......... S
....... ~
[P I
st § mam b — e L o
. b i
e
A : i :
. T T i
. FEN
Ty . P
e . [N
H i v :
H . '
H i N ]

08°0

GL*O

G6°0

0°T

LS54

HINL Jal 01 ot x 0% nang

CERTTT

QA Wy G NV LD W TRIRGSG Seaevnd [

L Ve 83

GO°T



H. BEAM DIVERGENCE

X-ray beams are inherently more directional than are
isotopic sources. Beam divergence is a function of the
particular generating machine used. Horizontal and verti=-
cal beam cross-sections are given for the machines used
(except at 10,5 MeV for which published cross-sectional
measurements exist) in Figures 78 to 83, Cylindrical
symmetry is then assumed and a least squares fit made to
determine beam fall-off as a function of radius (Figures
84 to 86). The incident slab dose is then averaged at the
center of the "effective viewed area''.

Albedo would be expected to vary with the amount of
semi-infinite surface irradiated, up to some point, similar
to the change experienced with increaéed surface areca.

The concept of "semi-infinite irradiated surface area" is
even less well established than that of semi-infinite
surface., Indeed, large numbers of albedo experiments have
been conducted (Section 2) in which a uniformly irradiated
surface could not have been achieved. In the experiments

conducted in this research, only those with concrete at
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~ Figure 83 7.0 MeV  vertical beam divergence
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10.5 MeV are not clearly semi-infinite irradiated surface

areas. And even in this case, results are not much below

DTF results and the beam is as large as might generally be

encountered,



I, TLD EXPERIMENTAL DATA

The following tables list the data collected in this
project.

As mentioned previously, two sizes of crystals were
used; these are referred to as "square" (1/8" x 1/8") and
"rod" (imm x 6mm). The locations monitorcd are ''Beam
Collimator Exit'", '""Backscatterer Position'', and the various
angular positions which have the additional notation of
"Background" or "Backscatter'" depending upon the measurement
made. ''Beam Collimator Exit" was normally 30 to 25 inches
from the x-ray target., The sides of the beam were shielded
somewhat to lower background levels due to scatter out of
the beam. ''Backscatterer Position'" denotes the location at
which the backscatter slab was to be placed, 60 to 75 inches
from the x-ray target. The experimental configuration is
discussed in Section 5.

Calibration cn the crystals was repeatedly checked
throughout the period of this work so as to keep the

reported readings comparable.
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Background @ 10", 50°
3.75" collimator

17.1 2 MeV
17.1.1 Backscatter
17.1.1.1 Lead
LOCATION TLD READING
SQUARE ROD
Beam collimator exit 13939800 11369800
15503200 11776600
12931600 9662700
135893600 11142500
14839500 10335200
13585800 10541700
Backscatterer position 1044600 894800
973500 . 922600
1150600 909200
1047700 865100
1152100 745900
1236200 756300
Background @ 14", 30° 2992
3.75" collimator 2991
3653
3277
Background @ 12", 40° 3020
3.75" collimator 3018
2495
2892
‘Background @ 11", 50° 224
3.75" collimator 208
231
211

407
371
339
372



LOCATION

Beam collimator exit

Backscatter @ 14", 30°
3,75" collimator

Backscatter @ 12'', 40°

3.75" collimator

. 0
Backscatter @ 11'", 50
3.75" collimator

Backscatter @ 10", 60°
3,75" collimator

Beam collimator exit

Backscatterer position

232

TLD READING

SQUARE

14928900
13463800
14424000
13789500
14346400
15392100

4216
4051
4493
4533

1223
aEa

1353
1413
1338

14889300
13182100
14603600
14217200
14906500
14327600

1124000
1164700
1179400
1158500
1202560
1082300

ROD

9575200
10470300
10695400
10354900
10812000

9945700

3022
3360
2886
2907

1150
1119
1242
1092

10441500
10613400
10730600
11083800
11726900
11215300

776600
764000
856100
857100
890000
824500



LOCATION

Background @ 14", 30°
3.75" collimator

Background @ 12", 40°
3.75" collimator

Background @ 11", 50°

3.75" collimator

Background @ 10", 60°
3,75" collimator

Beam collimator exit

Backscatter @ 14", 306°

3.75" collimator

Backscatter @ 12", 40°
3.75" collimator

Backscatter @ 11", 50°
3.,75" collimator

233

- SQUARE

448
448
477
461

203
233
215

211

14607400
13355400
14491300
14496800
15454400
13785600

1432
1410
1532
1485

TLD READING

ROD

7314
7026
7377
6877

125
150
163
165

10041300
10525400
11334800
11050400
11006400
11440300

4194
5798
4885
5470

775
799
815
885



LOCATION

Backscatter @ 10", 60°
3.75" collimator

Beam collimator exit

Backscatterer position

Backeround @ 27.12", 30°

11.,50" collimator

Background @ 23.0", 30°

7.75" collimator

Background @ 16.5", 50°
6.,375" collimator

Background @ 10,0", 50°
7.5" collimator

Background @ 24.88", 50°

13.25" collimator

234

.SQUARE

1423
1397
1504
1343

5745500
5401900
5287200
5795900
5517800
5364400

885100
905800
913300
991800
905300
826700

w»rnunn

AR S S

TLD READING

ROD

4196400
4079800
4167900
4079300
4468300
3949500

708800
675000
748600
608700
712700
645400
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Wwww



LOCATION

Beam collimator exit

Backscatter @ 27.0", 30°
11.5" collimator

Backscatter @ 23,0", 30°

7.75" collimator

Backscatter @ 24.81", 50°
13.25" collimator

Backscatter @ 18", 50°
7.5" collimator

Backscatter @ 16.62", 50°
6.375" collimator

Beam collimator exit

235

SQUARE

5984300
5552100
5429800
5755500
5096300
5686200

12
13
11
- 12

120
121
121
143

5922300
5515800
5906900
5886000
5316000
5651400

TLD READING -

ROD

4293400
4139400
4178600
4267400
3465100
4227700

o W 0 WO

NOYOV N

4193900
4429800
4088500
4355200
4286300
4161200



LOCATION

Backscatterer position

Background @ 25,25", 40°

7.375" collimator

Background @ 25.19", 40°
11.625" collimator

Background @ 17.69", 40°
6.375" collimator

Background @ 23,5'", 60°
13,25" collimator

Background @ 23.44", 60°
7.50" collimator

Beam collimator exit

Backscatter @ 25.19", 40°
11.625" collimator

236

SQUARE

1073000
100€700
1042400
999800
947500
920800

Ut O I

rupu

5673000
5329500
5124900
5340300
5521100
5892000

12
12
12
11

TLD READING

ROD

630400
753600
716800
716100
701000
723400

~POPW

wvi Gy

W Wk

3904800
4340100
4198700
4336700
3872100
4243800



LOCATION

Backscatter @ 25.25", 40°

7.375" collimator

Backscatter @ 17.69", 40°

6.,375" collimator

Backscatter @ 23.44', 60°
7.50" collimator

Backscatter @ 23,50", 60°
13.25" collimator

Beam collimator exit

Backscatterer position

Background @ 21,88", 30°
5.562" collimator

Background @ 18,69'", 40°

5.312" collimator

237

- SQUARE

128
111
139
126

12
10
11
11

5608100
5798300
5159900
5720600
5391800
5446200

1022000
1029400
970300
1048700
1027500
902700

13
11
11
10

TLD READING

ROD

OO 0

OO

3562900
4096800
3605000
3828100
3256400

649800
753500
706200
719700
804700
598400

\O 00 Co Co
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LOCATION

Background @ 18.75", 50°
7.625" collimator

Background @ 15.94", 60°

5.875" collimator

Background @ 21.,19", 70°

7.875" collimator

Beam collimator exit

Backscatter @ 21.88", 30°
5.562" collimator

Backscatter @ 18.69", 40°
5.312" collimator

Backscatter @ 18.75", 50

7.625'" collimator

Backscatter @ 15.94", 60°
5.,875" collimator

. SQUARE

11
11
10
11

5081800
4928900
5148300
5189200
5236000
4891800

211
218
216
227

170
172
154
173

TLD READING

ROD

Lt Gy in

5
5
4
5

4371500
4421700
3569400
3854800
3912700
4033000

102
91
98
99

41
43
41
37



LOCATION

Backscatter @ 21.19", 70°

7.875" collimator

Beam collimator exit

Backscatterer position

Background @ 22,62", 30°
5.875" collimator

Background @ 20,50", 40°
5.312" collimator

Background @ 20.12", 50°
7.688" collimator

Background @ 22.19", 60°

9,688" collimator

239

. SQUARE

6143900
6267800
5677200
6136700
5501700
5861100

1074900
1122600
1185400
1090500
1154700
1122700

12
12
12
12

NN

TLD RFADING

ROD

27
25
29
28

4696400
4592300
4331700
4205500
3977500
4475500

785200
795900
757400
737100
859000
776000

OO0 WwC

~pRes



LOCATION

Beam collimator exit

A o Y s . n
Backscatter & 22.062", 30

5.875" collimator

Backscatter @ 20,50", 40°
5.312" collimator

o
Backscatter @ 20,12", 50

7.688" collimator

o o)
Backscatter @ 22,19", 60

9.688" collimator

240

. SQUARE

5777300
5933100
5342900
5437600
6151100
4913400

166
169
151
157

65
76
75

70

TID READING

ROD

3747600
4476500
4724600
4324600
3890700
4466200

150
159
181
148

18
18
20
19



17.1.1.2 . Iron

LOCATION

Beam collimator exit

Backscatterer position

Background @ 22,69, 30°

5,75" collimator

Background @ 20,15'", 40°

3025" collimator

Background @ 20.19", 50°
7.625" collimator

Background @ 21,88, 60°
9,688" collimator

Beam collimator exit

241

SQUARE

5314100
6179900
5303000
5642300
5100300
5494500

1110800
969400
1006300
1005300
1036800
986300

10
10
11
11

(G IR Y, N, EV6]

5691700
5633900
5797000
5656600
4865300
5610400

TLD READING

ROD

4010400
4253400
4039300
4131600
3673700
4298900

691300
698400
734000
667900
559000
723900

[eX N e NS

(o)L U I

3898200
4258900
4211900
4436800
4504600

4326800



LOCATION

Backscatter @ 22.69", 30°

5.,75" collimator

Backscatter @ 20,25", 40°
5.25" collimator

Backscatter @ 20.19", 50°
7.625" collimator

Backscatter @ 21.88", 60°
9.688" collimator

Beam collimator exit

Backscatterer position

Background @ 22.,0", 30°
5.562" collimator

Background @ 18.75", 40°
5.312" collimator

242

SQUARE

144
135
125
148

39
40
37

39

5318700
5172700
4736100
5324300
5576500
5452300

1020500
889900
948600
881700
964500

1003000

O 00 0 O

TLD READING

ROD

75
80
80
83

4t
43
43
44

3236200
4355700
3830100
4395200
4915300
4363500

803500
6692200

669500 . .

799900
786900
721700

0N NN



LOCATION

Background @ 18.75", 50°
7.562'"" collimator

Background @ 15.94', 60°

5.875" collimator

Background @ 21.31', 70°

7.875" collimator

Beam collimator exit

Backscatter @ 22.0", 30°

5.562'" collimator

Backscatter @ 18.75", 40°
5.312" collimator

-

Backscatter @ 18.75", 50°

7.562" ceolliimator

Backscatter @ 15.94", 60°

5.875" collimator

243

. SQUARE

[e2 M2V, BN

NN

5023700
5254200
5766400
6038500
5772900
5635800

109
128
124
121

57
66
61
67

TLD READING

ROD

[N

4387500
4207200
4127400
4670100
3886%2C0
36914C0

110
113
103
106

95
93
93
96



244

LOCATION , TLD READING
" SQUARE ROD
Backscatter @ 21,31", 70° 69
7.875" collimator 66
77

72



17.,1.,1.3 Concrete

LOCATION

Beam collimator exit

Backscatterer position

Background @ 43.25", 30°

12.,0" collimator

Background @ 35.62", 45°

9,873" collimator

Background @ 37.88", 60°
14.625" collimator

Beam collimator exit

Backscatter @ 43,25'", 30
12,0" collimatoer

245

TLD READING

SQUARE

6652900
7201600
7273400
6833100
5935200
6879300

494800
443500
419800
487700
457300
442000

NN 00N

Db

&~

6198700
6530300
6062200
6098000
6217100
6793000

17
18
18
22

ROD

5511400
5400800
5491600
4900200
539¢400
5290200

339100
357800
236600
308600
347800
319100

ASARE AT, Re))

wWwhkhw

5268500
5026100
4752500
5049600
4602700
5323200

13
13
14
13



LOCATION

Backscatter @ 35.62", 45°

9,875" collimator

Backscatter @ 37.88", 60°
14.625" collimator

246

SQUARE

23
24
21
22

13
13
12
13

TLD READING

ROD

17
18
22
19

11

10



247

17.1.2 Copper absorption in beam

DEPTH IN COPPER : TLD READING

2.00 inches 127
146
137
124

1.50 210
215
195
226

1.25 315
340
330
295

1.00 474
431
457
471

0875 531
475
487
546

0.75 625
669
670
622

0.625 724
684
735
662

0.50 936
930
949
904

0.25 1700
1605
1619



17.1.3 Infinite size determinations
(All measurements in this section were made
with a 3.75" collimator)

17.1.3.1 Lead

17.1.3.1.1 4" square, 1,75" thick

LOCATION

Beam collimator exit

Backscatterer position

‘Background @ 33.88", 30°

Background @ 28,62", 45°

SQUARE

6480700
5735200
5710500
6423100
5356600
5896500
5548300
5576500
5777500

910000
822600
963500
970600
971400
864200
509700
886600
930300

NN N0

N OO SN

TLD READING

ROD



LOCATION

Background @ 23.38", 45°

Background @ 22.56", 60°
Beam collimator exit

Backscatter @ 33,88", 30°
Backscatter @ 28,.62", 45°

Backscatter @ 23,38", 45°

Backscatter @ 22,56", 60°

249

SQUARE

CO WO 00

O NNO

6029600
6202700
6405100
6472100
6093800
5930100
6368300
6094400
6025500

17
17
18
17

20
21
18
20

28
25
27
27

28
29
27
28

TLD READING

ROD



LOCATION

Beam collimator exit

Backscatterer position

SOt

Background @ 31,52",
Background @ 23,81",
Background @ 24,81',

Background @ 20,75",

250

‘TLD READING

SQUARE

ROD

4338300
3227500
4221800
4391000
4206300
4361400
4246000
40841.00
4298800

604700
568600
629200
590600
662900
603800
616200
646700
578400



251

LOCATION TLD READING
"SQUARE ROD

Backscatterer position 4336800
4206400
3532300
4356900
3971800
3756700
4051000
4089200
4158800

Backscatter @ 31,52'", 30° 14
13
14
15
© 21
19
19
20

Backscatter @ 23.81", 45

© 19

18
17
19

Backscatter @ 24.81', 45

Backscatter @ 20.75", 60° 20
20
21
20



17.1.3.1.2 6" square,

LOCATION

Beam collimator exit

Background @ 34,19", 30°

Background @ 28.50", 45°

o

Background @ 22.69", 60

Beam cecllimator exit

Backscatter @ 34,19", 30°

252

1.75" thick

SQUARE

TLD READING

ROD

4459000
4262300
4196600
4296100
4167300
4559700
3959300
4540100
4407900

[eX W TN o)} o ON I 00

~N Co 0O~

4219700
3277000
4128100
4480800
5006400
4590700
4138400
4405200
4592100

11
11
12
12



LOCATION

Backscatter @ 28.50", 45°

Backscatter @ 22.69", 60°

Beam collimator exit

Backscatterer pesition

Background @ 31.75", 30°

Background @ 24.,19", 45°

253

- SQUARE

5359200
5500800
5462800
5240900
5527500
5448500
4800700
5607800
5153100

878800
865000
835500
790600
660800
933600
845400
836900
869100

38
33
35
38

33
31
36
34

TLD READING

ROD

13
15
15
13

17
17
17
19



LOCATION

Background @ 24.25", 45°

(o]

Background @ 21,06', 60

Beam collimator exit

Backscatter @ 31.75", 30°
Backscatter @ 24,19", 45°
o)

Backscatter @ 24.25'", 45

Backscatter @ 21.06", 60°

254

SQUARE

38
33
42
33

30
25
34
29

6368200
5437800
6056400
5269500
5870700
5435900
5563100
6483500
5944600

42
35
39
44

53
48
57
46

45
56
46
56

51
50
47
55

TLD READING

ROD



255

17.1.3.1.3 7" square, 1.75" thick

LOCATION

Beam collimator exit

Backscatterer position

Background @ 30,25", 30°

Background @ 14.50", 45°
o)

Background @ 19,62'", 60

Beam collimator exit

Backscatter @ 30,25", 30°

SQUARE

5975100
6275500
5638400
6404600
6070900
6045900

932500
887500
877800
936400
857800
919500

Ut

vt O

(SR, N, |

6319100
6396400
6025800
5905400
6037000
5949100

16
15
16
15

TLD READING

ROD



256

LOCATION . TLD READING
.SQUARE ROD
Backscatter @ 14.50", 45° 76
72
82
67
Backscatter @ 19.62", 60° . 30
31
30
31
Beam collimator exit 4340400
4721300
4371600
4298700
4203400
4734200
Backscatterer position 765200
727900
649500
611600
642000
643000

Background @ 30,06'", 30°

wwNn w

Background @ 14,56, 45°

Background @ 19.19", 60°

WP~ I AR



LOCATION

Beam collimator exit

Backscatter @ 30.06", 30°

Backscatter @ 14,56", 45°

Backscatter @ 19.,19', 60°

Beam collimator exit

Background @ 29,50", 30°

Background @ 23.69", 45°

Background @ 21.38'", 60°

2

57

. SQUARE

4843000

4631300
5108500
5079230
5375700
5163500

13
14
13
15

20
21
23
22

20
20
20
19

TLD READING

ROD

4331500
4635500
4360300
4901400
4468100
4365400

11
12
12

12

55
54
53
56

20
21
20
21



LOCATION

Beam collimator exit

Backscatter @ 29,50, 30°

Backscatter @ 23.69", 45°

Backscatter @ 21.38'", 60°

258

SQUARE

5191800
5565100
5472400

- 5284500

5187600
5522000

16
15
17
16

22
19
21
22

21
22
20
21

TLD READING

ROD



259

'17.1.3.1.4 8" square, 1.75" thick

LOCATION : + "TLD READING
SQUARE ROD

Beam collimator exit 5788300
5680300
4898800
5905100
5762300
5975700
6004600
6101300
5492500

Backscatterer position 890800
834800
859700
881500
8211090
855800
928200
876500
902300

2

Background @ 28.81", 30

|6, BN o) SN

Background @ 22.38", 45

NN O

Background @ 25,00'", 45

it G Ln

Background @ 20.19", 60°

(2NN 0o R0 o)



LOCATION

Beam collimator exit

Backscatter @ 28.81",

Backscatter @ 22,.38",

Backscatter @ 25.00",

Backscatter @ 20,19,

Beam collimator exit

30°

(¢}

45

45°

60°

260

'SQUARE

5997300
5886400
5027700
5736700
5675700

6063900

6047700
5976200
5587300

19
18
18
17

29
31
26
30

24
20
23
21

30
30
30
26

TLD READING

ROD

3903800
4244200
4322700
3935000
4122800
4436200
4122900



261
LOCATION : - TLD READING

'SQUARE ROD

Backscatterer position 645500
627300
625700
635400
623700
619500
612600
657200

Background @ 31.62'', 30

oNONOY n

Background @ 24.12", 45

o ovn

Background @ 24,06'", 45

CO N 1 W

Background @ 21.25", 60

Loy Oy

Beam collimator exit 4193300
4131300
4019800
4555600
3970500
3159000
4081600
4070700

Backscatter @ 31.62", 30° 12
10
11
11



LOCATION

Backscatter @ 24.,12", 45°

‘Backscatter @ 24,06, 45°

Backscatter @ 21,25", 60°

262

SQUARE

TLD READING

ROD

18
18
19
20

20
16
18
20

19
19
19
18



263
17.1:3.1.5 10" square, 1.75" thick

LOCATION ' TLD READING
SQUARE ROD

Beam collimator exit 4201500
4177300

3034800

4124500

4347900

- 4341200

4400100

4033000

4202100

Backscatterer position 604400
' 695200

699000

622300

689900

646900

444900

Background @ 29.00", 30°

w0~ o

Background @ 22.50", 45°

WD

.Background @ 25.25", 45°

(O I R O

Background @ 20.12", 60°

MM~



LOCATION

Backscatter @ 29.00", 30°

Backscatter @ 22,50", 45°

Backscatter @ 25.25", 45°

(o]

Backscatter @ 20.12'", 60

Beam collimator exit

Backscatterer position

| Background @ 31.00", 30°

264

SQUARE

5374900
4996800
5753600
5252100
5641100
5262100
5681400

840100
838100
841500
824400
787500
882900
806000

N Oy 00 O

TLD READING

ROD

14
13
12
13

22
22
z1
24

14
15
15
14

20
22
18
20



LOCATION

Background @ 23.75",

Background

2

Ny

Background @

21.00G",

Brem collimator exit

Backscatter

Backscatter

Backscatlter

Rackscatter

&

31,00,

21,007,

£
n

45

0
a0

i~
i

265

SQUARE

[eX 3N M e N

[IEN
[@VelVe Vs

O 00 I CC

2243200
4709400
5036200
3343500
53500300
5860100
46456300
5543300

12
14
15
17

25
25
25
25

Z5
26
27
28

26
23
25
25

TL.D READING

ROD



266
17.1.3.1.6 12" square, 1.75" thick

LOCATTON TLD READING
SQUARE ROD

Beam collimator exit 4179500
4103400
2933900
3748700
4084000
3795400

Backscatterer position 569500
584200
664100
665200
582000
507100

' 0
Background @ 29,44", 30

WwwnN

Background @ 23,69", 45°

WO N W

Background @ 21.62", 60°

NWww

Beam collimator exit 4044700
4204900
4234200
4302300
4395000
3998900

Backscatter @ 29,44", 30° 10
11
11
10



LOCATION

Backscatter @ 23.69", 45°

o

Backscatter @ 21.62", 60

Beam collimator exit

Backscatterer position

Background @ 29.25", 30

Background @ 23.50", 45°

Background @ 21.25", 60°

267

-SQUARE

5846700
4800800
6307000
5969500
5717500
5906000

982300
913400
8390300
969600
851400
807200

4
3
3
2

www

ISR

TLD READING

ROD

18
15
16
15

15
15
14
15



LOCATION

Beam collimator exit

Backscatter @ 29,25", 30°

Backscatter @ 23,50, 45°

268

"SQUARE

5514400
5327400
5356800
5056400
5416600
6150900

15
17
16
15

23
22
21
20

22
21
2¢

TLD READING

2

ROD



17.1.3.1.7 9" square,

LOCATION

Beam collimater exit

Backscatterer position

Background @ 27.62", 30°

Background @ 11.81'", 45°

Background @ 12,69", 60°

Beam collimator exit

269
0.25" thick

 SQUARE

5916900
69506400
6030700
6588100
6425800
6919600
6147600
67195600
6291300

910900
923000
1058600
1051600
1049700
1037200
923000
961500
019400

O O3 ~J WO

5619800

5128300
5539300
5371900
56258600
5552100

TLD READING

ROD



LOCATION

Backscatter @ 27.62", 30°

Backscatter @ 11.81", 45°

Backscatter @ 12.69'", 60°

270

-SQUARE

21
22
23
21.

141
132
132
126

100
85
83
77

TLD READING

ROD



271

17.1.3.1.8 §" square, 0.50" thick

LOCATION TLD READING
SQUARE ROD

Beam collimator exit 6165400
6250900
6426700
49238000
5716300
6004100
5386200
6356600
5807800

Backscatter @ 27,69'", 30° 20
' 16

18

19

Backscatter @ 11.88", 45° 125
119
120
121

Backscatter @ 12.75", 60° 82
86
97
96



17.1.36169 9" square,

LOCATION

Beam collimator exit

Backscatterer position

Background @ 30,00, 30°

o

Background @ 14.50'", 45

Background @ 19.25", 60°

Beam collimator exit

272

0,625" thick

SQUARE

TLD READING

ROD

3752400
4125300
3733100
4058100
4217800
4681900

654100
649600
677700
628500
663000
719200

oL e Ut L) U W

Aoy n

5282000
4378000
4194200
4571100
4700800
3526000
4965600
4971200
4746300



LOCATION

Backscatter @ 30,00", 30°

Backscatter ©@ 14,50', 45°

Backscatter @ 19,25", 60°

SQUARE

TLD READING

ROD

15
14
13
16

63
68
60
80

97
88
96
89



274

17.1.3.1.10 9" square, 0,75" thick

LOCATION TLD READING
SQUARE ROD

Beam collimator exit 5647500
5997300
5950300
5605700
5674900
6240300

Backscatter @ 27.75", 30° 18
16
18
16

Backscatter @ 11.88", 45° 122
112
107
103

Backscatter @ 12.75", 60° 84
93
88
83



275
17.1.3.1.11 9" gquare, 1.00" thick

LOCATION | TLD READING
SQUARE ROD

Beam collimator exit 4485400
4179200
4005100
3742500
3981100
4060800
4076500
4165300
2964900

Backscatterer position 565400
‘ 698200

718800

656700

803100

600100

589100

829100

628200

Background @ 27,69", 30°

PO W

Background @ 9.56'", 45°

cr ot U Ln

Background @ 11.31", 60°

vt



276
LOCATION : TLD READING
SQUARE ROD

Beam collimator exit 4668400
4274200
3947400
4291300
4290500
4700800
4788000
4392200
3911400
© 14
13
14
15

Backscatter @ 27.69", 30

Backscatter @ 9.56", 45° 169
109
116
114
© 150
174
152
149

Backscatter @ 11.31', 60



277

17.,1.3.1,12 9" square, 1.25" thick

LOCATION TLD READING
SQUARL ROD

Beam collimator exit 3772700
- 3903400

4611300

4182300

3993800

4173300

4005000

4161500

4031800

© 22
17
17
14

Backscatter @ 27,5", 30

o
145

169
164
169

Backscatter @ 9.44", 45

o) -
87

91
90
64

Backscatter @ 11.,25", 60



278

17.1.3.1.13 9" gsquare, 1.375" thick

LOCATION | TLD READING
SQUARE ROD

Beam collimator exit 4126300
4430100
4140800
4292500
4035800
4127300
4435600
3980400
4572000

Backscatter @ 27.62", 30° _ 14
13
14
14

Backscatter @ 11.81", 45° 89
97
81
83

Backscatter @ 12.75", 60° 54
59
54
59



279

17.1.3.1.14 9" square, 1.50" thick

LOCATION

Beam collimator exit

Backscatter @ 31.12", 30°

Backscatter @ 23.62", 45°

Backscatter @ 9.19", 45°
o)

Backscatter @ 20.62", 60

Beam collimator exit

SQUARE

6701400
6936700
5921000
6825300
6357500
6108500
6636100
6145900
6254900

15
15
15
15

27
27
27
26

280
284
265
278

27
26
28
24

TLD READING

ROD

4754300
4658300
4515900
3268600
4135600
4261100
4784200
4752400
4770900



280
LOCATION : TLD READING

SQUARE ROD
° 17
2
19
20

Backscatter @ 31.38", 30

Backscatter @ 23,.88", 45° 18
19
19
18

Backscatter @ 9,627, 45° 167
163
166
169

Backscatter @ 20,75", 60° 10
12
11
10



281

17.1.3.1.15 9" square, 1.75" thick

LOCATION
SQUARE ROD

Beam collimator exit 4041000
3913700
4212500
3631600
2898900
4214500
4229200
3899200
3831600

Backscatterer position 627100
649200
637800
644400
622700
671600
599300
656900
695900
© 9
10
8
11

Background @ 31.62", 30
Background @ 23,75, 45° o 10
Background @ 24,75'", 45° 10

Background @ 20.75'", 60°



282

LCCATION

Beam collimator exit

(0]

w
(=)

Backscatter @ 31.62",

Backscatter @ 23.75", 45

i
o)
=
@

Rackscatie

© 24,75", 45°

Backscatier @ 20.75", 60

SQUARE

6049200
6133600
5863600
5548900
5993500
6285000
4233000
50103C0
5330600

19
19
19
17

27

TLD READING

RCD

2743000
3734900
3852G00
4067500
3556500
3694200
4059500
36860000

4237300



17.1.3.1.16

LOCATION

9" square,

Beam collimator exit

Backscatterer position

Background

Background

Background

Background

I

&

@

&

31,25", 30°

23,75", 45°

9.38", 45

20.69", 60°

2.00" thick

TLD READING

SQUARE

6347700
6077600
6247200
5567900
5849600
6068000
6296200
6619700
6183200

950500
940300
1019600
902100
982000
960200
1013400
986100
1070800

(o) We)REer Mo MWL w PO

ALy

ROD



LOCATION

Backscatterer position

Backscatter @ 31.25", 30°

Backscatter @ 23.75", 45°

Backscatier @ 9,38", 45

Backscatter @ 20,69, 60°

284

SQUARE

6632000

16615100

6515000
6960200
5833500
6599500
6472200
6512¢C0
6562600

15
15
15
16

29
26
20
26

TLD READING

ROD



17.1.3.2 Iron

17.1.3.2.1 12" square, 2,50" thick

LOCATION

Beam collimator exit

Backscatterer position

Background @ 29,81", 30°

Background @ 23.94", 45°

Background @ 21.62", 60°

Beam collimator exit

SQUARE

5921000
6044000
6743200
5603200
5559900
5983400

976400
898400
820800
885100
941100
944700

TLD READING

N N A LW ww

MU S

6001300
6251800
5811000
6397600
6302500
6274500

ROD



LOCATION

Backscatter @ 29,81", 30°

Backscatter @ 23.94", 45

Backscatter @ 21.62", 60

Beam collimator exit

Backscatterer position

Background @ 29.06", 30

Background @ 23,19'", 45

RBackground @ 21.06", 60°

o]

o

286

 SQUARE

44
44
4
47

60
56
65
54

54
69
59
60

TLD READING

ROD

4371100
4654900
4634000
4631400
4890000
4486900

719000
729000
715100
750300
742900
719700

ALt oy O Il V) B0) B o))

ULt oy
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LOCATION B TLD READING
SQUARE ROD

Beam collimator exit 4355700
4945900
3539400
4347700
4577500
4289900

Backscatter @ 29,06", 30° 36
41
36
37

Backscatter @ 23.19", 45° 41
44
Ly
48

Backscatter @ 21.06", 60° 47
47
50
49



17.1.3.2.2 14" square,

LOCATION

Beam collimator exit

Backscatterer position

Background @ 29,81'", 30°

Background @ 23,94'", 45°

Background @ 21.62", 60°

Beam colliwnator exit

Backscatter @ 29.81'", 30°

2,50" thick

SQUARE

6231400
6030300
6646900
5419100
5863700
5731600

862900
847400
1053700
890200
890600
850000

wwwpM~

Lt Gy n

(S0, B a6 ))

6250400
5622600
6192700
5500100
5324600
5860800

44
39
45
51

TLD READING

RO

e~

iy



289

LOCATION TLD READING
. SQUARE ROD
Backscatter @ 23.94", 45° 55
59
60
51
Backscatter @ 21.62", 60° . 55
58
62
52
Beam collimator exit 4511300
5059300
4631200
4763700
4406900
4441300
Backscatterer position 649200
711600
769800
752000
651700
721300
o)

Background @ 30", 30

WWNNWN

. Background @ 24.,12" 45°

LW WLWWWLWW



LOCATION

Background @ 21.,75", 60°

Beam collimator enit

Backscatter @ 30", 30

Backscatter @ 24.12", 45

Backscatter @ 21.75", 6O

290

. SQUARE

TLD READING

ROD

LWLWWwWwwWw

4418300
4636200
457170C
3514400
4617100
4129800

31
31
32
34

47
37
46
47

45
43
41
40
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17.1.3.2.3

LOCATION

Beam collimator exit

Backscatterer position

Background @ 29,06", 30°

\ o
Background @ 23,19", 45

Background @ 21.06", 60°

Beam collimator exit

Backscatter @ 29,06', 30°

12" square, 4,125" thick

TLD READING

SQUARE ROD
6789100 4239600
6265300 4514800
5710000 4660900
6600800 4692200
61.63500 4731100
5774700 4257500
884700 726300
1042700 766300
937200 771500
1011600 748400
916400 648500
965500 721300
6 3
6 3
6 3
7 3
6 3
6 3
6 3
6 3
6 3
6 3
7 4
7 3
6597300 4156200
6625100 4457600
6235700 5006200
6021100 4402900
6069700 4976000
5870100 4153200
55 33
50 36
53 39
54 35



292

LOCATION

Backscatter @ 23,19", 45°

Backscatter @ 21,06", 60°

SQUARE

63
70
65
71

67
73
76
64

TLD READING

ROD

47

41
45
41

46
39

47
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17.1.3.3 Concrete

17.1.3.3.1 32" square, 8" thick

LOCATION

Beam collimator exit

Backscatterer position

Background @ 28.94", 30°

Background @ 21.75", 45°

Background @ 19.50", 60°

Beam collimator exit

SQUARE

5344300
5936900
5568300
5857700
6239600
6449500

965900
899800
863800
835200
1004700
778700

W

v~ W

[V IV, I, B e

5941900
5607600

5808100
5559900
5841800
5549200

TLD READING

ROD
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LOCATION TLD READING
SQUARE ROD
Backscatter @ 28.94", 30° 56
51
48
48
Backscatter @ 21.75", 45° ‘ 61
76
78
60
Backscatter @ 19.50", 60° 67
78
60
78
Beam collimator exit 596400
4531300
4297800
4185600
4420200
4117400
Backscatterer position 703100
675700
621000
630600
635300
686400
Background @ 27,88", 30° 3
. 2
2
3
Background @ 22.75", 45° 3
3
3
3

' o
Background @ 19.06', 60

P~ w
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LOCATION - TLD READING

SQUARE ROD

Beam collimator exit 4640200
4127400
4381200
4009500
4181000
4214400

Backscatter @ 27,88", 30° 38
33
37

34

Backscatter @ 22.75", 45° 42
28

36
43

Backscatter @ 19.06", 60° 32
45
41
42



17.1.3.3.2 36" square,

LOCATION

Beam collimator exit

Backscatterer position

Background @ 27,94'", 30°

Background @ 21,.56", 45°

Background @ 18.0", 60°

Beam collimator exit

o
Backscatter @ 27.94'", 30

296

8" thick

SQUARE

TLD READING

ROD

4198600

- 4570500

4442700
4005500
4179900
4521700

715900
705000
697800
724800
753700
594500

oW I

wWwww

WL

~

4282000
3797100
4208300
3806000
38988C0
4334500

37
39
42
35



LOCATION

Backscatter @ 21.56", 45°

Backscatter @ 18.0", 60°

Beam collimator exit

Backscatter @ 29,12", 30°

Backscatter @ 21,75, 45°

Backscatter @ 19,62'", 60°

297

SQUARE

6023700
6046600
5825700
6223000
6057000
6436900

47
52
53
47

60
66
73
50

47
73
66
51

TLD RLADING

ROD

37
49
42
47

46
53
53
46



17.1.3.3.3 32" square,

LOCATION

Beam collimator exit

Backscatterer position

Background @ 27,81", 30°

Background @ 22,.81", 45°

O

Background @ 19,19", 60

Beam ccllimator exit

Backscatter @ 27.81", 30°

SQUARL

5540300
5393900
4830500
5329600
5248900
5949500

752200
880800
827200
819900
943800
884700

4
4
4

TLD READING

5

vt Ut o

N oy Ut

5922200
5234100
5672000
5804900
5689700
5539400

58
46
54
56

ROD



LOCATION

Backscatter @ 22.81", 45°

Backscatter @ 19.19", 60

Beam collimator exit

Backscatter @ 27.88",

Backscatter @ 22.70", -

Backscatter @ 18.94",

299

‘SQUARE

63
48
43
62

67
73
49
45

TLD READING

ROD

3848500
4329900
4011600
4748900
3734200
4428000

31
36
33
35

29
L6
35
41.

41
43
30
35
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17.1.4 Beam divergence
HORIZONTAL DISPLACEMENT TLD READING
(inches) Right of Left of

Center Center
17 72700 74857
67600 71800
12 78500 68500
72300 60300
10 80300 68600
74600 76500
8 68500 69600
67700 65400
6 83100 97300
78300 81100
5 73000 88900
80760 75900
4 84700 - 88400
84600 78600
3 j | 73900 89800
79800 77800
2 71600 83700
81900 73600
82400 76100
87300 73400
1 87300 84200
77300 59700
84400 80100
78800 71000

Center 85600

85100

78100

74100



301
VERTICAL DISPLACEMENT TLD READING

(inches)
Above Below
Center Center
17 47500 62700
66500 70900
12 66700 74700
64100 72500
10 7020 61500
62500 76000
8 79800 73200
77500 79800
6 74300 84400
- 86000 83400
5 89100 81500
72300 89500
4 83100 78000
79400 69100
3 71200 91600
74500 81900
2 74500 85900
76500 74600
82800 72400
86800 80300
1 83800 86900
76800 73600
77800 75200

81000 87400



302
17.2 3.5 MeV

17.2.1 Backscatter
17.2.1.1 Lead
LOCATION TLD READING
SGUARE ROD
Beam collimator exit 2110900 1964900
2495600 1755300
- 2536900 1706400
2320000 1719600
1952500
1878500
Backscatterer position 450300 317600
455700 265100
405900 283200
477300 340501
449600 330900
341300 324700
Background @ 23,00, 30° 14
5.625" collimator 15
14
16
Background @ 20.38", 40° 15
5.562" collimator 15
17
17
Background @ 19,00", 50° 7
6.25" collimator 8
8
9

Background @ 18.38", 60°

8.00" collimator

O O W



LOCATION

Beam collimator exit

s e oD
Backscatter @ 23,007, 30
5.625" collimator

Backscatter @ 20.38", 40°

5,562" collimator

Backscatter @ 19.00", 50°

6.25" collimator

Backscatter @ 18.38'", 60°

8.00" collimator

Beam collimator exit

Backscatter @ 23.75'", 30°
5.562" collimator

Backscatter @ 20.50", 40°

5.625" collimator

303

'SQUARE

2452300
2298700
2381000
2372300
2328600
2611600

169
142
145
150

53
52
46
54

3976400
3649700
3854800
3818900
4013500
4185700

164
168
158
170

TLD READING

ROD

1775900
15586C0
1633600
1636500
1923500
1754700

91
82
87
83

71
76
64

78

2914600
2657500
2797900
2551600
2677800
2890900

147
133
135
122



304
LOCATION

Backscatter @ 19,50", 50°

7.00" collimator

Backscatter @ 19.00", 60°

7,812" collimator

'SQUARE

104
104
107
102

TLD READING

ROD

47
49
46
42



17626162 Iron

LOCATION

Beam collimator exit

Backscatterer position

Background @ 23.25", 30°

50562 coilimator

Background @ 19,94", 40°
5,625" ccllimator

Background @ 19.62", 50°

7.00" collimator

Background @ 13.38", 60°

775" collimator

Beam collimator exit

SQUARE

2234100
2491000
2422900
2414300
2302900
2144800

456000
472300
388100
352700
393700
416700

16
15
14

14

O N o

2716600
2612100
2095900
2544700
2318800
2477800

TLD READING

ROD

1585700
1539800
1767900
1775000
1720900
1721900

282300
330500
279200
270700
309200
279100

14
12
13
14

Lo oy

1810900
1681200
1963700
1817400
1556000
2055600



LOCATION

Backscatter @ 23,25, 30°

5.562" collimator

Backscatter @ 19,94", 40°
5.625" collimatoer

Backscatter @ 19.62", 50°
7.,00" collimator

Backscatter @ 18.38", 60°

7.75" collimator

Beam collimator exit

Backscatter @ 23.00', 30°
5.625" collimator

dackscatter @ 20.50", 40°
5.50" collimator

8]

Backscatter @ 19.38'", 50
6.25" collimator

306

'SQUARE

78
72
72
73

45
45
43
45

4003300
4064600
4016400
4648500
4248900
4224100

119
120
124
115

TLD READING

ROD

51
53
56
53

26
26
26
25

2977500
3253100
31276GC0
3335900
3030000
2967700

79
78
73
72

63
58
65
58



307

LOCATION TLD READING
| 'SQUARE. ROD
Backscatter @ 18,38, 60° 46
8,00" collimator 52
43

46



176213 Concrete

LOCATION

Beam collimator exit

Backscatterer position

Background @ 25.00", 30°

625" collimator

Background @ 23,25", 45°
7.50" collimator

Background @ 26.00", 60°
9.562" collimator

Beam collimator exit

308

SQUARE

6728400
6899¢00
5948600
6285400
6052700

6651100

795200
868500
890300
620300
860800
748800

244
236
202

244

15
15
14
16

16
18
18
18

5525800
5793600
5202400
5823000
5923800
5730600

TLD RFADING

ROD



LOCATION

Backscatter @ 25.00", 30°

6.,25" collimator

Backscatter @ 23.25", 45°
7.50" collimator

Backscatter @ 26,00'", 60°

0.562" collimator

309

SQUARE

343
350
352
292

73
65
71
71

55
48
51
53

TLD READING

ROD



310

17:2.2 Copper absorption in beam
DEPTH IN COPPER TLD READING
(inches)
SQUARE ROD
2450 107
- 101
97
88
1.75 274
300
267
263
1.50 203
: 315
284
256
1.25 612
600
623
625
1,125 507
424
530
579
1.00 1001
1078
1044
1251
0.875 935 -
895
1074
782
0.75 ' 589
549
397

493



311

DEPTH IN COPPER TLD READING
(inches)
SQUARE ROD
0.625 1434
1471
1897
1407
0.50 . 1199
1194
843
1187
0.25 2701
2741
3731
2625
0,125 2036
1474
1941
1652
0.0 6347 3251
788 - 2622
6152 2951
5082 3172
2.50 5372
6499
6325
5872
1.75 9475
8744
9581
9127
1.50 5815
5708
5669

5874



312

DEPTH IN COPPER TLD READING
(inches)
SQUARE. ROD
1.25 11787
10808
10718
11374
1,125 ‘ 6606
7570
6818
7053
1.00 12934
13678
11438
13270
0.875 12772
11719
10241
10210
075 0724
4300
4540
4544
0,625 12911
12860
13843
12652
0.50 6702
7314
6289
6272
0.25 12509
13163
13002

12130



DEPTH IN COPPER
(inches)

0.125

0.0

SQUARE

14172
13071
13162
12926

TLD READING

ROD

5468
5118
4862
5981

7555
7779
7910
7123



314

17.2.3 Beam divergence
HORIZONTAL DISPLACEMENT TLD READING
(inches)
RIGHT OF LEFT OF
CENTER CENTER
16 7910 7754
. 9001 9614
14 11405 11489
12020 11738
12 15072 14919
16898 15426
10 - 23222 22181
21290 24097
8 46807 49178
49645 50300
¢ 67144 71202
66511 70743
5 67278 70632
: 70701 75019
4 74633 75900
74858 76889
3 75522 77582
72251 68331
2 75290 75996
75878 77564
1 82713 81624
80425 79453
Center 79675

76865



315

VERTICAL DISPIACEMENT TLD READING
(inches)
SQUARIE ROD
18 21203
21520
16 "35552 44917
35577 49274
14 52013 53497
51043 50558
12 58143 59018
58542 60972
10 64269 63785
64483 62652
8 69170 68468
68197 69632
6 73174 75902
72310 75904
5 76880 73218
72636 69605
4 75705 73732
63805 69450
3 74771 75815
77770 79808
2 79387 78059
75922 74671
1 75352 84514

78061 78408



316
17.3 7,0 MeV

17.3.1 Backscaﬁter

17.3.1.1 Lead

LOCATION . TID READING
SQUARE ROD
Backscatterer position 802500 543300
856600 599000
872200 604700
820000 581000
925400 600200
832200 622200
Background @ 26, 94", 30° 1618
5.688" collimator 1605
1697
1608
Background @ 26.00", 40° 1211
5.625" collimator 1338
1387
1473
Background @ 26.50", 50° | 101
6.50" collimator 87
95
93
‘Background @ 30.00", 60° 617
9.312" collimator 509
613
552
. Brekscatter @ 26.75', 30° 2078
5.625" collimator 2104
2051

2083



LOCATION

Backscatter @ 25.44'", 40°

5.,562" collimator

Backscatter @ 25,88", 50°

6.50" collimator

Backscatter @ 29,32, 60°

9.312" collimator

Backscatterer position

Background @ 24.12", 30°

5.25'" collimator

Background @ 23.9", 40°

5,688" collimator

Background @ 27.50", 507
7.75" collimator

Background @ 26.31", 60

8.312" collimator

317

SQUARE

2347
1919
2036
2359

205
185
188
161

437400
433600
405200
401600
440400

475300

949
942
995
954

63
60
69
63

TLD READING

ROD

401
354
413
382

303900
323300
308600
336200
273900
306700

107
101

97
119

107
104

94
100



-LOCATION

Backscatter @ 24,.00", 30°

5.,25" collimator

Backscatter @ 23,12'", 40°
5.625" collimator

Backscatter @ 27.62'", 50°

7.75" collimator

Backscatter @ 26.50'", 60°

8.312" collimator

Backscatterer position

Background @ 26,12", 30°

5.25" collimator

Background @ 25.23", 40°
5,75" collimator

Background @ 31.37", 50°
9.625" collimator

318

SQUARE

3679
3253
3655
3139

TLD READING

ROD

698
780
734
748

384"

401
379
359

428900
406000
371200
424900
411800
374600

38
39
37
39

166
194
175
156

303700
240900
299300
284700
271500
282700

3048
3272
3107
2882

96
95
101
83



LOCATION

Background @ 29,31", 60°

10.312" collimator

Backscatter @ 26.12", 30°

5.25" collimator

Backscatter @ 25.25", 40°

5.75" collimator

Backscatter @ 31.37", 50°

9.625" collimator

Backscatter @ 29,31', 60°

10.312" collimator

319

SQUARE

42
42
44
50

455
395
430
446

95
89
89
83

TLD READING

ROD

5235
5233
4791
4833

104
107
102
120



LOCATION

Beam collimator exit

Backscatterer position

Beam collimator exit

"Beam collimator exit

320
TLD READING x 10

3609
3610
3960
3718
3793
3716
3700
3527
3551
3915

870
873
885
838
860
876
887
8§78
826
880

4469
4196
4366
4399
4366
4331
4230
4225
4332
4435

2354
2430
2183
2378
2383
2331
2281
2531
2426
2475

3



LOCATION

Backscatterer position

Beam collimator exit

Beam collimator exit

‘Backscatterer position

321
TLD READING x 10

457
449
450
470
454
470
440
443

461
AV

4627
4707
4402
4673
4633
4402
4714
4435
4501
4633

2340
2251
2426
2281
2510
2365
2417
2460
2407
2448

431
434
468
432
422
433
437
478
426
454

3
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LOCATION TLD READING x 1075

Beam collimator exit 3335
3213
3369
3285
3326
3465
3197
3361
3554
3333



17.3.1.2 Iron

LOCATION

Backscatterer position

Background @ 26,12", 30°

5.,25'" collimator

Background @ 25.25", 40°

5.75" collimator

Background @ 31.31", 50°

9.562" collimator

Background @ 29.25", 60°

10,25" collimator

. Backscatter @ 26,13", 30°

5,25" collimator

Backscatter @ 25.25", 40°

5.75" collimator

323

SQUARE

385700
382000
373400
387700
373300
339900

2
J

33
33
32

50
52
L
52

286
316
274
299

TLD READING
ROD

283500
260300
289600
265500
301800
262300

2162
1012
2115
1868

242
261
256
276

5544
6137
6601
5589



LOCATION

Backscatter @ 31.38", 50°

10.312" collimator

Backscatter @ 29.31", 60°

10,312" collimator

Backscatter @ 26,94', 30°

5.688" collimator

Backscatter @ 26.00", 40°
5,625" collimator

Backscatter @ 26.50", 50°
6.50" collimator

Backscatter @ 30.00", 60°

9,312" collimator

Backscatterer position

Background @ 24,12'", 30°

5.25" collimator

324

SQUARE

201
196
198
221

1690
1514
1607
1653

1690
1514
1607
1653

900400
799400
844900
790600
782300
699300

2149
1996
2212
2084

TLD READING

ROD

56
55
54
58

3315
2720
3083
2999

190
214
210
212

544700
631200
545200
581500
564000
549700



LOCATION

Background @ 23.29", 40°

5.688" collimator

Background @ 27,50", 50°
7.75" collimator

Background @ 26.31", 60°

8.312" collimator

Backscatter @ 24,12", 30°

5.25" collimator

o
Backscatter @ 23,19", 40

5.,688" collimator

Backscatter @ 27.50", 50°
775" collimator

(0]

Backscatter @ 26.31", 60
‘ 312" collimator

'SQUARE

142
138
144
141

1823
1710
1886
1681

148
146
162
. 153

TLD READING

ROD

220
216
243
234

93
78
85
93

202
245
235
255

54
57
438
52



LOCATION

Beam collimator exit

Backscatterer position

Beam collimator exit

"Beam collimator exit

326
TLD READING x 10~

2335
2301
2153
2200
2234
2350
2106
2165
2304
2338

402
411
394
392
391
413
412
414
405
417

5167
4985
4607
LobL4
4364
4736
4401
4629
4955
4805

4203
4161
4530
4399
4057
4533
4255
4609
4356
4468

3



327

LOCATION TLD READING x 107>

Beam collimator exit 3960
3985
4207
4057
4200
4113
4059
4061
4212
3806

Backscatterer position 859
779

826

811

1028

778

784

832

839

787

Beam collimator exit 2898
2803
2898
2763
2921
2831
2911
2820
2862
2772
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17.3.2 Beam divergence
HORIZONTAL DISPLACEMENT TLD READING
(inches)
RIGHT OF LEFT OF
CENTER CENTER

16 480

. 544
14 842 1849
952 1773
12 2131 3195
1670 2860
10 . 3975 4729
4129 4416
8 5885 5262
5426 5651
6 6472 5934
6127 6023
4 6751 6952
6789 6709
2 7297 6676
7576 6978
1 7707 7630
7498 7712



329

VERTICAL DISPLACEMENT TLD READING
: (inches) '
ABOVE BELOW
CENTER CENTER
16 2644 3663
2380 3517
14 . 3046 4425
2977 4385
12 3719 5028
4237 4629
10 5237 5373
5031 6248
8 58256 6521
5996 6429
6 7137 7287
7158 7209
4 7211 7334
6917 . 6987
2 7324 7248
' 7298 74968
Center 6181

7304
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17.4 1005 NGV
17.4.1 Backscatter
174,161 TLead
LOCATION
QUARE
Beam collimator exit 17660000
18324100
16629900
17726400
19311000
18328100
Backscatterer position 3030500
2789000
23806200
2665800
24932900
2580000
Background @ 41,31, 35° 8804
6.687" collimator 8590
7746
7623
Backgiround @ 38,.05", 40°
6.,00" collimator
Background @ 37.81", 50° 203
11.,062" collimator 190
189
190

Background @ 36.19", 60°

11, 9J8“ coJleator

TLD READING

ROD

12305100
13899600
14485700
15152800
15299200

13829100

2163400
1935400
2182000
2084900
2093900
2360300

925
865
879
983

97
100
107
102
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LOCATION
- SQUARE
Beam collimator exit 29242500
30817500
29099000
31044800
29386700
30655700
Backscattcsr © 41.31", 35° 10082
6.,688" collimator 10426
8100
. 10262
Backscatter @ 38.06'", 40°
6,00" collimator
Backscatter @ 37.81", 50° 438
11.062" collimator 457
L 80
494
Backscatter @ 36.19", 60°
11.938" collimator
Beam collimator exit 17920700
16397300
16555900
16775800
18253000
17377700
Backscatterer position 5282200
4642600
4650800
4992300
4395900

5129700

TLD RIEADING

ROD

22386500
20709700
20747600
20511500
23246300
21458700

2020
2038
1987
1973

373
358
345
362

12099200
13602500
14372600
13228100
13852500
11729900

3859000
3606000
3628700
3921600
3788200
3418500



LOCATION

Background @ 41.31", 35°

6.688" collimator

Background @ 38,.06", 40°
6.00" coliimator

Background @ 37.81", 50°

11.,062" collimator

Background @ 36.19'", 60°
11.938" collimator

Beam collimatcr exit

Backscatterer position

Background @ 60.12", 30°

15,938" collimator

Background @ 45.88'", 40°
11.00" collimator

332

SQUARE

7549
7152
7197
6599

189
208
191
199

10244300
11017200
9046100
9347100
10427900
10059600

1810800
1879200
1648200
1382900
1856700
1819800

TLD READING

ROD

1096
1185
1205
1019

36
30
38

32

7354600
6690200
7605800
8084600
7375200
7196200

1367700
1385400
1301200
1161400
1391600
1318200

24
23
23
20

135
144
126
142



LOCATION

Background @ 41.06", 50°

11.688" collimator

Background @ 38.38", 60°

13.,75" collimator

Beam collimator exit

Backscatter @ 60.12", 30°

15.938" collimator

Backscatter @ 45,88", 40°
11,00 cellimator

Backscatter @ 41.06", 50°
11,688" collimator

Backscatter @ 38.38", 60°

13,75" collimator

Beam collimator exit

333

SQUAREL

45
44
49
54

16
17
18
18

7326900
6926400
6449500
6683500
6317000
6536300

77
74
89
76

44
43
46
48

8828500
7900700
9193500
9254000

TLD READING

ROD

4553100
4481000
5106700
4804700
5694500
4430900

28
25
26

29

163
147
174
162

1331800
1052600
1263500
1330000



LOCATION

Background @ 60,12", 30°

15.938" collimator

Background @ 45.88", 40°
11.00" collimator

Background @ 41.06', 50°
11.688" collimator

Backscatter @ 38.38'", 60°

13.75" collimator

Beam collimator exit

Backscatterer position

Background @ 58,69", 30°

15.938" collimator

Background @ 44,38", 40°
11.00" collimator

334

TLD READING
SQUARE ROD -

24
25
27
25
130
156
144
157

53

53

50

54

22

21

21

21
5306000 3481100
4382600 3634500
5191700 3332800
5199400 3166700
4810100 3856000
5023000 3541000
874800 718200
918000 589500
781300 653700
856600 637600
865100 675500
982100 738000

21

25

22

24

302

204

281

254



LOCATION

Background @ 39,44, 50°

11,625 collimator

Background @ 37.53", 60°
13.688" collimator

Beam collimator exit

Backscatier @ 58.69", 30°

15.938" coliimator

Backscatter @ 44.38", 40°
11,00" collimator

Backscatter @ 39.44", 50°

11,625 collimator

Backscatter @ 37.53", 60°

13.688" collimator

335

SQUARE

9796700
8361800
10238200
10822300
10434000
10262400

45
46
47
v

376
375
438
425

TLD READING
ROD

27
26
31
31

9
10
1l
11

6910700
7020400
7832300
7330200
6801200
7461200

88
80
78
75

37
38
34
41



17.4,1.2 °~ Iron

LOCATION

Beam collimator exit

Backscatterer position

Background @ 59.25", 30°
15.00" collimator

Background @ 44,88", 40°

11,00" collimator

Background @ 40.06', 50°
11.688" collimator

Background @ 38,81", 60°
13.75" collimator

Beam collimator exit

336

SQUARE

15193900
13945000
13805700
14254600
15010900
14173100

2381400
2067500
2241500
2080500
2167100
2060400

31
30
33
36

426
415
432
395

17877600
17426600
15207900
16488100
14324000
14944500

TLD READING

ROD

10420400

11724800

10025500
11539300
11202900
11443100

1700900
1845900
1651800
1809300
1732400
1471100

42
37
37
38

13
15
13
11

11242700
11109900

9996800
11811000
12960000
12037000



LOCATION

Backscatter @ 59.25", 30°

16.00" collimator

Backscatter @ 44.,88", 40°
11.00" collimator

Backscatter @ 40,06', 50°

11.688" collimator

Backscatter @ 38,.81", 60°
13.75" collimator

Beam colliimator exit

Backscatterer position

Background @ 59.25", 30°

16.00" collimator

Background @ 44.88", 40°

11.00" collimator

SQUARE

49
52
46
52

267
284
261
292

11921600
12547100
11545500
11739300

1688300
1889700
1936400
2000600

TLD READING

ROD

71
67
72
74

37
35
37
35

9126400
8095600
8823400
9610900

1354500
1279100
1483900
1167200

26
24
22
24

166
175
165
175



LOCATION

Background @ 40.06", 50°

11.688" collimator

Background @ 38.81", 60°

13,75" collimator

Beam collimator exit

Backscatter @ 59.25", 30°

16,.00" collimator

Backscatter @ 44,88", 40°
11.00" collimator

Backscatter @ 40.06'", 50°

11.688" collimator

Backscatter @ 38.81", 60°

13.,75" collimator

338

SQUARTE

53
50
54

TLD READING

ROD

58

20
24,
23
21

10901600
11506000
10593300
11216100

94
82
82
80

44
35
40
39

7720800
8644400
7873800
8488500

26
31
29
33

159
187
177
183



17040103 Concr@.te

LOCATION

Beam collimator exit

Backscatterer position

o)
Background @ 59.25", 30

16.,00" collimator

Background @ 44.88", 4:0°
11.00" collimator

Background @ 40.06", 50°

11.688" collimator

\ o)
Background @ 38,.81", 60

13.75" collimator

Beam collimator exit

339

SQUARE

6423700
5285100
4853600
5498400
5068700
5170800

992800
1132900
1064700

984700

999100

936200

44
33
40
38

226
249
273
247

8934300
12324300
10853500

5691200
10719600
11654700

TLD READING

ROD

4593000

- 4226300

3824800
4437100
4342800
4319900

692200
703900
761400
788500
672700
712400

42
34
37
34

15
15
16
16

9863300
9704200
8688500
83840000
8374400
79463C0



340

LOCATION

Backscatter @ 59,25", 30°

16,00" collimator

Backscatter @ 44.88'", 40°
11,00" collimator

Backscatter @ 40,06", 50°

11.688" collimator

Backscatter @ 38.81", 607
13.75" collimator

Beam collimator exit

Backscatterer position

Background @ 59.25", 30°

16,00" collimator

Background @ 44.88", 40°

11.00" collimator

SQUARE

51
L
45
45

238
212
222
261

11602600
12111600
10665400
11083900

1741900
1848700
2054000
1869600

33
31
27
28

187
217
208
179

TLD READING

ROD

50
50
52
50

26
21
25
20

8351900
9134200
7774800
8983500

1502600
1236100

988800
1135400



LOCATION

Background @ 40,06", 50°
11.,688" collimator

Background @ 38,.81', 60°

13.75" collimator

Beam collimator exit

Background @ 59.25", 30°

16,00" collimator

Background @ 44,.88", 40°
11.00" collimator

Background @ 40.06", 50°
11.688" collimator

Background @ 38,.,81'", 60°

13.75" collimator

Beam collimator exit

341

‘SQUARE

3753960
4599500
3986600
4249600

31
28
30
30

200
191
198
209

12045300
11189100
10579900
12654900

TLD READING

ROD

31
32
37
34

12
11
13
13

3522100
3698000
3136500
3440100

34
30
34
34

13
11
14
15

9027100
8379400
9199000
9781500



LOCATION

Backscatter @ 59,25'", 30°

16.00" collimator

Backscatter @ 44,88, 40°

11.00" collimator

Backscatter @ 40.06'", 50°

11.,688" collimator

Backscatter @ 38.81', 60°
13,75" collimator

Bean collimatoeor exit

Backscatterer position

0

Background @ 59.25", 30
16.00" collimator

Background @ 44,88", 40°

11.00" collimator

.SQUARE

50
48
43
46

242
225
248
209

12566400
11572200
11907500
12226000
11200700
12729700

2123200
1914900
2210400
2098000
2036100
2008000

32
29
35
36

230
215
249
209

LD READING

ROD

54
52
56
48

26
22
23
24

10804100
8531400
10392200
11114200
8172900
9158500

1512000
1790109
1519200
1564500
1721500
1625300
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TL.LOCATION : TL.D READING
SQUARE ROD
Background @ 40,06", 50° 3
-11.688" collimator 37
- . 37
40
Background @ 38.81", 60° 15
13.75" collimator 11
12

14
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17.4,.2 Copper absorption in beam

DEPTH IN COPPER TLD READING
(inches)

0.0 57100
| 57064

59525

62146

0.125 38049
40497
38354
44394

0.25 43356
42304
44106

406096

.50 29291
31003
301L1
28917

0.75 22794
25503
23366
24392

0.875 17428
16651
16749
18198

1.00 19569
17281
19430
18427
13663
13029
13980
12323
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DEPTH IN COPPER : TLD READING
(inches)

1.125 14407
13593
14027
13796

1.25 16699
16483
14208
14141

1.50 8855
9453
8994
8912
11619
10575
10863
11805

1475 8610
7823
8369
8610 -

2.00 | 7462
7790
8144
7935

2.50 5168
5215
5352
5238

0.0 24446
27186
23500
20089

0.0 26688
25487
25480
22365
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DEPTH IN COPPER TLD READING
(inches)

0,125 19994
22068
22436
23764

0.25 18457
. 18546

17033

19759

0,50 16021
14143
15207
12508

0,75 10543
9202
10528
9923

0475 11536
11994
125978
12157

0,875 9313
8844
8534
8795

0.875 12082
11747
11158
13567

1.00 9331
9648
9725
8486
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DEFPTH IN COPPER TLD READING
(inches)

1.125 7633
7671
8227
7161

1,125 10774
. 9553

10631

11727

1.25 14595
15907
13587
14181

1.25 6506
7765
6661
8304

1.25 5760
8183
6331
8255

1.50 6881
6695
6646
5510

1.50 6293
6374
6190
6084

1,75 5995
4947
5498
4681



DEPTH IN COPPER
(inches)

1.75

2:50

348

TLD READING

5535
4838
5655
5296

3798
3502
4016
3280

2262
2163
2247
2464
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BEAM MONITOR TLD READING

1 ‘ 28363
28776
19795
27964

2 24949
24148
23413
20948

3 18278
16864
19304
18949

4 20926
21686
22816
22054

5 21337
21115
23820
23089

6 - 32239
35034
32786
33579

7 24403
23127
22437
19047



17.5

350

20 MeV

17.5.1

LOCATION

Beam collimator exit
Backscatterer position
Background @ 12.0", 22,5°
Background @ 12.0", 45°
Rackground @ 12.0" 67.5°
Beam collimator cxit
Backscatter @ 12.0", 22.5°

Backscatter @ 12.0", 45°

Backscatter @ 12.0", 67.5°

Lead Backscatter

TLD READING

21528
21538

2621
2866

43
40

36
38

37
37

50052
51551

115
119

86
93

76
80



351,

17.5.2 Lead - infinite size

17656241 12" square, thickness asldesignated

Background and backscatter measurements
@ 10.0", 67.5°

LOCATION " TLD READINGC

Beam collimator exit 11255
11993
11904

Background 34
34
34

Beam collimator exit 18244
18919
18916

Backscatter, 0.15" thick 46
46
48

Beam collimator exit : 16083
16796
16253

Backscatter, 0.42" thick 46
- 47
45

" Ream collimator exit 16679

15381
16393

Backscatter, 0.57" thick 44
44

45

Beam collimator exit 15726
16307
15253



LOCATION

Backscatter, 0,86" thick

Beam collimator exit

Backscatter, 1.15" thick

Beam collimator exit

Backscatter, 1.42" thick

Beam collimator exit

Backscatter, 1.72" thick

Beam collimator exit

Backscatter, 1.81" thick

Beam collimator

Backscatter, 2,50" thick

352

TLD READING

45
45
43

13061
12146
14174

42

il

2

44

15806
16941
15639

45
46
47

16442
16881
16488

47
45
46

17258
17147
15385

47
47
48

17469
15879
16803

47
47
50



LOCATION TLD READING
Beam collimator exit 22031
20962
23097
Background 34
33

35



354

17654202 4,0 thick, areca as deéignated

Background and backscatter measurements
@ 10.0", 67,5° |

LOCATION TLD READING

Beam collimator exit 10130
10864
10480

Background 38
34
32

Beam collimator exit 24819
24206
24368

Backscatter, 4.0" square 54
55
54

Beain collimatcor exit 13787
14275 .
13989

Background ' 60
57
59

Beam collimator exit 32048
35767
35383

.Backscatter, 6,0" square 87
86
84

Beam collimator exit 24843
27299

25039

Background 39
41

/,

44



355
LOCATION TLD READING

Beam collimator exit 39737
38883
39883

Backscatter, 8.0" square 70
73
74

Beam collimator exit 18959
16176
18726

Background 25
30

28

Beam collimator exit 37433
43698
41218

Backscatter, 10.0" square 63
63
66

Beam collimator exit 13087
13609
12722

Background 34
33
34

Beam ccllimator exit 31428
' ' 34260
31282

Backscatter, 12.0'" square 59
67

Beam collimator exit 23593
23720
22409



356
LOCATION | TLD READING

Background - 37
‘ 38
38

Beam collimator exit 40587
37074
41238

Backscatter, 14" square 69
65
72



357
17.6 30 MeV

17.6.1 Lead - infinite size

17.6.1.1 4,0" thick, area as designated

Background and backscatter measurements
@ 10.0", 67,5°

LOCATION TLD READING

Beam collimator exit 40519
39086
40072

Background 556
548
544

Beam collimator exit 88644
78352
74421 .

Backscatter, 4.0" square 825
‘ 754
733

Beam collimator exit 48000
48000
47973

. Background 20
17
18

Beam collimator exit 90399
82734
82429

Backscatter, 6.,0" square 86
70
77



LOCATION TLD READING

Beam collimator exit 25908
33677
32829

Background 557
' 585
586

Beam collimator exit 74749
76408
82676

Backscatter, 8.0" square 704
680
696

Beam collimator exit | 30201
32691
35421

Background 652
Chd

631

Beam collimator exit 64450
62447
68474

Backscatter, 10" square 676
663
663

Beam collimator exit 37594
: 37548
40205

Background 594
603
608

Beam collimator exit 51130
57250
55916



LOCATION

" Backscatter, 12" square

Beam collimator exit

Background

Beam collimator exit

Backscatter, 14" square

359

TIL.D READING

685
678
668

30192
27610
28660

872
699
716

45095
51497
48551

358
1062
1063
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17.6.2 Beam cross-section
HORIZONTAL DISPLACEMENT TLD READING
(inches) :
LEFT OF RIGHT OF
CENTER CENTER
2,00 549
1.50 502
1.19 2924
0.75 1296
0.38 3621
0.19 ‘ 3160
Center 2386
VERTICAL DISPLACEMENT ABOVE BELOW
(inches) CENTER CENTER
2,00 574
1.50 585 |
1,19 1180
0.56 2635
0.75 3239

0.44 3628



17.7

361

40 MeV

17.7.1

LOCATION

Beam collimator exit
Backscatterer position
Background @ 12,0", 22.5°
Background @ 12.0", 45°
Background @ 12.0", 67,5°
Beam collimator exit
Backscatter @ 12,0, 22,5

Backscatter @ 12,0", 45°

Backscatter @ 12,0", 67,5

o

Lead backscatter

TLD READING

55982
51498

6506
6362

43
44

40
43

41
45

82616

93046

153
158

113
120

-86
82
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174742 Lead - infinite size

1770241 12.0" square, thickness as designated

Background and backscatter measurements
@ 10,0", 67,5°

LOCATION TLD READING

Beam collimator exit 31741
35690
30545

Background 22
21
23

Beam collimator exit 39941
39604
39835

Rackscatter, 0,15" thick 42
44y
42

Beam collimator exit 46973
45341
51020

Backscatter, 0.36" thick 54
"~ 57
59

Beam collimator exit 49006
48373
49690

Backscatter, 0.57" thick 59
59
61

Beam collimator exit 43699
43817
39169



LOCATION

" Backscatter, 0,86" thick

Beam collimator exit

Rackscatter, 1,15'" thiclk

Beam collimator exit

Backscatter, 1.42" thick

Beam collimator exit

Backscatter, 1.72" thick

Beam collimator exit

~Backscatter, 2,08" thick

Beam collimator exit

Backscatter, 2.57" thick

363

"TLLD READING

59
54
56

43810
40618
39892

49
54
55

46309
43357
47239

57
58
56

51367
56323
52752

64
62
61

55867
55275
53278

61
60
60

48948
47355
50388

60

59
58



364

LOCATION . TLD READING
" Beam collimator exit 50150
49913
51811
Background 23
23

24



365

17676242 4,0" thick, area as indicated

LOCATION TLD READING

Beam collimator exit 163105
153437
161074

Background ' 51
51

55

Beam collimator exit 163129
157548

172490

Background - 53
53
55

Beam collimator exit 183929
155932
160574

Backscatter, 4,0" square 178
166
167

Beam collimator exit 183124
192225
173896

Background 61
59

56

Beam collimator exit 190277
182371
175496

Backscatter, 6.,0" square 220
218
235



366
LOCATION- : : TLD READING

‘Béam collimator exit 44997
37150
45530

Background 28
34

29

Beam collimator exit 75728
89594
88461

Backscatter, 8.0" square 93
94

98

Beam collimator exit 60961
54860
56489

Background 559
La7
33

Beam collimator exit 172964
192693
175334

Backscatter, 10.0" square 224
- 212
236

Beam collimator exit 39309
' 39917
36748

Background 19
20
20

Beam collimator exit 190843
157822
178053



367
LOCATION . TLD READING

‘Backscatter, 12.0" square -~ 130
136
157

Beam collimator exit 62502
57142
70865

Background 19
22

26

Beam collimator exit 172333
187764
203856

Backscatter, 14,0" square 178
171
188



368

17.7:3 Beam cross~section
HORIZONTAL DISPLACEMENT TLD READING
(inches) :
LEFT OF RIGHT OF
CENTER CENTER
2,00 310
1.56 722 773
1.19 7525
0.75 1150
0.38 9435 8409
0.19 : 9184
Center 9291
9091
VERTICAL DISPLACLEMERT
(inches)
ABOVE BELOW
CIENTER CENTER
2.38 ' 282
1.56 ' 703
1.19 1054
0.81 4119
0.75 _ 5058
0.38 8262 8550

0.19 ' 9268



17.8

369

60 MeV

17.8.1

LOCATION

Beam collimator exit
Backscatterer position
Background @ 12,0', 22,5°

Background @ 12,0", 45°

Background @ 12.0", 67,5°

Beam collimator exit

Backscatter @ 12.0'", 22.5°

Backscatter @ 12.0", 45°

Backscatter @ 12.0", 67.5°

Lead backscatter

TLD READING

111316
110444

9025
8136

48
55

44
43

40
47

275054
272831

382
360

304
270

166
160
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17:8.2 ’Leéd - infinite size

17.8.2.1 12,0" square, thickness as designated

Background and backscatter measurements
0
@ 10.0", 67.5

LOCATION 'TLD READING

Beam collimator exit : 30646
29827
28822

Background 38
37
36

Beam collimator exit 65507
676990
70239

Backscatter, 0.15" thick 71
77 -
76

Beam collimator exit ' 98671
98107
101194

Backscatter, 0.36" thick 102
102
104

Beam collimator exit 100046
95412
105191

Backscatter, 0,57" thick 110
109
104

Beam collimator exit 86741
75480
91520



LOCATION

Backscatter, 0.79" thick

Beam collimator exit

Backscatter, 1.15" thick

Beam collimator exit

Backscatter, 1.42" thick

Beam collimator exit

Backscatter, 1.72" thick

Beam collimator exit

Backscatter, 2.,10" thick

Beam collimator exit

Backscatter, 2.57" thick

371

TLD READING

97
101

92

65229
60036
66151

89
c0
31

69499
64865
66368

88
88
91

76791
80212
76251

99
104
98

77287
72870
73558

96
99
93

81958
79575
81459

92
90
94
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LOCATION TLD READING
Beam collimator exit 73017
71364
69466
Background L2
43

42
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17,8422 4,0" thick, areca as designated

LOCATION TLD READING

Ream collimator exit 97084
85156
90687

Background ) 107
109
108

Beam collimator exit 186002
163199
188759

Backscatter, 4.0" square 236
224
221

Beam collimator exit 19536
20349
13676

Background 314
313
330

Beam collimator exit 184787
_ 179372
179721

Backscatter, 6.0'" square 434
419
422

Beam collimator exit 133378
137203
128563

Background 107
105
104
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LOCATION TLD READING

Beam collimator exit 181783
177818
192393

Backscatter, 8.0' square 214
220
231

Beam collimator exit 9220
7260
2693

Background 520
469
583

Beam collimator exit 225300
208864
219958

Backscatter, 10.0" square 674
571
540

Beam collimator exit 76575
79163
82820

Background 108
112

Beam collimator exit 149123
176767
181433

Backscatter, 12.0" square 239
242
221

Beam collimator exit 85081
80621
76680



375
LOCATION- TLD READING

Béckground -~ 283
- 290
332

Beam collimator exit 200714
180116
181880

Backscatter, 14.0" square 155
144
137
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17.8.2 . Beam cross-section
HORIZONTAL DISPLACEMENT TLD READING
(inches) .
LEFT OF RIGHT OF
CENTER CENTER
2.00 ' 1925
1.56 17252 2999
1.19 22287
0.75 4097
0.38 24288 5562
0.19 | 19073
Center 22667
20145
VERTICAL DISPLACEMENT
(inches)
ABOVE BELOW
CENTER CENTER
2.38 971
1.56 3071 3239
1.19 4372
0.81 18735 16972
0.38 16736 20443

0.19 21388
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17.9 TLD annealing procedures

17.9.1 Annealing cycle

TLD READING

Pre-anneal: 1 hour @ 400° ¢ 678
2 hours @ 100° C | 729

Post~anneal.: 10 min. @ 100° ¢ 727
Pre~-heat: None 701
Read~out: 15 sec. @ 250° ¢ 749
744

713

689

753

732

729

724

689

728

745

730

742

663

703

719

705

739

677

724

690
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17.9.2 Annealing cycle

TLD READING

Pre~anncal: 1 hour @ 400°C 709
2 hours @ 100°C 678

Post-anneal: 10 min. 100°C 733
Pre~heat: 7 sec. @ 165°C 744
Read-out: 15 sec. @ 250°C 693
737

691

697

718

587

752

733

722

670

704

698

712

716

715

709

592

708

716

584

702
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17.9.3 Annealing cycle

TLD READING

Pre-anneal: 1 hour @ 400°C ’ 727
2 hours @ 100°C 723

Post anneal: None | 742
Pre-heat: 7 sec. @ 165°C 700
Read~out : 15 sec. @ 250°C 700
705

698

729

756

672

741

748

703

701

721

687

662

737

724

676

704

699

706

705
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17.9.4 Annealing cycle
TLD READING

Pre-annecal: 1 hour @ 400°C 712

24 hours @ 80°C 703
Post—~anneal: None 722
Pre-heat: None i 677
Read-out: 15 sec. @ 250°C 703



Pre~anneal:

Post~anneal:
Pre-heat:

Read-out:

381

174945 Annealing cycle

1 hour @ 400°C
24 hours @ 80°C
None

7 sec. @ 165°¢C
15 sec, A 250°C

TLD READING

723
744
750
713
703
702
740
689
680
707
683
- 718
699
696
705
698
715
703
720
662
713
711
684
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17.9.6 Anncaling cycle
TLD READING

Pre-anneal: 1 hour @ 400°C 715
24 hours @ 80°¢ 694

Post~anneal: 10 min, @ 1.00°¢ 671
Pre-heat: None . 733
Read~out : 15 sec. @ 250°C 697
700

688

669

707

692

698

721

670

698

713

638

702

680

714

681

706

693

719

681

705



383
17,967 Annealing cycle
TLD - READING

Pre~anneal: 1 hour @ 400°C 682
| 24 hours @ 80°C 700
Post-anneal: 10 min. @ 100°C 713
Pre~heat: 7 sec. @ 165°C . 654
Read-out: 15 sec @ 250°C 716
694

716

585

698

592

677

665

677

684

- 705

690

652

633

689

672

675

656

727

685

668
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17.9.8 Annealing.cycle
TLD READING

Pre-anneal: 1 hour @ 400°C 723
24 hours @ 80°¢C 744

Post—-anneal: None 750
Pre-~heat: 7 sec, @ 165°¢ . 713
Read-out: 15 sec. @ 250°C 703
702

740

689

680

707

683

718

699

696

705

698

715

703

720

662

713

711

684
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17.9.9 Annealing cycle
" TLD READING

Pre~anneal: 1 hour @ 400°¢ 983
Post~anneal: 10 min. @ 100°C 944
Pre~heat: None 967
Read-out: 15 sec. @ 250°C 960
960

929

967

928

957

950

894

990

962

1003

962

999

956

967

974

985

920

1004

962

965

1015
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17.9.10 Annealing cycle
TLD READING

Pre-anneal: 1 hour @ 400°C 965
Post~-anneal: 10 min, @ 100°C 918
Pre-heat: 7 sec. @ 165°C 912
Read~-out: 15 sec, @ 250°C . 959
935

947

898

1008

954

675

967

982

862

931

924

947

977

909

829

952

938

882

923

897

926
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17.9.11 -~ Atmealing cycle
TLD READING

Pre~anneal: 1 hour @ 400°C 992
Post~-anneal: None 936
Pre-heat: 7 sec, @ 165°C 973
Read~oul : 15 sec. @ 250°C - 918
928
910
931
959
934
944
921
958
914
817
905
865
942
924
941
939
978
978
972
924
888



388
17.9.12 Annealing cycle
TLD READING

Pre-annecal: 1 hour @ 400°C 239
Post—-anneal: None 961
Pre-heat: 7 sec. @ 165°C 951
Read-out: 15 sec. @ 250°C 1026
962

972

926

970

8§95

1005

1011

956

1018

980

966

962

983

913

972

933

880

947

909

972

980
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. In any set of experimentally obtained data, there
exist points sufficiently far from the mean to be suspect.
The discarding of suspect values without some firm and
repeatable criteria might lead to-loss of real informatiom,
The small number of measurements (fﬁur to eight) taken at
each pcint during any one run, preclude the use of standafd
deviation or chi square testing for the rejection of
extreme values,

Chauvenet's Criterion (128), which states: "any
reading of a series of 'n' readings shall be rejected when
the magnitude of its deviation from the mean of the series
is such that the probability of occurrence of all deviations
that. large, or larger, does not exceed ﬁ% ", was used in
this dissertation. Chauvenet's Criterion for rejection
(or more precisely, Chauvenet's Ratio) was applied to each
set of TLD readings’obtained and to final albedo calcula-
tions before using or reporting an average value, This.
procedure allows for the checking of values which appear

to differ greatly from the average,



J. ERRCR ANALYSIS

J.1  STATISTICAL VARIATION OF THERMOLUMINESCENT DOSIMETERS
A mmber of LiF crystals exposed to the same radiation

dose do not emit the same amount of light upon read-out,

The degree of this variance and its dependence upcn the

crystal's prior history are discussed in Appendix F. The

error limits discussed there apply to a rather larger

nunber of crystals exposed in each setting thean was possible

in the experiments conducted (Section 5). Alsc those limits

apply to a given set of readings and the data gained by

experiment required the subtraction of background, beam

normalization, etc., thus possibly combining errors.

Through standard techniques (reviewed below) and the mechod

of data reduction discussed in Section 6, ftotal variance

may be calculated.
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Eqe J.2

Eq. J.3

Putting Fq. 6.7 in symbcle more convenicnt for this appendix,

and leaving the energy absorption coefficient corrections

for discussion in Section J.3

a s
D
where:
a =
D
DR =
DBRG =

DR - (D5G) (£c2)
o1 (56 @

the diiferential albedo
measured reflected dose

measured backgrourd dose

Eqe J.4



392

BCS = measured dose at beam collimator exit during
backscatter run

BCG = measured dose at beam collimator exit during
background run

DI = measured dose at backscatterer position

Q = the effective solid angle viewed

In each case the measured cose is the average of some number
of readings and has associated with it some variance. The
variance of an may then be calculated,

Rearranging Eq. J.4 and leaving the error associated

with Q for discussion in Section J.2:

 [BCG )
DR ("BEE) -~ DEG

DI

Eq. J.5

and adopting, for this development, the notation:

_Eéﬁl_ = f o(N) Eq. J.6
then
2 BCG 2 2
[fc(aD)] = fo|DR [E&E-] - DBG + [£0(DI)] Eq. J.7

L J
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2 2 2
o(on 23] o) - (o (2]}« ool

Eq. J.8

2 2 ]2
f”ém [ﬁﬁi’]ﬂ [V o (Dn)?l {fo(gégﬂ Eq. J.9

[fu/-?’—-cg)}z - [f cr(lz-cc)]z + [f cr(Bcs)] Eq. J.10

This would be the standard deviation of one measurement

the differential albedo due to variation in TLD readings.

i

o
As each albedo was measured at least twice and generally

several times, Eq. J.3 was used to obtain the standard
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deviation of the average albedo due to dosimeter variatiou,
The percent of this deviation ran from 3.8% for iron @ 2.0

MeV to 17.6% for lead @ 7,0 MeV,

J.2 PHYSICAL MEASUREMENTS

Measurement of collimator length and detector to slab
distance determines the effective solid angle and viewed
area used in the albedo calculation. The collimators used
in this work were milled to the nearest thousandth of an
inche. Variation of even five thousandths compared to the
collimator dimensions would still introduce far smaller
error than discussed in Section J.L. The detector to
scattering center distance was made with a standard stecl
tape measure and checked against a second tape. The author
feels an error of 0.25" in 25.0" (1.0%) would be difficult
to pass unnoticed. An error of this magnitude in the
measurement of dosimeter to scatter surface would cause an
error of *#2,0% in the resulting calculated albedo,

An error in measuring the angular relationship of the
collimator axis to the scattering slab would result in a
changed area relationship and the measurement of a slightly
different albedo than intended., The angles reported in this
dissertation were measured from a protractor of 12.,0" radius

which had been checked against an engineering compass. At
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12,0" the linear separation of 10° is approximately 1,094"
or 0.109" per degree. The author feels alignment to be well
within 10% or one degree. Neither albedo nor the trigono-
metric relationships are rapidly varying between 30 and 60
degrees (the range of interest in this dissertation). The
error in measured albedo due to #10% alignment is consider-
ably smaller than tnat due to x1.0% distance measurement

(£0.2%) «

Je¢3 ANALYTICAL

Considered heve are errors due to false assumptions,
theoretical approximations and calculational mistakes. The
ma jor assumptions emploved are that of semi--infinite slab
area, uniform irradiation of the slab surface, and the
energy absorption coefficient corrections to the dose
measurcments made. Extreme care has been taken to verify
the required slab size by veflerence to previous works on
this subject {(Section 5.1) and experimental verification of
‘a number of points (Appendix G). Uniform irradiation of the
viewed area is demonstrated for nearly every case (Appendix
H) and the one case in which uniform irradiation of the
entire slab is questionable (i.e. concrete) is discussed
in Appendix H.

Theoretical approximations made in the handling of the
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data are discussed in Appendix B and Appendix C and Section
6. The error involved in the point detector approximation
is shown to be much below others of this section. The
validity of applying computer genérated spectra for a
collimator penetration effect correction may be debated.
A compzricon of the spoctral data given in Appendix D and
of the generated spectra to the literature cited in Section
2 indicate the computer spectra certainly to be reasonable.
To apply no correction would be to knowingly over~estimate
the real collimator length. The corrections made decrease
the albedos by 2.0% (lead @ 2,0 MeV) to 11,0% (iron
@ 2.0 MeV). These values would certainly exceed the error
made by performing the correction,

The mass energy-absorption coefficient correction to
the absorbed dose used in Section 6 is based on both the
input and reflected spectra, The coefficienté of LiF and
water follow very closely throughout the energy range of
interest in this dissertation and are essentially identical
above a few hundred KeV (Appendix E). Even with the wide
variation of input spectra discussed in Appendix D the

ratio of mass energy-absorption coefficients,
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varies only on the order of #6% for anv

iven bremsstrahlung maximum energy spectra. However, the

o)
Slab
\

" > ratio varies greatly with the low energy
LiF

el

S———n

p
L _

portion of the energy spectra, as a glance at plots of the
mass energy-absorption coefficients for the various reflect-
ing materials would indicate. This variance is far too great
to include with the measurements to which it is applied and
leave any meaning in the result. Therefore, until more
reliable information becomes available as to the low energy
make~up of flash x-ray bremsstrahlung spectra, no error
‘limits can realistically be assigned those measurements
plotted in Figures 17 through 27.

It is alsc assumed that the doses measured at each
point are comparable (since they are manipulated algebra-
ically together). The TLD packaging used (~0.14 gm/cmz)

is not thick enough to create charged particle equilibrium
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(CPE) to high (>1 MeV) energy photons. At the backscatter
energies, the thickness of packaging is adequate., At 2.0,
3.5, and 10.5 MeV, the incident beam contains such a large
number of low energy photons that a true charged particle
equilibrium cannot be achieved. The absorption of low
energy photons predominates the electron build-up. The
packaging chosen, therefore, is desirable as the surface
dose most nearly approximates the "equilibrium dose'.
However, the more heavily filtered 7.0 MeV incident beam
does indeed show a build-up with increasing depth. Work
at Kirtland (Figure 87) by EG&G indicates an "equilibrium
dose" is reached at about 1.0 gm/cmz. The measured dose is
at about 0.%65 of that aﬁd has been corrected accordingly,
resulting in a 3.5% lowering of the albedo at that energy.

Any time a large number cf computations are made, the
very real possibility of human error exists. ' Each calcula-
tion made was repeated at a separate time and any suspect
resultant values (as pointed up by the Chauvenet ratio test)
were again checked, Due to the check made for extreme values
(Appendix I) the ¢uthor believes any prejudicing of reported
values due to computational errors has been kept to a
minimuﬁ.

Variance of the bremsstrahlung peak energy is
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discussed in Section 5 and results of that variance shown
iﬁ Section 6.
The error bars reported in Section 6 are a statistical

combination of the limits discussed in this appendix.



K. MONTE CARLO FROGRAM

The program used in this dissertation is based on a
Monte Carlo adaptation of Adams and Mehl (106) used for
calculating the deposition of energy by photons. The orig-
inal program includes fluorescence and Compton scattering,
but neglects pair production interactions., Since, at the
energies of interest in this dissertation, pair production
interactions are quite important, it was necessary to add a
sub-routine to handle this item. Mr. K. G. Adams of Sandia
Corporation was extremely helpful in adding this feature to
the existing Monte Carlo program.

The program, in its updated form, is somewhat limited
as to material inputs, and requires certain material data to
be included in the update patch not regularly part of the
input. Otherwise input is as specified in (106), allowing
a wide choice of input energy (or number) spectra and
various output forms.

The update to the original program (106) is included

here and is for the CDC 6600 computer.
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L. DTF PROGRAM

The discrete ordinates proéram used in this disserta-
tion (called DTF-69) is based on work by J. H. Renken and
K. G, Adams (63) of Sandia Corporation. The program, as
written, is actually two programs, a cross-section generat-
ing program (GAMLEG 69) and the photon transport program
(DTF-69). The program allows a very wide range of inputs,
coveringnany Z material and various spectra to 15 MeV, but
is one dimension limited. Fluorescénce, Compton scattering,
and pair-production are each calculated. |

The program was designed primarily for use in energy
deposition and energy passage calculation., Differentiation
into energy spectra and emergent angle.is somewhat more
complicated., DTF results in this mode often show a disturb-
ing tendency to oscillate.

Due tc the wealth of output available from DTF,
transfer from the energy given to the dose desired for
comparison to TLD data was unwieldy. The author is much

indebted to Joann H. Flinchum of Sandia Corporation for an
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update to the DTF program which calculates dose in addition
to the energy outputs.

The update to the DTF program (63) used in this work
follows and puts DTF in a form mdch more useful to the health
physicist interested in shielding calculations. From an
input consisting primarily of the shielding material and
source to be shielded, one may obtain the dose transmitted
or reflected through any thickness.

The major advantage DTF holds over Monte Carlo
programs is a great computer time saving. A half-hour pro-
gram in Monte Carlo takes less than five minutes with DTF.

The following program is written foirr the CDC 6600

computer.
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M. A COMPARISON OF MONTE CARLO AND DTF

TO PREVIOUSLY PUBLISHED:- EXPERIMENTAL RESULTS

Due to the less than perfcct fit of the experimental
data of this dissertation to the computer runs, a few runs
were made to examine the closeness of fit with experimental
data of other researchers,

Figures 88 and 89 are plots of DIF and Monte Carlo
results compared to results of two experimenters who used
Nal scintillators in their albedo measurements, TFigure 88
shows the results for an incident energy of‘0,662 MeV and
a lead reflector. TFigure 89 is for 1,33 and 1,17 MeV
reflected from iron. The experimental design of the two
experimenters differs somewhat and is discussed in detail
in Section 2. The design of Steyn closely resembles that

of the present research.
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N. RESULTS OF THE CHILTON-HUDDLESTON EQUATIONS

APPLIED TO THE "EFFECTIVE' ENERGIES OF THE PRESENT WORK

The Chilton~Huddleston formulation is discussed in

Section 4. The formula, as given there, is:

p
C Kk(8,) 10%° 4+ ¢

ey = Eq. N.1
1 + cos 80 sec B

Values for C and C' have been published for 0.2, 0.66, 1.0,
2;5, and 6.13 MeV. To obtain values for the energies of
this work, Figures 90, 91, and 92 were made., Table 18
notes the values of C and C' used for the calculations made
in this appendis. K(es) 1026 was calcﬁlated as indicated

" in reference 11 and values are tabulated in Table 19,
Results of Eq. N.1 are tabulated in Table 20 and plotted

with the experimental and computer results in Section 6,
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TABLE 18

CHILTON~HUDDLESTON PARAMETERS

EFFECTIVE ENERGY BACKSCATTER C C'

(MeV) MATERIAL -

0.24 Lead 0.0062 ~0.0055
Concrete 0.016 0.051

0.28 Lead ‘ 0,010 -0.0061
Iron 0,0298 -0,006
Concrete 0.020 0.038

0.85 l.ead ¢.03¢ ~-0. 0095
Iron 0,050 0,0052
Concretoe 0.0453 C.0137

1.34 Lead 0,0563 -0.0074
Iron 0.0666 0.004
Concretce 0.,0612 0.00¢

Lol Lead 0.1059 0.005
I1ron 0.1302 0.0059

Concrete 0.132 0.0051
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TABLE 19

KLEIN-NISHINA CROSS~-SLECTIONS

K(®,) 1026
EFFECTIVE ENERGY SCATTERING ANGLE
(MeV) de
0.24 1208 1,2977
1359 1.2604
150 1.2357
0.28 1202 1.0880
1357 1.0692
150 1.0641
0.85 1202 0.2819
1357 0.2525
150 0.2354
1.34 120° 0,14339
1352 0.1232
150 . 0.1114
Lol 1202 0.02216
135 0.01784

1507 0.01538
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TABLE 20

CHILTON-HUDDLESTON ALBEDO VALUES

EFFECTIVE ENERGY BACKSCATTER SCATTERING  ap X 103
(MeV) MATERIAL ANGLE
0.24 Lead 120° 1,18
135° 0.959
150° 0,720
Iron 1202 13,21
135° 11.36
150 8,91
Concrete 120O 33,31
135° 29,48
150° 23,59
0,28 Lead 1202 2,22
135 1,90
150° 1,51
Iron 120° 12.26
1358 10,71
150 8.57
Concrete 120O 27.73
135° 24,60
150° 19,76
0,85 Lead 1202 0.693
135 0.144
150° Negative
Iron 120° 8,95
135° 7.38
150° 5.66
Concrete 1202 12.28
135 10.41

150° 8,12



EFFECTIVE ENERGY
(MeV)

1.34

4.1

423

BACKSCATTER
MATERIAL

Lead

Iron

Concrete

Lead

Iron

TABLE 20 (cont'd)

SCATTERING
ANGLE

1202
135
150°

1202
1357
150

120°
135°
150°

120°
135°
150°

120°
1357
150

aD X 103

0.312
Negative
Negative
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O. 20 - 60 MeV BACKSCATTER

A few preliminary measurements were made with a
medical Synchwoltron unit. The wasimum bremsstrahlung edge
was adjustable from 20 to 60 MeV. A thick target, thin
window arrangement was used with standard Schiff spectra
expected.

The experimental set-up was similar to that discussed
in Section 5, but the detectors were essentially uncolli-
mated and the incident beam restricted to four square inches
at the backscatter slab. Slabs of lead and concrete were
used. The concrete was built up of light weight cinder
block and thus those results are not comparable to the rest
of this dissertation. That data is not presented. Results
with lead at 20, 40, and 60 MeV follow.

Due to the experimental configuration chosen, back-

grounds were much higher, vesulting in greater error limits
for the data. One standard deviation for the data presented
here varies from 10 to 20% on the TLD measurements. Results

presented here are not directly comparable to other results

of the dissertation due to the narrow beam arrangement used,
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but are presented here for'possible'compérison elsewhere,
Because of the nature of Schiff spectra at low (<250 KeV)
energies, no dose absorption corrections are made for
Aa(slab) calculations. The resulfs.presented in Tgble 21
are differential dose flux albedo, aD3(H20) as discussed
in Section 6, for the specific experimencal configuration
considered here.

The results appear to be a bit lower than those of
Table 3, but are similarly grouped, despite the change

in E
max,
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TABLE 21

DIFTERENTIAL DOSE TFLUX ALBEDO
BACKSCATTER ANGLE LEAD SCATTERER

20,0 MeV Incident Spectra Bremsstrzhlung Maximum

3
% "p3 (00 * 0
157,57 9.56
135.0 7.70
112,5° 5.12
40,0 MeV Incident Spectra Bremsstrahlung Maximum
3
O “p3(n,0) * 0
157050 9,
135.00 6617
112.5 3.00
60,0 McV Incident Spectra Bremsstrahlung Maximum
3
O "D3(H,0) ¥ 10
157,57 13,84
135.0 10,80

112,5° 4,93



