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ABSTRACT 


'I'he beta dose distributions in red bone marrow 

equivalent material due to imbedded continuous sources were 

measured experimentally with ultra thin LiF 

thermoluminescent dosimeters near planar interfaces of 

corti~al bone (CB) and ~ed bone marrow (RBM), and RBM and 

~ir. :t has bAen also investigated numerically by Cyltran, 

:~ :v= :1.onte Carlo code. 

I11 ~he Monte Carlo tpproach, the dose enhancement ratio 

for ~ planar CB-RBM interface increases with electron energy 

·lnd r-·'cJ.ches a plateau ·?.t n ..50 MeV while t.he dose reduction 

rutio for a planar vacuum-RBM interface decreases to a 

:c:teddy ·ralue from 1. OC MeV onwards. 

With a semi-infinite source of 32 P, dose enhancement 

:c:=.tti,):: ·'tt 0-9, 79-88, .=.,nd 157-166 mg/cm 2 separations from a 

pl3nar CB-RBM interface were measured to be 1.07±0.01, 

1.03+0.03 and 0.99+0.03 respectively. The dose reduction 

~atios at these separations from a planar AIR-RBM interface 

w0rn found to be 0.82±0.01, 0.94+0.01 and 0.97+0.03 

rP~pectively. Both the dose enhancement ratios and dose 

rnduccion ratios agree with the results calculated by the 

Mont2 ·drlo appro~ch within one standard deviation except 

for t-he do;::e reduction r:ttio at 0-9 mg/cm2 from the AIR-RBM 

Ln~ertace. The experimental result in this case is about 

three st~ndard deviations less than the Monte Carlo results. 

fJsiag the same Monte Carlo code, the dose enhancement 

L atio 't 0-20 micron .·:eparation from a planar CB-RBM 

interf J<;c• due to d. point or plane source of 0.50 MeV 
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c·le·: c. cons at the interface rer:tc·: :1es :aturation at 

dPl' r-::·ximately 0. 22 times the CSDA range of J. 5 MeV electron 

in ~8 tor both plane dnd point source configurations. The 

saturation dose enhancement ratio for both configurations is 

i_ •• _: p, +I) • Cll • 

,1" 
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CHAPTER 1 

INTRODUCTION 

Recent advances in immunological technology lead to 

the use of tumor-associated monoclonal antibodies as 

carriers of beta radiation to small but widespread 

neoplasms for therapy. Owing to a combination of several 

factors including the radiosensitivity of the red bone 

marrow (RBM) and rapid entry of labeled antibody into bone 

marrow from the circulation, the RBM and to less extent 

the endosteal cells of the bone are likely to be the dose 

limiting tissues for systemic applications. Therefore, it 

is clinically important to quantitate their dose. 

Although most tumors have soft tissue composition, 

their nej_ghborhood may include air and bone interfaces 

with very different physical properties such as mass 

de nsity. Electrons are backscattered more from bone than 

from s oft tissue thereby increasing radiation dose to the 

tissues adjacent to bone. In contrast, dose to the soft 

t isDu e near an air interface drops. One goal of this work 

was to estimate the perturbation in dose distributions due 

to uniform semi-infinite sources of electrons at planar 

interfaces of cortical bone - red bone marrow, and soft 

tissue air. It has been investigated by both 

experimental approach and Monte Carlo method. 

The trabecular bone is composed of thin lamellae of 

cortical bone (CB) with a wide range of thicknesses. They 

are called trabeculae and they form a meshwork of 

interconnecting spaces which contain bone marrow. Another 

1 
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goal of the work was to investigate the effect of 

thickness of the trabeculae on the backscatter dose to the 

bone marrow imbedding uniform sources of electrons. 

This chapter gives background material for this 

project. Chapter two describes the Monte Carlo code, the 

method of data analysis, and results of the Monte Carlo 

calculations. In chapter three, the materials, method, 

experimental procedure and experimental results are 

presented. Chapter four contains some essential findings 

in this project including the effect of trabecular bone 

thickness on electron backscatter dose. The final chapter 

discusses the Monte Carlo and experimental results and 

their comparison with other researchers' findings. 

1.1 BONE MARROW STRUCTURE 

The architecture of bone marrow is best understood in 

relation to its vascular anatomy. Figure 1.1 gives a 

schematic representation of a cross section of the shaft 

of a long bone containing hemopoietic marrow [23]. 

Hemopoietic marrow is largely confined to a zone adjacent 

to the endosteum. 

The marrow cavities of the skull, vertebrae, ribs, 

sternum, pelvis and the articular ends of long bones 

contain numerous cancellous trabeculae in addition to 

marrow. In large mammals the hemopoietic activity of the 

marrow is not uniform in all bone cavities. Whereas the 

marrow of axial skeleton is intensely hemopoietic (red 

marrow), that of the limb bones of adults contains mainly 

adipose cells (yellow marrow). In addition, the general 

cellular content of the bone marrow is age-dependent. At 

birth, no adipose cells are present in the marrow. 
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lone marrow is a well vasculari3ea 1~oan composed of 

hemAtopoietic parenchyma and a supporting -:troma. Cellular 

~xchange between the hematopoietic and the vasculature 

~ompartments occurs across the walls of the vascular 

sinusoids. The wall of the sinusoids is composed of a 

luminal layer of endothelial cells, which forms a complete 

Lnner lining, ~nd a lining of adventitial reticular cells, 

which forms An incomplete outer coat. There is evidence that 

~he sinusoids are permeable to large molecules such as 

rlusma r~roteins, and the plasma proteins are also capable of 

rnovir,q b-:n::k into bloodstream [ 16, 17] . Whether circulating 

blood ~nters hematopoietic compartments through the wall of 

vasculdr sinusoids or from arterial terminals whose 

connection with the sinusoids has been disturbed is not 

~..:leat~. The permeability of the RB11 to large molecules like 

antl~odies plays a significant role in the ~apidity of RBM 

uptak0 of radiolabeled antibodies and the residence time of 

the ~ntibodies in the RBM. Whether the sinusoids are open or 

_L• c• 
•' still :1. '·ontrovers ial quA ~;tion. This is an 

~ssPntial feature of the hone marrow in radio labeled 

;nonoG l.u •l.dl antibody do fj imP. try. 

'":lH· :"one marrow .L~> the flite for blood cell formation. 

i:'h<' r c :_nc:ipal cc>ntro l of blood cell formation is exerted at 

'-h" } ''"(~ L of +-he stem <:ells. In the bone marrow, stem cells 

cor::o:ti.i·n~~e "1 pool of ;:;elf-perpetuating cells differing in 

~:rwci.:Jl_j_zation from being multi- or pluri- potential to 

he j_n:J c:ommitted to one cell line only. Functionally, the 

mu't~potential stem cells have been identified by their 

capacity to repopulate the bone marrow after hematopoietic 

injury. 
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Radiation-induced bone marrow failure is considered to 

result primarily from the destruction of hemopoietic stem 

cells. Lord [18] reported a concentration gradient of the 

multipotential stem cells (CFU-5) in mouse bone marrow, 

the CFU-S concentration being threefold greater near the 

bone surface than near the central longitudinal axis of 

the femoral medullary cavity. However, Maloney [19] 

presented contrary results. The existence of a stem cell 

gradie~t is therefore still an open question. If there is 

a higher concentration of stem cells near the bone surface 

of th~ bone marrow, then the effect on bone marrow 

·toxicity due to backscat.tering of electron at bone/marrow 

interfaces becomes more important. 



Periosteal arteriole 

and venae comitantes. 


Periosteal ..........._~ 

capillaries----------~ Cortical 


---- capilluries 


~~~--- _ ~- En~osteal-- ----,--- cap1 1 luries,. 
-- -----\- f\1edullury--- smusoids~
 I 

I 

~r~~ga~---1---- -\ ______ ·_ -----~---Central vein 

/ I I 

Fatty \ _____ -1- _ _ \ 1 _-- -f- -- Bonemarrow--- ~----- - \ \ 
\ I 

• • ' ' 1, • J'• c/,< I \ 

Haemopo1ellc _____ ~~-~.:~/o-~~;-~~ ___.:~- ____ -/- __ -Endosteum marrow --- ~ ~L---- / 

" 
~ // 

/ 
'-. 

-----~ -~ 

Figure 1.1. Organisation of bone marrow in a haemopoietically-active long bone 

U1 
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1.2 RADIOIHMUNOTHERAPY 

Radioimmunotherapy (RIT) is the use of radiolabeled 

tumor-associated antibodies for cancer treatment. It is 

rapidly attracting interest as a potential weapon for 

cancer therapy. A first consideration in the use of 

radiolabeled antibody in diagnosis and therapy are the 

antigens, which are the potential targets of such 

antibody. In 1980, Order [13] described the delivery of 

therapeutic radiation in humans using 131 I-labeled 

polyclonal antibodies against tumor-associated antigens 

such as ferritin. Order [14] also showed a much higher 

specificity and affinity of monoclonal antibody over 

polyclonal antibody a year later. 

Obviously, the success of any radio labeled 

tumor-seeking antibody therapy will depend on the 

specificity and affinity of the antibody for the tumor. 

Monoclonal antibodies provide homogeneous molecules to be 

radiolabeled in order to target specific antigens. Indeed 

the specificity of antibody from a single cell clone is 

Stich that the antibody only reacts with a discrete portion 

and configuration of the antigenic molecule. A variety of 

t11mor-seeking monoclonal antibodies can now be produced 

through the application of cell hybridization technology 

developed by Kohler and Milstein [10] in 1975. This 

technology opens the door for the effective development of 

the use of antibodies as carriers of radionuclides for 

cancer therapy. 

The time factor is another important consideration 

such as the rapidity of tum6r uptake, the biological 

half-life of the antibody in the tumor, and the speed of 

clearance from the normal tissues. In practice, the 
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tumor is , ie r_· ·-~' ~: , n both the 

~hyslc~l 0rcpertie~ of the labeling radionuclide and the 

bio101ical half-life of the antigen-radiolabeled antibody 

cnrr.;-; >'::·:. ':'he toxic effect to normal tissue is logically less 

'N"ic-:.. , \-:igher speed of clearance, and adminstration of 

lar10r ~herapeutic dose is allowed consequently. 

intrtct immunoglobulin molecules 

·.!oe:; ;·wi:. .\li..JW them to movP rapidly. This prolongs the time 

to tumor llptake, thereby decreasing the 

c:.td ;_.;tion dnlivered to +:he tumor and increasing the total 

T~e solution of this problem Ls to use their 

.ic~ivP ~~aaments ~or substitution. ~he rlCtive fragments can 

enzymatic diqestion n.ppropriate 
\.. ..-_,in the uptake ,_,._- - ~·adiolabeled 

11\Clll-."~'l()n.:t :_ -1ntibodies tt the tu.mor .. ~ ·- -- t r - 1 -~nhance the 

-thL~. .i-ty ,)j-' this i·.echnol•;gy t-:.o fight .-.-;.t.i. 1. ,- ··1nnnc. However, 

,,_ k -) t adequate 

nau~?d ~yperthermia 

_,ntihodies are 

.r 
oil,. [24]., 

'T'1unor mo cpho l.ogies are ·~xtremel y varied, and antibody 

r0tention will also vary depending on the 

d.Di:ilJody •)r antibody fragment used. To optimize the 

a particular cancer it may therefore be 

nPcPRSAry ~o select a suitable antibody raaiolabel to suit 

the indiv~dual tumor. Li::;ts of suitable radionuclides for 

:~.. btc.linq :--llmor-d_ssociated <;r -t-:.umor-specific <:tntibodies have 

;,een '}i V(•n by Wessels ctnd Rogus [ 1 ;_], William dnd Irving 

[ ~. s ] , d wl Humm [ 1 2 ] . 



8 

r·::;o.ns that might commonly be expected to set upper 

Li~i~c on tumor dosage would include bone marrow because of 

,-.h,:.. '-:sy :tccess of the Antibody to the bone marrow and its 

~i iqh t -~idintion sensitivi ty. Therefore, it is clinically 

Lmpar~ant to quantitate the dose to this tissue. 

1.3 BONE MARROW RADIATION DOSIMETRY 

~he dbsorbed dose to any target tissue in the body is 

:iP ·nergy absorbed per unit mass of tissue. In the MIRD 

3cj2na, the general equation employed is 

(I. 1) 

r.;here 

DT • the dose to target tissue T (m Gy) 


A0 • the activity injected into the body (MBq) 


S(T +-h.) • the absorbed dose in tissue T per 


disintegration in source region h. 

(mGy/MBq-sec), called the S-value 

t 11 • the residence time in source region 

h. (sec). It also takes into account 

the fraction of A0 taken up by h.. 

For RIT applications, the radiolabeled antibody is often 

metabolized by several organ systems, most notably those 

invo~ved in excretory functions. Therefore, the blood, 

~idneys, bladder, ~nd possibly gastrointestinal 

Jrgans may be significant source organs for irradiation of 

rnarr.ow. The marrow will also irradiate itself due to the 

http:rnarr.ow
http:r�::;o.ns
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activity in blood which can possibly enter the marrow 

space by either the capillary circulation of the bone 

marrow or extravascular diffusion of antibody through the 

sinusoidal walls. Since many possible candidates of 

radionuclides used for RIT applications involve a large 

beta and electron component, the dose from the marrow to 

itself may be of primary importance 

Thus, the total marrow absorbed dose should be 

calculated as 

DIU/ • A 0{L(f~-(f.um.~lm.,u))S(RAI +-h)+ 

(-r .w- ( -r .um.IU/Im.u))S(RAI +- RAI) + 

(-r ~e1 mr~lmu)S(RAI +- TB)} (1.2) 

where terms have the same meaning as in Eqn. 1.1 

except with specific source and target organs : 

m • mass of organ 
RAI • red bone marrow 
h • source region 
T B • total body 
RB • remainder of body 

This system is attractive and convenient, however, it 

fails to be predictive when examining non-uniformly 

distributed particulate radiation in the subcentimeter 

range, at tumor boundaries, or at organ interfaces. Early 

modeling approaches typically assumed an absorbed fraction 

of 1.0 for nonpenetrating radiation, but all the energy 

emitted from high energy electrons within the marrow 

spaces would not be deposited in the marrow. Therefore, 
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2.L·:,,·t:::::;r,~; .::annat be classified dS nonpenet;_ .:n:.ing radiation 

~n·l tne absorbed fraction of energy must be analytically, 

ra:me::i.:-aJ.l y , or experimentally determined. 

1.4 INTERACTIONS OF ELECTRONS WITH MATTER 

Interactions of electron with matter can be divided into 

electron-electron interactions, elastic 

ir,tet.:tccions with nuclei, dnd inelastic interactions with 

1.4.1 Electron-electron interactions 

Sl,·:<=trons traversing a medium tran~fi':'t' ·"ncrgy to orbital 

'"'lee~-·~ ons of the medium. Impinging e l<':'ctr: 1ns lo :.;e energy and 

:lirection. An electron receiving enerqy may h2 caised to an 

~xc;_t::ed :;tdte (excitation) or may :)e <:.•j<·"c::.::::, from the atom 

( .i.. ·..>n:i~..:-:.~t:iun). 

The :.inear spe~ific energy loss uue to excitation and 

·nni~ation hciS been derived by 3ethe [1] as 

( 1 .3) 

where 
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e • electron charge 

N • number density of the absorber atoms 

V • velocity of electron 

m • electron rest mass 

E • impinging electron energy 

I • average excitation and ionization 

potential of absorber 

Z • atomic number of absorber atoms 

vP• C, and Cis the speed of light in vacuum 

1.4.2 Elastic interactions with nuclei 

When an electron passes the neighborhood of a nucleus, 

it may undergo an elastic scattering. Backscattering of 

electron is primarily due to elastic scattering by nuclei, 

where electron undergoes sufficient deflection so that it 

re-emerges from the surface through which it entered. 

According to the Rutherford scattering formula, 

(1.4) 

where 

2£ d.w • probability per g-em of an electron 

scattered into the solid angled.w 

about9(from its original direction) 

The probability of elastic interactions with nuclei 

Z3varies with of the absorber and approximately with 

1/E 3 
), where E represents the kinetic energy of the 
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i nc ident electrons. Thus, backscatt e ring is most 

pronounced for electrons with low incident energy and 

a b so rbe r s with high atomic numbers. 

1.4.3 Inelastic interactions with nuclei 

An electron passing near a nucleus (i.e. distance of 

approac h is smaller than the atomic radius but larger than 

nu c lear radius) may be deflected with reduced velocity. 

The interaction is inelastic if energy is released as 

~ l ectromagnetic radiation during the encounter. Radiative 

e nergy loss is caused by an acceleration of the electron 

under the influence of the electric field of a nearby 

nuc l eus. The radiated energy is known as bremsstrahlung. 

The l inear specific energy l oss through this radiative 

process [1] is 

(I .S) 

where the terms have the same meaning as in the 

preceding equation. 

From the specific energy loss equation for collision 

p r oces s es and for radiative processes, it is obvious that 

colli s ion energy loss increases with Z and lnE while 

Z2r ad i a tive energy loss increases with and E. Therefore, 

r adiative loss are always a small fraction of energy 

lo s se s due to ionization and excitation for low electron 

e nerg i e s (le ss than a few MeV), and are significant only 

in a b so rber materials of high atomic number. As the 

e lect ron energy increases, radiative energy loss becomes 
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significant. At a certain energy called the critical 

energy, the two are equal. The ratio of the specific 

energy losses [1] is 

(:!), EZ-·-- ( 1.6)(:!lo 700 

where E is electron energy in MeV 

The effective atomic number for RBM is 5.93 [21] so 

that the critical energy should be approxiamtely 118 MeV 

according to equation (1.6). Thus, the radiative stopping 

power for electron in RBM is negligible in the range of 

electron energy considered in this work (note that the 

maximum electron energy considered in this work is 1.75 

MeV). 

The total linear stopping power for electrons is 

dE (dE) (dE) ( 1 . 7)dX• dX c + dx ,. 

1.4.4 Electron range 

The continuous-slowing-down-approximation (CSDA) is a 

schematization in which the rate of energy loss at each 

point along an electron trajectory is assumed to be equal 

to the mean energy loss given by the Bethe stopping power 

formula [ 2] . 

The CSDA range RB can be defined as follows 
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(
0 d.E 

( 1 .8)R,• ), (:!), 

where 

E • initial electron energy 

( ~~) • Bethe stopping power for electron 
1 

with energy E 

However, this formula ignores multiple scattering and 

only suitable for heavy charged particles or low energy 

electrons (e.g. 0.1 MeV to critical energy in 

polystyrene). For electron energies much larger than the 

critical energy, the concept of electron range is 

meaningless because of cascade shower production. In 

addition, electrons are also subject to range straggling, 

defined as the fluctuation in path length for individual 

electrons of the same initial energy. This is caused by 

statistical fluctuations of the rate of energy loss along 

~he electron track. Some energy is transported to 

distances greater than the CSDA range because of this 

energy loss straggling. 

1.5 Back Scattering of Electrons 

When a stream of electrons is directed against a solid 

target, most of the electrons penetrate into the target 

but some come out again. Most of the returning electrons 

are members of the original beam which have penetrated to 

a greater or lesser extent into the target, suffered 

elastic or inelastic collisions or both, and returned to 

the entrance surface of the target. Of course there are a 

few secondary electrons escaping from the target as well, 
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however, they are generally having an 2nrJ1. ,:r :._ess than 50 

eV. Holiday et al. [ 26] reported that electron 

backscattering depends on the atomic number of the target 

material at energies above approximately 5 KeV. They 

suggested that research on electron backscatter dose at 

the interface should be focused on electron energies 

higher than 5 KeV. 

There are two existing theories namely Diffusion 

Theory and Large Angle Single Elastic Scattering Theory to 

explain this phenomenon [27]. 

According to the Diffusion theory, electrons are 

supposed to travel straight into the target up to a 

certain specified distance, after which they diffuse 

evenly in all directions. It acknowledges the fact that an 

electron's progress eventually becomes random due to 

multiple collisions. However, it ignores the possibility 

of electrons undergoing large single reflections somewhere 

between the surface and the depth of complete diffusion. 

The depth of complete diffusion is defined as the depth at 

which the average cosine between the actual direction of 

the primary beam becomes 1/e (i.e. the directions differ 

by an angle of 68.4° ). Suppose a stream of monoenergetic 

electrons is moving towards the center of a sphere and 

starts to move equally in all directions at the depth of 

complete diffusion. The electrons can only escape from the 

sphere within a solid angle such that their overall paths 

are equal to or less than their full range. The ratio of 

this solid angle to the solid angle of the complete sphere 

(i.e. 4 pi is defined as the back-scattering 

coefficient. The back-scattering coefficient R deduced by 

this theory is 
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(7Z-80) 
(1.9.1)R • (14Z-80) 

where Z is the atomic number of the target 

According to the Large Angle Elastic Scattering 

Theory, electrons are supposed to travel straight into the 

target, suffering retardation and also undergoing elastic 

collisons in accordance with Rutherford's law of 

scattering, but it ignores the diffusing effect of 

multiple scattering. Only those reaching the surface 

before fulfilling their total range escape from the 

target. The relevent back scattering coefficient Ra is 

R • (a-1 +o.s•) 
(1.9.2)1 (a+ I) 

where 

nZ 2 e4 N,.
a• 

m 2 cA 

c. ( 16:~~··z}n(~E) 
NA = Avogadro's number 

J -· 11. 5 Z eV 

m = electron mass 

E = electron energy in eV 

Archard [27] combined the above theories and the 

combination of the theories is composed of three regions. 

For low Z target (below Z=ll) the depth of complete 

diffusion (Xd) is large compared to the range of the 

electrons in the target material (Xr) so that Large Single 

Elastic Scattering Theory predominates for this range of 

Z. As z rises, the ratio of Xd/Xr falls and many more 

electrons diffuse back to the surface. In regions of high 

Z (above Z=60) the ratio of Xd/Xr is very small; electrons 
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b o:= come diffused almost immediately and t .here is little 

chanc e for large single elastic scattering. Therefore, 

Di ffusion Theory predominates in this region. In the 

r egion o f medium Z (11 < Z < 60) Archard found that the 

mean of the two theories agreed well with experimental 

re~ul L s. All materials used in this investigation have 

e ffec t ive a tomic numbers less than 11 Ze for CB and RBM 

~re 10 . 50 and 5.93 respectively [1] ), thus Large Single 

Elas t ic Scat tering Theory applies to this work. 

1.6 THERMOLUMINESCENT DOSIMETRY 

Thermoluminescence (TL) has been used as a useful 

means of radiation dosimetry since the early 1950's [8,9]. 

During exposure t;o radiation, .electrons in the crystalline 

structure of a thermoluminescent phosphor are excited to 

higher e nergy ~evels. Some of the electrons fall into and 

.5tay i n so called "traps" where the y remain after the 

irr :;~ d iat ion. The traps are c reated by t he inherent 

impuriti e s and defects in the crystal. If t he distance of 

t he t rap energy level below the conduction band is 

s ufficiently large, there is only a small probability per 

unit t ime at ordinary room temperatures that the electron 

will escape the trap by being thermally excited back to 

the co nduction band. 

When the irradiated sample is sufficiently heated, 

trapped e lectrons migrate to combine with holes or holes 

migrate to combine with trapped electrons releasing 

p ho Lons. If the photon energy is about 2 to 3 eV, the 

emitted photons are in the visible region. It is this 

po r~ i o n o f t he light spectrum which is normally used in 

r; herrnoluminescence. The amount of light emitted is 

direct ly proportional to the irradiation dose. The light 
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yield as a function of temperature is recorded in a "glow 

curve". Therefore, the area under the glow curve is 

proportional to the iry~diation dose . 

.. .. practice, not all the electron traps are of the 

same energy level. The shallow traps are somewhat unstable 

even at ordinary room temperature. Therefore, it is 

necessary to allow the thermoluminescent dosimeter (TLD) 

to "fade" before reading out. In the readout process, TLD 

is heated to a sufficient temperature to deplete most of 

the electron traps. In order to ensure that all the traps 

have been depleted, the TLD must be annealed before reuse. 

In this project, ultra thin LiF TLD discs, 50 microns 

thick, were used to measure the dose distribution near 

planar interfaces of air- red bone marrow (AIR-RBM), and 

cortical bone red bone marrow (CB-RBM). Of all TLD 

materials, LiF has proved to be the most popular because 

of its small fading at room temperature and its low 

average atomic number, which does not differ greatly from 

that of air or tissue. The minimum sensitivity of LiF is '1 
' 

about 10-4 Gy. The TL output of LiF as a function of 

energy absorbed is linear up to about 10 Gy, and then 

becomes superlinear. 

The basic components of most commercial TLD reading 

systems are illustrated in Figure 1.1. The commercial 

system which was used in this project is the Harshaw TLD 

system 4000. 
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CHAPTER 2 

MONTE CARLO CALCULATIONS 

A Monte Carlo electron transport code, Cyltran [29], was 

used in this work to calculate the backscatter dose as a 

function of distance from planar CB-RBM and AIR-RBM 

interfaces due to a semi-infinite uniform source of 

monoenergetic electrons. Since Cyltran has a built-in 

algorithm for selecting the appropriate step size for 

electron trajectories and it is several times faster than 

EGS [30], it was used in this work. The backscatter dose in 

~ scoring region with inhomogeneous geometry (CB-RBM or 

VAC-RBM geometry) was divided by the dose in the same region 

with homogeneous geometry (RBM-RBM geometry) to yield a dose 

ratio. Variation of the dose ratio with electron energy of 

t he ~ emi-infinite source was also investigated. The dose 

rati o Ht three particular distances from the interfaces due 

t:.o a :;emi-infinite uniform source of 32P was also calculated 

in order to compare with experimental results. 

Sinc e low energy beta nuclides could be used to label 

a nti-tumor antibodies for treating occult micrometastases 

and s ingle tumor cells, the calculation was extended to low 

1 7•': nergy be ta emitters such as 204 Tl and Pm.4 

2.1 MONTE CARLO CODE AND GEOMETRY 

Cyltran was obtained from Oak Ridge National Laboratory. 

Being one of the base codes of the Integrated TIGER Series 

( ITS) [29], Cyltran employs a fully three-dimensional 

description of particle trajectories within an axisymmetric 

20 
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c y l indrical material geometry. The I TS is a group of 

multimaterial and multidimensional Monte Carlo codes 

desig ned to provide a description of the production and 

t ran s port of the electron/photon cascade. Its base codes 

were primarily designed for transport at primary source 

energ i e s from a few tens of MeV down to 1.0 and 10 KeV for 

elec t rons and photons, respectively. The ITS consists of an 

el ect r o n/photon cross section data file (XDATA), a cross 

se c tion generation program (XGEN), and several Monte Carlo 

prog r am f ile s (e. g. Cyltran in this work). Program XGEN 

l oo k s for t he cross section and atomic data in XDATA while 

i t. i .s being executed to create cross section input for the 

s pecified Monte Carlo program. In a dditio n, a problem 

s pe c ific input file must be provided. The values of the 

keywords in the input file for this work a re described in 

t.he foll owing. 

GEOMF.TRY [parameter(l)] 

[parameter(2)][parameter(3)] ..... [parameter(5)] 

Thi s keyword signals the beginning of the geometry 

information. [parameter ( 1)] is the number of input 

zones. Immediately after the keyword line there must 

follow a series of [parameter(1)] lines, one for each 

input zones. [parameter(2)] through [parameter(5)] 

s pecify the minimum z boundary, the maximum z boundary, 

the minimum radius, the maximum radius and the material, 

respectively. 
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DIRECTION [parameter(1)][parameter(2)] 

[parameter(1)] and [parameter(2)] are the spherical 

polar angles in degrees that defined the source 

re ference direction. 

Default values, zero for both parameters, were used to 

define source reference position at positive z direction 

:i.n this work 

ISOTROPIC [parameter(l)] 


Defines angular distribution of source 


particles as being isotropic with respect 


to the reference direction. 


[parameter(1)] ~ 180.0 (i.e. a 4 pi 


isotropic source) 

in this work 

ELECTRONS 

This keyword defines the source particles to be 

electrons rather than photons. 

ENERGY [parameter(l)] 

Thi s keyword specifies a monoenergetic source of energy 

[parameter(1)] in MeV. 

[parameter(l)] = 0.1, 0.2, 0.35, 0.50, 0.75, 

1.00, 1.25, 1.50, or 1.75 in this work 

POSITION [parameter(l)][parameter(2)][parameter(3)] 

[parameter(1)] through [parameter(3)] are the x, y and z 

c oordinates of the center of the source, respectively, 

in em. 

(parameter(1)] = [parameter(2)] = 0 in this work 

[parameter(3)] = 0, 1/18, 1/9, 1/6, 2/9, 1/3, 2/3, 
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1, 10/9, or 4/3 t. Lne s :ne CSDA 

range of the electron source 

in this work 

RAD I'JS [parameter(1)] 

This keyword defines the radius [parameter(l)] 

in em of a disk source with the reference 

position at its center. The normal to the 

disk will be the reference direction as 

defined by the DIRECTION keyword. 

[parameter(1)] = 2 in this work 

CUTOFFS [parameter(l))[parameter(2)] 

[parameter(1)] and [parameter(2)] are the cutoff 

e nergies (MeV) at which electron a nd p hoton histories 

a re terminated, respectively. 

[parameter(l)] = [parameter(2)] 0 . 00 1 i n t his work 

HISTORIES [parameter(l)] 

[parameter(1)] is the number o f primary particle 

h istories to be followed. 

[parameter(l)] = 50000 in this work 

BATCHES [parameter(!)] 

[parameter(l)] is the number of batches of primary 

particles to be run. The total number of histories is 

divided into [parameter(l)] batches containing an equal 

number of source particles in order to obtain estimates 

of statistical uncertainties. 

[parameter(!)] = 10 in this work 

Some keywords other than the above had not been 

s pecified a nd default settings were then automatically 

a ctivated s uch that histories of knock on delta rays were 
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foll owed; histories of all bremsstrahlung photons and 

re l axat ion radiation resulting from electron impact 

ionization were followed; electron loss straggling was taken 

into ac count. 

As i llustrated in Figure 2.1 and 2.2, the cylindrical 

reg ions of cortical bone, red bone marrow, and vacuum 

s imula te the cortical bone equivalent plastic, gelatin, and 

.:> ir which were used in the experiments. Twelve small 

disc-l ike dose scoring regions (DSR) in RBM were equally 

spaced from the interfaces up to 11/9 times the CSDA range. 

They were defined in the geometry of the Monte Carlo 

c alculations to simulate the LiF TLD used in the 

experiments. The mass density of the TLD was assumed to be 

2 . 39 glcm3 according to the specifications from the 

manufacturer. The dose scoring regions had the same mass 

th i ckne ss of 12 mg/cm~ as the 50 microns thick TLD but the 

r adius was set to be 1 em in RBM (mass density 1.047 g/cm 3
) 

so as to improve counting statistics in the DSRs. Note that 

t he composition of the scoring regions was RBM instead of 

LiF . It has been proven that there is no significant 

d ifference in the dose ratio of inhomogeneous geometry to 

homog eneous geometry by using RBM to imitate the LiF TLD in 

e xperiment [21]. By defining two distinct materials in the 

sim11latio n instead of three, it was shown that the CPU time 

~or e ach Monte Carlo run was decreased by 23% [21]. 



--.---­
1 
i 

i 

i 

i 

i 

i 

i 

i 

i 
i 
i 
! 

3cm 

__ .:t_ ___ _ 

(~:;] CB or VAG 

~ Plane Source 

fR Dose Scoring Region 

D Red Bone Marrovv 

' ' ' '~ ~ ~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 
---­--- ­----- ­- -- -- -- -- -- -- ------ ­- ------ ­-- --- ­ -- --­ - -- --- --- ­--- ­-.-­

' ' ' ' ' ' ' ' ~ ~ ~ ~ ~ , , , ~ 
' ' ' ' ' ' ' ' ', ~ , , ~ , , , 
' ' ' ' ' ' ' ' , ~ , , ~ ~ ~ , 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' '~ ~ ~ ~ ~ ~ ~ 

' ' ' ' ' ' ' ~ , , , , , , 
' ' ' ' ' ' ', , , ~ , ~ ~ 
' ' ' ' ' ' ' , , , ~ , ~ ~ 
' ' ' ' ' ' ' ' ; , ; , ; , , , , 

' ' ' ' ' ' ' ' ', ~ , ~ , , , ,
' ' ' ' ' ' ', , , , , ~ ~ 
' ' ' ' ' ' ' ~ ~ , ~ , ~ ~ 
' ' ' ' ' ' ' 

other source positions 

''''' ' ' ' 
1 
i 
i 
i 
i 

' 2cm 
--------­

1 
i 
! 

1cm 

( ,· ,~,',',',~,~,"'' :{J:IOd__JOOd_IIOOI__ ~_Mif 

0 

Figure 2.1 

1/3 2/3 1 413 

Scaled distance ( r I r0 ) 

Geometry of the upper half cross section 

In the Monte Carlo calculations 
[v 

Ul 



26 

' ",",",",",",",",","~",",",",",",",",","," 

N 
.t. 
I 

0
c: 

= 0 

B 
c: 
0 

(/l ~ i
0 

c: 0C)0 1:~ c: 
Q)1: ­

0~ / § E c:a5 2 .Q­(.J C)
:;::: 

-
~ 

Q) :;:::, 
C) 
Q) ~ s:::. .Q 
~ 

l 
0 

'0 -0 

~ 

Q) 5 ~ c: 
.Q~ 
II...c: 

a u 
as 

-
0 >E 

a;II... s:= c: c:0 ' 0 0~ Ci5B II... c:~ 
~ Q)-0 

CD.! E s:::. -g 
~ 

Q) :i =c ­
.5c: aJ I 

~ 

~ ",",",",",",",",","~",",",",",",",",",",", Q)
,",",",",",",",",","~",",",",",",",",",",", II... 

:;:::," " " " " " " " " " ., ~ " " " " ., / " " C)' ' ' ' ' ' '~' ~ ' ' ' ' ' ' ' ' ' '" " " " " " " ., "~ " " " " " / " " ' ' ' ' ' ' ' ' ., ' ' ' ' ' ' , ' / ' ' ' u:" " " " " " , " " , " / " ,' ' ' ' ' ' ' ' ' ' ~ ' ' ' ' ' ' ' ' ' 

a. 

,, ' ' 
~',',' i ',',',
"""""" """""" ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' 

a: 
~ js:::. 
~ :;:::, 

"'! 
C\1 

",",",",",",",'~',",",",",',","," " 
" " " ","~","," " " " " 

I 



27 

Note that the radius of the DSR ~as : ' c t o be 1 em 

i n stead of the actual radius of the TLD ( i .e. 0.3 em) 

b e cau s e as long as the radius of the source is much larger 

t han that of the DSR the absorbed dose in the DSR is 

i nde pendent of its actual magnitude. The radius of the plane 

s ourc e was set to be 2 em. Since the maximum CSDA range 

(i. e . for 1.75 MeV electron) in RBM is about 0.84 em, the 

radius of the plane source had more than one maximum CSDA 

range than the radius of the dose scoring regions. 

Therefore, the plane source could be treated as infinitely 

large with respect to the DSRs. Similarly, the lateral 

dimensions of the RBM, CB and vacuum region were greater 

than t he di ameter of the DSR by 4 em. Thus, these regions 

act as infinite media to the DSRs and the plane source. 

There were ten source positions (i.e. P = 0 , 1 /18, 1/9, 1/6, 

2/9, 113, 2/3, 1, 10/9, 4/3 CSDA range) in t he Monte Carlo 

calculations. 

2.2 DATA ANALYSIS 

270 Monte Carlo calculations had been done for the 

spatia l distribution of absorbed dose in RBM with or without 

a heterogeneous interface due to the plane sources of 

monoenergetic electrons at different source positions and at 

different energies. Fifty thousand electron histories were 

followed for e ach Monte Ca rlo run. The results are presented 

in appendix A. The absorbed dose in the DSRs is expressed as 

a function of their scaled distance from the interface, the 

scaled source position, and electron energy. The scaled 

distance s and the scaled source position P are defined as 

the ratio of the absolute distances from the interface to 

the CSDA range ro(E) of electrons with energy E in RBM. 

These scaled quantities facilitate interpolation to any 

source energy and distance from the interface. 
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'::'hP. Jose to any one of the DSRs du" ••: ::oemi-infinite 

'lnlrorm ::;ource of monoenergetic electron::; .n ~BM could be 

.: .. .ic:<;.J.. ..:t<~ed as the integral of the dose contributed by the 

rlane ~ources with the source position. 

i
413 i"+413

Dsa(S,E) • D,.(S,P,E) dP + D,.(S,P,E) dP (2. 1) 

0 413 

Ds:z:1::;,E) = dose in a DSR at scaled distance 

s due to a semi-infinite uniform 

source of electrons with energy E 

DP(S,P,E) = dose in the same DSR at scaled distance 

s due to a plane source of ~lectrons 

with energy E at scaled ::;ou.rcc j>Osition 

p 

The first term on the right hand side of ~quation (2.1) 

c:<:.li,:;ul.:'tt(~:; t;he dose to the DSR ..->.t :'3 due to electron sources 

in the region from the interface to the scaled distance of 

4/3. ~ote that there is less than 4/3 times the CSDA range 

~rem th~ DSR to the end of the region (i.e. scaled distance 

= 4/J) except for the DSR at the interface. Therefore, the 

second teen on the right hand :3 ide of equation ( 2. 1) is 

lG~~oduced to calculate the dose to the DSR from a second 

:>ourc~; n~gion ·,,.;hich is from scal•:=d distance of 4/3 to /l/3 

ti~es the CSDA range from the DSR. 

Let U=P-S, 
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l $+413 !413 
D,.(S,P,E)dP-+ D,.(S,U+S,E)dU 

413 413-1 

!4/3 
-+ D~t.t-1\Bt.t (O,U,E) dU (2. 1) 

413-1 

Since the second source region is at a distance more 

than 4/3 times the CSDA range away from the interface, the 

dose to the DSR due to the second source region is 

equivalent to the dose to the DSR at the interface due to a 

source region from scaled distance of (4/3-S) to scaled 

distance of 4/3 in RBM-RBM geometry. 

DP(O,P,E), was fitted by weighted least-squares method 

to a degree six polynomial function or to a cubic spline 

function for comparison. The reason of using a degree six 

polynomial is that the largest decrease of residual variance 

occurred in going from degree five to degree six. The 

residual variance is the sum of squares of the residual 

values divided by the degree of freedom. 0p(O,P,0.5) for the 

three different geometries were plotted in Figure 2.3 for 

illustrat.ion. 



30 

- -o-- VAC-RBM -2!t- CB-RBM 

0.64 
c 
0 
I... 

+J 
(j 
(])-- 0.48 
<DO 

......... .,-­
>.I 
~!Y 

0.32w 
(f) 

0 
0 

0.16 

0.00 L-----...I..-----L...------L::::::::::-41!!1-~f-----i8---l 
0.00 028 0.56 0.84 1.12 1.40 

P (CSDA range} 

Figure 2.3 	 Dose at 0-12 mg/cma from the respective 

interface due to a plane source of 0.5 MeV 

electrons as a function of plane source 

position P 

Fitting function cubic spline 



31 

~~e uncertainty of the integrati~r. ::la t:ed in two 

::':J.e C i.:::-st was to calculate ~he ::.: -~ . :;. : , :_ < ·rror of the 

.mm :: cc•m the coefficients and their associated uncertainties 

of · ti::o polynomial function. The general ,~quation of .'in N 

• ~c~~ polynomial function is : 

Y. tP~x·-1 (2.2) 
I• I 

where P~ = coefficent of the term x~-~ of the polynomial 

T~e lnteoral T of the tunction in the lnterval a to b is 

(2.3) 

The absolute standard error a(/) of the integral is 

t t(dl•)( dl•)a 2 (P 1,) (2.4) 
1• 11• 1 dPc dP1 

a 2 (P 0 ) • element i.j in the variance-covariance matrix 

A computer program was written to perform the polynomial 

fitting, integration of the fitted curve and error 

estimation; it is listed in appendix B. 

The second way is an approximate method whereby the 

~bsolute error is expressed as the absolute difference of 

two ~rea integrations divided by 2 as follows. 
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ERR 
11 

(S,E) • A I- A2 
(2.5)

2 

where 

AI • Jo
(413 

D,.(S,P,E){l+RELERR(S,P,E)}dP+ 

4/:S 


;:
 D~w-IUiw(O,P ,E) { 1 +RELERR (O,P ,E)} dP 
413-S 

A2 • Jo
(413 

D,.(S,P,E) { 1-RELERR(S,P ,E)} dP + 

413 


;: D~w-IUiw (O,P ,E) { 1-RELERR (O,P ,E)} dP 

413-S 


ERR 51 (S,E) • absolute error of D51 (S,P,E) 

RELERR(S,P,E) • relative error of D,.(S,P,E) 

In the approximate method, curves of dose + one standard 

deviation versus source position were fitted by cubic spline 

function. This method was used for the rest of the 

integrations even though this method over-estimates the 

uncertainty of the integration because the polynomial 

function is not always a good fitting function to the data. 

On the contrary, the cubic spline function is a more 

flexible fitting function in general. 

Since the separations of the dose scoring regions were 

expressed in terms of the CSDA range, the corresponding 

scaled di~tance X(E) of an absolute distance r for electron 

energy E can be calculated as 

X(E) • (p 11•• )r (2.6)
ro(E) 

where 
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X(E) • scaled distance for electron energy E 
Pu11 •density of RBM 

• l.047g/cm 2 

r • absolute distance from interface 

• 0 .075crn or 0 .I Scm 
r0 (E) • CSDA range for energy E in wateri unit • glcm 2 

The doses due to a semi-infinite source at absolute 

distances of 0. 75 mm and J.. 50 mm from the int.erface were 

jbtained by interpolation to the Dax(S,E) with respect to s. 
Curves were fitted by weighted least-squares method to the 

tliscrete values of Dsx(S,E) and the choice of the fitting 

fnnc:::ion depended upon the shape of the curves. The fitting 

fnnctions for these curves are listed in appendix C. 

Dsx(3,0.5) for VAC-RBM, RBM-RBM and CB-RBM were plotted in 

Wigure 2.4 as examples. 

~et ~x(r,E) be the dose at an absolute distance r from 

the interface as a function of electron energy E for the 

inhcmogeneous geometry and that for the 

:wmogeneous geometry. Dx(r,E) and D"(r,E) were assumed to be 

increased linearly with electron energy from 0 to 0.1 MeV. 

T~e fitting functions for Dx(r,E) and D"(r,E) are listed in 

:tppendix C. Figure 2.5 illustrates Dx(O,E) for the VAC-RBM, 

and ~8-RBM geometries and D"(O,E) for the RBM-RBM geometry. 

The Jose ratio R(r) of the inhomogeneous geometry to the 

homog0neous geometry due to a semi-infinite beta source was 

evaluated for an absolute distance r from the interface. 
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i 10 

D,(r,E)B(E) dE 

h
0R (r) • ( 2. 7)1 

o D H (r ,E)B(E) dE 

where B(E) is the beta spectrum of 32 P (Eo= 1.71 MeV), 
204Tl (Eo= 0.766 MeV) or 147Pm (Eo= 0.224 MeV). The former 

two nuclides have allowed transitions while the last one has 

first-forbidden transition. A computer program has been 

developed by W.V. Prestwich, Ph.D. to evaluate the beta 

spectra. Integration of a beta spectrum with D(r,E) is 

required for determining the average dose per beta decay and 

it was done numerically by using a program developed by P.J. 

Bialobzyski [3]. 

The errorct(R) in R is given by 

2 

( ct{R(r)})2 • (ct{J D,(r,E)dE}) +(ct{J DH(r,E)dE})' ( .B)
2 

R(r) JD,(r,E)dE JDH(r,E)dE 

where 

N (d{f D(r,E)dE})(d{f D(r,E)dE}) 2ct {J D(r ,E)dE}·l:N L d.P d.P 0' (P ,,) 
1•1 /•1 l I 

and 

P, • coefficient of the ith term in the fitting function 

ct 2 (P,1) • element i,j in the variance-covariance matrix 
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Figure 2.4 	 Dose distribution near the respective 

interface due to a semi-infinite sources 

of 0.5 MeV electrons as a function of 

scaled distance S 

Fitting function listed in appendix C 
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Figure 2. 5 	 Dose at 0-12 mg/cma from the respective 

interface due to a semi-infinite sources 

of electrons as a function of electron 

energy 

Fitting function listed in appendix C 
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2. J RESULTS 

:_'.·,ble::; "~.l. 2.2 and 2.3 list Deu(O,Z) ;:·or the RBM-RBM, 

C3-~BM and VAC-RBM geometries respectively and their 

C8rr~sponding estimated uncertainties for the dose scoring 

~egion located at 0-12 mg/cm~ from the interface using the 

polynomial fit or the cubic spline fit respectively. 

Cbvi01:~ly. the estimated uncertainties for curves fitted by 

.-;;_., --,1:)ic ::;pline function an~ significantly higher ":han the 

-1nGf''t t::;intie~; .'.·stimated by the other method. 

TABLE 2.1 

Da:x:(O,E) at C-L'. mg/cm 2 or 0-0.05 mm in .?BM for t!";.e RBM-RBM 

-;eometry 

El~:~c~: ron ( 1 ) Cubic 
spline 

( 2 ) Pol yncHL_, _, 

I <· ,[if .terence 

energy dose• % error dose* ("'(. errnr \ .2 ) - ( J. ) :X 10 0% 
(MeV) ( 2 ) 

O.J.O 7.4546 l. 12 7.4861 t). 50 0. 4 

().20 3.7097 1. 70 3.7301 0.69 0.5 

0.35 2.4119 1. 93 2.3691 0.77 1.8 

0.50 2.0129 1. 65 1.9919 0.69 1.1 

0.75 1.6078 2.01 1.6054 0.91 0.1 

1.00 1.4994 1. 99 1.4985 0.89 0.06 

1. 25 1.4133 2.28 1.4109 1. 00 0. 2 

1. 50 1.3271 3.26 1.3474 1. 46 1.5 

1.75 1. 3081 2.45 1.3086 0.94 0.04 

* The unit of dose is 10-11 Gy per electron 
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TABLE 2.2 


Dax(O,E) at 0-12 mg/cm 3 or 0-0.05 mm in RBM for the CB-RBM 


geometry 


Electron ( 1) Cubic 
spline 

( 2 ) Polynomial % difference 

; ~ 2 ~- p 2 ; X 100% 
( 2 ) 

energy 
(MeV) 

dose* % error dose* % error 

0.10 

0.20 

0.35 

0.50 

0.75 

1. 00 

1. 25 

1. 50 

1. 75 

7.5830 

3.8126 

2.5834 

2.1510 

1. 7881 

1. 6296 

1.5254 

1.4652 

1.4082 

1. 43 

1. 64 

1. 49 

2.19 

2.44 

1. 70 

2.16 

2.30 

2.49 

7.6014 

3.8238 

2.5893 

2.1337 

1. 7655 

1.6240 

1.5385 

1.4686 

1. 4116 

0.84 

0.66 

0.67 

1. 02 

0.95 

0.59 

0.91 

0.92 

1. 07 

0.2 

0.3 

0.2 

0.8 

1 

0.3 

0.9 

0.2 

0.2 

* The unit of dose is 10-11 Gy per electron 
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TABLE 2.3 

Dax (O ,E) at 0-12 mg/cm 3 or 0-0.05 mm in RBM for the VAC-RBM 

geometry 

Electron ( 1 ) Cubic 
spline 

( 2 ) Polynomial % difference 

:p2-p2:x100% 
( 2) 

e nergy 
(MeV) 

dose* % error dose* % error 

0.10 

0.20 

0.35 

0.50 

0.75 

1. 00 

1. 25 

1. 50 

1. 75 

7.2878 

3.4271 

2.1272 

1.7222 

1. 3565 

1.1880 

1.1081 

1.0732 

1.0409 

1. 13 

1. 34 

1. 69 

2.42 

2.07 

2.69 

2. 12 

2.52 

2.02 

7.3040 

3.4357 

2.1223 

1.7252 

1. 3531 

1.1737 

1.1064 

1.0695 

1. 0417 

0.51 

0.60 

0.74 

0.87 

0.9 9 

0 . 8 1 

1. 0 4 

1. 12 

0. 7 9 

0.2 

0.3 

0.2 

0. 2 

0. 3 

1 

0. 2 

0.3 

0.08 

* The unit of dose is 10-11 Gy per electron 

Tables 2.4 and 2.5 show the variation of the dose with 

electron energy at absolute distances of 0.75 mm and 1.50 

mm, r espectively . 



40 

TABLE 2. 4 


Dax(X(E),E) at 79-91 mg/cm• or 0.75-0.80 mm in RBM 


Electron VAC-RBM RBM-RBM CB-RBM 

energy 

(MeV) 

dose ... % error dose* % error dose* % error 

0.10 8.7906 1 8.7965 1 8.7980 1 

0.20 5.5306 1 5.5321 1 5.5355 1 

0.35 4.3222 2 4.3498 2 4.4063 1 

0.50 3.1927 2 3.2280 2 3.1791 2 

0.75 2.4437 2 2.4507 2 2.4669 2 

1. 00 1. 8129 3 1.9586 2 2.0420 2 

1. 25 1.5990 2 1.7934 2 1.8575 2 

1. 50 1.4759 2 1.6499 2 1. 7468 2 

1. 75 1. 3441 2 1.4944 3 1. 5582 2 

* The unit of dose is l0-11 Gy per electron 

http:0.75-0.80
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TABLE 2.5 


Dsx ( X(E},E) at 157-169 mg/cm~ or 1.50-1.55 mm in RBM 


Elec tron VAC-RBM RBM-RBM CB-RBM 

e nergy 

( MeV) 

dose* % error dose* % error dose* % error 

0.10 8.5996 1 8.7965 1 8.7980 1 

0.20 5.1106 1 5.5321 1 5.5355 1 

0.35 4.3422 2 4.3498 2 4.3496 1 

0.50 3.4093 2 3.4620 2 3 . 3 845 2 

0. 7 5 2.8540 2 2.8507 2 2 . 8 167 2 

1. 00 2.3062 2 2.3304 2 2 . 3 712 2 

1. 25 1.9634 2 2.0696 2 2 . 0 928 2 

1. 50 1.7612 2 1.8677 2 1 . 9 363 2 

1.75 1.5822 3 1.6838 3 1 . 7 364 2 

10-11* The unit of dose is Gy per electron. 

http:1.50-1.55
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Dose enhancement ratio and dose reduction ratio can be 

defined respectively as the dose ratio of the CB-RBM 

g eometry and VAC-RBM geometry to the RBM-RBM geometry due to 

the semi-infinite sources of electrons. 

The dose enhancement ratio and dose reduction ratio at 

0 -1 2 mg /cm~ separation from the respective interface are 

plott e d as a function o f the e nergy of an isotropic source 

of monoenergetic electrons in Figure 2.6. The dose 

, ·nhancement ratio inc r ea ses with electron energy and reaches 

.J plateau at 0.50 MeV whil e the dose reduction ratio 

decr P..1ses and becomes steady from 1. 00 MeV onwards. The 

maximum do se enhancement r atio and dose reduction ratio are 

• . iO + 0 .03 and 0.79 + 1 respectively. 

7ab le s 2.6, 2.7 and 2.8 s ummarize the dose ratios at 

·.: - .:.2 , 79-91 and J. 5 7 - 1 69 mg /cm~ from the planar interfaces 

fu r nuc l:.des 3 :aP, 204Tl and 174 Pm respectively. Neither dose 

e nhdncement nor dose reduction were observed at 157-169 

;nq / cm '-'l ( i.e. 0. 15 em) from the interfaces for the three 

Gucl i des and at 79-91 mg/cm~ for the last two nuclides as 

well . Th e dose enhancement ratios, are 1.07 + 0.01, 1.04 + 

0 . 01. r-tnd 1.02 + 0.01 a t 0-12 mg/cm 2 (i.e. o em) for 32P, 
204~1 a nd 174Pm, respectively. The dose enhancement ratio 

~ nd the d ose reduction ratio are 1.02 + 0.03 and 0.97 + 0.03 

3r espective ly at 79-91 mg/cm~ (i.e. 0.075 em) for ~P. 
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Dose enhancement ratio a nd d ose reductionFi gure 2.6 

ratio 	at 0-12 

interface due 

of electrons 

energy 

Fitting function 

mg/cm~ from t he respective 

to a semi- i nfinite sources 

as a function of e lectron 

y = A + 8(1-exp(-CX)) for dose enhancement ratio 

Y = A + 8 * exp(-CX) for dose reduction ratio 

where 	Y = dose ratio 

X = electron energy (MeV) 

A, B and c are fitting parameters 

For dose reduction ratioFor d ose enhancement ratio 

A = 0.724 + 0.005l \ = 0.994 + 0.009-
8 0.290 + 0.0098 = 9.87 + 0.01 	 = ­
c = 2. 8 + 0.2c 3.4 + 0.9 	 ­-
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TABLE 2.6 


Numerical dose ratio near the interfaces for 33p 


Distance from 

interface 

(mm, mg /cm 3 ) 

Dose enhancement 

ratio for CB-RBM 

interface 

Dose reduction 

ratio for VAC-RBM 

interface 

0-0.05, 0-12 

0.75-0.80, 79-91 

1.50-1.55, 157-169 

1. 07 + 0.01-
1. 02 + 0.03-
1. 00 + 0.03-

0.87 + 0.01-
0.97 + 0.03-
1. 00 + 0.03-

TABLE 2.7 


Numerical dose ratio near the interface s f o r 204Tl 


Distance from 

interface 

(mm, mg/cm 3 ) 

Dose enhancement 

ratio for CB-RBM 

interface 

Dose reduction 

ratio for VAC-RBM 

interface 

0-0.05, 0-12 

0.7 .5-0.80, 79-91 

1.50-1.55, 157-169 

1. 04 + 0.01-
1. 00 + 0.03-
0.99 + 0.03-

0.93 + 0.01-
1. 00 + 0.03 -
1. 00 + 0.03-
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TABLE 2.8 

Numerical dose ratio near the interfaces for ~ 47Pm 

Distance from 

interface 

(mm, mg /cm 2 } 

Dose enhancement 

ratio for CB-RBM 

interface 

Dose reduction 

ratio for VAC-RBM 

interface 

0-0.05, 0-12 

0.75-0.80, 79-91 

1.50-1.55, 157-169 

1. 02 + 0.01-
1. 00 + 0.03-
1. 00 + 0.03 

0.96 + 0.01.-
1. 00 + 0.03-
1. 00 + 0.03-



CHAPTER 3 

EXPERIMENTAL MEASUREMENTS OF DOSE 

DISTRIBUTION NEAR INTERFACES 

With a uniform continuous source of 3 ap inside a well 

designed phantom, beta doses at various separations from the 

AIR-RBM, and CB-RBM planar interfaces were measured by 

groups of ultra thin LiF thermoluminescent dosimeters 

(TLDs). The dose near the planar interfaces due to changes 

in the backscattering of electrons is then compared with the 

dose in homogeneous RBM. Due to the long half-lifes of 
147Pm(2.623 years) and ~ 04Tl(3.779 years), experiments for 

these two nuclides were not performed. In this chapter, the 

materials, experimental procedure and results are presented. 

3. 1 MATERIALS AND METHOD 

A cortical bone equivalent plastic plate, 78 x 78 mma in 

area and 12 mm in thickness, was used as a substitute for 

cortical bone. The plastic was obtained from Dr. Rodney 

Bigley, Sloane Kettering Cancer Center, New York, New York 

and it has the same number of electrons per gram and mass 

density as real cortical bone [3] 

As a substitute for RBM containing uniformly distributed 
3 aP, Knox gelatin solution (5], 50 gram per litre of water 

in concentration, was mixed uniformly with a sodium 

phosphate 3 ~P solution. The source of 3 ap was purchased from 

Merck Frosst canada Inc., Kirkland, Quebec. The gelatin 

solution was mainly a very diluted mixture of water-soluble 

proteins composed of atoms with low atomic numbers. 

46 




47 

Therefore, the effective atomic number (Ze) of the mixed 

solution should be comparable to the Ze of water. The Ze of 

RBM, RBM equivalent plastic, polystyrene and water are 5.93, 

5.53, 5.29 and 6.6 respectively [21]. The specific activity 

of the mixed solution was in the range of 185-262 KBq/ml and 

the final volume of the solution was 200 ml. A volume of 

0.15 ml of formaldehyde was also added into the solution not 

only to prevent bacterial invasion during the experiments, 

but also to increase the melting point of the gelatin [4]. 

The solubility of LiF in water, although slight, makes 

it unsuitable for dosimetry when it is in contact with 

aqueous solution because the solution will etch the surface 

and perhap3 release the energy previously stored [6]. The 

TLDs would become contaminated while in contact with the 32p 

gelatin source. Thus, a group of five TLDs were sandwiched 

by two mylar sheets (13.4 micron in thickness each) mounted 

firmly on two polystyrene frames as shown in Figure 3.1, and 

,3ir between the mylar sheets was evacuated. Since the CSDA 

range of the end point energy Eo of 32P in water is about 

0.84 em [20], the TLDs were separated from the inner edge of 

the frames and from each other by at least 1.5 em (i.e. more 
.r 	 than 1.5 times the CSDA range) in order to prevent mutual 

interaction. 

A polystyrene rectangular phantom was used in these 

experiments. Dimensions of the phantom are greater than 

twice the CSDA range of Eo of 32P so that charged particle 

equilibrium is established at the center region of the 

phantom. As shown in Figure 3.2, the piece of CB equivalent 

plastic was inserted into the phantom against a sidewall, 

and the assembled frames were inserted vertically into the 

phantom. The portable slab was removed after the mixed 
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solution had solidified so that the phdntom had a CB-RBM 

interface on one side and an AIR-RBM interface on the 

opposite side. 

Three groups of TLDs were used in the experiments. Group 

(A) and group (C) were used to measure the dose at a 

distance less than one CSDA range from the CB-RBM and 

AIR-RBM interfaces respectively. Group (B) was located 

between the other two groups at a distance more than one 

CSDA range away from each of them. Group (B) therefore 

measured the dose in an infinite medium of RBM. The 

positions of the groups of TLDs were varied by placing known 

thicknesses of polystyrene frames (1.5 rom thick each) and 

mylar frames (0.25 mm thick each) between the groups of TLDs 

and the interfaces. 
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dose near planar tissue interfaces 



51 

3.2 EXPERIMENTAL PROCEDURE 

3.2.1 TLD Calibration 

The TLDs, 6 mrn diameter x nominal 50 micron thickness, 

were purchased from Teledyne Isotopes, Westwood, New Jersey. 

110 TLDs were annealed in an annealing oven for two hours at 

(300 ~ 1)°C and then 24 hours at (80 ~ l)°C. One hundred of 

the TLDs were calibrated individually with 3 Gy of 6 °Co 

gamma rays five times. The remaining ten TLDs were not 

irradiated and were used to monitor the background 

radiation. 

Irradiated TLDs were allowed to fade for 24 hours and 

then read out consecutively with a Harshaw TLD system 4000 

TLD reader. The parameters for ·the programmed heating cycle 

during readout had been set to : heating rate, 10°C/s; 

preheating annealing constant temperature, 150°C for 5 s; 

constant temperature for reading, 240°C for 20 s. TLDs were 

washed with 70% ethanol before readout in order to remove 

possible build up of electrostatic charge and dirt on the 

surface of the TLDs. 

The sensitivity of the TLDs could be defined as the TLD 

response (i.e. light output) divided by the calibration 

dose. The TLDs were annealed after each calibration. The 

sensitivity of an individual TLD in each calibration was 

recorded, and the records of the sensitivity and history 

were kept. Only those TLDs with less than 1% change of 

sensitivity in the last three consecutive calibrations were 

used for experiments. 
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Each unirradiated TLD was placed in the aluminum 

planchet of the TLD reader and read twice. A small 

transparent pyrex glass slab was placed on the top of the 

TLD t-o ensure that it made good thermo-contact with the 

planchet. The initial background reading was acquired and it 

was read again for the residual background after the 

planchet was cooled down to 30°C. The total background 

reading is calculated to be the sum of the initial and 

residual readings. Each irradiated TLD was read twice in the 

same way for the initial and residual readings. Thus, the 

TLD response could be calculated as the difference of the 

total readings and the total background readings. 

3.2.2 Dose Measurement In Phantom 

After the phantom had been assembled as illustrated in 

Figure 3.2, the radioactive gelatin solution was poured into 

the phantom. The phantom was then stored in a refrigerator 

at 4°C for one hour in order to solidify the gelatin. A TLD 

was placed on the inside surface of the portable slab to 

monitor the dose to the group (C) TLDs during 

solidification. This dose is named as solidification dose. 

The TLD was covered by a sheet of mylar. The phantom was 

then put on the floor of an isolated room without any other 

scattering material except the floor in a radial distance of 

at least 1 m. Two TLDs were placed underneath the phantom 

for measuring background radiation. Since the thickness of 

the walls of the phantom was 2 em (i.e. more than twice the 

CSDA range of Eo of 32P in RBM), the TLDs for background 

counting would not be irradiated by the beta particles of 
32p. 
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The TLDs in the phantom were irraaiatea for 3 days in 

order to obtain a less than 1% noise to signal ratio. Since 

the group (B) TLDs measured the dose due to an infinite 

source of 32P, a correction factor, Cl(z), must be 

multiplied to the dose of group (8) TLDs to convert it to 

the dose at a distance z within a semi-infinite source of 
32P. Thus, the dose ratio due to a semi-infinite source of 
32P at a distance z from the interface can be calculated. 

Let Do be the equilibrium absorbed dose rate that would 

prevail everywhere in an unbounded homogeneous water medium 

if an uniform isotropic source of 32P were distributed 

throughout the entire medium. Let D(z) be the corresponding 

absorbed dose rate at a depth z > 0 in water if the source 

were confined to the half-space z < 0. A reduction factor 

G(z) for 32P in a water medium can be expressed as follows 

G(z) • D(z) (3 .1)
Do 

Dose distributions in the water medium were found by 

convolution of the beta dose point kernel for 32P with the 

activity distribution of the source. The beta dose point 

kernel for 32P has been calculated by Prestwich et al. [22] 

and the results were fitted by a lognormal-cum-exponential 

function. A program called TDRD which has been developed by 

Dr. c.s. Kwok was used to calculate D(z) and Do. A 

simplified algorithm of TDRD can be found in Figure 3.3 
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In the experiments, TLDs were placed ~~ 0, 0.075 and 

o.::.s centimeters away from the interfaces. Since the nominal 

thickness of the TLDs is 50 microns, the 'distance 

intervals' (i.e. front side to back side) of the TLDs from 

the interface in mg/cm3 are 

(3.2) 

where 

Pa.. • density of the gelatin 

PTt.D • density of the TLDs 

d • absolute distance from the interface 

• 0, 0.075 or 0.15 em 
T • the TLD thickness 

• 0.005 em 

Thus, the distance intervals of the TLDs are 0-9, 79-87 and 

157-166 mg/cm3 corresponding to the absolute distance of o, 

0.075 and 0.15 em. 

The density of the TLDs was measured to be 1.71 g/cm~. 

Density of the gelatin was measured to be approximately 1.05 

g/cm 3 
• 

Thus, Cl (z) • 1- G(z) (3.4) 

C1(0 em) = Cl(0-9 mg/cm3
) = 0.50 

Cl(0.075 em) = C1(79-87 mg/cm3
) = 0.749252 

C1(0.15 em) = C1(157-166 mg/cm3 ) = 0.903633 

The dose enhancement ratio at z from the CB-RBM 

interface was then calculated as follows: 
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(3.5) 

where 

A = mean dose of the group (A) TLDs 

B = (mean dose of the group (B) TLDs) x Cl(z) 

And the dose of either group TLD = (TLD response 

background)/(sensitivity factor) 

Similarly, the dose reduction ratio at z from the 

AIR-RBM interface was calculated by 

(3.6) 

where 

c =mean dose of the group (C) TLDs 

B = (mean dose of the group (B) TLDs) x Cl(z) 

For this equation, 

the dose of group (C) TLD = (TLD response - background 

- solidification dose)/(sensitivity factor) 
.r and 

the dose of group (B) TLD = [(TLD response 

background) x C2]/(sensitivity factor) 

dose received during solidification 
w h ere C2 • 1 - --------._.;;------- ­total dose recieved 

( 1 - exp -(r..s't)) 
·1-~---~~ (3.7)

( 1 - exp -1'"·31) 

,\ • decay constant ot 31 P ln the unit ot day· 1 
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3.3 RESULTS 

Table 3.1 summarizes the results of the experiment. The 

experimental results in table 3.1 and the Monte Carlo 

results in table 2.6 are presented in Figure 3.4 and Figure 

3.5 for the CB-RBM and AIR-RBM interfaces respectively. The 

data points in Figure 3.4 are fitted by linear functions, 

while the data points in Figure 3.5 are fitted well by 

exponential functions. The experimental results agree with 

the Monte Carlo results except for the dose reduction ratio 

at 0-12 mglcm 2 
, where the experimental result (i.e. 0.82 + 

0.02) shows about three standard deviations less than the 

Monte Carlo result (i.e. 0.87 + 0.01) 

TABLE 3.1 


Experimental dose ratio near the interfaces 


Distance from 

interface 

( mm, mg/cm2 ) 

Dose enhancement 

ratio for CB-RBM 

interface 

Dose reduction 

ratio for AIR-RBM 

interface 

0-0.05, 0-9 

0.75-0.80, 79-87 

1.50-1.55, 157-166 

1. 07 +- 0.01 

1. 03 + 0.03-
0.99 + 0.03 

0.82 + 0.02 

0.94 + 0.03-
0.97 + 0.03 
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CHAPTER 4 

SUPPLEMENTARY FINDINGS WITH POINT SOURCES 

OR PLANE SOURCES AT INTERFACE 

4.1 	EFFECT OF CORTICAL BONE THICKNESS ON ELECTRON 

BACKSCATTER DOSE 

Since trabecular bone is composed of a network of fine 

lamellae of cortical bone with a wide range of thicknesses 

and numerous cavities which contain the red marrow, it will 

be essential to repeat Monte Carlo calculations for sources 

of electrons in such cavit~es surrounded by different 

thicknesses of bone. Previous Monte Carlo calculations 

assumed infinitely thick layers of bone surrounding the 

GAVities. 

The same Monte Carlo transport code, Cyltran, was used 

to investigate the electron backscatter dose as a function 

of scaled cortical bone slab thickness which is defined as 

the rhickness divided by the CSDA cange of the electron in 

bone. The geometry of the Monte Carlo calculations was 

similar to the one described in chapter 2 except for the 

following. (a) A point source or a plane source of 

isotropically emitting electrons of 0.50 MeV at the junction 

of the CB-RBM interface was used. (b) 2.094 mg/cm~ instead 

of 12 mg/cm~ thick dose scoring regions were defined. (c) 

Vacuum or a thick slab of RBM was placed behind the CB slab 

in this simulation. Figure 4.1 gives details of 

60 
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the geometry. The scaled CB slab thickness was varied from 

more than 9 to 0.03. Fifty thousand electron histories were 

followed in each Monte Carlo run. 

In table 4.1, Monte Carlo results for the dose 

enhancement ratio at 0-20 micron separation from the 

interface with different bone thicknesses are given. As 

~xpected, the dose ratio increases rapidly with thickness 

until a saturation value of 1.06+0.01 is reached. The 

result3 are also presented in Figures 4.2, 4.3 and 4.4 for 

the point source and RBM-CB-RBM system, the plane source and 

RBM-CB-RBM sy~tem, and the point source and VAC-CB-RBM 

system, respectively. The saturation dose ratio for all 

these systems agrees with the dose ratio for infinitely 

~hick ~B within one standard deviation. At 99% saturation, 

the scaled thicknesses of the CB slab ~re (0.22 + 0.05), 

(0.3 + 0.1) and (0.22 + 0.01) for ~he point source and 

RBM-CB-RBM system, the plane source and RBM-CB-RBM system, 

and the point source and VAC-CB-RBM system, respectively. It 

may then be concluded that the saturation thickness of CB is 

approximately 0.22 times the CSDA range for 0.5 MeV 

electrons for both the point source and plane source 

confrigurations. The range of the dose ratio for the 

VAC-CB-RBM system (i.e 0.89 to 1.07) is greater than that 

for the RBM-CB-RBM system (i.e. 1 to 1.07). Therefore, the 

VAC-CB-RBM system is suggested to be used in further 

~nvestigations for other electron energies. 

http:1.06+0.01
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~ Dole Scoring Reglont 

Ell Pl...., Source • Paint source 

-·-·---,..,.,.....,....,.,....,.~~---------------------, 

3cm 

·-·-·-·---------·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·-·r 

2cm 

0 100 200 300 400 500 nKronl 

Figure 4.1 	 Geometry of the upper half cross section 
In the Monte Carlo calculations 
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TABLE 4.i 

~ependence of electron backscattering from a point or a 

p lane source of 0.5 MeV electrons on CB slab thickness 

Scaled CB 

thickness 

Dose enhancement ratio at 0-20 micron 

separation from interface 

RBM-CB-RBM VAC-CB-RBM 

point source plane source point source 

0.03 

0.05 

0.07 

0.10 

0.13 

0.15 

' 0.17 

0.20 

0.25 

0.30 

0.35 

0.40 

more than 9 

1. 02 + 0.01-

1. 03 + 0.01-

1. 04 + 0.01 

1. 05 + 0.01-
1. 06 + 0.01-
1. 05 + 0.01-
1. 05 + 0.01-

1. 05 + 0.01-
1. 07 + 0.01-

1. 00 + 0.02 

1. 01 + 0.03-

1. 01 + 0.02-

1. OS + 0.01-

1.05 + 0.03-
1.05 + 0.01-
1. 05 + 0.02-
1. 07 + 0.02-

1. 06 + 0.02-

0.89 + 0.01 

0.93 + 0.01 

0.98 + 0.01-
1. 00 + 0.01-
1. 02 + 0.01-
1. 05 + 0.01 

1. 04 + 0.01-
1. 04 + 0.01-
1. 06 + 0.01-
1. 06 + 0.01-
1. 07 + 0.01-
1. 07 + 0.01-
1. 07 + 0.01-
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Figure 4.2 	 Dose enhancement ratio as a function of 

scaled CB thickness at 0-2.094 mg/cm• 

from planar CB-RBM interface for the 

point source and RBM-CB-RBM system 

Fitting Function Y =A+ B ( 1- EXP(-CX)) 

Where 	 Y = Dose ratio 

X = CB thickness in CSDA range 

A, B and C are fitting parameters 

A= 1.000 + 0.002 

8 = 0.060 + 0.006 

r; = 8 	 + 2 
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:?iqure 4.3 	 Dose enhancement ratio as a function of 

scaled CB thickness at 0-2.094 mg/cm• 

from planar CB-RBM interface for the 

plane source and RBM-CB-RBM system 

Fitting Function Y =A+ B ( 1- EXP(-CX)) 

Where 	 Y = Dose ratio 


X = CB thickness in CSDA range 


A, 8 and c are fitting parameters 


A= 0.9981 + 0.005 


8 = 0.067 + 0.01 


c = 6 + 2 
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Figure 4.4 	 Dose enhancement ratio as a function of 

scaled CB thickness at 0-2.094 mg/cma 

from planar CB-RBM interface for the 

point source and VAC-CB-RBM system 

Y =A+ B ( 1- EXP(-CX))Fitting Function 

Where 	 Y = Dose ratio 


X = CB thickness in CSDA range 


A, B and C are fitting parameters 


i\ = 0.79 + 0.01 


B = 0.27 + 0.01 


c = 14.7 + 0.8 
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4.2 	DOSE RATIO FOR POINT SOURCES OF ELECTRONS AT 


A VAC-RBM INTERFACE 


The dose distribution of a beta point source at a planar 

interface of air and polystyrene has been studied by Kwok et 

al. [3,21]. They found experimentally that the beta dose at 

0-12 mg/cm~ from the air-polystyrene interface decreased by 

(23 ~ 2)% and (14 ~ 3)% respectively for point sources of 
204Tl and ~ 47Pm compared with the dose in an unbounded 

polystyrene medium. However, the corresponding dose 

reductions according to their Monte Carlo calculations were 

respectively (6 ~ 1)% and (2 ± 1)%. Unfortunately, they used 

a wrong cross section data file for polystyrene in the Monte 

Carlo calculations. There is another reason for repeating 

the calculutions. The mass density of the TLD had been 

assumerl to be 2.39 g/cm 3 in the previous work according to 

the manufacturer's specification, but the mass density of 

the TLDs used in the experiments was measured to be (1.71 + 

0.03)g/cm3 
• 

The geometry for the repeated Monte Carlo calculations 

is illustrated in Figure 4.5. Six electron energies ranging 

from 0.1 to 0.75 MeV were used. Forty thousand electron 

histories were followed for each Monte Carlo run. 

A comparison of the dose ratio for different mass 

densi~ies of the dose scoring region resulting from a point 

source of monoenergetic electrons at the VAC-PST (where PST 

stands for polystyrene) interface is presented in Table 4.2. 

The dose reduction ratios for the two different mass 

densities of DSR agree within one standard deviation except 

at 0.2 MeV where the dose ratio for the DSR with greater 

mass density (i.e. 0.94±0.01 for 2.39 mg/cm3 ) is about two 

standard deviation greater than the dose ratio for the DSR 

http:0.94�0.01
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with ~maller mass density (i.e 0.91+0.01 for 1.71 mg/cm3), 

Curves of dose versus electron energy in the range of 0.1 

i1eV to 0.75 MeV for homogeneous and inhomogeneous geometries 

were fitted by weighted least-squares method to a polynomial 

function. Linear functions were used in the region below 0.1 

MeV. The fitting functions, listed in appendix 0, were 

integrated with the beta spectra of ~ 04Tl and 147Pm. The 

dose ratio for the beta sources was calculated by equation 

2.8 and is given in Table 4.3. There is no significant 

effect of the change of mass density of the TLD on the dose 

reduction ratio since the two sets of Monte Carlo 

calculation results agree within one standard error. 

However, a significant discrepancy between Monte Carlo 

results and experimental results was still observed and the 

cause of this discrepancy remains unexplained. 

http:0.91+0.01
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D ..­

Figure 4.5 	 Geomeby of the upper. half croas 

section In the Monte carto calculations 

;". 
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TABLE 4.2 

Dose reduction ratio for different mass density of dose 

scoring region resulting from a point source of 

monoenergetic electrons at a VAC-PST interface 

Electron energy 

(MeV) 

Mass d

2.39 

ensity = 
mg/cm3 

Mass density = 1. 71 

mg/cm 3 

0. 1 

0.15 

0.2 

0.25 

0.35 

0.50 

0.75 

. 

1. 01 

0.97 

0.94 

0.90 

0.87 

0.84 

0.83 

+ 0.01-

+ 0.01-
+ 0.01-
+ 0.01-
+ 0.01-
+ 0.01 

+ 0.01-

1. 00 + 0.01-

0.95 + 0.01-
0.91 + 0.01-
0.88 + 0.01-
0.86 + 0.01-
0.84 + 0.01 

0.84 + 0.01-

TABLE 4.3 


Dose reduction ratio for different mass densities of dose 


scoring region with a point source of 204Tl OR 147Pm at the 


VAC-PST interface 


Isotope Mass density = Mass density = Experimental 

2.39 mg/cm3 1. 71 mg/cm3 results 

2o4Tl 

147Pm 
0.91 + 0.01-
0.99 + 0.01-

0.91 + 0.01-
0.98 + 0.01-

0.77 + 0.07 

0.9 + 0. 1-
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4. 3 EFFECT OF MYLAR USED IN EXPERIMENTS ,.JN DOSE RATIO 

TherA was a difference in the geometry between the Monte 

~arlo calculations and the experiment. In the experiment, 

-r:::..D,:,: 'N'<~re ~_;andwiched by two thin layers of mylar and they 

:,.::td :-1ot been taken into ~ccount in the Monte Carlo 

.:al,_;u_L:ttions. Thus, it is essential to investigate the 

-~f-f",=-,:~ o:t the presence of these layers of mylar on the dose 

rat i:, ,-":;pecially the dose r-eduction ratio at the VAC-RBM 

intr=~rface. 

Two geometries were used in the Monte Carlo calculation 

-:iS ;hown in Figure 4.6. In geometry (1) a plane source of 

(;. 1 T-l<"'V electrons was f:et at the VAC-RBM interface and a 

·iose scoring region with equivalent mass density of 2.39 

mg/~~ 3 was defined just behind the plane source. It has the 

3ame geometry and the same assumed value of mass density of 

TLD Jescribed in chapter 2. Fifty thousand electron 

L L:: tor ies were followed. Geometry ( 2 ) is the same as 

ger_;metry ( 1) except that a layer of PST with equivalent 

'~ hi,:·knes s (i.e. 13.4 micron) and mass density (i.e. 1. 66 

·J /c:m 3
: -Jf the mylar 1Jsed in the experiment was placed in 

E~on~ of the rlane source, and the mass density of the dose 

J~oring ~egion was 1.71 mg/cm 3 (i.e. the same as the TLDs 

One hundred and fifty thousand 

~lectron histories were followed. 

~lectrons with energy of 0.1 MeV were chosen because 

they have the shortest CSDA range among those used in the 

Monte Carlo calculations described in chapter 2. Therefore, 

::he thicl<ness of the mylar represented the biggest fraction 

,)f the CSDA range. The method of calculating dose ratio is 

:_he ;::am•"' as in the previous section. The dose reduction 

rati02 calculated by using geometry (1) or (2) are 0.79 + 
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0.02 a.nd 0.83 + 0.04 respectively. They are not 

stati3tically different. It justifies not including the 

mylar in most of the Monte Carlo calculations. If the thin 

L-'lyf~rs of mylar does not affect the dose reduction ratio, it 

i~ expected not to cause any change to the dose enhancement 

ratio pr~viously obtained as well. 
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Figure 4.6 Geometries of the upper hatf cross 

section in the Monte Carte caJcutations 



CHAPTER 5 

CONCLUSIONS 

Tumor-associated monoclonal antibodies are potential 

carriers of ionizing radiation to the tumor site for cancer 

therapy. Practically, this technology is limited among other 

factors by radiotoxicity to the red bone marrow due to its 

high ~~diosensitivity and rapid entry of the labeled 

:>ntibodies into the bone marrow from the circulation. Since 

~he ~Pighborhood of tumors may include air and bone 

interf~ces, radiation dose near the interfaces should be 

quantitated. 

In chapter 2, the dose near ~issue i~tnrfaccs due to a 

;:;emi- Lnf ini te source of monoenergetic t~ l•:ct cons WFIS .:1ssumed 

to be :!nearly increased with electron enec9y from c to 0.1 

MeV r~ee Figure 2.5). Since the function of variation of 

dose ~ith electron ~nergy was integrated wi~h che spectrum 

nf betn 3ource to ~alculate the average dose per beta 

dr~cay, i_ ~: i::: important to compare this function with other 

rese~rchers' findings. 

Gerger [2] calculated the reduction factor G(z) for a 

semi-infinite source of monoenergetic electrons in water as 

det i n<':'(i in equation 3. 1, where z is the distance away from 

the ,,:ourc2 and is in .;cdled dista.nce. 'rhe absorbed dose rate 

ctt z ir1side the source is equal to the equilibrium dose rate 

~imes (l-G(z)), Since the mass thickness of the DSRs was 

defineci i:o be 12 mg/c:n 2 in chapter 2, the maximum value of 

~. ~=. ~or the CSR at the interface for each monoenergetic 
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~i'c~~on source is equal to the mass thicKness of the DSR 

·[iviaed by the CSDA range ro of the electron in water. The 

~o cf Plectron in water was taken from ICRU report 37 [20]. 

~he percentage of the equilibrium energy deposition, P, 

in the DSR at 0-12 mg/cm~ from the interface for a 

monoenergetic electron source can be calculated by the 

follc~ing equation. 

J:z. (1 ­ G(z)) dz 

p • C X 100 (S. 1) 

wh-2re z"' = 0.012/ro 

c = 1 if Zrn < 1-
.., >c = if Zrn 1""' 

~hus, the energy deposited in the DSR at 0-12 mg/cm~ by 

<:·ne -iisintegration of the electron source is the product of 

;) .md t: he electron energy of the source. The normalized dose 

~n ~able 5.1 was calculated by dividing the energy 

ieposition for the monoenergetic electron sources by the 

~~ iqhest. '~nergy <ieposition value r=tmong them. Likewise, the 

;·~ontr=· ,~ ..u-lo results in table 2 . .i were normalized in the same 

~r~y. ::':1,~ normalized c<o:~e:c> obtained by the two methods '"'ere 

_, :.,Jtt<2d .ts a functi.:;n ·>f <'2l<~ctron energy in Figure 5.1 for 
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Figure 5.1 Comparison of Monte Carlo results with 

Bergers' results by plotting normalized 

dose at 0-12 mg/cm• as a function of 

electron energy 
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TABLE 5.1 

Comparison of the Monte Carlo results with Bergers' results 

NormalizedNormalized% of total 

dose from 
Electron CSDA range 

dose fromenergy 

Monte Carlo 
in waterenergy 

Berger(g/crna) deposition(MeV) 

0.139299.7322.51SE-40.01 
0.208399.4485.147E-40.015 
0.276699.0788.566E-40.02 
0.410998.1081.756E-30.03 
0.540996.8602.919E-30.04 
0.665695.3574.320E-30.05 
0.784293.6235.940E-30.06 
1.000089.5409.773E-30.08 

1. 00+0. 010.992171.0651. 431E-30.1 -
0.656631. 3582.817E-20.15 

0.50+0.010.500717.9344.487E-20.2 
0.36238.6508.421E-20. 3 

0.323+0.0060.3285'*1.060E-10.35 
0.30035.3771.288E-10.4 

0.270+0.0050.26553.8041. 767E-10.5 
0.24342.9052.268E-10.6 

0.216±.0.0040.2218'*3.046E-10.75 
0.21701.9433.308E-10.8 

0.201+0.0040.20201. 4474.378E-11 
0.190±.0.0040.1921'*5.731E-11. 25 
0.176+0.0040.18370.8777.090E-11.5 
0.175±.0.0040.1762'*8.448E-11. 75 

0.17560.6299.801E-12 

* interpolated values by using cubic spline fitting 

http:0.50+0.01
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~~~m ~abl~ 5.1 dnd Figure 5. 1' _;_ 1: . :1 . '. ]Served that 

-xc:(e c-. ::t ~.. 5 MeV and 0.75 MeV. For the~e electron energies, 

d1•~ ~<:· rrna l ized Monte Carlo dose iz dbout two standard 
, . . . , 
·: , ~ '' .L -.:.t t: . .:;,_ v n 3 ..i... e s s than the normalized dose from Bergers' 

increase of dose from o to 0.08 MeV was 

·.·b~;<::rved from the Bergers' t·esults. The actual highest dose 

)c:c:n,::; .;omewhere between o. 08 and 0. 1 r1eV. ·rhe assumption of 

from o to 0.1 MeV in chapter 2 is 

T~e good agreement hetween the two . 
-~'pc·~.t.:Le::: bPyond n.J. M.eV i.mplies that the method of data 

·•i1d t~·~:t;; ~or obtaining +:he dose due to a semi-infinite 

.:c,n l':>~ •J f monoenerget-ic :") lectrons described in chapter 2 was 

::.he results for VAC-RBM and CB-RBM 

. ii >he ."1on;:.e Car l•) appro.:H:h, the do::e <::-.anc-:.::ment ratio 

·: n r· :··h,, ,..,D-RBM i.nterface increases wi t.b ,, Lc-:ct c-on c~nergy and 

·~· ~~·~ Vi\C";-RBM interface decreases .... nd bec<:.rnr~s ::;teady from 

. ·''~ 'ic!V <;nw.-trds. The dose P.nhancement rati:)~; ai::. 0-12, 79-91 

~n·l :s7-t69 mg/cm2 separations from the C3-RBM interface due 

~0mi-infinite source of 32P were calculated to be 1. 07 

_: n . n l , ~- . 0 2 + n . o :3 and 1.00 ~ 0.03 respectively. The dose 

::: ('(ll:ct .:i.on cat ios at those 3eparations from the VAC-RBM 

intertace due to a semi-infinite source of were 

:· .-11 c u l a t. e d to be 0 . 8 7 ~ o . 0 J. , 0 . 9 7 +- 0.03 and 1.00 + 0.03 
. ­

~espect.:i.vP.ly. The dose enhancement ratios and dose reduction 

rat:os ~t 0-12 mg/cm 2 were calculated to be 1.02 ± 0.01 and 

0.9f> .;. 0.01 respectively for 147 Pm and 1.04 + 0.01 and 0.93 

+ 1.01 respectively for 2o 4 Tl. No dose enhancement or dose 

r'~duction were found ·:1t the other separations from the 

l.nterfaces for "' 47Pm and 204Tl. ( refer to chapter 2 ) 

http:espect.:i.vP.ly
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:n the experimental approach, :c~e enhancement 

ra~i0s at 0-9, 79-88 and 157-166 mg/cm 2 separations from the 
3,~3-F3M interface due to a semi-infinite source of ~P were 

1.07 + 0.01, 1.03 + 0.03 and 0.99 + 0.03 

~espcc~ively. The dose reduction ratios at those separations 

from che VAC-RBM interface due to a semi-infinite source of 
32? were medsured to be 0.82 + 0.01, 0.94 + 0.03 and 0.97 + 

n.n~ ~espectively. refer to chapter 3 ) 

With a point source of monoenergetic electrons at a 

VAC-RBM interface, the same dose reduction ratio was 

observed for 9 mg/cm2 and 12 mg/cm~ thicknesses of the DSR. 

:::lnce dose distribution near the VAC-RBM interface varies 

more rapidly than that near a CB-RBM interface, it is 

~ogical co expect no significant effect of the different 

mass thicknesses of the DSR on the dose enhancement ratio. 

The dose enhancement ratio and the dose reduction ratio 

obtaL1ed by the Monte Carlo approach and the experimental 

approach agree within one standard deviation except for the 

dose r~duction ratio at 0-12 mg/cm2 (i.e. Monte Carlo 

setti~g) or 0-9 mg/cm 2 from the interface (i.e. experimental 

3ettinr~). The experimental result, 0.32 + 0.02, in this case 

Ls ~botlt three standard deviations less than the Monte Carlo 

result, 0.87 + 0.01 ( refer to chapter 4, section 4.2 ) . 
Althouqh the dose reduction ratios from the two approaches 

Mgree reasonably well for the semi-infinite source 

,;onfriguration, there is still an unexplained discrepancy 

l>etween Monte Carlo results and experimental results for the 

point source confriguration ( refer to chapter 4, section 

4.:?. ). More reseA.rch work for dose reduction near VAC-RBM is 

::-e,iuired to find out the caur;e of this discrepancy. 
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The trabecular bone is composed ~f ~hln lamellae of 

cortical bone with a wide range of thicknesses and they form 

a meshwork of interconnecting spaces which contain bone 

marrow. Using the Cyltran Monte Carlo code, the dose 

enhancement ratio at 0-20 micron separation from the CB-RBM 

interface due to a plane or point source of 0.5 MeV 

electrons at the interface, increases rapidly with the 

scaled CB thickness until a saturation value is reached 

refer to chapter 4, section 4.1 ). The 99% saturation occurs 

approximately at 0.22 times the CSDA range for 0.5 MeV 

electrons for both plane source and point source 

configurations. The saturation dose enhancement ratio for 

both configurations is 1.06 + 0.01. 

The present work only investigated the thickness of CB 

required for the saturation of backscatter dose for 0.5 MeV 

electrons. Further investigation of the effect of the CB 

thickness on the dose enhancement ratio for other electron 

energies is recommended. 
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APPENDIX A 


In this appendix, the Monte Carlo results are tabulated 

in the form of the energy deposition per electron, S, in a 

dose scoring region due to a plane source of monoenergetic 

electrons with energy E at source position P for RBM-RBM, 

~B--RBM and VAC-RBM geometries. The positions of the DSR are 

listed as the nearest scaled distance of the DSR from the 

interface. The mass thickness and the mass of the DSR are 12 

mg/cm~ and 0.037695 g, respectively. 

The following equation can be used to convert the unit 

of the r·psults into Gray per electron. 

s( MeV ) 6Q }Q-13(3oaJe)( I Gy )iiiOVoi X 1 • 2 X ;;;;y ~ 
Dose -~~--~----------~~~--~~~~ 

3.7695xio-~c Kg) 

• 4.2499x 10-9 S (Gy/electron) (A .1) 
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GEOMETR'o' : RBM-RBt1 DSR=O MASS THICKNESS = 12mg/cm-2 

P\ECM~V) o. 10 0.20 0.35 0.50 0.75 1.00 1. 25 1.50 1. 75 

0 1.2~BE-02 1. ~B~E-02 1.385E-02 1.351E-02 1. 339E-02 1. ~02E-02 1.~09E-02 1.387E-02 1.~29E-02 

1/18 1.~61E-02 1.700E-02 1.632E-02 1.516E-02 1.139E-02 1.063E-02 9.861E-03 8.961E-03 8.882E-03 
1/9 1. 608E-02 1.791E-02 1.396E-02 l.OB~E-02 a.~e3E-o3 ?.B~BE-03 7. 198E-03 7.278E-03 7.02~E-03 

1/6 1.72~E-02 l.BOOE-02 1.0B1E-02 8.693E-03 7.069E-03 6.~65E-03 6.096E-03 5.827E-03 5.935E-03 
2/9 1.835E-02 1.662E-02 9. 19SIE-03 7.605E-03 6.07BE-03 5.633E-03 5.261E-03 s. o~~E-03 ~.929E-03 

1/3 1.9~3E-02 1.163E-02 6.902E-03 5.7B1E-03 ~.506E-03 ~.309E-03 .q.021E-03 3.78BE-03 3.756E-03 
2/3 1. 65~E-02 ~.827E-03 2 . .q2SE-03 1.775E-03 l.SOOE-03 1.278E-03 1. 240E-03 1. 109E-03 9.970E-04 

1 6.238E-03 3.819E-04 3.432E-05 1.503E-05 7.117E-06 6.384E-06 3.081E-06 5.~50E-06 2.6~5E-06 

10/9 4.086E-03 6.372E-OS 2.063E-06 2.368E-O? 3.2~5E-07 9.936E-08 2.118E-07 8.977E-07 5.632E-D7 
~/3 1.26~E-03 9. 145E-07 2.190E-07 1.000E-08 l.OOOE-08 1. OOOE-08 l.OOOE-08 1.140E-D6 3.113E-O? 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P\ECI'I~V) 0. 10 0.20 0.35 0.50 0.75 1.00 1. 25 1. 50 

0 1.2~8E-04 2.968E-04 2.770E-04 1. 351 E-04 2.678E-04 1.~02E-O~ 1. 409E-O~ 1 . 387E --LJ -l ..__ t__, '• i ~ J I 

1/18 1 • .q61E-04 1. ?OOE-0~ 1.632E-04 1.516E-O~ 1. 139E-04 1. 063E-04 1.972E-o.q 1. 792E-D-4 1 . ? ?d: (J ~ 

1/9 1.608E-04 1.791E-04 1.396E-04 1. OEISE-0"1 8.~83E-05 1. S?OE-04 7.198E-OS 1. ~56E-04 1. -'KJ::,F CH 
1/6 1.72"1E-04 l.BOOE-0~ 2.163E-04 1.739E-0"1 1.414E-04 1. 293E-D4 1.219E-0"1 1. 74BE-04 1 . ?E:JiH: D·~ 

2/9 1.834E-04 1.662E-04 9.199E-OS 1. 521E-0"1 1.216E-04 1.127E-04 1.052E-O"' 1.009E-04 9.858E-05 
1/3 1. 9"13E-O"' 2.325E-O"' 1.3BOE-0"1 1.156E-04 9.011E-OS 8.61BE-OS B.0"11E-05 1. 136E-O"' 7.513E-05 
2/3 1.654E-04 9.653E-OS 7.275E-05 3.5SOE-05 5.998E-OS 5.112E-05 6.199E-05 B.870E-OS 3.988E-05 

1 1.2"18E-0"1 3.819E-05 9.265E-06 S.?llE-06 4.697E-06 3.383E-06 3.0SOE-06 3.706E-06 2.275E-06 
10/9 8.172E-05 9.559E-06 1.898E-06 2.273E-07 2.726E-07 9.836E-08 1.8"13E-07 8.887E-O? .q.393E-07 
'"1/3 3.793E-D5 7.041E-07 2.168E-07 9.900E-09 9.900E-09 9.9DOE-09 9.900E-09 1.083E-06 3.020E-07 

cc 
'! 



GEOMETRY : CB-RBt1 DSR=O MASS THICKNESS = 12mg/cm~2 

P'\ECMeV> 0.10 0.20 0.35 0.50.. 0.75 1.00 1.25 1.50 1. 75 

0 1.360E-02 1.590E-02 1.556E-02 1. 512E-02 1. 417E-02 1.505E-02 1. 431E-02 1.499E-02 1. 523E-02 
1/18 1.524E-02 1.798E-02 1. 738E-02 1.599E-02 1.209E-02 1.045E-02 1.012E-02 1.015E-02 9.697E-03 
1/9 1.662E-02 1.852E-02 1.446E-02 1. llOE-02 9. 191E-03 8.401E-03 7.989E-03 7.7..3E-03 7.290E-03 
1/6 1.778E-02 1.846E-02 1.177E-02 9.657E-03 7.786E-03 7.171E-03 6.612E-03 6 ...76E-03 6.168E-03 
2/9 1.859E-02 1.715E-02 9.717E-03 7.95"'1E-03 6.893E-03 6.086E-D3 5.861E-03 5.662E-03 5.328E-D3 
1/3 1.9"'11E-D2 1.222E-02 7."'173E-03 6.169E-D3 5.36..E-D3 "'1.852E-D3 "'1.405E-03 "'1.153E-D3 4.149E-03 
2/3 1.68"'1E-02 "'1.6"'10E-03 2.503E-03 1.8"'16E-03 1.606E-03 1. 461E-03 1. 418E-03 1.235E-03 1.062E-03 

1 6.360E-03 3.920E-O"'' 5.38"'1E-05 1.782E-05 2. 116E-06 5.999E-06 2.999E-06 2.097E-06 3.482E-06 
10/9 ... 22DE-D3 5.477E-05 1.632E-06 3.019E-D7 4.032E-07 4.350E-07 4.563E-07 3.930E-07 4.610E-07 
4/3 . 1.280E-03 6.906E-07 7.2"'18E-07 1.799E-07 4.787E-07 1.000E-08 6.810E-07 9.975E-08 1. OOOE-07 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\ECMeV) 0.10 0.20 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 2.721E-O"'' 1.590E-0"'1 1.556E-O"'' 3.024E-O"'' 1. 417E-04 1.505E-O"'' 1. 431E-04 2.998E-04 3.04SE- 04 
1/18 1.52..E-04 1.798E-0"'1 1. 738E-04 1.599E-04 2.418E-04 1.045E-04 2.024E-04 2.030E-04 1.939E- 04 
1/9 1.662E-O"'' 1.852E-04 1.446E-O"'' 2.219E-04 1.838E-04 8.401E-05 7.989E-05 1.549E-04 7.290E-05 
1/6 1.778E-O"'' 1.8"'16E-04 2.353E-04 1. 931E-04 1.557E-04 1.43"'1E-04 1. 322E-04 1.943E-04 1.23..E-Q.q 
2/9 
1/3 

l.859E-O"'' 
1.941E-O"'' 

1. 7l5E-O"'' 
2.443E-04 

1.943E-04 
7.473E-05 

1. 591E-O"'' 
1.234E-04 

1.379E-04 
1.609E-04 

6.086E-05 
9.704E-05 

1.172E-04 
8.810E-os 

1.699E-04 
e.3a5E-os 

1. 59BE-o.q 
1.245E-04 

2/3 3.367E-O"'' 9.280E-05 7.509E-05 9.228E-05 4.817E-05 2.923E-05 5.670E-05 3.706E-05 4.248E-05 
1 6.360E-05 3.136E-05 e.615E-o6 6.238E-06 1.777E-06 2.700E-06 2.519E-06 1.531E-06 2.194E-06 

10/9 8.440E-05 7.667E-06 1.142E-06 2.657E-07 3.991E-07 2.393E-07 3.057E-07 3.890E-07 4.102E-07 
4/3 3.839E-05 6.837E-07 S.436E-07 1. 781E-07 4.452E-07 9.900E-09 6.742E-07 9.e75E-oe 9.900E-08 

ffi 
(D 



GEOMETRY : VAC-RBM OSR=O MASS THICKNESS = 12mg/cm~2 

P'\E(MeV) 0.10 0.20 0.35 0.50._ 0.75 1. 00 1. 25 1.50 1. 75 

0 9.B86E-03 1.115E-02 9.329E-03 9.549E-03 9.216E-03 9.162E-03 9.332E-03 9.590E-03 9.431E-03 
1/18 1.3S1E-02 1.477E-02 1.401E-02 1.276E-02 9.412E-03 7.825E-03 7.366E-03 7.082E-03 7.042E-03 
1/9 1.549E-02 1.662E-02 1.250E-02 8.655E-03 6.825E-03 6.044E-03 5.759E-03 S . SBBE-03 5.363E-03 
1/6 1.667E-02 1.680E-02 9.366E-03 7.199E-03 S.B90E-03 5.25BE-03 4.901E-03 4.714E-03 4.417E-03 
2/9 1.756E-02 1.564E-02 B.OOOE-03 6.309E-03 4.929E-03 4.402E-03 4.20BE-03 3.990E-03 4.035E-03 
l/3 l.BBOE-02 1.095E-02 6.266E- 03 4.922E-03 3.965E-03 3.481E-03 3.181E-03 3.139E-03 3.091E-03 
2/3 1.635E-02 4.57BE-03 2.244E-03 1.791E-03 1. 327E-03 1 . 155E-03 1. 066E-03 9.779E-04 9.274E-04 

1 6.399E-03 3.724E-04 3.585E-05 1.527E-05 2.495E-06 2.263E-06 7.970E-06 7.105E-07 6.873E-06 
10/9 4.246E-03 4.183E-05 2.834E-06 l.OOOE-07 l.OOOE-07 2.548E-07 1 . 847E-06 l.OOOE-06 1.000E- 07 
4/3 1.283E-03 4.966E-07 7.851E-07 1.823E-07 1. OOOE-07 3.046E-OB 1.803E-06 1.000E-07 4.100E- 07 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

/ ·P'\ECMeV) 0.10 0.20 0.35 0.50 0.75 1.00 1.25 1.50 I 

0 9.886E-05 1.115E-04 1. 866E-04 1.910E-04 1.843E-04 1.832E-04 1.866E-04 2.877E-04 9 . ·13iL. " U ~'l 

1/18 1. 351E-04 1.477E-04 2.803E-04 2.552E- 04 9.412E-05 1.565E-04 1 • .q73E-04 1.416E-o.q 1 . 408E 0 
1/9 t.549E-o.q 3.32.qE-04 2.SOOE-04 8.655E-05 1.36SE-o.q 1.209E-o.q 1. 152E-04 1. llBE-o.q 5 . 363E · 0 5 
1/6 1.667E-o.q 1.6BOE-04 9.366E-05 7.199E-05 1. 178E-04 1.577E-o.q 9.802E-05 9.428E-05 8 . 8 34E -- 05 
2/9 1. 756E-O"'' 1.564E-04 B.OOOE-05 1.893E-04 l • .ct79E-O"'' B.BO.ctE- 05 1.262E-o.q 7.980E-05 8.070E- 05 
l/3 l.BBOE-0"'1 1.095E-04 6.266E-05 9.844E-05 7.930E-05 6.962E-05 3.181E-05 6.27BE-05 6.182E- 05 
2/3 t.63sE-o.q 9.156E-05 6.733E-05 5.372E-05 5.30BE-05 2.310E-05 5.329E-05 4.BB9E-05 2.782E-05 

1 1.280E-o.q 2.234E-05 5.37BE-06 5.3.ct6E-06 1. 921E-06 1.584E-07 5.021E-06 4.97.ctE-07 3.711E-06 
10/9 8.493E-05 6.693E-06 1.98.ctE-06 9.900E-OB 9.900E-OB 2.523E-07 8.313E-07 9.703E-07 9.900E-OB 

-4/3 3.8-4BE-05 3.327E-07 .q.632E-07 1.804E-07 9.900E-OB 3.015E-OB 1. 7.ct9E-06 9.900E-OB o4.059E-07 

OJ 
1.0 



GEOMETRY : RBM-RBM DSR=1/9 MASS THICKNESS = 12mg/cm~2 

P'ECMeV) 0. 10 0.20 0.35 a. 5o.. 0.75 1.00 1.25 1.50 1. 75 

,.. ... 

0 
1/18 
1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

""/3 

B.509E-03 
1.021E-02 
1.24BE-02 
1.""63E-02 
l.61BE-02 
l.B29E-02 
1.824E-02 
8.974E-0.3 
6.233E-03 
2.""35E-03 

1.054E-02 
1.191E-02 
1.4$7E-02 
1.710E-02 
1.803E-02 
1.655E-02 
6.729E-03 
1.253E-03 
3.BOOE-04 
3.316E-06 

8.866E-03 
1.079E-02 
1.""15E-02 
1.632E-02 
1.""27E-02 
9.153E-03 
3.9""1E-03 
2.91BE-04 
3.086E-05 
1.964E-09 

8.292E-03 
1.020E-02 
1. 387E-02 
1. 519E-02 
1.062E-02 
7.630E-03 
2.946E-03 
1.BOBE-04 
1.""16E-05 
2.673E-OB 

7.546E-03 
9.25BE-03 
1.36BE-02 
1.125E-02 
8.829E-03 
6.3""2E-03 
2.506E-03 
1.212E-04 
1.179E-05 
1.874E-07 

7.192E-03 
8.93BE-03 
1.375E-02 
9.976E-03 
8.079E-03 
5.525E-03 
2.120E-03 
1.020E-04 
1.067E-06 
1.181E-09 

6.842E-03 
8.540E-03 
1. 371E-02 
9.56BE-03 
7.21BE-03 
s.""14E-oa 
1.987E-03 
9.632E-05 
""-641E-06 
4.666E-07 

6.671E-03 
8.361E-03 
1.""30E-02 
8.914E-03 
7.276E-03 
5.194E-03 
1.914E-03 
7.709E-05 
6.024E-06 
1. 755E-06 

5.423E-03 
6.7S4E-03 
1. 20""E-02 
7 ....76E-03 
5.796E-03 
3.892E-03 
1. 515E-03 
7.396E-05 
2.02BE-06 
.q.267E-07 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECMeV) o. 10 0.20 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 
1/9 
l/6 
2/9 
l/3 
2/3 

1 
10/9 

""/3 

8.509E-05 
1.o21E-o.q 
1.2-qaE-o.q 
1.463E-o.q 
l.61BE-o.q 
1.829E-04 
1. a2.qE-o.q 
8.97-qE-05 
1. 2.q7E-O.q 
.q.871E-OS 

2. 10BE-o.q 
1.191E-o.q 
t • .qa7E-04 
3 • .q2oE-o.q 
1. 803E-Q.q 
1.6SSE-o.q 
1 • 3.q6E -o.q 
3.759E-05 
2.280E-05 
1. ?S?E-06 

8.866E-05 
2.158E-04 
2.831E-o.q 
1. 632E-o.q 
1. .q27E-04 
1.831E-o.q 
1. 182E-o.q 
2.335E-05 
5.556E-06 
1.9-q.qE-09 

l.65BE-o.q 
1.020E-o.q 
1.387E-o.q 
1.519E-o.q 
1. 062E-Q.q 
1.526E-o.q 
5.892E-OS 
1.627E-OS 
5.­23BE-06 
2.646E-08 

1.509E-04 
1.852E-04 
2.737E-o.q 
2.250E-Q.q 
8.829E-05 
1.268E-Q.q 
7.518E-OS 
2.666E-05 
6.838E-06 
l.SSSE-07 

2.158E-04 
8.938E-05 
2.7SOE-04 
1.995E-Q.q 
1. 616E-o.q 
5.525E-05 
6.359E-05 
1.020E-05 
.q.696E-07 
1.169E-09 

1. s6aE-o.q 
1.70BE-o.q 
2.7.q1E-O"" 
1.91<qE-o.q 
1.-q.q.qE-o.q 
1.0B3E-o.q 
3.97-qE-05 
1. 926E-OS 
2.27-qE-06 
3.126E-07 

6.671E-05 
1.672E-o.q 
2.860E-o.q 
2.67""E-o.q 
7.276E-OS 
5.19-qE-05 
5.7""3E-05 
1.233E-05 
3.193E-06 
1.""92E-06 

1. 085E-04 
1. 351E- 04 
2.-qas-E-04 
2.2.q3E-o.q 
1. 1S9E-o.q 
1. 16BE-o.q 
.q.5""""E-os 
1. 331E-05 
l.988E-06 
3.755E-07 

..c 
0 



GEOI'IETR'r' : C&-RBM DSR=1/9 I'IASS THIC.::NESS =1289/0ftl-2 

lt'i:C"-V> 0.10 0.20 o.as o.s.o 0.7S 1.00 1.2S 1.50 1.75 

0 9.2UE-OS 1.1..--02 9.994:-03 9.1-46&-03 e.1o?E-oa 7.aota-03 7.5!561E-OS 7.286a-oa S.708E-Q3 
1/18 1.064-02 1.279E-D2 1.1<4K-02 1.0--02 9.4MQE-09 •. ..,..-o8 t.1?8E-08 e.toM-oa 7.osc:.-oa 
1/9 1.:M7E-02 1.eu•-02 1.4117E-02 1.~54:-02 l.seeE-oa 1...181-02 1.~1211-o2 1.~~1E-Q2 1.20!1£-02 
1/6 1.~7E-Q2 1.737E-Q2 1.6S!5E-02 l.S~'N-02 1.1S1E-D2 1.0...1-02 9.6~4!-oa 9.S70E-O. ?.21aE-a. 
2/t 1.634-o2 1.?74-02 l • ..asE-oz 1.0S8E-Q2 8.?82£-03 8.0261-01 ?.6811-oa 7.152£-0S S.627E-a. 
1/1 1.8221-02 1.68?E-02 9.26--03 ?.S13E-03 &.a.-oa S.882E-DS s.sna-oa !5.254-01 41.100£-oa 
2/8 1.86?E-02 6.6671:-o& a.CJS&a-os S.ISlE-03 2.!5~-08 2.2<111!51-03 2.12SE-DI t.Ma-oa 1.!HW£-oa 

1 9.217&-08 1.254-0S a.~-o~ 1.781E-O~ 1.ostE-o... 9.SME-0!5 I.026E-DS 7.136&-QS 6.0«1E-OS 
10/9 6.1-40E-OS s.s?S-~ 2.99!5£-DS 9.058&-06 a.nu-06 6.382E-Q6 !5.924-()6 ?.9701-o& ~--!SE-06 
~a 2.SS6E-OS 2.234-06 2.917E-07 41.91i'E-08 1.000E-o7 2 • ...0?1-07 1.000£-o? 3.9S3E-Q7 .... a~.o£-o7 

COitRESPOHDJH6 MSOLUTE LN:ERTAJNT JES 

.jP'\£("-Y) 0.10 0.20 0.3!5 0 . 50 O.?'S 1.00 1.2!5 1.!50 (I 

- "t .d., -0 9.2111-0!5 1.1~9E-O.. 1.9991-Q.q 2.7~4-0... 8.107£-0!5 2.S41SE-~ 7.5!56£-a. 1.<457£-o"' 1 . l .-. ~1 

1/UJ 1.06..-0<111 1. 2791:-o-. 1.1-49£-0-4 2.076e-o.q l.UIE-o-4 1•9001-()111 1.8361£-cM 1.7811-0-4 1 • ..-. 10£ · 0-4 
1/9 1.2671:-041 l.S1&a-~ 1.-41?£-0... 1.~!54-Q.ot 2. ?76E-Oo4 2.as.a-()lll 1.~1--cM 2.aaaE-0<4 2 . -4U6 E-- Oo4 
1/6 1.47&-Q<III 1.?1?£-cM 1.6!5S•O... 1. !5...7£-041 2.acne-o... 1.0!MI-~ •. , ....-os 1.t14-Do4 1. +19a: -- 04 
2/9 1.61«-Q<III 1.?74-~ 1.4G!SE-O... 1.0S8E-041 e. 782E-os 1.~-(H ?.6311-0S ?.1521:-QS 1.12!£- 0-4 
1/1 1.8221-04 1.68?E-a.t 1.854-0-4 1• !508E-0<4 1.8881-o... l.l&aa-CH 1.6?8E-D41 1.0S1E-«M 8.199E- OS 
2/1 l.86?'E-CH 6.66?'E-OS 7.911E-0!5 t.260E-o"' S.179E-QS 6.78<1111-0S a.sooa-os s.asaa-os 6.19!11!-QS 

1 1.14131:-o<lll !5.01?E-0!5 2.7-43£-0!5 1. 781E-O!S 1.579£-0!5 9.na&-D6 1.36..-QS 1.761R-DS 1.41SQE-GS 
1019 1.268E-04 2.1~!5E-~ 3.29!5£-06 2.108E-06 2.084-06 2.681E-o6 1.199E-Q6 .... ~-06 1.029E-D6 

S.07K-D!S 2.888E-07 ~-868E-08 9.900E-oe 2.38ai-D7 9.900E-oe 8.!51--07 2.e861-D?'· 76SE-o6~-
w 
..... 

http:1.~!54-Q.ot


GEOMETRY : VAC-RBM OSR=l/9 MASS THICKNESS = 12mg/cm~2 

P'-ECM~V) 0.10 0.20 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

,.. 

0 
1/18 

1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

""/a 

?.263E-03 
9.8D5E-03 
1. 2""1E-02 
1 ....20E-02 
1.590E-02 
1.?97E-02 
1.81~E-02 

9.2...?E-03 
6.436E-03 
2.495E-03 

8.772E-03 
1.108E-02 
1. ""·19E-02 
l.68?E- 02 
1.?'31E-02 
1.6...0E-02 
6.692E-03 
1.273E-03 
a.9~6E-o4 

8.539E-O? 

?.0?9E-03 
9.959E-03 
1. 3""9E-02 
1.56SE-02 
1.366E-02 
8.9?9E-03 
3.823E-03 
a.6a2E-o4 
4.0?...E-05 
1.376E-06 

6.6~7E-03 

9.021E-03 
1.3...8E-02 
1.""5~E-02 
1.033E-02 
7 ....63E-03 
2.962E-03 
1.752E-04 
1.6?~E-05 

5.998E-07 

5.753E-03 
8.3...6E-o3 
1.336E-02 
1.086E-02 
8.105E-03 
6. 119E-03 
2 ....6SE-03 
1.133E-O~ 

7.119E-O? 
1.361E-08 

5.621E-03 
8.193E-03 
1.333E-02 
9.825E-o3 
7 ....31£-03 
5.3aeE-oa 
2.208E-Oa 
1.05...E-04 
?.253E-06 
2.334E-O? 

5.559E-03 
8.oo8E-o3 
1.3~7E-02 

9.361E-03 
7.36"1E-03 
5.222E-03 
2.D22E-03 
a.a63E-o5 
1.034E-06 
1.087E-06 

5.326E-03 
7.980E-03 
1.362E-02 
e.e9sE-o3 
6.82~E-03 

.... aaoE-oa 
1.827E-03 
8.122E-05 
4.534E-07 
1.000E-O? 

~.1?8E-03 

6.251E-03 
1.221E-02 
6.978E-03 
5.228E-03 
3.796E-03 
l.S...SE-03 
7.686E-05 
1.518E-06 
2.643E-O? 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'-ECM~V) o. 10 0.20 0.35 0.50 0.75 1.00 1.25 1.50 l 

0 
1/18 

1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

?.263E-05 
1. 961E-O"" 
1.2...1E-04 
1 • ..:t20E-O..:t 
1.590E-O..:t 
1.?97E-04 
1.81..:tE-O..:t 
1.8...9£-04 
1.287E-04 
7.484E-05 

1. ?5~E-O~ 
2.217E-04 
1 .... 19E-04 
3.3?5E-O..:t 
1.?31E-04 
1.6...0E-O..:t 
1.33BE-O..:t 
3.819E-o5 
3.157E-05 
5.550E-O? 

1.~16E-O~ 

2.98BE-04 
2.699E-04 
1.565E-O..:t 
1. 366E-04 
8.979E-05 
1. 529E-O..:t 
a. ~H"''E-05 
?.7"'10E-06 
6.192E-O? 

1 . 329E-04 
1 . 80~E-04 

1.348E-04 
2.908E-04 
2.067E-O..:t 
1 . ..:t93E-O..:t 
8.885E- 05 
2.102E-05 
"'1.853E-06 
5.938E-O? 

1 . 726E-04 
2.50"1E-04 
2.672E-O..:t 
2.172E-O..:t 
1.621E-O..:t 
1.836E-O..:t 
9.859E-05 
2.039E-05 
4.841E-07 
1.3..:t7E-08 

1.124E-04 
8.193E-05 
2 . 665E-O..:t 
2.9..:t7E-O..:t 
1. ..:t86E-O..:t 
1.068E-04 
1.10...E-04 
1.26..:tE-05 
41.569E-06 
2.310E-07 

1.112E-04 
1.602E-04 
"1.042E-04 
1.872E-04 
1.473E-O..:t 
5.222E-05 
.... O..:t3E-OS 
1.329E-05 
1.013E-06 
7.171E-07 

1. 065E-04 
1. 596E-O~ 
2.723E-O..:t 
1.779E-04 
1.365£-04 
9.?59E-05 
5 ....81E-05 
?.310E-06 
4.499E-O? 
9.900E- 08 

I . c . 

- ! ' t 

I . cL k . k . I 

1. 5t.8E u -1 
3. 796E·-05 
6.180E - 05 
1.4160E-05 
1.123E-06 
2.616E-07 

·Jj 

tv 



6EOftETR"f 1 RBM-RSI'1 D5R=2/• P1ASS THICKNESS : l~ca...2 

P'\ECI'teY) 0.35 o.so o.!?S 1.00 1.~ 1.!0 1.?$ 

0 ?.100E-Q3 6.3221:-os s.seur-oa S.262E-Ga 411.9?5-03 41.?'68E-o3 .... MlE-08 
11'18 •• 006E-Q3 ?.894:-09 6.612E-o3 S.9?11E-09 S.912R-03 S.!I6M..Q3 s.2tiDE-oa 
U9 .9.265-DS 8.ssea-os ?.41111E-DS ?.1121£-01 &.9ME-~ 6.?aell.aa 6.64JE•03 
11'6 1.089E-Q2 1.001E-02 8.9!54-DS a.?a.-ol a. ?O?E-a. 8.24E.a3 a.S26E-oa 
21', 1 .... 18E-D2 1.154-02 1.M?E-D2 1.16SE-D2 l.«J9E-02 1.......-02 t ....... ?a-021,. 1.410311-02 1.0..?£-02 8.4?E-os ?.816E-OI ?'.664-08 ?'.ot•-oa 6.?6tE-oa 
21'8 5.9?6E-fl9 .... s...sa-oa a.sea-os 9.CM1E-03 2.92E-OS 2.814-D3 2.?1K-03 

1 1.228E-D3 8.0CJOE-o... 6.02i'E-o... 41• ..,9E-D"' s. 0?'41£-041 41.900E-o... .... ~-CM 
101', a ... a?E-a.. 2.0+E-o.. 1.173£-(M 9.190&-05 1.2.....E-0<4 8.23SE-OS 1.06...-o....,. 3.29&a-o? s.aoa-oa a.ss2E-O? 1.12tE-O& 2.909£-0? 41.9SI£-,OP 2.1311l-O? 

CORRESPONDlNG MSOL.UTE l..toiCERTAINTIES 

P'-£(f"'eoo.J) o.as o.so 0.?$ 1.00 1.25 l.SO 1. ?$ 

0 1...20E-o-4 6.322£-~ 1. 116&-Q"' l.S?CJE-D-4 1...93E-Q4t 9.S96E-OS .... 961E-O$ 
11'18 8.006&-QS 1...79C-a... 1.322E-O"' 1.&94-o.. 1.182E-cM 1.1111!-041 S.HOE- oe 
1/9 •• 26!5E-o5 a.asa-os ? .... 18E-05 1.~-o.. 1.399£-CH 1.s..aa-o... l.I28E-D-4 
11'6 1.089E-cH a.ooaE-o... 1. ?91£-0<4 1.?~-o"' a.?o?W-os 1.~-o-4 t.?Osa-o... 
V9 l ... lBE-cH 1.8!54-D-4 2.?1U-D41 2.1'80&-o... l.o40M-CH 2.868C-~ 2.194-0-4 
11'8 l .... oaE-0-4 2.19..-Qolll a.4n-os 1.!56E-Q"' t.sas-041 1.4laE-o... a.~-o"' 
21'9 1.0?51-o... -4.1~-05 a.o?SE-o... 6.082£-05 •• ?eE-os s.~-as a.ts.a-os 

1 2 ...ss-os 3.286E-OS !5.41124!-0S t.?'nE-os 2.H1'a-o5 1.4011-QS 2.60SE-05 
101'9 2.41106&-o!S t.ea.-os 1.0S!SE-OS 1.281'E-o5 1.HOE-os l.SIE-OS 1 • 271'E -OS 
-va 8.2681-D? 3.?..-oa 3.S16E-o? 9.oete-O? 2.?63&-G? 8.411?11-D?' 2.110C-O? 

\[) 

w 

http:8.24E.a3
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GEOMETRY : CB-RBM DSR=2/'9 MASS THICKNESS = 12mg/cm~2 

P'E(M.a>V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

1/'9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

7.7.q8E-03 
8.271E-03 
9.398E-03 
1. 079E-02 
1 • .q23E-02 
1. 356E-02 
5.5.q3E-03 
1.168E-03 
3.219E-O.q 
4.814E-07 

6.'926E-03 
?.s.q6E-o3 
8.705E-03 
1.020E-02 
1.399E-02 
t.OO?E-02 
4."'1"'16E-03 
7.482E-O"'' 
1.866E-O"'' 
?.786E-07 

6.1'91E-03 
6.7'95E-03 
7.7-qoE-oa 
9.312E-03 
1.395E-02 
8.558E-03 
3.657E-03 
6.502E-04 
1. 312E-04 
3.552E-07 

5.853E-03 
6.308E-03 
7.233E-03 
8.?83E-03 
1.402E-02 
7.?19E-03 
3.180E-03 
5.424E-04 
1. lO..qE-04 
l.OOOE-08 

5.608E-03 
6.198E-03 
6.889E-03 
8.565E-03 
1."'122E-02 
7. "''llE-03 
2.939E-03 
5.025E-O"'' 
? • .q69E-05 
"'1.695E-08 

5.168E-03 
5.821E-03 
6.725E-03 
8.525E-03 
1.388E-02 
6.966E-03 
2.967E-03 
4.?11E-04 
9.693E-05 
1.560E-06 

5.159E-03 
5.765E-03 
6.673E-03 
8.215E-03 
1."'12"'1E-02 
7.13"'1E-03 
2.668E-03 
5.065E-04 
9.350E-05 
1.876E-07 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECM.a>V) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 
1/18 
1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

2.324E-O.q 
1.654E-0"'1 
9.398E-05 
1. 079E-O"'' 
2.B.q?E-O"'' 
1.356E-04 
1. 109E-O"'' 
5.842E-05 
2.576E-05 
3.947E-07 

t.ae5E-o.q 
1.509E-04 
1.?41E-O"'' 
2.039E-O"'' 
1.399E-O"'' 
2.015E-O"'' 
8.893E-05 
2.993E-05 
2.239E-05 
5.606E-07 

6.191E-05 
1.359E-04 
7.740E-05 
1.862E-04 
1.395E-04 
e.55BE-05 
1.097E-04 
5.852E-05 
1.050E-05 
3.516E-07 

1.756E-04 
1.262E-04 
7.233E-05 
8.?83E-05 
1.402E-04 
?.719E-05 
6.361E-05 
2.712E-05 
1.657E-05 
9.900E-09 

1.122E-04 
6.198E-05 
1.378E-o.q 
2.569E-O"'' 
2.8"'1"'1E-O"'' 
1."'182E-O"'' 
5.87BE-05 
3.517E-05 
8.216E-06 
"'1.648E-08 

1.034E-O"'' 
1.164E-04 
1.3"'15E-O"'' 
1.705E-O"'' 
1.388E-04 
1. 393E-O"'' 
5.93"'1E-05 
"'1.240E-05 
8.?2"'1E-06 
1.5"'14E-06 

t.5.q8E-04 
5.765E-05 
1.335E-04 
1.643E-04 
2.8"'18E-04 
1."'127E-04 
5.335E-05 
2.533E-05 
1."'1'96E-05 
1.857E-O? 

<!) 

""' 



GEOMETRY : VAC-RBM OSR=2/9 MASS THICKNESS = 12mg/cm~2 

P'\ECMeV) 0.35 0.50 0.7S 1. 00 1. 25 1. so 1. 75 

0 5.981E-03 S.375E-03 .q,516E-03 .q,53SE-03 4.326E-03 4.246E-03 .q,027E-03 
1/18 ?.720E-03 6.830E-03 6.271E-03 5.745E-03 s • .qi'?E-03 s • .qo ...E-03 5.2.q3E-03 

11'9 8.950E-03 B.l.qOE-03 7.576E-03 7.040E-03 6.662E-03 6.4.q?E-03 6.620E-03 
11'6 1. 056E-02 9.811E-03 9.0.q3E-03 8.586E-03 8.171E-03 8.282E-03 8.076E-03 
21'9 1. 374E-02 1.387E-02 1.332E-02 1.397E-02 1.376E-02 1 • .qO?E-02 1 • .q56E-02 
1/3 1.391E-02 1.028E-02 8.593E-03 7.868E-03 7. 122E-03 6.869E-03 7.038E-03 
2/3 5.077E-03 .q.258E-03 3.430E-03 3.275E-03 3.061E-03 2.79...E-03 2.688E-03 

1 1.156E-03 7.892E-04 6.433E-04 4.999E-O.q 4.4.q6E-04 .q,809E""-04 5.017E-O.q 
10/9 3,.q31E-04 2.o1.qe-o.q 1. 3.q1E-04 1.022E-O.q 8.890E-05 8.376E-05 1. 1.q?E-04 
4/3 2.89.qE-07 1.000E-07 7.354E-07 1.000E-07 1.371E-07 5.358E-Oi' l.OOOE-07 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\ECMeV) 0.35 0.50 0.75 1.00 1.25 1. so 1. 75 

0 1.794E-o.q 1. 075E-04 .q.516E-05 9.069E-05 8.652E-05 8.492E-05 e. 055E···os 
1/18 1.544E-04 1.366E-o..q 6.271E-05 1.149E-04 5.477E-05 1.621E-O"' l.O.q9E-04 

11'9 2.685E-04 2,.q.q2e-o..q 7.576E-05 l."'OBE-04 1.332E-O.q 1.934E-04 1. 32.qE-0·~ 
1/6 2.111E-04 2.9.q3E-04 1.809E-04 1. 717E-o.q 1.634E-04 1.656E-04 1.615E-04 
21'9 1.3?"1E-04 2.775E-04 2.663E-04 1.397E-04 2.752E-04 4.220E-04 4.368E-04 
1/3 1. 391E-04 1.028E-O.q 1. 719E-04 l.S7.qE-04 1.424E-04 1.374E-04 2.111e-o.q 
2/3 1.523E-04 8.517E-05 1.029E-04 6.549E-05 9.184E-05 5.588E-05 1.3.q4E-04 

1 .q.626E-05 6.313E-05 2.573E-05 2.999E-05 2.223E-05 4.328E-05 .q,01.qE-05 
10/9 1.715E-05 2.416E-05 1.878E-05 1.635E-05 1.33.qE-05 1.256E-05 2.293E-05 
4/3 2.662E-07 9.900E-08 4.780E-O? 9.900E-08 1.357E-07 3.590E-07 9.900E-08 

-D 
(J1 



GEOMETRY 1 RBf'l-lt&M OSR=l/3 MASS THICKNESS :: 1~c:a~ 

P\.E(He\1) o.as o.so o.?S 1.00 1.25 1.50 1.75 

0 5 .... 661:-oa .... 621E-Q8 .... -421E-01J .... 021E-OS a.725E-oa a.?81E-o3 3.686E-03 
1/11 6.876£-03 5.570E-o8 5.09•-os ... 614£-09 .... aeeE-09 ... 185£-Ga •• .,?E-03 

"' 7.27&a-os 6.890E-OS 5.6S?a-Q9 s.o••-o• s.020E-oa 5.oo;oa-oa .... ssw-oa 
11'6 7.8701:-QS 7.274-0S 6.621'C-09 6.168E-08 5.928&-o. S.74J&-DS s.aS?C-oa 
2/9 9.2311•09 a.aaea-oa ?.7o4SE-08 ?.119&-03 &.?sa&-oa 6.6~-oa &.eoK-o3 
1/l l.o4201:-02 1.1toE-Q2 1.....-02 l.851E-02 1.360&:-oa 1.o414:-Q2 1.o46aE-02 
2/a 6.9,X-03 5.6acJE-Q8 .... 608a-03 ... 2SIE-OS 8.aaae-oa 8.804-oa a.n..-os 

1 2.523E-03 1.8771-03 1.504-09 1.181E-oa 1.2CSE-oa 1.1-e&-03 l.OeeE-03 
10/9 1.292E-OS a.?sSE-o... 6.168lt-Oo4 ........-a... ... .-.61 E-Go4 ... 7'-GII-0.... .... 585E-(H 

<4/l 3.2o47£-0S 9.16SE-D6 !5.S7'1E-o? a.aOOE-06 8.9<421-06 6.t16£-o? ?.S94-06 

CQIItRESPOMll NG fiiBSOL.UTE UNC&RTRINTIES 
. 

P'-E(f'teV) o.as 0.50 O.?S 1.00 1.25 1.50 1. 7"S 

0 1.093&:-()41 9.24121:-o!S e.e412.E-os 8.0...SE-OS ?.45QE-QS ?.562E-OS 1.091£-0... 
1/18 6.876E-0!5 5. !57'01-0!5 l.OlCJK-0.. 9.227£-0S &.?HE-OS 1.256£-o... 1.17'21-().4 
1/9 1.o4SSI:-o... 6.89011-0S 1.1S1E-O... 1.020E-o... 1.004£-0... 1o001I-Oo4 1.MeE-o... 

7'.870E-0!5 2.182&:-<M 1.122-0.. 1.2HI-O.. 1.1Ma-o-4 1. ?222-04 1.1811-0..u• 
2/9 9.281E-OS 8.2681-0!5 7'.7'..--os l.o428E-041 1.8o47'E-a.t 1.U61:-D41 1.862a-o... 
l/1 2.8o40£-o.. 1.HCE-o-4 1.....-o... 1. 3!51E-041 2. noa-o.. 1...14-041 2.924!-0... 
2/1 1.898E-O... 1.1881:-a... .... 6oea-os 8.41661£-05 1.1!50E-041 ?.60M-OS 1.1a&E-a.. 

1 7.5691£-0!5 !5.681E-OtS 6.017'£-0S 8.a98E-os ... 8211-0!!1 .... saoE-os 8.264-0S 
10/t 5.1691£-Q!S .....7'6£-c!S o4.!U8E-OS a • ..aaE-o5 8.9221£•06 8.794-0S 2.2921!-0!5 

<4/l 6 ......-06 s.s74-06 2.89?E-07' a . ..a«-o6 2.286&-06 6 ....7£-07' !5.816E-06 

\[J 
(jl 



GEOMETRY : CB-RBM DSR=l/3 MASS THICKNESS = 12mg/cm~2 

P'E(M~V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
l/18 
1/9 
l/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

5.861E-03 
6.325E-03 
7. 162E-03 
7.763E-03 
9.250E-03 
1.~03E-02 

7.070E-03 
2.539E-03 
1.205E-03 
2.933E-05 

5.305E-03 
5.735E-03 
6.SOOE-03 
7.360E-03 
e.~9~E-o3 

1.370E-02 
5.792E-03 
1.745E-03 
e.32~E-o4 

1.387E-05 

~.735E-Q3 

5.0~0E-03 

5.755E-03 
6.396E-03 
7.577E-03 
1.399E-02 
4.686E-03 
1.~53E-03 

5.666E-O~ 

1.021E-05 

~-3~8E-03 

~-628E-03 
5.3S~E-03 

6.061E-03 
7.25.qE-03 
1. ~OOE-02 
4.310E-03 
1.262E-03 
5.378E-04 
6.629E-06 

~.127E-03 

~ • .q82E-03 
5.163E-03 
5.718E-03 
7.03~E-03 

1.385E-02 
3.922E-03 
1.207E-03 
5.2~7E-04 

7.361E-06 

3.8~1E-03 

~.172E-03 

S.O~lE-03 

5.75~E-03 

6.552E-03 
l.~UE-02 

3.865E-03 
1.108E-03 
5.197E-04 
1.677E-06 

3.978E-03 
~.259E-03 

~.896E-03 

5.~13E-03 

6.686E-03 
1.~52E-02 

3.651E-03 
1.05~E-03 

~.752E-04 

1.739E-05 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(M~V) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 
1/18 
1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

1.172E-o;q 
t.265E-04 
1.~32E-04 

7.763E-05 
t.B50E-04 
1. 403E-04 
1.41 ...E-04 
7.616E-05 
3.614E-05 
7.625E-06 

1.061E-04 
l.t.q?E-04 
1.300E-04 
1.472E-04 
e.~94E-os 

1.370E-O"' 
1.158E-04 
6.'979E-05 
2 .... 97E-05 
3.051E-06 

9.470E-05 
t.OOBE-04 
1.151E-04 
1. 279E-O~ 
7.577E-05 
2.798E-O"' 
1.874E-O"' 
5.812E-05 
2.266E-05 
5.617E-06 

8.696E-05 
4.628E-OS 
1.071E-04 
1.212E-04 
7.254E-05 
2.800E-O~ 

8.620E-05 
3.785E-05 
2.689E-05 
3.845E-06 

8.254E-05 
1. 345E-04 
1.033E-O~ 

1. 716E-04 
1 .... 07E-04 
2.770E-04 
1. 176E-O"' 
4.830E-05 
3.14BE-OS 
... 7e,..E-06 

7.681E-05 
8.3~5E-05 
l.OOSE-0~ 

5.75~E-05 

1. 310E-O~ 
2.822E-O"' 
1.160E-o"" 
8.862E-05 
3. 11BE-05 
1.023E-06 

1. 193E- O''i 

8.518E-05 
9.792E-05 
1. 624E-04 
1.337E-04 
2.90...E-04 
7.302E-05 
6.325E-05 
3.801E-05 
7.6..9E-06 

[_ 

--..! 



&N!OftETRY I VRC-RSI'I OSR=l/21 ~ THICKNESS : 1a.g/o~~ 

P'-ECI'teY> o.as o.so o.i'S 1.00 1.2S 1.50 1. i'S 

0 .......-o3 Olf.Oif10E-Q3 3.86!SE-OS 3.69SE-Q3 a.SME-oa ......11:-0B 3.2'1'4-08 

11'18 6. 220E-o8 s.!u•-os ... 930E-G3 ... se2£-oa 4t.169E-Q3 8.98U-oa ... us-oa 

U9 •••1..-GS 6.919&-Ga s.aan-oa s.:uea-oa s.c.N-oa ... n1•-o• ... ~-oa 
li'6 e. 1ss-oa 7.001E-QS 6.S76£-G8 s.t91E-oa s.60tE-oa S.42E-Da s • ._-oa 
2/9 9.013-Ga a.aoea-oa ?.S81E-O. ?.IZOE-oa 6.&aK-oa .....-oa 6.?081E-oa 
1/'1 1.88K-Q2 1....-aa 1.80§-02 1.16ae-oz l.aHE-02 1.....-aa 1.COE-02•. .,..-oa2/S !S.666E-Q3 41.801E-o3 .......6E-OS ... o74-oa s.7'53a-oa a.~-oa 

1 2.01f62E-G8 1.70!11-oa l.G?E•OS 1.226E-ol 1.0?4:-03 1.066a-03 1.089E-09 
10-'9 t.a02E-os a.093E-<H !5. 94IIOE-a.. ... 128E-o411 4111.?191-CH 41.668£-CH 411.?'S?E-CH...,. •••?2E-QS 1.a..u-os 6.686£-06 2.onE-06 1.0001!-08 1.aaa-06 1.4?£-06 

CORRESPONDI N6 ABSOLUTE UNCERTAINTIES 

P'ICrt.Vl o.aa 0.50 0.?5 1.00 1.2!5 1.se 1. ?15 

0 l.Oif&aE-QOif B.819E-o!5 ?. i'30E-~ 1.108E-04t 6.?96•-os t.0021:-04t 6.S418E-05 
1/18 l.HM-oOif 1.65~-()oq ,.8611-0S 9.1651£-0!5 8.387£-o!S 7.Msa-D!5 1.28!5E-O .. 
1/9 l.I83E-o.. 1.26..-a.. 1.061£-041 1.16SE-O.. 1.014-CM 9.!581E-o5 9.69Sa-05 
1/6 1.691£-cM 2.1001-0o4 1.973£-0.. 1.198E-o.. 1.&aOE-o.. 1.092R-a.. s • ......aa-os 
2/9 9.012E-o!S 1.6611-041 , ...?6E-o.. 1.4t2E-o.. 1.838£-041 1.9'161!-0.. l.S<42£-001f 
l/1 l.li9E-a.. 1.190E-Qo4 1.SOSE-O .. 2. ?201£-041 1.999£-041 2.919&-0.. 2.9191-0.. 
2/$ l.ISSE-o-4 1.1131-o.. l.<44lE-O .. ... GU-05 e.t~-oe 1.1261-0.. 1.515&:-0.. 

1 ?.S&?a.OS 6.ezu-os ?.tna-as 6.128E-OS !5.8681-~ •• 1981:-0S 411.358E-os 
10/9 3.907£-o!S ... 041?£-DS 2.8?6£•05 •.•.,.-as Z.BS'JE-QS <4. Ht?E-QS 2.854-a!S....,. 8.41129E-o6 4.710E-o6 2.6?4-06 l.6...a-06 9.9001-ot 9.25?£-07 1.294-06 

OJ 
-c 

http:P'ICrt.Vl


GEOMETRY : RBM-RBM OSR=4/9 MASS THICKNESS = 12mg/cm~2 

P'ECMeV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

1/9 
11'6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

4.033E-03 
4.883E-03 
5.542E-03 
6.212E-03 
7.060E-03 
9.058E-03 
8.990E-03 
3.854E-03 
2.533E-03 
3.464E-04 

3.453E-03 
4.303E-03 
4.901E-03 
5.471E-03 
6.270E-03 
8."'171E-03 
7.512E-03 
3.144E-03 
1.?86E-03 
1.692E-O"'' 

3.177E-03 
3.907E-03 
4.329E-03 
5.006E-03 
5.676E-03 
7.757E-03 
6.056E-03 
2.422E-03 
1.422E-03 
1.036E-O"'' 

3.076E-03 
3.556E-03 
"'1.123E-03 
"'1.692E-03 
5.131E-03 
7.152E-03 
5.621E-03 
2.011E-03 
1.341E-03 
1.062E-04 

2.824E-03 
3.18SE-03 
3.839E-03 
4.72"'1E-03 
"''.B21E-03 
6.890E-03 
5.325E-03 
2.098E-03 
1.209E-03 
7.500E-05 

2.7"'10E-03 
3.2"'15E-03 
3.659E-03 
"'1.263E-03 
"'1.938E-03 
6.679E-03 
S.104E-03 
2.0"'16E-03 
1.109E-03 
7.774E-05 

2.763E-03 
3. 107E-03 
3.5"'18E-03 
"'1.197E-03 
"'1.651E-03 
6.595E-03 
"'1.820E-03 
1.963E-03 
1.165E-03 
9.32"'1E-05 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECMeV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

11'9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

"''/3 

1. 210E-0"'1 
1. "'165E-0"'1 
1.108E-04 
1.242E-O"'' 
1. "'112E-O"'' 
9.058E-05 
1.778E-04 
7.707E-05 
?.598E-05 
3. 117E-05 

1.036E-04 
1.291E-04 
9.603E-05 
1.094E-04 
6.270E-05 
1. 694E-O"'' 
1.502E-O"'' 
6.287E-05 
5.357E-05 
1. 961E-05 

9.532E-05 
7.61"'1E-05 
8.659E-05 
1.001E-O"'' 
1.135E-04 
1.551E-04 
1. 211E-04 
2.422E-05 
7.112E-05 
1.866E-05 

6.151E-05 
7. 113E-05 
8.246E-05 
9.364E-05 
1.026E-04 
7.152E-05 
1. 124E-04 
6.034E-OS 
5.363E-05 
9.561E-06 

2.82"'1E-05 
1.27"'1E-O"'' 
7.67SE-05 
9.447E-05 
9.6"'13E-OS 
1.378E-O"'' 
1.06SE-04 
6.26"'1E-05 
4.836E-05 
1.2?5E-05 

8.220E-05 
6."'190E-05 
3.659E-05 
1.279E-O"'' 
9.677E-05 
1.336E-O"'' 
1.021E-O"'' 
1.023E-04 
3.326E-05 
1. OllE-05 

B. 290E---0~) 
9. 321E--05 
7.097E-05 
8.393E-05 
9.302E-05 
1. 317E-0"'1 
9.640E-05 
7.451E-05 
5.823E-05 
1.305E-05 

·-D 
\JJ 



GI!OMETRY : CB-RBM OSR="f/9 MASS THICKNESS = 12mg/cm~2 

f=>\ECMeV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 ~.188E-03 3.71~E-03 3.389E-03 3.102E-03 2.908E-03 2.765E-03 2.762E-03 
1/18 ~.795E-03 ~.133E-03 3.631E-03 3.524E-03 3.31SE-03 3.203E-03 3.032E-03 
1/9 S.647E-03 ~.893E-03 ~.217E-03 ~.099E-03 3.888E-03 3.756E-03 3.525E-03 
1/6 6.128E-03 5.704E-03 ""·878E-03 "".781E-03 ~.101E-03 ~.133E-03 ~.009E-03 

2/9 7.087E-03 6.""31E-03 5.752E-03 5.212E-03 5.03"1E-03 4.99-4E-03 4.656E-03 
1/3 9.255E-03 8.285E-03 7.571E-03 7.200E-03 6.917E-03 6.755E-03 6.689E-03 
2/3 9.3-48E-03 7.635E-03 6.186E-03 5.518E-03 5.286E-03 5.05-4E-03 -4.926E-03 

1 3. 711E-03 2.989E-03 2.38""E-03 2.150E-03 2.053E-03 1.909E-03 2.057E-03 
10/9 2.573E-03 1.785E-03 1.""89E-03 1.290E-03 1.255E-03 1.091E-03 1.179E-03 

-4/3 3.0-45E-0-4 1.353E-0-4 l.-408E-04 9.092E-05 1.0-47E-04 6.5-48E-05 8.810E-05 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P\ECMeV) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 1. 256E-0-4 7.-429E-05 6.779E-05 9.307E-05 5.816E-05 1. 106E-04 5.52""E-05 
l/18 9.590E-05 8.267E-05 7.262E-05 7.048E-05 9.9-45E-05 6.407E-05 6.064E-05 
1/9 1. 69~E-O~ 9.787E-OS 1.687E-O"" 1.230E-O"" 7.776E-05 7. SllE-05 1.058E-04 
1/6 6.128E-OS 1. 1-41E-04 1.463E-04 1.43""E-04 8.203E-05 4.133E-05 1.203E-04 
2/9 1. 417E-0-4 6.-431E-OS 1. 150E-0-4 1.042E-04 2.014E-04 9.988E-05 9.312E-05 
1/3 1.851E-0-4 8.285E-OS 1.514E-0-4 1.-440E-04 1.383E-04 1.351E-04 1.338E-04 
2/3 9.348E-OS 7.635E-05 1.237E-04 1.104E-04 1.057E-04 l.OllE-04 9.852E-05 

1 1.113E-O"" 1.196E-O"" 7.153E-05 8.600E-OS 4.106E-05 7.637E-05 6.170E-05 
10/9 5.147E-OS 5.356E-05 4.466E-05 3.869E-05 3.764E-05 4.36-4E-05 5.896E-05 
4/3 1.523E-05 2.706E-05 2.112E-05 l.OOOE-05 1. 152E-05 7.203E-06 1.586E-05 

.-' 

·~ 

0 



GEOMETRY : VAC-RBI'1 DSR=4/9 MASS THICKNESS = 12mg/cm~2 

P'ECMeV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 3.940E-03 3.367E-03 3.023E-03 2.864E-03 2.633E-03 2.6""3E-03 2 • .q20E-03 
1/18 "".658E-03 4.250E-03 3.908E-03 3.""77E-03 3.198E-03 2.926E-03 3. u.qE-o3 
1/9 5.301E-03 5.079E-03 4.141E-03 3.993E-03 "".051E-03 3.731E-03 3.675E-03 
1/6 6. 190E-03 S.SOSE-03 4.869E-03 .q.5BaE-03 ""·""90E-03 .q.OE>OE-03 "".02""E-03 
2/9 6.952E-03 6.287E-03 5.512E-03 5.35-qE-03 5.105E-03 "".83""E-03 "'1.726E-03 
1/3 9.343E-03 S.""OOE-03 7.598E-03 7. 102E-03 6.85""E-03 6.701E-03 6.""35E-03 
2/3 9. 177E-03 7.269E-03 6 • .q70E-03 5.522E-03 5.235E-03 5.092E-03 "".755E-03 

1 3.740E-03 2.962E-03 2-""""SE-03 2.06-qE-03 1.950E-03 1.888E-03 2.001E-03 
10/9 2.564E-03 l.BlSE-03 1.391E-03 1.199E-03 1.196E-03 l.lOOE-03 1.127E-03 
4/3 3.875E-O"" 2.080E-04 1.298E-O.q 1.o22E-o.q 6.899E-05 1.047E-O"'' 8.692E-05 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECMeV) 0.35 o.so 0.75 1.00 1.25 1. 50 1. 75 

0 7.880E-05 6.735E-05 9.069E-05 5.728E-05 7.898E-05 1.057E-O"" .q. 839E-·O~ 
1/18 9.316E-05 8.500E-05 1.172E-04 6.95""E-05 9.59-qE-05 8.777£-05 6.227E-05 
1/9 1.060E-O"" 1.52"'1E-o.q 8.283E-05 1.198E-O"" 1.215E-O"'' 7 • .q61E-05 7.350E-05 
1/6 1.238E-04 1.101E-O"'' 9.738E-05 9.176E-05 8.980E-05 8.120E-05 1.207E-04 
2/9 1.390£-o.q 6.287E-05 1. 102E-O.q 1.606E-O"'' 1.532E-O"'' 1.""50E-O"'' 1 • .q18E-04 
1/3 9.343E-05 1. 680E-o.q 7.598E-05 2.131E-O"" 1.371E-O"" 1.3""0E-O"'' 1.287E-O"" 
2/3 1.835E-Q.q 1.""54E-o.q 2.588E-O"" 1. 104E-04 1.047E-O"" 1.018E-O"'' 1.""27E-O"" 

1 7.481E-05 1. "'181E-O"'' 9.791E-o5 6.191E-05 5.851E-05 7.553E-05 8.004E-05 
10/9 5.127E-05 7.270E-05 "".17""E-05 "".798E-05 5.982E-05 ""·.q01E-05 7.887E-05 
4/3 3.100E-05 2.288E-05 1.817E-05 1.532E-05 1.656E-05 1.88""E-05 1.651E-05 

..... 
c 
...... 



GEOMETRY : RBM-RBM DSR=5/9 MASS THICKNESS = 12mg/cm~2 

P'E(M&V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

o4/3 

2.516E-03 
3.35o4E-03 
3.8o48E-03 
<4.8o49E-03 
5.o480E-03 
7.129E-03 
1.376E-02 
5.o465E-03 
3.923E-03 
1.21o4E-03 

2.131E-03 
2.8S8E-03 
3.708E-03 
<4.273E-03 
<4.825E-03 
6.299E-03 
1.052E-02 
<4.363E-03 
3.095E-03 
7.226E-O~ 

2.177E-03 
2.671E-03 
3.339E-03 
3.576E-03 
o4.369E-03 
5.609E-03 
B.7B9E-03 
3.o462E-03 
2.596E-03 
5.522E-O~ 

2.0o45E-03 
2.o4o40E-03 
3.128E-03 
3.516E-03 
o4.02o4E-03 
5.171E-03 
7.810E-03 
3.05o4E-03 
2.1o41E-03 
5.213E-Oo4 

1.906E-03 
2.382E-03 
2.970E-03 
3.376E-03 
3.839E-03 
o4.963E-03 
7.371E-03 
2.9<43E-03 
2.0o46E-03 
o4.~60E-O~ 

1.887E-03 
2.3o45E-03 
2.5o46E-03 
3.2o41E-03 
3.815E-03 
o4.726E-03 
6.905E-03 
2.901E-03 
1.931E-03 
o4.734E-Oo4 

1.760E-03 
2.233E-03 
2.7o46E-03 
2.980E-03 
3.6BBE-03 
o4.729E-03 
6.67o4E-03 
2.635E-03 
1.926E-03 
5.085E-0<4 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(M&V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

o4/3 

7.5o49E-05 
1. 3<41E-0-4 
7.695E-05 
9.697E-05 
1.096E-0-4 
1.~26E-Oo4 
2.752E-0-4 
1.093E-0-4 
1.177E-Oo4 
6.070E-05 

6.39o4E-05 
1.1<43E-Oo4 
7 • .q16E-05 
1.282E-O~ 

9.6~9E-05 

1.260E-O~ 

2.10~E-O~ 

1.309E-O~ 

6.191E-05 
2.890E-05 

B.706E-05 
5.3o41E-05 
1.002E-O~ 

7.151E-05 
o4.369E-05 
1.122E-Oo4 
1.758E-Oo4 
6.92~E-05 

5.192E-05 
o4.417E-05 

6.13o4E-05 
9.760E-05 
6.256E-05 
7.031E-05 
8.0o47E-05 
1.03o4E-Oo4 
1.562E-Oo4 
9.161E-05 
8.S63E-05 
3.6o49E-05 

5.717E-05 
o4.765E-05 
8.910E-05 
6.751E-05 
7.679E-05 
1.o489E-Oo4 
7.371E-05 
5.885E-05 
B.18o4E-05 
1.78~E-OS 

3.77o4E-05 
9.378E-OS 
1.01BE-Oo4 
9.723E-05 
1.lo4o4E-O~ 
9.<1151E-05 
2.072E-O~ 

1.160E-Oo4 
5.79o4E-05 
2.8<40E-05 

5.280E-05 
o4.o466E-05 
5.o491E-05 
5.960E-05 
1.106E-Oo4 
9 • .qs7E-05 
1.335E-Oo4 
5.269E-05 
5.778E-05 
2.03<4E-05 

,_ 
0 
~.) 



GEOMETRY : CB-RBM DSR=5/9 MASS THICKNESS = 12mg/cm~2 

P'\ECMQV) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 7!5 

0 2.536E-03 2.376E-03 2.178E-03 2.073E-03 1.933E-03 1.826E-03 1.916E-03 
1/18 3.2...5E-03 2.912E-03 2.627E-03 2 .... 92E-03 2.362E-03 2.219E-03 2.20...E-03 

1/9 .... OOOE-03 3.561E-03 3.255E-03 2.982E-03 2.793E-03 2.668E-03 2.627E-03 
1/6 .... 833E-03 "1.302E-03 3.716E-03 3.!517E-03 3.267E-03 3.019E-03 3.019E-03 
2/9 5.518E-03 "1.838E-03 .......82E-03 .... 163E-03 3.6...9E-03 3.eoee-o3 3.651E-03 
1/3 7.1'91E-03 6.299E-03 5 .... 70E-03 5.290E-03 .... 989E-03 .... 95...E-03 .... 8eoe-o3 
2/3 1 .... 00E-02 1.035E-02 8.303E-03 7.92...E-03 7.210E-03 7.0...9E-03 6.72...E-03 

1 5.216E-03 "1.20...E-03 3.510E-03 3.053E-03 2.961E-03 2.871E-03 2.569E-03 
10/9 3.985E-03 3.0"10E-03 2.575E-03 2.250E-03 2.058E-03 1.975E-03 1.970E-03 

"1/3 1.191E-03 8.033E-O"" 5.672E-0"1 .... 366E-O"'' .... "166E-O"" 5.027E-O"" .... 27...E-O"'' 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\E(MQV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 7.609E-05 7.129E-05 6.533E-05 8.290E-05 3.866E-05 7.305E-05 9.582E-05 
1/18 6 .... 91E-05 8.737E-05 7.879E-05 "'1.983E-05 7.087E-05 8.877E-05 6.611E-05 

1/9 7.999E-05 1.068E-O"" 9.765E-05 5.96...E-05 2.793E-OS 1.067E-0"'1 5.25...E-05 
1/6 9.666E-05 8.60...E-OS 1.115E-0"'1 3.517E-05 9.800E-05 9.057E-OS 1.207E-04 
2/9 5.518E-05 9.676E-05 8.964E-05 8.325E-05 1.095E-0"'1 7.617E-05 1.09SE-0"'1 
1/3 7.191E-Q5 6.299E-05 1.09"'1E-0"'1 l.OSSE-0"'1 9.978E-05 1."'186E-0"'1 9.759E-05 
2/3 2.800E-0"1 1.035E-04 8.303E-05 1.585E-04 2.163E-04 1.410E-04 1.345E-04 

1 1. 043E-0"1 9.407E-05 1.0!53E-04 3.053E-05 5.921E-05 5.7...3E-05 5.138E-05 
10/9 7.971E-05 6.080E-05 7.724E-05 6.751E-05 6.173E-05 3.950E-05 5.909E-05 

"'1/3 5.957E-05 "1.016E-05 3.970E-05 3.493E-05 2.233E-OS 2.011E-05 3.420E-OS 

...... 
0 
w 



GEOMETRY : VAC-RBM DSR=S/9 MASS THICKNESS = 12mg/cm~2 

P\ECt1.;tV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 2.534E-03 2.323E-03 2.004E-03 1.918E-03 1.920E-03 1. 791E-03 1.729E-03 
1/18 3.169E-03 3.002E-03 2.711E-03 2.!518E-03 2.282E-03 2.246E-03 2.419E-03 

1/9 3.813E-03 3.743E-03 3.154E-03 2.902E-03 2.768E-03 2.839E-03 2. 721E--03 
1/6 4.!507E-03 4.066E-03 3.865E-03 3.401E-03 3.371E-03 3.149E-03 3.038E-03 
2/9 5.337E-03 4.760E-03 4.299E-03 4.014E-03 3.750E-03 3.780E-03 3.472E-03 
1/3 6.976E-03 6.383E-03 5.558E-03 5.211E-03 4.947E-03 5.064E-03 4.615E-03 
:2/3 1.406E-02 1.041E-02 8.769E-03 7.833E-03 7.312E-03 6.983E-03 6.900E-03 

1 5.371E-03 4.296E-03 3.608E-03 3.205E-03 2.840E-03 2.754E-03 2.719E-03 
10/9 4.080E-03 3.030E-03 2.422E-03 2.136E-03 2.142E-03 1.934E-03 1.842E-03 
4/3 1.312E-03 8.068E-04 6.213E-04 5.451E-04 4.916E-04 4.724E-04 5.096E-04 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P\ECMeV) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 1.014E-04 6.969E-05 8.016E-05 3.836E-OS 7.679E-OS 3.583E-05 6.916E-o::; 
1/18 6.338E-OS 9.006E-05 B.132E-05 S.035E-05 6.847E-05 4.492E-05 4.838E-05 
l/9 7.627E-05 7.485E-OS 3.154E-05 5.805E-05 5.536E-OS 8.516E-05 5.442E-05 
l/6 1.352E-04 1.220E-04 1.159E-04 6.803E-05 1. 011E-04 6.29i'E-05 6.076E-05 
2/9 l.067E-04 9.520E-05 1.720E-04 8.027E-05 1.125E-04 i'.560E-05 6.944E-05 
1/3 1.395E-04 2.553E-04 5.558E-05 1. 563E-04 9.894E-05 1.013E-04 9.229E-05 
2/3 1.406E-04 2.082E-04 1.i'54E-04 1. 56i'E-04 1.462E-04 1.39i'E-04 6.900E-05 

1 1. 611E-04 8.592E-OS 1.082E-04 9.615E-05 5.680E-05 5.509E-05 5.438E-05 
10/9 1.224E-04 1.212E-04 i'.266E-OS 1.068E-04 6.425E-05 5.803E-05 i'.369E-05 
4/3 5.249E-05 7.261E-OS 4.9i'OE-05 2.725E-05 1.966E-05 2.362E-05 3.56i'E-05 

r-­
·.:J..,. 



GEOMETRY : RBM-RBM DSR::Z/3 MASS THICKNESS = 12mg/cm~2 

P'\ECM&V) 0.35 0.50 0.75 1.00 1.25 1.50 l. 75 

0 
1/18 
1/9 
1/6 
2/9 
l/3 
2/3 

1 
10/9 

.:t/3 

1. 205E-03 
1.957E-D3 
2 • .:t79E-03 
3.a...:tE-03 
3.953E-03 
5 • .:t16E-03 
1 • .:tl.:tE-02 
7.072E-03 
5 • .:t68E-03 
2.530E-03 

1.069E-03 
1. 723E-03 
2.3..3E-03 
2.975E-03 
3.569E-03 
.:t.867E-03 
1.367E-02 
5.620E-03 
"' • .:t11E-03 
1. 899E-03 

1.0B7E-03 
1.685E-03 
2.128E-03 
2.601E-03 
3.235E-03 
.:t.372E-03 
1.396E-02 
.:t.688E-03 
3.670E-03 
1.390E-03 

9.761E-O.:t 
1.528E-03 
1.977E-03 
2 • .:t97E-03 
2.921E-03 
.:t.016E-03 
1.390E-02 
.:t.129E-03 
3.132E-03 
1.355E-03 

1.0..9E-03 
1.5.:tOE-03 
1. 918E-03 
2.313E-03 
2.B3.:tE-03 
3.776E-03 
l • .:tO.:tE-02 
3.859E-03 
2.916E-03 
1.201E-03 

1.026E-03 
1 ...30E-03 
1.900E-03 
2.326E-03 
2.723E-03 
3.527E-03 
1 • .:t03E-02 
3.927E-03 
2.925E-03 
1.060E-03 

1.075E-03 
1 • .:t32E-03 
1.756E-03 
2.233E-03 
2.711E-03 
3.566E-03 
l • .:t67E-02 
3 • .:te1E-oa 
2.711E-03 
1.121E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\ECM•V) 0.35 0.50 0.75 1.00 1.25 1. 50 1. 75 

0 
1/18 
1/9 
l/6 
2/9 
1/3 
2/3 

1 
10/9 

"'1/3 

.:t.819E-05 
7.82BE-05 
9.915E-05 
9.131E-05 
1.186E-O"'' 
1.625E-O.:t 
l • .:t1.:tE-O.:t 
1 • .:tl.:tE-O.:t 
1.6"'10E-O.:t 
7.S89E-05 

s.3.:t.:tE-o5 
6.893E-05 
7.02BE-05 
8.92.:tE-05 
7.138E-OS 
9.733E-05 
2.73.:tE-0"'1 
1. 686E-O.:t 
8.822E-05 
S.696E-OS 

6.520E-05 
6.7.:tOE-05 
8.511E-OS 
1. O"''lE-0"'1 
9.706E-05 
1.312E-O"'' 
1.396E-0"'1 
1."'106E-0"'1 
7.3..0E-05 
"'1.171E-05 

2.92BE-05 
3.056E-05 
7.908E-05 
9.98BE-05 
5.8.:t2E-05 
8.032E-05 
1.390E-O"'' 
1.239E-O"'' 
1.253E-O.:t 
8.12BE-05 

3.1.:t6E-05 
6.161E-OS 
S.755E-05 
6.9.:tOE-OS 
8.501E-05 
1.133E-O"'' 
2.80BE-O.:t 
7. 71BE-05 
1.166E-O.:t 
.:t.802E-05 

.:t.102E-05 0.0000~~9~ 
4.290E-OS 0.00005726 
5.701E-05 0.00003512 
6.977E-05 0.00006699 
8.169E-05 0.00008133 
1.058E-O.:t 0.00010698 
2.805E-O.:t 0.0001.:t668 
7.85"'1E-05 0.00006962 
8.776E-05 0.00005"'121 
7 • .:t17E-05 O.OOOO.:t.:t82 

I-' 

c 
()1 



GEOMETRY : CB-RBM OSR=2/3 MASS THICKNESS = 12mg/cm~2 

P'\ECMQV) 0.35 0.50 0.75 1.00 1.25 1.50 1. '75 

0 1.09"'1E-03 1.071E-03 1.226E-03 1.0'77E-03 1.138E-03 1.078E-03 1.05'7E-03 
1/18 1.802E-03 1.660E-03 1.568E-03 1.513E-03 1."'15"'1E-03 1.3'7SE-03 1.351E-03 

1/9 2.59"'1E-03 2.355E-03 2.056E-03 2.030E-03 1.886E-03 1.768E-03 1.802E-03 
1/6 3.279E-03 2.'758E-03 2.681E-03 2.523E-03 2.1'73E-03 2.223E-03 2.226E-03 
2/9 3.918E-03 3.727E-03 3.28SE-03 2.9"1"1E-03 2.92SE-03 2.810E-03 2.566E-03 
1/3 5.360E-03 "1.'765E-03 "1.29"1E-03 3.9"16E-03 3.7'78E-03 3.657E-03 3.692E-03 
2/3 1.398E-02 1.362E-02 1.35"1E-02 1.3'72E-02 1."116E-02 1."109E-02 1."160E-02 

1 '7.022E-03 5.510E-03 "1.817E-03 "'1.083E-03 "1.071E-03 3.807E-03 3.816E-03 
10/9 5."119E-03 "1.306E-03 3.622E-03 3. 183E-03 2.919E-03 2.706E-03 2.82SE-03 

"1/3 2."10'7E-03 1.'7"13E-03 1.398E-03 1.300E-03 1.225E-03 1. 133E-03 1.1"1"1E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\ECMQV) 0.35 0.50 0.75 1.00 1.25 1.50 1. '75 

0 3.2B1E-05 5.355E-05 6.132E-05 5.38"'1E-05 3."113E-05 5.390E-05 5.285E-05 
1/18 5."107E-05 8.300E-OS 6.270E-05 "1.538E-05 2.908E-OS !5."198E-05 8.10'7E-05 
1/9 '7.783E-05 7.06"1E-05 6.169E-05 8.121E-05 5.65'7E-05 '7,0'72E-05 '7.206E-05 
l/6 9.83'7E-05 8.27"'1E-05 1.072E-O"' 7.570E-05 6.518E-05 6.670E-05 6.6'77E-05 
2/9 7.836E-05 7."153E-OS 6.5'71E-05 8.832E-05 8.7'76E-0!5 5.620E-05 '7.699E-05 
1/3 1.608E-O"' 9.530E-05 8.588E-05 7.891E-05 3.778E-05 1.097E-O"' '7.383E-OS 
213 1.398E-O"' 1. 362E-04 1.35"1E-O"' 1.372E-04 1."116E-O.o4 2.817E-04 1."159E-O"' 

1 7.022E-05 1.102E-04 9.63"1E-05 .o4.083E-05 8.1"'12E-05 1.1"'12E-04 1.1"15E-04 
1019 1.084E-O"' 1.292E-04 '7.2"14E-05 6.366E-05 5.83'7E-05 1.083E-04 5.650E-05 

413 9.62'7E-05 5.228E-OS 5.593E-05 3.899E-05 "1.898E-05 "1.532E-05 5.'722E-OS 

~--· 

G 
(J\ 
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GEOMETRY : VAC-RBM OSR=2/3 MASS THICKNESS = 12mg/cm-2 

P'E(M~V) 0.35 0.50 0.75 1.00 1. 25 1.50 1. 7:5 

0 1.220E-03 1.129E-03 1.101E-03 1. 122E-03 1. 09?E-03 1.033E-03 9.5"15E-O"' 
1/18 1. 761E-03 1.751E-03 l.S20E-03 1.553E-03 l."'B?E-03 1."102E-03 1.382E-03 

1/9 2."138E-03 2.315E-03 2.097E-03 1.995E-03 2.006E-03 1.925E-03 1. 6?"1E-03 
l/6 3.03"1E-03 2.851E-03 2.?35E-03 2."100E-03 2.39"1E-03 2.319E-03 2.098E-03 
2/9 3.902E-03 3.75BE-03 3.131E-03 3.128E-03 2.815E-03 2.661E-03 2.506E-03 
1/3 5."112E-03 "1.889E-03 "1.350E-03 3.996E-03 3.891E-03 3.692E-03 3.583E-03 
2/3 1."1"13E-02 1.371E-02 1.3"11E-02 1.390E-02 1."107E-02 1. "127E-02 1. "139E-02 

6.976E-03 5.608E-03 "1.821E-03 "1.227E-03 "1.078E-03 3.826E-03 3.759E-03 
10/9 5."19?E-03 "1.353E-03 3.507E-03 3.105E-03 2.936E-03 2.?85E-03 2.?"1"1E-03 

"1/3 2.5"16E-03 1. 827E-03 2. 511E-03 1.35?E-03 1.238E-03 1.188E-03 1.068E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(~1.wV) 0.35 0.50 0.75 1.00 1.25 1.50 1. ?~ 

0 "'.BBOE-05 "1.51"1E-05 5.503E-05 6.732E-05 5."18"1E-05 3.099E-05 1. 90';;1.;. ,, 
1/18 7.0"15E-05 5.252E-05 7.59BE-05 ?.766E-05 "1."160E-OS "1.207E-05 "". 1"15E · lie~ 

1/9 7.315E-05 6.9"16E-05 6.291E-05 5.98"1E-05 "1.011E-05 S.7?5E-05 a. 36BE n· 
1/6 9.102E-05 8.552E-05 1. 09"1E-0"1 ?.201E-05 ?.182E-05 6.956E-05 "1.196E·05 
2/9 ?.80"1E-OS 1.12?E-0"1 9.39"1E-OS 3.128E-05 a • .q.q6E-os ?.98.qE-05 5.013E-05 
1/3 1. oa2E-o.q 1 • .q6?E-o.q 8.699E-05 1. 199E-O"' 1.556E-O"' ?.38"1E-05 1.0?5E-O.q 
2/3 1 . 4.q3E -o.q 2.7"11E-0"1 2.681E-0"1 2.780E-O"' 2.813E-0"1 2.8S.qE-O"'' 1. "'139E-0"1 

1 1.39SE-Q.q 1. 682E-0"1 9.6"12E-OS B • .qS"'E-05 8.15SE-OS 1. 1"18E-O"'' 7.519E-OS 
10/9 1. 099E-o.q 1. ?.q1E-o.q 1."103E-O"'' 9.31.qE-OS 8.80?E-05 S.5?1E-OS 8.231E-05 
.q/3 1. 018E-O"' 1 • .q61E-O"' 1.256E-04 6.78SE-05 ? . .q2?E-05 "1.?53E-05 6."105E-05 

t~·· 

c 
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GEOMETRY ; RBM-RBM 	 DSR=7/9 MASS THICKNESS = 12mg/cm~2 

P'ECM4i>V) 0.35 0.50 0.75 1. 00 1. 25 1.50 1. 75 

0 3.618£-0"' 3.618E-O"' .... 398E-0"' 3.200E-O.:t 3.5SOE-O"' .... 185E-O"' 3.999£-0<:1 
1/18 7.306E-O"' 6-~~0E-0"' 7.36...E-O"' 6.717E-O"' 7.1 ...6£-0"' 6.922£-0-4 6.~ ... 1E-0"' 
1/9 1.217E-03 1.191E-03 1. 100E-03 1.038E-03 1.058E-03 1.0...6E-03 1. 021E-03 
1/6 1.830E-03 1.?78E-03 1.562E-03 1.591E-03 1."'7"'E-03 1 .... 7SE-03 1.506E-03 
2/9 2.390E-03 2.3...6E-03 2.12.:tE-03 1. 997E-03 1.918E-03 1.907E-03 1.905E-03 
1/3 3.959E-03 3.805E-03 3.2......E-03 2.855E-03 2.961E-03 2.598E-03 2.599E-03 
2/3 9.214E-03 8.-458E-03 7.800E-03 7.00SE-03 6.857E-03 6.634E-03 6.50...E-03 

1 8.995E-03 7.~77E-03 6.075E-03 5.529E-03 5.301E-03 5.205E-03 .... 815E-03 
10/9 6.954E-03 5.991E-03 .... 732E-03 4.243E-03 3.950E-03 3.810E-03 3.601E-D3 
"'/3 3.916E-03 2.97...E-03 2.393E-03 2.257E-03 2.072E-03 2.0...1E-03 1.930E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(M40>V) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 3.980£-05 3.256£-05 3.958E-05 1.920E-05 2.8...0£-05 2.511£-05 2.799E-05 
1/18 3.653E-05 3.275£-05 4.418£-05 2.687£-05 -4.288£-05 4.153E-05 2.616E-05 
1/9 4.867E-05 5.952E-05 6.598E-05 5. 189E-05 3.175E-05 5.229E-05 8.170E-05 
1/6 9.152E-05 7.110E-05 6.247E-05 7.95...E-05 7.372E-05 4.-425£-05 4.519E-05 
2/9 7.169E-05 .... 692E-05 6.371E-05 7.988E-05 5.754E-05 5.722E-05 S.716E-05 
1/3 1. 188E-O"' 7.609E-OS 9.733£-05 8.564E-05 8.884E-05 7.795E-05 5. 197E-OS 
2/3 1.8...3E-04 1.692£-0"' 1.560£-04 1. 401£-0"' 1.371E-04 1. 327£-04 1.301E-04 

1 1. 799E-04 7.577E-05 1.822E-O.:t 1. 106E-0"' 1.060E-04 1.0...1E-04 9.629E-05 
10/9 	 2.086£-04 1.198E-04 9.463E-05 8.485E-05 7.899E-05 1. 143£-04 1.080E-04 
"'/3 7.832E-05 8.922E-05 7.178E-05 6.772£-05 6.214E-05 6. 122E-05 ?.720E-05 

...... 
c 
(JJ 



GEOMETRY : CB-RBM DSR=7/9 MASS THICKNESS : 12mg/cm~2 

P/ECMgV) 0.35 0.50 0.75 1. 00 1. 25 1.50 1. 75 
~ 

0 3.402E-04 4 . 082E-04 4.527E-04 3.343E-04 3.869E-04 3.732E-04 3.986E-06 
1/18 6.405E-04 7.499E-04 6.566E-04 6.689E-04 6.295E-04 6.919E-04 6. 7~51E-o"' 
1/9 .1. 189E-03 1.225E-03 1.251E-03 1.105E-03 1. 061E-03 1.070E-03 1.022E-03 
1/6 1.835E-03 1. 711E-03 1.551E-03 1.425E-03 1.324E-03 1.510E-03 1. 370E-03 
2/9 2.518E-03 2.360E-03 2.075E-03 2.055E-03 1.970E-03 1.787E-03 1. 842E-03 
l/3 3.823E-03 3.685E-03 3.233E-03 2.973E-03 2.762E-03 2.803E-03 2.596E-03 
2/3 9.189E-03 7.947E-03 7.71BE-03 7.031E-03 7.154E-03 6.615E-03 6 . 717E-03 

1 9. 154E-03 7.469E-03 6.244E-03 5.729E-03 5.166E- 03 ~.013E-03 4.7~1E-03 

10/9 7 .• 070E-03 · 5 ...58E-03 · 4.806E-03 ... 081E-03 3.679E-03 3.782E-03 3.640E-03 
4/3 3.795E-03 3.132E-03 2 ...14E-03 2 . 156E-03 1.977E-03 1.972E-03 2.013E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P. 'ECMgV) 0,.35 0.50 0 .75 1.00 1.25 1.50 1. 75 

0 3.062E-05 2.449E-05 3.621 E- 05 3 . 009E- 05 2.708E-05 ... 105E-05 1. S94f~ -- u, 
1/18 3.8..3E-05 3.750E-05 3 . 939E- 05 4.013E-05 3.1"'17E-05 2.076E-05 4.050E · 0 5 
l/9 4.?58E-05 8.572E-05 7.507E- 05 5.524E-05 "'1.2"'13E-05 6."'120E-05 5 . 111E - O ~J 
l/6 5.505E-05 3."'122E-05 4.653E-05 S.?OOE-05 6.618E-05 6.0"'10E-05 5.480E - 05 
2/9 7.55"'1E-05 9."'140E-05 6.226E-05 6. 164E-05 i'.BBOE-05 7.1"'19E-05 7.367E- 05 
1/3 1.529E-0"'1 1. 105E-0"'1 9.698E-05 8.919E..,-Q5 8.286E-05 8."'108E-05 7.788E-05 
2/3 9.189E-05 2.384E-04 2.31SE-04 1. "'106E-04 1.431E-0"'1 1.323E-04 1.3"'13E-04 

1 9.154E-05 1. 49"'1E-04 1.249E-0"'1 5.729E-05 1.033E-04 1.003E-0"'1 9.502E-05 
10/9 1.41"'1E-04 1.092E-04 A!.806E-05 8.162E-05 l.lOAIE-O.<t 3.792E-05 7.2BOE-05 

"'1/3 ?.590E-05 9.396E-05 7.2"'11E-05 6.A!69E-05 S.931E-05 5.91?E-05 6.03BE-fl5 

c 
~ 

\!) 



GEOMETRY : VAC-RBM OSR=7/9 MASS THICKNESS = 12mg/cm~·2 

P'\E(M.rV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 3.793E-O~ 3.723E-O"'' 3.612E-O~ 3.832E-O~ ~. 168E-O~ ~.319E-O~ 3.771E-0"" 
1/18 6.618E-O~ 7.270E-O~ 6.~66E-O~ 7.188E-O~ 6.985E-04 6.865E-O~ 6.87~E-0~ 

1/9 1.189E-03 1.2~5E-03 1.1~7E-03 1.063E-03 1.062E-03 1.083E-03 9.816E-O"'' 
1/6 1.7......E-03 1.765E-03 1.617E-03 1 .... 99E-03 1.595E-03 1. 365E-03 1.383E-03 
2/9 2.390E-.03 2.3...2E-03 2.005E-03 1.992E-03 1.907E-03 1. 7"'eE-o3 1.765E-03 
1/3 3.798E-03 3.54...E-03 2.92...E-03 2.919E-03 2.878E-03 2.823E-03 2.599E-03 
2/3 9.206E-03 e.so...E-o3 7.162E-03 7.211E-03 6.72...E-03 6.707E-03 6.667E-03 

1 9.082E-03 7.314E-03 6 .... ~8E-03 5.930E-03 5.373E-03 ~.787E-03 5.020E-03 
10/9 6.876E-03 5.693E-03 ~.7~8E-03 4.095E-03 3.859E-03 3.790E-03 3.658E-03 

.../3 3.879E-03 3.124E-03 2.480E-03 2.291E-03 2.107E-03 1. 944E-03 1.817E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

~'\E(MorV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 2.276E-05 3.351E-05 3.251E-05 3.832E-OS 3.335E-05 3.023E-05 2. 639E-o::. 
1/18 2.647E-05 ~.362E-05 1.940E-05 2.875E-05 3.493E-05 "1.119E-05 "1.125E-05 
1/9 5.945E-05 ~.980E-05 2.293E-05 ~.253E-05 5.311E-05 s.~t~E-os 3.926E-05 
1/6 8.722E-05 7.060E-05 6.~69E-05 7.495E-05 4.78~E-05 4.096E-05 5.530E-05 
2/9 9.560E-05 4.685E-05 8.018E-05 5.975E-05 3.814E-05 6.992E-05 8.823E-05 
1/3 3.798E-05 7.087E-05 8.773E-05 8.756E-05 5.756E-05 5.6~5E-05 7.797E-05 
2/3 1.841E-04 1.701E-O~ 1.~32E-04 1."1...2E-O~ 6.72~E-05 1.341E-O~ 1.333E-0~ 

1 9.082E-05 1. ~63E-O~ 6."1~8E-05 1. 186E-O~ 5.373E-05 9.57~E-05 1.00~E-0~ 

10/9 2.063E-04 1.139E-O~ 9.497E-05 e. tB9E-05 7.717E-05 7.579E-05 7.316E-05 
4/3 7.759E-05 9.373E-05 9.918E-05 6.872E-05 ~.21~E-05 7.777E-05 7.26BE-n5 
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GEOMETRY : RBM-RBN OSR=8/9 MASS THICKNESS = 12mg/cm~2 

P'E<M.wV) 0.35 0.50 0.75 1. 00 1. 25 1.50 1. 75 

0 3.662E-05 7.824E-05 5."1"15E-05 6.9"13E-OS 7.159E-05 3.637E-05 B.OOBE-05 
1/18 1.676E-O"' 1."1"17E-O"' 1.858E-O'"I 2.112E-0'"1 2.012E-O'"I 2.188E-O"' 1.700E-O'"I 
1/9 3.9"10E-04 3.681E-O"' 3.9?1E-04 3.651E-04 3.5'"1'"1E-04 "'.SllE-04 3.724E-04 
1/6 ' ?.241E-04 ?.469E-04 6.905E-04 6.892E-04 7.303E-04 ?.312E-O"' 6.396E-04 
2/9 1.159E-03 1.169E-03 1.201E-03 1.073E-03 9.?78E-04 l.OBOE-03 1.056E-03 
1/3 2.39?E-03 2."13DE-03 2.054E-03 1.965E-03 1.979E-03 1.857E-03 1. 792E-03 
2/3 7.301E-03 6.433E-03 5.861E-03 5.132E-03 4.?91E-03 "1.70"1E-03 "1.632E-03 

1 1.368E-02 1.022E-02 8.595E-03 7.616E-03 7.'"100E-03 6.926E-03 7.105E-03 
10/9 9.179E-03 7.507E-03 6.229E-03 5.626E-03 5.183E-03 "1.933E-03 4.989E-03 
4/3 5.385E-03 4.393E-03 3.731E-03 3.209E-03 3.001E-03 2.872E-03 2.857E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(M.wV) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 6.226E-06 1.330E-05 7.078E-06 9.720E-06 1.1"15E-05 6.547E-06 9. 61UL , '' 
1/18 1.S08E-05 1.591E-05 1.301E-05 2.323E-05 2.615E-OS 1.969E-OS 1. 53DE n~~ 
1/9 3.152E-05 2.94'"1E-05 3.57"1E-05 3.286E-05 1.418E-05 3.608E-05 1. 862E lJ ·' 
1/6 3.620E-05 4.482E-05 3.453E-OS 2.?57E-05 2.191E-05 5. 119E-05 3.837E·05 
2/9 4.637E-05 4.678E-05 6.004E-05 5.366E-05 5.867E-05 S.399E-05 6.337E-05 
1/3 9.588E-05 7.291E-05 8.214E-05 5.894E-05 5.938E-05 ?.429E-OS 5.376E-05 
2/3 1.460E-04 1.287E-04 1.172E-0"1 1.026E-04 9.582E-05 "'.?O'"IE-05 1.390E-O"' 

1 2.?35E-O'"I 1. 022E-04 2.5?8E-0"1 7.616E-05 l.'"IBOE-04 1.385E-O'"I 1.421E-04 
10/9 9.1?9E-05 7.50?E-05 1.246E-04 1.125E-04 1.037E-O'"I 9.866E-05 9.977E-05 
4/3 1.615E-04 1.318E-04 1.119E-04 1.284E-04 6.002E-05 5.?4'"1E-05 e.S?lE-ns 
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GEOMETRY : CB-RBM OSR=B/9 MASS THICKNESS = 12mg/cm-2 

P'\ECt1.-V) 0.35 0.50 0.75 1. 00 1.25 1. !50 1. 75 

0 3.669E-05 ~.854E-05 7.504E-05 5.424E-05 7.271E-05 6.162E-05 6.626E-05 
1/18 1.574E-04 1.630E-04 1.207E-04 1.667E-04 2.075E-04 1.899E-04 l.SBBE-o.q 
1/9 3.322E-o.q a.931E-o.q 4.093E-o.q .... a ...9E-04 3.679E-o.q .... 2 ... 1E-o.q 3.89-qE-04 
1/6 7.229E-O~ ?.269E-04 6.B07E-o.q 7.0...7E-O.q 6.052E-04 7.170E-o.q 6.918E-04 
2/9 1.2SOE-03 1.215E-03 1.139E-03 1.066E-03 1.008E-03 1.060E-03 1.022E-03 
l/3 2.3e.qe-o3 2.384E-03 2.134E-03 2.018E-03 1.953E-03 1. 851E-03 1.897E-03 
2/3 7.069E-03 6.328E-03 5.656E-03 4.985E-03 s.o...sE-03 .q.906E-03 4.998E-03 

1 1. 399E-02 1. 047E-02 8.532E-03 8.028E-03 7.371E-03 6~883E-03 6.861E-03 
10/9 9.049E-03 7.174E-03 6.330E-03 5.597E-03 5.276E-03 .... 950E-03 5.019E-03 
4/3 5.327E-03 ~.400E-03 3.516E-03 3.229E-03 2.95-qE-03 2.71-qE-03 2.800E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\ECt1.-V) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 75 

0 9.174E-06 8.738E-06 1.576E-05 9.763E-06 1. OlBE-05 1.232E-05 1. 060E-05 
1/18 2.046E-05 2.053E-05 2.059E-05 1.39-qE-05 2.282E-05 2.099E-05 2.859E-05 

11'9 1.993E-OS 3.145E-05 3.68-qE-05 2.025E-05 2.575E-05 2.969E-OS 2.726E-05 
1/6 2.892E-05 2.90BE-05 4.084E-DS 3.52-qE-05 3.026E-05 3.585E-05 3 ....59E-05 
2/9 3.7.q9E-05 3.645E-05 4.556E-OS 3.199E-05 9.02-qE-05 5.300E-05 5. 112E-OS 
l/9 9.537E-05 9.537E-05 B.536E-05 4.095E-OS 5.859E-05 7 .... 03E-05 5.692E-05 
2/3 1 .... 14E-O.q 1.266E-o.q 5.656E-05 9.969E-05 t.513E-o.q 9. 811E-OS 9.996E-05 

1 t.399E-o.q t.0.,.7E-o.q 1.706E-04 2 .... 09E-o.q 1 ....74E-o.q 6.883E-05 6.861E-OS 
10/9 9.049E-05 1 • .q35E-o.q 1.266E-04 5.597E-OS 1.055E-o.q 9.900E-D5 5.019E-05 
4/3 1. 06SE-04 1.32oE-o.q 7.032E-05 9.687E-05 B.B63E-05 8.143E-05 8.399E-C'l"i 
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GEOMETRY ; VAC-RBM OSR=8/9 MASS THICKNESS = 12mg/cm~2 

P'ECM~V) 0.35 0.50 0.75 1. 00 1.25 1.50 1. 7~ 

0 5. 152E-05 6.217E-05 6.322E-05 7.065E-05 6.996E-OS 6.029E-05 7.8~5E-05 

l/18 l.Sl~E-0~ 1.37~E-O~ 2.076E-O~ 1.386E-O~ t.597E-O.q 1.771E-O~ 1.981E-O~ 

1/9 
l/6 

3.191E-O~ 

6.736E-04 
~.731E-O~ 

7.031E-04 
~.035E-O~ 

7.306E-04 
3.~97E-O~ 

7.43BE-04 
a.e.q~e-o.q 

6.778E-O.q 
3.602E-04 
6.953E-04 

a.stae-o.q 
6 • .q29E-O.q 

:2/9 1.127E-03 1.114E-03 1.016E-03 1. 144E-03 1.026E-03 9.896E-o.q 9.649E-o.q 
1/3 2.514E-03 2.227E-03 1.984E-03 1.883E-03 1.932E-03 1.917E-03 1. 782E-03 
2/3 7.201E-03 6.265E-03 5.657E-03 5.223E-03 .q.BBBE-03 4.792E-03 4.805E-03 

1 1.379E-02 1.043E-02 8.679E-03 7.903E-03 7 • .q1BE-03 7.230E-03 6.820E-03 
10/9 9.070E-03 7.415E-03 6.15BE-03 5.43BE-03 5.062E-03 S.OOSE-03 4.91BE-03 
4/3 5.378E-03 4.39BE-03 3.630E-03 3.207E-03 3.000E-03 2.994E-03 2.719E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECM~V) 0.35 0.50 0.75 1.00 1.25 1.50 1. I:J 

0 1. OB2E-05 1.55~E-05 1. ·?o7E-05 1.272E-05 1.~69E-OS 9.044E-06 1. "'191 I 

1/18 1.666E-05 1.6.qaE-os 1.868E-05 1.2"'17E-OS 1.118E-05 2."'1BOE-05 1. 78~!:. IJ .. 

1/9 3.510E-05 4.731E-05 3.228E-05 2.4"'1BE-05 3.076E-05 3.2"'12E-05 1. 405E ,,:, 
1/6 "'1.0"'12E-05 2.812E-05 5.11~E-05 2.975E-05 "'1.067E-05 2.781E-05 "'1.501E-05 
2/9 6.76"'1E-05 5.56BE-05 "'1.064E-05 "'1.576E-05 "'1.102E-05 3.95BE-05 3.860E-05 
1/3 7.5"'11E-05 6.6BOE-05 9.920E-05 5.650E-05 7.726E-05 5.750E-05 B.909E-05 
2/3 1."'1"'10E-04 1.253E-04 1. 697E-04 1.0"'15E-04 9.777E-05 1."'138E-04 9.610E-05 

1 1. 379E-04 1.043E-04 1. 736E-04 1.581E-04 1. ~84E-04 1 • .q46E-04 1. 36~E-0~ 
10/9 1. B14E-04 1.483E-04 1.847E-04 1.631E-04 5.062E-05 1.001E-04 9.836E-OS 
4/3 1. 076E-04 1. 319E-04 7.260E-05 6."'113E-05 6.000E-05 5.987E-05 B.l57E-ns 
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GEOMETRY : RBM-RBM OSR=1 MASS THICKNESS = 12mg/cm~2 

?'E(MQV) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 
1/18 

1/9 
1/6 
2/9 
1/3 
2/3 

1 
10/9 

.../3 

B.391E-09 
1.02"'1E-05 
5.29"'1E-05 
1."'13BE-O"'' 
3.327E-O"" 
1. 198E-03 
5.626E-03 
1. ""21E-02 
1.390E-02 
7.113E-03 

1.132E-06 
1.23BE-05 
3.625E-05 
1.372E-04 
3.532E-04 
1.126E-03 
.... 975E-03 
1.372E-02 
1.071E-02 
S.?BlE-03 

1.837E-06 
2.89"'1E-06 
"'1.939E-05 
1."'140E-O"'' 
.... 04...E-O"'' 
1.0...3E-03 
"'1.272E-03 
1.356E-02 
8.505E-03 
"''.?S?E-03 

7.377E-06 
1.~55E-05 

7.703E-05 
2.001E-O"'' 
3 .... BOE-O ... 
1.063E-03 
3.9...5E-03 
l."''llE-02 
7.627E-03 
"'1.396E-03 

1. 5"'19E-06 
7.881E-06 
"''."''B3E-05 
2.19"'1E-0"'1 
4.225E-O"" 
9.830E-04 
3.764E-03 
1.388E-02 
7.332E-03 
.... 027E-03 

2.572E-06 
2.297E-05 
6.109E-05 
1.963E-04 
.... 211E-0"" 
1.065E-03 
3.550E-03 
1. ""27E-02 
6.937E-03 
3.783E-03 

2.2"'15E-06 
1.216E-05 
6."'183E-05 
1.700E-0"'1 
3.625E-O... 
1.022E-03 
3 ....90E-03 
1 ....66E-02 
6.935E-03 
3.880E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'E(MQV) 0.35 0.50 0.75 1.00 1.25 1. 50 1. 75 

0 
l/18 
1/9 
l/6 
2/9 
1/3 
2/3 

1 
10/9 
4/3 

8.307E-09 
.... 200E-06 
6.882E-06 
1.150E-OS 
2.661E-OS 
.... 79...E-05 
1.125E-O"" 
2.8...2E-O"" 
t.a9oE-o"" 
2.134E-O"" 

8.374E-07 
5.696E-06 
6.88BE-06 
1.372E-05 
2. 119E-05 
.... so...e-os 
9.9SOE-05 
2.7...3E-04 
2.1 ...2E-04 
1.1S6E-04 

8.266E-07 
1.707E-06 
1.235E-05 
1.?28E-05 
1.618E-OS 
.... 17411E-05 
8.S4113E-OS 
2.711E-0411 
B.SOSE-05 
9.Sl ...E-05 

3.836E-06 
6.222E-06 
1.695E-OS 
2 .... 01E-05 
2.088E-05 
5.316E-05 
1.18411E-O... 
l."''llE-0... 
1.52SE-O"" 
8.792E-05 

1.53...E-06 
2.4...3E-06 
7.173E-06 
1.9?"'1E-05 
3.380E-05 
3.932E-05 
1.129E-04 
2.776E-04 
1.466E-04 
1.208E-04 

1. 852E-06 
S.054E-06 
1.955E-05 
2.356E-05 
"'1.632E-OS 
S.326E-05 
l.065E-o"" 
1 .... 27E-O"'' 
1.387E-0"" 
1. 135E-04 

1.68...E-06 
"'1.133E-06 
9.076E-06 
2.210E-OS 
2.900E-05 
41!.087E-OS 
3.41190E-05 
"'1.397E-O... 
6.93SE-05 
1. 16411E-04 
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GEOMETRY : CB-RBM OSR:l MASS THICKNESS : 12mg/cm~2 

P'\E(M•V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 1.503E-06 1.000E-07 4.3...3E-08 4.508E-07 2 .... 42E-06 1.265E-06 8.750E-06 
1/18 6.188E-06 5.797E-06 4.989E-06 4.529E-06 1 .... 54E-05 1.903E-05 1.934E-05 

1/9 6.211E-05 4 ....70E-05 e.oase-os 4.127E-05 4.619E-05 7.256E-05 7.988E-05 
1/6 1 .... 74E-04 1.523E-04 1.650E-O"" 1.851E-04 1.527E-04 1.92DE-04 1.761E-04 
2/9 3.405E-04 3.333E-04 4.200E-04 4.173E·-04 3.563E-04 4.199E-04 a.BllE-04 
1/3 1.025E-03 1.233E-03 1.086E-03 1.085E-03 9.970E-04 9.996E-04 9.651E-04 
2/3 5.438E-03 4.764E-03 4. 184E-03 3.826E-03 3.875E-03 3.638E-03 3.722E-03 

1 1.368E-02 1.375E-02 1.368E-02 1.415E-02 1.359E-02 1.442E-02 1.448E-02 
10/9 1. 381E-02 1.028E-02 e.72SE-03 7.665E-03 7.496E-03 6.908E-03 6.808E-03 
4/3 6.973E-03 5.843E-03 4.742E-03 4.467E-03 4.162E-03 3.635E-03 3.679E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'\E(M•V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 7~ 

0 7.965E-07 9.900E-08 4.300E-08 4.463E-07 2.174E-06 8.854E-07 5.69t::IL ;,, 
1/18 2.475E-06 4.116E-06 4.490E-06 3.850E-06 5.234E-06 5.898E-06 6. 190E f)( 

1/9 9.316E-06 1.028E-05 1.205E-05 7.429E-06 9.699E-06 1.306E-05 1. 598E o::, 
1/6 1. 4i'4E-05 1.371E-05 2.310E-05 3.147E-05 1.527E-OS 1.152E-05 1. 056E-·U5 
2/9 2.043E-05 2.666E-05 3.360E-OS "1.1i'3E-OS 3.206E-OS 3.359E-05 2.287E-05 
l/3 4.098E-05 6.167E-05 3.259E-05 5.426E-05 6.979E-OS 5.997E-05 5.790E-OS 
2/3 1.088E-04 1.<q29E-04 8.367E-05 7.652E-05 7.7<q9E-05 7.276E-OS 7.443E-05 

1 1. 367E-04 2.749E-04 2.736E-04 1. 415E-04 2.717E-04 1.442E-O"" 1. 448E-O"" 
10/9 1. 381E-04 1.028E-04 1.74SE-04 1.533E-04 1.499E-04 1.382E-04 1.362E-04 
4/3 1.39SE-04 1.169E-04 1.423E-04 1.340E-04 8.324E-05 7.270E-05 1.104E-04 
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6EOMET~Y : VAC-RBM DSR=l MASS THICKNESS = 12mg/cm~2 

P'\ECM~V) 0.35 0.50 0.75 1.00 1.25 1.50 1. 75 

0 1. OOOE-07 3.171E-06 2.850E-06 2.23~E-07 2.522E-06 1.961E-06 1.631E-06 
1/18 1. 082E-05 1.190£-05 1.027E-05 1.527E-05 1. ~12E-05 9.~11£-06 1.~56E-05 

l/9 ~.117E-05 8.223E-05 5.3~5E-D5 5.029£-05 6.069E-05 ~-9~3£-05 5.720E-05 
11'6 1.521E-O~ 1.902E-O~ 2.058E-O~ 1.590E-O~ 1.629E-O~ 1.827E-O~ 2.101E-O"'' 
2/9 3.567E-O~ 3.517E-O~ ~.120E-O~ ~.113E-O~ "'1.329E-O~ ~.163£-0~ 3.~~0E-O~ 

1/3 1. 285E-03 l.lOSE-03 1.158E-03 1.181E-03 1.033E-03 1.0"'18E-03 1.027E-03 
2/3 5.557E-03 "'1.601E-03 ~."''O"''E-03 3.892£-03 3.777E-03 3.837E-03 3.589E-03 

1 1.386E-02 1.376E-02 1.3"'13E-02 1.385E-02 1.391E-02 1. "'107E-02 1-~~9E-02 
10/9 1.365E-02 1. 026E-02 8.611E-03 7.592E-03 7.202E-03 6.796E-03 6.658E-03 

"'1/3 6.875E-03 5.7~9E-03 "'1.837E-03 "'1.251E-03 "'1.061E-03 3.8SSE-o3 3.658E-03 

CORRESPONDING ABSOLUTE UNCERTAINTIES 

P'ECM~V) 0.35 0.50 0.75 1.00 1. 25 1.50 1. 7~ 

0 9.900E-08 3.139E-06 1.909E-06 2.212E-07 2.497E-06 1.941E-06 9.9471::. ,, 
1/18 5."'112E-06 3.927E-06 "1.314E-06 4.580E-06 6.211E-06 3."'182E-06 "'1. 515E '-" 
1/9 7.~10E-06 1.6"'15E-05 1.015E-05 1.106E-05 9.710E-06 1.285E-05 1. 0&7E L:_ 
1/6 2.129E-05 1.902E-05 2.469E-05 1.908E-05 2.280E-05 1.827E-05 2. lOlE- 05 
2/9 2."'197E-05 3.869E-05 2.88"'1E-05 2.056E-05 3."'163E-05 2.~98E-05 3."'1"'10E-05 
11'3 5.139E-05 6.628E-05 5.788E-05 2.362E-05 "'1.131E-05 3.1"'15E-05 6.163E-05 
2/3 l. 111E-O"'' 9.202E-05 1.321E-O~ 7.78"'1E-05 7.553E-05 7.67~E-05 1.077E-O~ 

1 2.773E-O"'' 2.753E-04 2.686E-0"'1 2.770E-O~ 1.391E-O~ "'1.221£-0~ 1.~~9E-O"'' 
10/9 2.730£-0"'1 2.052E-O.q 1.722E-O~ 1.518E-04 l."''"''OE-0"'1 1.359E-O"'' 1.332E-O"'' 

"''/3 1.375E-O"'' l.lSOE-0"'1 1. ~SlE-0"'1 8.503E-05 8.121E-05 7.710E-05 1.097E-O"'' 

r" 

f~ 

(J\ 



APPENDIX B 




ll8 

PROGRAM POLY6 
DOUBLB PRECISION A(7,7),Y(7},C(7),DET(2) 
DOUBLB PRBCISIOM WORK(7},SUH(20) 
DIHBHSION IPVY(7)
REAL X(10),Z(10),UNC(10),STD,UL,TOTAL 
DOUBLE PRBCISION P(10),00SE(10),ERR(10) 
DOUBLE PRECISION VAL(l0),0(7),E 
CHARACTER IN*lS,OUT*lS 
PRINT*,'INPUT FILE?' 
READ*,IN 
PRINT*,'OUTPUT FILE?' 
READ*,OUT 
OPEN(UNIT~1,PILZ•IN) 
OPEN(UNIT=2,FILB•'B:\111\'//0UT) 
DO 5 Ia1,20 
SUH(I)aO.ODO 

5 CONTINUE 

+ 

WRITE(2,*) 'THE INPUT FILE : ',IN 
WR I TB ( 2 , * ) ' ' 
WRITE(2,*) 'THE DATA POINTS :' 
WR I TB ( 2 , * ) ' X Y 

UNCBR~AINTY' 
DO 10 1•1,10 

READ(l,*) X(I),Z(I),UNC(I) 
WRITE(2,*) X(l),Z(l),UNC(l) 
P(l )=DBLE(X(I)) 
DOSE(I)=DBLE(Z(I)) 
ERR(I)•DBLE(UNC(I)) 

10 CONTINUE 
DO 15 1=1,10

SUH(l)•SUH(1)+1.0/ERR(I)**2 
SUH(2)=SUH(2)+P(I)/ERR(I)**2 
SUH(J)•SUH(3)+P(I)**2/ERR(I)**2 
SUH(4)=SUH(4)+P(l)**3/ERR(I)**2 
SUM(5)•8UH(5)+P(I)**4/ERR(I)**2 
SUH(6)•SUH(6)+P(I)**S/ERR(I)**2 
SUH(7)•SUM(7)+P(I)**6/ERR(I)**2 
SUH(8)•SUH(8)+P(I)**7/BRR(I)**2 
SUH(9)•SUM(9)+P(I)**8/ERR(I)**2 
SUH(10)•SUH(10)+P(I)**9/ERR(I)**2 
SUH(1l)•SUH(1l)+P(I)**10/IRR(1)**2 
SUH(12)•SUH(l2)+P(I)**ll/ERR(1)**2 
SUH(13)•8UH(13)+P(l)**12/ERR(I)**2 
SUH(l4)=SUH(l4)+DOSE(I)/ERR(I)**2
SUH(15)•SUH(15)+00SE(I)*P(I)/ERR(I)**2 
SUH(l.6)=8tlM(l6~+DOSKU }*PU )**2/ERR(I )**2 
dUtU 11 )•SUM( 11 j ~,DOBI( 1; *?{ l) ~23/~RR (I) ••: 
~iUM~ 18) ,.S~~ 18) +DflE.i:( l} *P ( 1) *tt4/ERti, (It'~'.,, 
:m'H( 19lzSUtU 19 H·DOtil!!:( I j *P (I 1~~tS/BiU:H I} 'U; 

9Ul<H ~~~) =SlfK{ :W) +DOSE~!) tot:, (I) **6/Eii!~ {:! :> :~ ,:: 

1 f7­ COtSTH'JIF. 



DO 20 1=1,7 
DO 30 J=L,7 

A(I,Ji•SUH(I+J-1) 
30 CONTINUE 
20 CONTI NUB 

DO 40 1=1,7 
Y(l)=SUM(I+13) 

40 CONTI NUB 
N=7 
LD•N 
CALL DGEFA(A,LD,N,IPVT,INFO) 
JOB=11 
CALL DGEDI(A,LD,N,IPVT,DET,WORK,JOB) 
DO 50 1=1,7 

C(I)cO.ODO 
DO 60 J•1,7 

C(I)=C(I)+A(I,J)*Y(J) 
60 CONTINUE 
50 CONTINUE 

WR I TE ( 2 , * ) 
WRITE(2,*) 

I 
1 

' 

X CALCULATED Y 
+ % ERROR I 

WRITE ( 2 , * ) I I 

STD=O.O 
DO 70 Ic1,10 

VAL(I)•C(1)+C(2)*P(I)+C(3)*P(I)**2+C(4)*P(I)**3 
+ tC(5)*P(I)**4+C(6)*P(I)**5~(7)*P(I)**~ 

WRITE(2,*) SNGL(P(I)),SNGL(VAL(I)), 
+ SNGL(ABS((Z(I)-VAL(I))*lOO/Z(I))) 

STD=STD+((Z(I)-VAL(I))**2)/3.0 
70 CONTINUE 

WR I TE ( 2 , * ) I ' 

WRITE(2,*) 'COEFFICIENTS AND THEIR UNCERTAINTY :' 
WRITE(2,*) I I 

DO 55 I=1,7 
WRITE(2,*) SNGL(C(I)),'+/-',SNGL(SQRT(A(I,I))) 

55 CONTINUE 
WRITE ( 2 , * ) I I 

WRITE(2,*) 'VARIANCE OF THE FITTED CURVE : ',STD 
UL=4/(3.0) 
TOTAL=C(1)*UL+(C(2)*UL**2)/2+(C(3)*UL**3)/3+ 

+ (C(4)*UL**4)/4+(C(5)*UL**5)/5+(C(6)*UL**6)/6+ 
+ (C(7)*UL**7)/7 

E•O.ODO 
DO 75 I=1,7 

O(I)•(UL**I)/RE~L(I) 

7:, CON'riNU~ 

DO SO Ial.,7 
DO 55 J'=l,7 

B•M+DCll*A(I,J)*D(J) 
d5 CONTINUF 
ao CONTlUUC 



E=SQRT(E) 

WR I TB ( 2 , * ) ' ' 

WRITE(2,*) 'TOTAL DOSE ',TOTAL, '+/-',SNGL(E) 

PRINT*,TOTAL 

WRITE ( 2 , • ) '
I 

PRINT* I ' I 

WRITE(2,*) '\ERROR : ',(SNGL(E)/TOTAL)*100 
PRINT*,(SNGL(B)/TOTAL)*lOO 
CLOSE(UNIT=l) 
CLOSB(UNIT=2) 
END 

SUBROUTINE DGEFA(A,LDA,N,IPVT,INFO) 
INTEGER LDA,N,IPVT(N),INFO 
DOUBLE PRECISION A(LDA,N) 
DOUBLE PRECISION T 
INTEGER IDAHAX,J,K,KP1,L,NH1 
INFO = 0 
NHl = N - 1 
IF (NHl .LT. 1) GO TO 70 
DO 60 K = 1, NHl 

KPl ,. K + 1 
L = IDAHAX(N-K+1,A(K,K),1) + K - 1 
IPVT(K) :a L 
IF (A(L,K) .EQ. 0.000) GO TO 40 

IF (L .EQ. K) GO TO 10 
T = A(L,K) 
A(L,K) = A(K,K) 
A(K,K) = T 

10 CONTINUE 
T = -1.000/A(K,K) 
CALL DSCAL(N-K,T,A(K+l,K),l) 
DO 30 J = KPl, N 

T :a A(L,J) 

IF (L .EQ. K) GO TO 20 


A(L,J) = A(K,J) 
A(K,J) = T 

20 	 CONTINUE 
CALL DAXPY(N-K,T,A(K+l,K),1,A(K+1,J),l) 

30 CONTINUE 
GO TO 50 

40 CONTINUE 
INFO = K 

50 CONTINUE 
60 CONTINUE 
!'0 CONTINUE 

TP\l'!'{N} ,.. N 
~F ~A<N~~O • .EQ. !.1.00(1') INFO c, N 



. '""~,SUBROUTINE DGEDI(A,LDA,N,IPVT,DET ~~~ .;c3! 

INTEGER LDA,N,IPVT(N),JOB 

DOUBLE PRECISION A(LOA,N),DET(2). !I:~K Jl 

DOUBLE PRBCISION T 

DOUBLE PRECISION TEN 

INTEGBR I,J,K,KB,KP1,L,NH1 

IF (JOB/10 .EQ. 0) GO TO 70 


DET(1) = l.ODO 

DET(2) ,. 0.000 

TEN :a 10.000 

DO 50 I = 1, N 


IF (IPVT(I) .NE. I) DET(1) = -DET(1) 

08'1'(1) a A(I,I)*DET(1) 

IF (DET(1) .EQ. 0.000) GO TO 60 


10 IF 	(0ABS(OET(1)) .GE. 1.000) GO TO 20 

DBT(l) = TEN*DET(1) 

DET(2) = DET(2) - l.ODO 


GO TO 10 

20 CONTINUE 

30 IF (0ABS(DET(1)) .LT. TEN) GO TO 40 


DET(1) 	 = DET(1}/TEN 
DET(2) 	 = DET(2) + 1.000 

GO TO 30 

40 CONTINUE 

50 CONTINUE 

60 CONTINUE 

70 CONTINUE 


IF 	 (MOD(JOB,lO) .EQ. 0} GO TO 150 

DO 100 K = 1, N 


A(K,K} 	 = 1.000/A(K,K) 
T = -A(K,K} 
CALL DSCAL(K-1,T,A(1,K},l) 

KP1 = K + 1 

IF (N .LT. KP1) GO TO 90 

DO 80 J • KP1, N 


T = A(K,J} 
A ( K, J ) 	 = 0 . 0 DO 
CALL DAXPY(K,T,A(l,K),l,A(1,J),l} 


80 CONTINUE 

90 CONTINUE 


100 	 CONTINUE 
NM1 = N - 1 
IF (NH1 .LT. 1) GO TO 140 
DO 	 130 KB = 1, NH1 

K = N - KB 
KP1 :a K + J 

DO 110 I "· I(F' .., • N 


WORK. { I ) "' A { I I K ) 

lU! .• K) "!J.lJDO 

.~. J 0 CONTI NHE 



DO 	 120 J = KPl, N 
T = WORK(J) 
CALL DAXPY(N,T,A(l,J),1,A(l,K),l) 

120 CONTINUE 
L = IPVT(K) 
IF (L .NE. K) CALL DSWAP(N,A(l,K),l,A(l,L),l) 

130 CONTINUE 
140 CONTINUE 
150 CONTINUE 

RETURN 

END 


SUBROUTINE DAXPY(N,DA,DX,INCX,DY,INCY) 

DOUBLE PRECISION DX(l),DY(l),DA 

INTEGER I,INCX,INCY,IXIY,H,HPl,N 

IF(N.LE.O)RETURN 

IF (DA .EQ. 0.000) RETURN 

IF(INCX.EQ.l.AND.INCY.EQ.1)GO TO 20 

IX = 1 

IY 	 = 1 
IF(INCX.LT.O)IX = (-N+l)*INCX + 1 

IF(INCY.LT.O)IY = (-N+l)*INCY + 1 

DO 10 I = l,N 


DY(IY) = DY(IY) + DA*DX(IX) 
IX 	 = IX + INCX 
IY 	 = IY + INCY 

10 	CONTINUE 

RETURN 


20 	 H = MOD(N,4) 
IF( M .EQ. 0 ) GO TO 40 

DO 30 I = l,H 


DY(I) a DY(I) + DA*DX(I) 

30 CONTINUE 


IF( N .LT. 4 ) RETURN 

40 MPl = M + 1 


DO 50 I = HPl,N,4 

DY(I) = DY(I) + DA*DX(I) 
DY(I + 1) = DY(I + 1) + DA*DX(I + 1) 
DY(I + 2) = OY(I + 2) + DA*DX(I + 2) 
DY(I + J) = DY(I ' J) ' OA•OX(I ' J)

50 	 CONTINUE 
RETURN 
END 

'H)UBL~ PRECtSI(\N F'Ot.:c~r (ON 1m:JT \ N, DX. ti"'C::C f f.!Y r TtiCY ~ 


DOUHLF I?REC 1 B rou £::~:; 1 ) r DY ( :!. \ ' D'l':tl;~.~ 

rNTEGER l,I~CX,INCY,1X¥It.M.MP1,~ 


'.IDC'i' ::-.: 0. ON' 

:~·tf;MP :-~·, 0 ., 0 ~~~~} 



,­

IF(N.LE.O)RETURN ~ ~3 
IF(INCX.EQ.1.AND.INCY.EQ.1)GO TO . v 

IX = 1 
IY = 1 
I F(INCX.LT.O)IX = (-N+1)*INCX + 1 
IF(INCY.LT.O)IY = (-N+1)*INCY + 1 
DO 10 I = 1,K 

DTEMP ~ DTEMP t DX(IX)*OY(IY) 

IX = IX + INCX 

IY = IY + INCY 


10 CONTINUE 

DDOT = DTEMP 
RETURN 

20 H = HOD(N,S) 
IF( H .EO. 0 ) GO TO 40 
DO 30 I = 1,M 

DTEMP = DTEMP + DX(I)*DY(I) 

30 CONTINUE 


IF( N .LT. 5 ) GO TO 60 

40 HP1 ::: H + 1 


DO 50 I = HP1,N,S 
DTEHP = DTEHP + OX(I)*DY(I) + OX(I+l)*DY(I+l) + 

* DX(I+2)*DY(I+2) + OX(I+3)*0Y(I+3) + DXCI+4)*DY(I+4) 

50 CONTINUE 

60 DDOT = DTEHP 

RETURN 

END 


SUBROUTINE DSCAL(N,DA,DX,INCX) 

DOUBLE PRECISION DA,DX(1) 

INTEGER I,INCX,H,HPl,N,NINCX 

IF(N.LE.O)RETURN 

IF(INCX.EQ.1)GO TO 20 

NINCX = N*INCX 

DO 10 I = 1,NINCX,INCX 

DX(l) = DA*OX(I) 
10 CONTINUB 

RETURN 
20 M = HOD(N,S) 

IF( M .EQ. 0 ) GO TO 40 
DO 30 I = 1,H 
OX (I) ' = DA*DX (I ) .,. 

30 CONTINUE 
IF( N .LT. 5 ) RETURN 

. • I . P l = H + 1 
DO 50 I = MPl , N ,~ 

DX(I) = DA•DX(I) 
DX(I + 1) = ' DA*DX(I + 1) 

DXI I + 2) m DA*DX( I + 2) 

DX(I + l) ~ OA*DX(I + 3) 




DX(I + 4) = DA*DX(I + 4) 
50 	CONTINUE 


RETURN 

END 


SUBROUTINE DSWAP (N,DX,INCX,DY,INCY) 
DOUBLE PRECISION DX(l),OY(l),DTEHP 
INTEGER I,INCX,INCY,IX,IY,M,MPl,N 
IF(N.LE.O)RETURN 
IF(INCX.EQ.l.AND.INCY.EQ.l)GO TO 20 
IX = 1 
IY 	 = 1 
IF(INCX.LT.O)IX = (-N+1)*INCX + 1 
IF(INCY.LT.O)IY = (-N+1)*INCY + 1 
DO 10 I = l,N 


DTEHP :a DX(IX) 

OX (I X) = DY ( I Y) 

D Y ( I Y ) = DTEMP 

IX = IX + INCX 

IY = IY + INCY 


10 CONTINUE 

RETURN 


20 	M = HOD(N,3) 
IF( H .EQ. 0 ) GO TO 40 
DO 	 30 I = l,H 

DTEHP = DX(I) 

OX (I) = DY(I) 

DY(I) = DTEHP 


30 	CONTINUE 
IF( N .LT. 3 ) RETURN 

40 	MP1 = H + 1 
DO 50 I = HPl,N,3 


DTEMP = DX(I) 

OX (I) = DY (I) 

DY(I) = DTEHP 

DTEHP • DX(I + 1) 
DX(I + 1) = OY(I + 1) 
DY(I + 1) = DTEHP 
DTEHP = DX(I + 2) 

DX(I + 2) a DY(I + 2) 

DY(I + 2) = OTEHP 


50 	CONTINUE 
RETURN 
END 

I N'l'E~ I<~U . ~TlOM I tfjjd'f.~XH•, PX, UJCX) 
DOUeL m PRECrStON 0 ' { . } , ()~ X 
I N'l'EGF~R I, I Nc x; I X, N \' 

!PAMAX ::; 0 




5 
10 

20 

30 

I F( N .LT. 1 ) RETURN ~ ~s 

I DAMAX = 1 
I F(N.EQ.1)RETURN 

I F(INCX.EQ.1)GO TO 20 

I X = 1 

DMAX = DABS(DX(l)) 

I X = IX + INCX 

DO 10 I = 2,N 

IF(DABS(OX(IX)).LE.DHAX) GO TO 5 

IDAHAX = I 

DMAX = DABSCDX(IX)) 
IX = IX + INCX 

CONTINUE 
RETURN 
DMAX: DABS(OX(l)) 
DO 30 I = 2,N 

IF(DABS(OX(l)).LE.DMAX) GO TO 30 

IDAMAX = I 

DHAX = DABS(DX(I)) 

CONTINUE 
RETURN 
END 



APPENDIX C 

rhe ~i t t ina function used for Dsx ( X( El . ~ . r:t •: r Do l a tions 

ror " · 	35 MeV, fitting function Y = A + BX + CX 2 

wher e 	 "! dose x 10~~ Gy per electron 

X = scaled distance S from 0 to 2/ 3 

A, 8 and C are fitting parameters 

f or RBM-RBM geometry 	 for VAC-RBM geometry 

A 2 . 4 6 + 0. 0 4 A= 2.19 + 0 .01 

3 = 4 . c +i) .4 B 5 . 3 + 0 .1 

- :?..l + 0 .6 C = -3. 3 + C.2 

fo r CB-RBM geom,try 

A- .'..6 1 + 0 .05 

8 = :~ . 4 t- 0 .4 

-- -~ . 3 + 0. 6 

126 



127 

c'nr U . .SO MeV, f itting function y = .\ - e xp (-e x)) 

10 11where 	 Y = d ose x Gy per electron 

X = s caled distance S from 0 to 8/9 

A, 8 and C are fitting parameters 

for R8M-R8M geometry 	 for VAC-RBM geometry 

A = 2 . 0 1 + 0.06 	 A=l.72+0.02 -

8 = 1. 5 1 + 0.03 8=1.72+0.03-
c = 3 . 7 + 0 . 2 c = 4.3 + 0.2-

for CB-RBM geometry 

A = 2.14 + 0.02-
8 = 1. 30 + 0.03-
c = 3 .6 + 0.2-

http:8=1.72+0.03
http:A=l.72+0.02


- -

- -

128 

For 0 .75 MeV, fitting function 

1011where 	Y = dose x Gy per electron 

X = scaled distance S from 0 to 2/3 

A, B, c and D are fitting parameters 

for RBM-RBM geometry 	 for VAC-RBM geometry 

A = 1. 59 + 0.03 A = 1. 35 + 0.03 

B = 6 .6 + 0.6 B = 8. 1 + 0.5-
c = - 1 7 + 2 c = -20 + 2 -

D 18 + 2 D = 19 + 2 

for CB-RBM geometry 

A - 1. 76 + 0.03-
B = 5.5 + 0.6-
c = -15 + 2-
D = 16 + 2-



129 

Fo r 1 . 0 0 MeV, fitting function y = i\ ­

10 11whe re 	Y = dose x Gy per electron 


X = scaled distance S from 0 to 4/9 


A and B are fitting parameters 


for RBM-RBM geometry 	 for VAC-RBM geometry 

A= 1.59 + 0.02 A= 1.32 + 0.02 

B = 2.07 + 0.09 B = 2.75 + 0.07 

for CB-RBM geometry 

A= 1.71 + 0. <)1 

B = 1.84 + 0.05 

For 1.25 MeV, fitting function Y = A + BX 

10 11where 	Y = dose x Gy per electron 

X = scaled distance s from 0 to 4/9 

A and B are fitting parameters 

for RBM-RBM geometry 	 for VAC-RBM geometry 

A= 1.52 + 0.02 A= 1.23 + 0.02 

B = 2.02 + 0.08 B = 2.66 + 0.08 

for CB - RBM geome t r y 

A ·- 1 • 6 2 + 0 • 0 2 

B = 1. 7 2 + 0, 08 



---

130 

For 1.50 MeV, fitting function Y = A + BX 

10 11where 	Y = dose x Gy per electron 

X = scaled distance s from 0 to 4/9 

A and B are fitting parameters 

for R8M-RBM geometry 	 for VAC-RBM geometry 

A= 1.43 + 0.02 A= 1.19 + 0.02 

8=1.97+0.08 B = 2.58 + 0.07 

for C8-RBM geometry 

A= 1.56 + 0.02 

8=1.71+0.08 

For 1.75 MeV, fitting function Y = A + BX 

10 11where 	Y = dose x Gy per electron 

X = scaled distance S from o to 4/9 

A and B are fitting parameters 

for RBM-RBM geometry 	 for VAC-RBM geometry 

A = 1. 31 + 0.02 	 A=1.11+0.02-
8 = 2.04 + 0.08 	 B = 2.56 + 0.07-

for CB-- RSM g~omet.ry 

A -- 1 . 3 8 + 0 . 0 2 

8 = 1. 9 2 + 0.01:} 

http:g~omet.ry
http:A=1.11+0.02
http:8=1.71+0.08
http:8=1.97+0.08


131 

The :itting functions for D(r,E) 

For 0- 0 .05 mm, fitting function Y = A + 8 * exp (-CX) 

10 11where 	Y = dose x Gy per electron 

X = scaled distance S from 0 to 8/9 

A, 8 and C are fitting parameters 

for R8M-R8M geometry 	 for VAC-R8M geometry 

A= 1.8 + 0.1 	 A = 1.6 + 0.2-
8 = 7.6 + 0.9 8 = 6.8 + 0.9-
c = 2.8 + 0.4 c = 2. 4 + 0 .5-

for C8-R8M geometry 

A=1.8+0.2 

8 = 8 + 1 

c = 3.0 + 0.6 



132 

For 0.75-0.80 mm, fitting function Y = A + 8 * exp (-CX) 

10 11where 	Y = dose x Gy per electron 

X = scaled distance S from 0 to 8/9 

A, 8 and C are fitting parameters 

for R8M-R8M geometry 	 for VAC-R8M geometry 

A= 1.56 + 0.02 A= 1.32 + 0.03 

8:::; 8.5 + 0.2 8 = 7.7 + 0.5 

c = 3 .17 + 0.09 c = 2.71 + 0.07 

for CB-R8M geometry 

A=l.66+0.02 

8 = 8 .9 + 0.2 

(' = 3 .37 + 0.09, 

http:A=l.66+0.02
http:0.75-0.80


133 

For 1 . 50-1.55 mm, fitting function .y -, ' e xp (-CX) 

10 11where 	 Y = dose x Gy per electron 

X = scaled distance S from 0 to 8/9 

A, 8 and C are fitting parameters 

for R8M-R8M geometry 	 for VAC-R8M geometry 

A= 1.58 + 0.03 A= 1.58 + 0.03 

8 = 11.0815 + 0.0009 8 = 11.200 + 0.001 

c = 2 .8 + 0.1 c = 0.2 + 0.1 

for C8-R8M geometry 

A= 1.87 + 0.03 

8 = 0.794 + 0.001 

c = 3.2 + 0.1 



- -

- -

- -

APPENDIX D 

For mass density of TLD = 1.71 mg /cm3 

Fitt ing function : Y = A + BX + cxa 
where 	Y = energy deposition (MeV/electron) 

X = electron energy (MeV) 

A, 8 a nd C are fitting parameters 

PST-PST geometry 	 VAC-PST geometry 

A = 0.0468 + 0.0006 	 A = 0.0498 + 0.0006-
8 = -0.043 + 0.004 8 = -0.084 + 0.004 

c -= 0.037 + 0.004 	 c = 0.083 + 0.004 

For mass density of TLD = 2.39 mg/cm3 

Fitting f unction : Y = A + BX + cxa + DX3 

wher e 	 Y - e nergy deposition (MeV/electron) 

X= e lectron e nergy . (MeV) 

A, G, c and D are fitting parameters 

PST-PST geometry 	 VAC-PST geometry 

I\ .:: :) . 0 37 + 0. 001 	 A = 0. 044 + 0. 001-
3 -- 0 . 17 + 0. 01 8 = o. 10 + 0. 01 

~ 
'••\j ...-0. 44 	 + 0. 04 c -· 12 + 0.04 

r·\ -, ') 	 ..,- ··- \ \' ·'• !· ·,) ' 	 D -- 0 . 25 +- \_. ~ 03-
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