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SUMMARY 

This contract mid-term report discusses the progress of development of 
analytic procedures and computer codes for prediction of weight optimized 
radioisotope thermal generator shields for unmanned spacecraft operating 
'in vacuo'. Optimization code - - - S0SC, designed to determine shield 
optimum weights and dimensions with respect to specified criterion fast 
neutron plus gamma photon fluxes, is described. The code employs a 
combination of analytic, albedo and Monte Carlo techniques. A theoretical 
discussion and example predicted shield data are given. 

The work effort required to complete the contract program is reviewed. 



1. INTRODUCTION 

This mid-term report, prepared for the National Aeronautics and Space Ad

ministration, Goddard Space Flight Center, by NUS CORPORATION, under 

coitract NAS5-11649, discusses the progress of development of analytic 

procedures and computer codes for prediction of weight optimized radiation 

shields for an unmanned spacecraft operating 'in vacuo'. 

The work effort has been specifically oriented to the radiation field at the 

energetic particle experiment package indicated in the spacecraft configur

ation of Figure 1. Spacecraft general dimensions, deployment distances 

and materials were obtained from preliminary design drawings furnished by 

NASA-GSFC. The work has considered the radiosisotope generators (RTG's) 

as being plutonium-oxide fuelled, viz. the SNAP-27 RTG. Although the source 

gamma photon and fast neutron angular-energy spectrum will be furnished by 

NASA-GSFC, a number and energy distribution has been assumed based on 

SNAP-27 and PuO 2 published data. 

A shield optimization study code --- SSC was designed to determine the 

material thickness and weight required to limit the spacecraft mission ex

periment package to a radiation flux exposure of ! 10 particles/cm2 -sec. 

The incident flux was considered as being the -sum of gamma photons and 

neutrons either transmitted by the shield or scattered by the spacecraft 

structure. 

Code S0SC will predict shield requirements for the case of gamma photons, 

according to a combination of analytic particle transmission theory, the 

Monte Carlo transport method and the albedo technique (backscattering 

theory). It will employ three component sub-codes for this determination, 
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namely: XEST, NUGAM1 and ALB. Preliminary versions of these codes are 

presently designed, debugged and operational, 

Although code SOSO is provisionally designed to evaluate fast neutron trans

port in a manner similar to that for gamma photons, it was concurred early 

in the present contract work to focus on photon transport in this stage of 

the NASA program. The code is presently designed to evaluate neutron 

transport using relaxation theory methods. This course for the case of the 

SNAP-27 is substantiated by the fact that the RTG total neutron emission 

rate in the axially perpendicular direction is reported as being 5.7x107 

n/sec ( I ) . This is in good agreement with, but less than an earlier NUS 

estimate of 1.0x10 8 n/sec (progress report #1 attachment). Taking the 

gamma photon dose rate as one-tenth of the neutron dose rateand allowing 

for dose-to-flux conversion as well as spectral distribution gives an inte

grated RTG emitted photon source strength of -1. 0x10 9 vYsec, or approxi

mately ten times that for neutrons. 

Section 2 of this report describes the theory underlying code SOSC, a 

description of the code and some observations resulting from preliminary 

data determined by the code. Section'3 discusses the work program for 

the remainder of the contract period. 
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2. CODE DESCRIPTION 

2. 1 Introduction 

This report section describes the general theory, logic and discusses pre

liminary results obtained using SOSC, a code written in the FORTRAN-IV 

language for the NASA-GSFC IBM-360/91 digital computer. Code SSC 

presently consists of three provisionally operational component codes: 

XEST, NUGAM1 and ALB. The reference here to provisional means that 

although these sub-codes are presently operational, they are not yet tested 

to their complete designed capability. Code XEST predicts approximate shield 

dimensions based on analytic methods. Code NUGAM1 predicts shield build

up factors for final shield dimensions, by the Monte Carlo method. Code 

ALB determines flux intensities resulting from scattering by the spacecraft 

structure, by means of the albedo technique. 

2.2 Theory 

For the purposes of this section the complex spacecraft configuration shown 

in Figure 1 is redrawn schematically in Figure 2. Only one RTG source is 

indicated and the mission experiment package is referred to as a detect or. 

In addition, the spacecraft body is replaced by a simpler geometry and the 

boom-arms omitted. 

The radiation number flux at a detector distant ro from a source S (Eo), of 

neutrons or gamma photons E0, as in Figure 2, without a shadow shield, 

may be defined as 

OD (ED) = (ry(E0 + o CE) ' (1) 

where 
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6n! (E(y = Ous (Eas) + OucR (Eayp) 

Obs (Eys) = 	 the primary radiation number scattered to the 

detector by the area A composed of material j, 

distant r I and r 2 from the source and detector, 

respectively, 

#YR (ER) = 	 the 'area A'-originating reaction product flux 

reaching the detector, 

= 	 O, for gamma photons as the primary radiation, 

excepting photoneutron interactions (v, n), 

o 	(Eo) = the uncollided primary radiation number reach

,ing the detector. 

The energy 	arguments signify that the detected flux consists of radiation 

of primary energy Eo . scattered energies Ea (<E9 and reaction product 

energies, ER. The subscript oe refers to the spacecraft structure as a secondary 

source, e g. scattering, i.e. to albedo fluxes. 

s 

The number flux reaching the detector with a shadow shield,composed of 

material i, as indicated in Figure 2, may be defined as 

95D (ED) = 9 a (E@ +d a (Eo; Ea) , 	 (2) 

where 

5a (Eo; Ea)= 	 the shield attenuated flux, 

a= (Eo) + Oa (Ea) I 

(7a (Eo) = 	 the number flux transmitted by the shield 

without interaction, 

- 4 



Oa (Ba) = 	 Oas (Bas) + 4p (Eap + OR (EaR), 

9as (Eas) = 	 the shield forward scattered radiation number 

flux reaching the detector, 

photon number flux resulting fromOap(Eap) = 	 the gamma 
pair production interactions in the shield, 

= 	 0, for incident photon energies Eo !1.02 MeV, 

= 	 0, for incident neutrons, 

OaR (EaR) = 	 the shield-originating reaction product number 

flux reaching the detector e.g. gamma photons 

resulting from (n,y) interactions, 

= 	 0, generally, for gamma photons as the primary 

radiation, excepting such as photoneutron inter

actions, i.e. (-,n). 

For fast neutrons as the primary incident radiation, the number flux terms 

O&R (EaR) and 4R (EAR) in Equation (1) and (2) refers to all product radiations 

eg. neutrons, gamma photons, alphas, protons, depending on the reaction 

probabilities for each. 

The number flux terms in Equations (1) and (2) may be estimated either from 

a combination of analytic relationships and published empirical data or from 

experiment, either numerical analogue, ie. Monte Carlo method or the con

ventional laboratory kind. The sole use of the Monte Carlo method is con

sidered as being uneconomical and unjustified. A laboratory experiment 

is planned for the future by NASA-GSFC as part of the overall program. 

The present work is thus confined to number flux predictions obtained by 

analytic methods and by published empirical data and judicial use of Monte 

Carlo techniques. 
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Neglecting the reaction product number flux terms for the present, the 

detector incident number flux may be written as 

( ) (ED) = Pa (Eo) +d (Ea) + 0ys (Eas) . (3) 

For a normally incident parallel radiation flux ®o(Eo), the uncollided number flux 

transmitted through a shield of thickness L and reaching the detector, is obtained 

as 
 Oa (Eo) = 0o (Eo) e-g(E°).L (4) 

where 

A (Eo ) = the total linear attenuation coefficient of the shield 

material for radiation of energy E0 ; the 

notation E is generally used for neutrons. 

The ratio of the shield total-to-uncollided transmitted flux is referred to as 

"build-up". The build-up factor may thus be defined as 
=B (Eo, L) =- a (E(,E5) 

a (Eo) C(Eo) 

The total shield transmitted flux at the detector may be obtained from 

Equations (4) and (5) as 

Oa (Eo Ea) = B (Eo , L) . o (E ) . e-(Eo)'L, (6) 

if the build-up factor is known. 

Although energy and dose build-up factors may be obtained for gamma photons ( 2 ,3) 

and to a lesser degree for fast-neutrons they pertain in almost all cases to semi

infinite single-material-composition shields. For small finite shields, i.e. shadow 

shields, and number flux requirements as opposed to energy and dose, recourse 
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to either a laboratory experiment or a Monte Carlo study is a prerequisite. 

In the present work a Monte Carlo evaluation is underway for gamma photons 

and proposed for fast-neutrons. As noted in Section 2.4, the number build

up factor for photons was predicted as: 1 s B 2, for gL < 4, even for low 

atomic number materials. 

For a spectrum of incident source particle energies the shield transmitted 

flux is obtained by integration as 

=ba (Ea) da (Eo' Ea) d Eo (7) 

q 
-- Oa (Eck, Ea) AEk (8) 

k=1 

For a stratified or homogenous shield composed of m materials, each of thick

ness 2i, Equation (8) may be rewritten 
m 

(Ia (Ea) =F Ob (Eok)if B (EO , ti) ei (E~k)ti (9) 
k=l q m 
q
F, o (Eok). B (Eo)m_ e-i (Eok) -i (10) 

k=1 ij 

where 

B (Eo)m = 	 the build-up factor for the composite shield 

of m materials and incident radiation of 

energy Eo, and given geometry, 

i = material identity index. 

The uncollided number flux in the foregoing equations may be determined 

from a relationship of the kind 

o(Ec ) = 90 (Eoro) = S (Eo) .G (r) 	 (11) 
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where 

S (Eo) = source emission rate for radiation of 

energy Eo 1
 

G (ro) the geometry relationship for a source-to

detector distance r0 . 

For example, for an isotropically emitting point source and ro >> detector 

lateral extent, the geometry factor is 

G (ro ) = (4yro2)1 (12) 

Extended source and detector geometries may be evaluated according to 

the 'Point-Kernel Method' (2) 

The number flux term, 9us (Eas) in Equation (3), resulting from primary gamma 

photons scattered by an area A, as in Figure 2, may be redefined as 

6'
9aS(Eas) = fA s (Eo, e10p r1 , r 2 , t; i) dA, (13) 

where 

dA = 	 the differential scattering area, 

go = 	the angle between the incident radiation direction 

and the outward normal of area dA, 

= the angle between the emergent (scattered) radia

tion direction and the outward ncrmal of area dA, 

(P = 	 the azimuth angle of scattering in the plane of 

area A,
 

= the distance between the source and the area dA,rI 


r2 = 	 the distance between the area dA and the detector, 
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t = 	 the thickness of the scattering material at area dA, 

measured along the inward normal to dA, 

i = 	 the identity index of the material of which dA 

is a part. 

For a spectrum of source particle energies the energy integrated flux, 

(b(s (E ) may be obtained by an integration similar to that of Equations 

(7) and (8) , as 

X (E0s) 	=foa (%s)dEo (14) 

The flux term in the integrand of Equation (13) may be defined according to 

albedo theory as (2,4) 

- E = 4oEo,rl) cos P. . dA .(Eo,ao,()t0,t;i)s 	 •E r2 2 •(15) 

where 

(y(Eo, 8o,E ,9 ,t;i) = the angular differential number current 

albedo with respect to the noted argu

ments (defined for Equation (13))(2 ,4) 

00 (Eo ,rl) = number flux incident on area dA, 

= S (E6) 	 . G (r1 ) , c.f. Equation (11). 

The assumption underlying the use of the albedo technique for complex geo

metry analysis is that the scattered radiation particles emerge from the 

scattering medium surface at a point close to their point of entry. This 
(2)

assumption is generally justified , eg. the separation distance between 
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entry and exit for one-half of all escaping gamma photons has been found 

to be less than one mean-free-path (for incident energy E.). Photon 

scattering from very thin or laterally small structures of volume V, may be 

alternat.ely predicted by the single-scattering approximation method (5 

from the relationship 

I =[  Eorl)N e "CrKN (Eo , 9s) dV 
=ss	f (E0 , r1 ) . (16) 

-NVolume, V r 2 ( 

where 

Ne = 	 the scattering material electron density per 

cubic centimeter, 

KN (Eo,es) = 	the Klein-Nishina angular-energy intensity 

distribution function ( 2 ), for photons of 

energy Eo and scattering angle es, 

es = 	 the angle between the primary and scattered 

photon directions. 

Equation (15) may be solved if values for the number albedo are known. The 

albedo may be determined by either a laboratory experiment or a Monte Carlo 

treatment. For gamma photons, recently developed modification of the moments 
(6 )method has been reported as a potential source of albedo data In the 

present work, experimental albedo data(7,8) , and empirical relationships 

in accord with both experimental and Monte Carlo results (2 , , were 

used for gamma photons. A similar approach is proposed for the case of 

fast-neutrons. 

Since weight is the product of volume and density, the weight optimization 

of an axially symmetric shadow shield of specified composition may be con

sidered as an optimization of shield thickness, Lmin, such that 
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OD (ED) ,nngC, where C is a specified criterion, eg. 10 particles/cm 2-sec. 

The optimum, or minimum weight of a right-cylindrical shield of radius R, 

may be obtained as 

Wmin 	 = IR 2 Lmin . P (17) 

= R 1rimin" pi (18) 

where 

Pi 	 = the density of shield material i, 

p 	 = the weighted density of the shield, 

= the shield material actual density if m = 1. 

The total number flux reaching the detector for the case of a polyenergetic 

source, is 	 obtained from Equation (2) doubly integrated over primary and 

secondary energies, as 

+ ardEodEf (EO;Ea)Y' =IED% 	 (ED)v'ndED =fEo.01EO(E) l, fEo,EtO dEodEa + 

EE0a (Eo;Ea) n dEodE 	 (19) 

where the subscripts y and n denote gamma photons and fast neutrons. The 

use of the albedo and build-up factor concepts is tantamount to an integration 

over E and Ea respectively. 
aY 

Equation (19) may be further redefined as 

F 1 ,4a (Eo;Ea)y dEodEa +fEo a(Eo;Ea) dEodEat (20) 
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where 

F' JE4D (ED), .fdED-f E ((E) YdEodE. cy(21) 

=0oE .TE ,YV'n dEodEa 	 (22) 

The flux terms in Equation (20) may be obtained from Equations (10) and 

(13) and Lmin obtained by an iterative solution. For example, for a.single 

material shield exposed to a monoenergetic source of neutrons and photons, 

Equation (20) reduces to 

F = 90 (Eo) 	B (go) e -(Eo)vL + 0o (Eo)nB (Eo)n e - (Eo)'L, (23) 

The foregoing theoretical discussion has presumed a knowledge of gamma 

photon and fast neutron interaction phenomena. Such phenomena and the 

relevant interaction physics are summarily reviewed in the Appendix. In 

addition, a familiarity with the solution of radiation transport problems 

by means of the Monte Carlo method is presumed; the reader is referred 
(11', 12).to the references in this regard 1 . 

The second term in the right-side of Equation (-20) is'defined by Equation (2). 

It includes the shield originating neutron reaction product flux OaR(EaR), 

as yet not discussed inany detail. Although the flux (aR(EaR) reaching the 

detector, may be predicted by mearis of -either a laboratory experiment or 

a Monte Carlo code evaluation, it may be estimated for the case of reaction 

product gamma photons such as result from inelastic scatters or absorptions 

in ain axially symmetric shadow shield, as 
. -.aR(EaR) =foLg .G(rt) P4(E 0) .(o.(Eo)n. ).e -fTof(EO) t (EaR) (L-t)dt, (24)(1-e-	 e
 

where 

g = 	 the cross-section area of the axially symmetric 

shadow shield, 
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= irR2 , for a cylindrical shield, 

Z = the distance from the shield face at the 

to the differential volume g.dt, 

source 

G(r.) = the geometry factor for distance rt, c.f. 

Equation (11) , 

rI = the distance from the differential volume 

g. d t , to the detector, 

(Eo) = the linear attenuation coefficient of the shield 

material for fast-neutrons of energy Eo , for 

production of gamma photons, 

Zot(Eo) = the total-linear attenuation coefficient of 

the shield material for fast-neutrons of 

energy Eo , 

)o(Eodn = the shield normally and parallel incident flux 

of fast neutrons of energy EO , 

= Oo(Eo,(ro-rt))n, c.f..Equation (11), 

I(EaR) = the total linear attenuation coefficient of the 

shield material for reaction product gamma 

photons of energy EaRI 

x = the radioactive decay constant of the reaction

produced or compound nucleus, 

1- = the duration of exposure to the neutron flux, 
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For inelastic scattering the decay constant in Equation (24) is relatively 

large and thus 

-1 - e XT 1.0 (25) 

This is also true for activation where the product X.r is large. 

A modified form of Equation (24), where g ,.rt,r and the exponent g(EaR) (L-t) 

are replaced by dA, t, r2 and p (EaR) .t respectively, may be defined as 

-iR(EnfR). =JodA. G(r 2 ).%(Eo). (E° ,r1 ) n(l -eXr) e T t(E o)t . e-I(ER) dt (26) 

to estimate the spacecraft structure reaction product 'albedo', aR for 

prediction of fluxes, 0OR(EaR). This albedo, valid for normal incidence 

and emergence, may be substituted in Equation (29), to estimate the 

angular differential albedo. Primary and secondary energy integrations of 

'Equations (24) and (26) are as defined for Equation (20). 

The shadow shield as a secondary source of both photons and, neutrons,, 

ie. scattered and reaction product radiation, has been discussed. Scatter

ing to the detector may be accounted for either by the use of the build-up 

factor concept or a Monte Carlo analysis and reaction product radiation 

intensity may-be predicted by the use of Equation (24) or a Monte Carlo 

analysis. In addition to being a second order source, the shieldmay also 

be considered as third order source, ie. primary radiation interacting in the 

shield may produce secondary radiation which in turn interacts in the space

craft-structure to yield-a third order flux-at the detector. 

The detected flux resulting from interactions in the spacecraft structure 

may be predicted in accord with either Equations (15) , (16) or (26) and 

,discussions thereto, providing the shield-originating flux (EaR r I shield) = 

5b(EaR,ris) , is known and substituted for ( o(Eo,rl) . It may be estimated 
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for right-cylindrical shadow shield axially perpendicular emission as, 

o(EaR'r is) =L f(R,rlsEaR) .,(Eo) .o(Eo)n(l-eXr) .e-2qot(Eo)'dt, (27) 

where the function f (R,rls,EaR), valid for t <<rls, takes the shield self

absorption into account. This function is defined for a cylinder as 
• . IR /2e-g(EaR(-Yl)
 

f(R,rls,~aR) oin Y (28)
E 	 rls dgy2 aR)(dy, 

where 

Yl = 	 rls cos -R cos , 

Y2 = 	 rls cos +R cos*, 

) •
 -=
g-Sin-l(. 


y = integration variable; a distance, 

= integration variable, an angle, 

rls = 	 the shield-to-spacecraft 'area dA' distance; 

analogous to r1 . 

For reasons of clarity the fluxes discussed in this report section are 

schematically summarized in Figure 3. 

231 Code Logic 

During the present report period ---Code SOSC --- a spacecraft shield 

optimization study code was designed in the FORTRAN-IV compiler language 

for the NASA-GSFC IBM-360/91 digital computer. The three major component 

sub-codes which make up .SOSC: XEST, NUGAM1 and ALB, have been developed , 

debugged and are provisionally operational. Preliminary development of 

codes XEST and ALB was carried out on a CDC-6600 digital computer, accessed 

from the NUS Corporation CDC-Marc II high-speed terminal facility. 
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Preliminary data and resulting observation obtained with the S0SC component 

codes are given in Section 2.4. Code S0SC consists of a main controlling 

program --- MAIN, a shield thickness prediction program --- XEST, a com

plex geometry scatter flux program --- ALB, and a Monte Carlo build-up 

factor and albedo calculating program --- NUGAMI. Development work on 

these programs has focussed or" gamma photon transport as noted in Section 

1 of this report. Neutron transport has been evaluated according to 'removal' 
(2,13)

theory 

MAIN executes input and final output operation. Details of the input

output are omitted from this report since they are still subject to some change. 

The main programs calls ALB to determine F for Equation (20). It calls XEST 

to estimate an approximate thickness value, Lmine for Equation (20) . 

NUGAMI" is called to determine build-up factors corresponding to the 

estimated value of Lmine Using the thus determined values of F and the 

build-up factors, the code solves Equation (18) for the optimum thickness 

L min by iteration. It will optionally recall NUGAMl to determine the de

viation of the build-up factors for L min from those for L mine. If this 

deviation exceeds a tolerance value the code will reiterate. Code S0SC 

logic is summarized in Figure 4. 

Code ALB determines the angular-energy integrated flux scattered to the 

detector by the spacecraft complex structural components illuminated by 

primary source radiation. Code ALB consists of an albedo package and 

a generalized geometry package. In its present form the albedo package 

is coded for gamma photons because of the lack of fast neutron differential 

numiber albedo data. It is proposed that fast neutron data be generated by 

a proposed Monte Carlo code. 

The albedo routines in code ALB determine the scattered energy integrated 
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flux 0s (E.s) defined by Equation (13). The main calling program carries 

out the integration over primary source energies. The gamma photon number 

current albedos defined by Equation (15) were obtained from the relationship 

a(E o , 0,6 ,, t;i) =a(Eo ,0,0 ,CO;i) .f(e o) .cose .g(t) , (29) 

=UaE ;)fW ).cose .g(t) , 	 (30)
0 0 

where o(E 0 ;i) = the angular differential number current albedo 

for gamma photons perpendicularly incident 

(0=0) and emergent (9=0) from scattering 

material i, ie. 1800 (=e ) backscatter, 

g(t) = a function to account for reduced backscattering 

from a material of finite thickness t, 

o)f(e 	 a function to account for the albedo behaviour 

with change in S9 

From reference (14) , the azimuthal dependence may be defined in terms of A, ao 

and the total scattering angle as , as 

sin9 sin+e cos] 

where C 56s_+ os0 

s= the angle between the incident and emergent photon 

vectors, i. e., the scattering angle. 

(7,8,10)
The present 	version of code ALB temporarily assumes 

fe ) = Cos a (31) 

and(9 ) 

g (t) = a(Eo 	,t;i) / a(Eo;i) , (32) 

=1 -ect 	 (33) 
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where c is a constant such that g(t) = 0.99, for t = 2 x (E9)i; X (Eo ) is the 

mean-free-path in material i for photons of energy E0 . Code ALB uses scatter

ing angle (s to eliminate the albedo dependence on azimuth (p, in accord with 

the method of reference (14). 

For code preliminary runs experimentally measured values for the perpen

dicular number current albedo a (Eo;i) were obtained from references ( 7 , 8 ). 

For fast neutrons, Monte Carlo data from reference (10) was used for pre

liminary evaluations. 

The generalized geometry routine for code ALB requires that the spacecraft 

structure be redefined as simple geometrical shapes, eg. cylinders, rec

tangular boxes, prisms, slabs, etc. These shapes allow the flat-sided 

cylindrical spacecraft body, boom-arms, antennae, science platforms, 

etc.. to be accounted for. The theory and logic of the geometry code will 

be detailed in the final report to this contract. 

Code NUGAMI determines the angular energy transport of gamma photons 

in a finite cylindrical shield. It was derived from an existing source 

self-absorption code --- NUALGAM, developed for NASA-GSFC by N-US 

Corporation, and described in NUS-536 (1 5). It considers pair-production, 

Compton scattering and photoelectric interaction phenomena. 

In code NUGAMI, the shield may be composed of a single material of 

simple or complex composition or stratifications ie. "discs", of simple 

or complex composition, including vacuum. The code is presently designed 

for either an axial point or plane parallel source but may be readily adapted to 

other distributions. Similarly, the code may be readily modified to allow the 

study of annular-cylindrical shields, rectangular slabs , etc. 

.Code NUGAMI may be used to determine angular differential forward build

up and albedos for gamma photons. Preliminary studies with this code, 

which may be either called by code S0SC or used as a separate code, 
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have revealed that the forward build-up factor for the shadow shields is less 

than that to be expected for a large (semi-infinite) shield, in agreement with 

qualitative argument. This is summarily discussed in Section 2.4. 

Code XEST determines the value of Li satisfying equation ( 20)and thus
*min 

obtains W min of equation (17), or the titmi n of equation (18). Although 

specifically designed for the purpose of shadow shield optimization it is 

coded for larger shields. Code XEST solves equation (20)by the technique 

of iteration. For the first iteration the code assumes a build-up factor of 

unity to determihe Lmine For the second iteration a Monte Carlo build

up factor based on Li and calculated by NUGAM 1 is used to iterate 

Lmine (2) Iteration is arrested when 

i (h) _ Lm (h-l1/Lmine(h) < E (34) 

where 
E = preassigned tolerance
 

h = iteration number
 

2.4 Discussion 

Preliminary results obtained with the S$SC component codes are reviewed 

in this report section. They consist of shield thicknesses and weight 

evaluations for assumed typical SNAP-27 RTG source strengths and spectral 

distributions. Example results obtained for-the scattering from spacecraft 

structural members are presented; and the importance of various factors dis

cussed.
 

The calculations described in this section are based on a RTG gamma photon 

emission distribution similar to that of the Martin Cronus (16) (thermal load

ing of 4100 watts) normalized to a total emission of I x 109 y/sec. The 

normalization factor has been discussed in Section 1. The RTG fast neutron 
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emission. distribution was based on SNAP-27-1 reported data from-reference 

(I); a source emission rate of 5.7 x 108 n/sec was assumed. For both 

fast- neutrons and gamma photons, axial and axially prependicular emission 

rates were taken as identical, although this is not true in fact. This 

assumption was necessitated by the lack of actual encased RTG source 

data. The assumed source emission spectrum is given in Table I for gamma 

phctons and in Table II for fast neutrons. 

The typical spacecraft for which the calculations were carried out is that 

of Figure 1, The Outer Planets Explorer. The dimensions of this spacecraft 

were obtained either directly or by scaling, from NASA-GSFC preliminary 

drawings. Figure 5, shows a schematic outline of this spacecraft for the 

discussions in this section. 

Gamma photon cross-section data were taken from references (17) through 

(21). Neutron cross-section data were obtained from references (13) 

and (22) 

The Table I source spectrum is that for a 3 year old PuO2 SNAP-27. Cal

culations in reference (10) indicate that the total gamma emission rate will 

increase by a factor of - 4 over 18 years. Table III, reproduced from the 

reference, indicates that the energy groups 0.2 to 0.3, and 2.0 to 3.0 MeV 

are the-most critical, eg. the 2.0 to 3.0 MeV group (2.62 MeV ThO") increases 

by a factor of more than 100 in the first 10 years. This age effect on shield

ing requirements was not studied during this report period because of lack 

of reliable source data. 

The scattering of source gamma photons to the detector by aluminum boom 

tubing proximate to the source (or the detector) was investigated. The 

boom axis was assumed as perpendicularly bisecting a 16" long-unit (1VY/sec) 
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source, for E0 = 0.75 MeV. The calculations assumed the boom as coming 

to within 10 cm of the source, although 25 cm is indicated by scaling the 

GSFC drawings. The calculations assumed a line source and a single 

scattering model for a boom tube volume of 0.79 cc/cm. The results of 

the calculations are shown in Figure 6 along with the calculation geometry. 

The detector-incident scattered flux for a single typical boom (boom (1,2)1-11 
in Fig. (5)) is obtained from Figure 6 as Os (Ed = 1.3 x 101 /cm 2 -sec. 

Assuming boom (1,2) in Figure 5 as typical, where r I ranges from 25 to 

80 cm, ie. a length of 55 cm, the total scattered flux from 6 such booms 
-(6 per side) and 4 RTG sources would be - 3 x 10 10 y/cm2 -sec. 

The use of the single scattering model as opposed to the albedo method for 

boom structure calculations, was investigated. A 1 cm length of aluminum 

boom was considered as located 100 cm from both a"point source and a 

detector, with source and detector 141 cm apart. ForE o = 0.75, a unit 

source (I /sec) and a boom volume 0.79 cc/cm, the calculated fluxes 

were 

-~ (B 3. xi0 12, y/crri2 -sec, 
-12 2 

OSS (EQ = 6.4 x 10 , /cm 2-sec. 

The difference -in these calculations diminishes if it is assumed in the 

case of the albedo result that photons penetrating the relatively thin (0. 04") 

tube frontal wall may be backscattered from the tube interior wall surface 

ie, if the wall thickness is doubled for the calculation, then 
0-12 2 

Ocs (Ed = 7.0 x 10 , y/cm -sec. 

This last result is only slightly greater than Oms s (EQ . The conclusion may 

be drawn that the single scattering result is a reasonable and valid approxi

mation. 
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A similar calculation for a large cylinder, in the physical position of the 

spacecraft cupula, was carried out for iron as the material, dimensions 

20" x 38.5" x 0.5" (din. x It. x thickness) and incident energy E0 = 0.75 

MeV. The calculated fluxes were 

Ous (Ed = 2.4 x 10 - 9 /eM 2 -sec, 

Oss (Ed 2.7 x 10 9 y/cm2-sec. 

For aluminum and a thickness of 1 inch, the singley scattered flux was 

s (EQ = 1.8 x 10 - 9 /cm 2-sec. 

Taking an actual cupula 'flat' , A, in Fig. (5) , with dimensions 13.2" x 25.5" 

(width x It.) and an assumed aluminum thickness of 1", the albedo technique 

flux was determined as 

us (Ed = 1.8 x 1010 Y/cm2-sec. 

Since 0'as (Ed "'#ass (EQ, the scattered and detector incident flux from 

2 x 10- 9 the twelve cupola 'flats' would be - , which is in good agreement 

with the large cylinder approximations; this assumes no attenuation of the 

'flat'-transmitted radiation. 

The above calculations were based on a single RTG source of 1 photon/sec, 

and E0 = 0.75. Taking the source as 109 y/sec, the detected scattered flux 

would approximately equal the contract criterion,C ! 10 particles/cm2 -sec. 

However, recent caiculations using the photon spectrum of Table I indicate 

95E( ) 0. 1, V/cm2 -sec, 

for the large iron cylinder model, and 

) -(E 0.15, y/cm2-sec, 
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for the flat aluminum surface, A1 . Although these values are less than the 

single energy calculated values, they indicate that spacecraft structure 

scattering may in some problems be significant relative to the criterion C. It is 

proposed to study this problem further in the remainder of the contract period. If 

this photon scattering is considered significant enough to require shielding 

then such shielding would be a minimum weight if designed to attenuate the 

scattered photons as opposed to the primaries. The scattered photon energies 

will generally be in the range, 0.15 to 0,5 MeV, and thus readily attenuated 

by a thin shield located at the detector. 

The foregoing calculations were obtained with the S0SC component code, 

ALB. Figures (7 ) and (8) are sodium-iodide scintillation detector spectra 

reproduced from reference ( 7 ) which indicate the ratio of single to multiple 

scattering as a function of t and eo , respectively, for graphite as the back

scattering material. The prominent peak in these spectra is the single scatter 

distribution. 

Table IV gives example optimum results for shield thicknesses and weights 

as predicted-by code XEST, for lithium-hydride, aluminum, iron and lead. 

The calculations assumed the source spectra of Tables I and II. 

Build-up factors of 1. 05, 1.3 and 1.5 were used for both gamma photons 

and neutrons in these preliminary calculations. The choice of these values 

is discussed below. The calculations do not include reaction product 

radiation. 

The preliminary photon number build-up factors used in XEST were obtained 

from the Monte Carlo code NUGAMI. A point source axially located 8 cm 

from the shield was used throughout. Investigations are now being carried 

out for radiation axially-parallel incident. Early determinations were based 

on AL - 2.0 from which build-up factors of - 1. 05 resulted. Recent deter

minations have indicated that higher values are likely since, as Table IV 
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indicates, gLMA. For E =1. 25,, the NUGAM1 point source code version predictso 
build-up factors 1A.3, for gL,,4.0. 

Examples of energy-integrated scatter photon angular distributions are presented 

in Figure 9. The angular categorization is referenced to the shield geometric 

center. The distributions were determined by the Monte Carlo subprogram: 

NUGAMI. The current code version determines the photon distribution to which 

the detector is specifically exposed, i.e., photons escaping from the shield 

sides are considered-as not intercepting the detector. 

Table V gives sample number build-up factors as determined by code NUGAMI 

for the noted materials and photon energies. They are based on 10,000 source 

photons uniformly distributed in the source-shield solid angle subtended by the 

circular shield face. The build-up factors in this Table must be considered 

as high since they include some shield side escape i.e., the forward cate

gorizing solid-angle had a half-angle of 100. 

Further progress with respect to the foregoing will be reported in the monthly 

progress reports and the contract final report. 
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3. WORK PROGRAM FOR SECOND TERM 

Throughout the second and remaining term of this contract, the work program 

will be carried to completion. Code SOSC will be integrated, debugged and 

made operational on the NASA/GSFC IBM-360/91 digital computer. Code 

SOSC Will be run to. determine the optimum shield for the spacecraft example 

of Figure 1. The preparation of a-detailed user's manual and code description 

will complete the work scope outlined under Tasks I and II of this contract. 

The design of a suitable and appropriate laboratory experiment will be carried 

out to verify the code SOSC shielding predictidns. This result of this design 

will be incorporated into the code user/description manual, which will repre

sent the contract final report. 
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TABLE I
 

Assumed SNAP-27 Gamma Photon Emission Spectrum 

Based On Martin Cronus Data(16) 

Energy Assumed Photon Emission 
Interval Energy Rate 

(MeV) (MeV) (y/MeV-sec) 

0.044- 0.2 0.15 6.54 x107 

0.2 - 0.3 0.24 6.87 x107 

0.3 - 0.4 0.311 7.88 x 107 

0.4 - 0.5 0.414 7.86 x 107 
7 

0.5 - 0.6 0.583 8.03 xlO 

0.6 - 0.7 0.650 7.33 x 107 

0.7 - 0.8 0.766 2.26 x 108 

1.40 x 1080.851
0.8 - 0.9 
6.65 x 1061.00
0.9 - 1.0 

1.10 1.87 x 107 
1.0 - 1.2 

1.73 x1071.40
1.2 - 1.4 

1.4 - 1.6 1.59 7.71 x 106 

1.6 - 1.8 1.63 1.63 x 107 

1.8 - 2.0 1.90 1.54 x 107 

1.07 x 1082.0'- 3.0 2.61 

3.0 - 4.0 3.50 3.03 x 105 

9.10 x 1034.0 -5.0 4.50 

3.01x 1045.50
5.0 - 6.0 
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TABLE II 

SNAP-27-1 Fast Neutron Emission Spectrum ( 1) 

Energy 
Interval Neutron Emission Rate 
(MeV) (n/MeV-sec) 

5.06 x 107
0 - 1.0 

4.16 x 107
1.0 - 3.0 

1.79 x 107
 
3.0 - 4.0 

3.56 x 106

4.0 - 5.0 

1.90 x 106
5.0 - 6.0 

4.50 x 105
6.0 - 8.0 

1.14 x 105
 
8.0 - 10.0 

Energy Integrated Emission Rate = 5.7 x 107 n/sec.
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TABLE III 

Reoroduced from Reference (16) 

Gamma spectra, photons/cm 2-sec for RTG at various times
 
after plutonium separation (Normalized to 1. 0 for
 

energy interval 0. 5-1.0 MeV at 18 years)
 

Energy 0 year I year 5 year 10 year 18 year 
(KieV) 

0.04 - 0.5 0.12 0.16 0.56 0.90 1.0 

0.5 - 1.0 0.23 0.25 0.30 0.33 0.35 

1.0 - 2 0.096 0.096 0.096 0.096 0.096 

2 - 3 0.003 0.018 0.18 0.32 0.37 

3 - 5 0.0003 0. 0003 0.0003 0.0003 0. 0003 

5 - 7 0.00003 0.00003 0. 00003 0.00003 0. 00003 
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TABLE IV 

'dptinized Shield Thicknesses And Weights 

Based On Provisional Build-Up Factor Data* 

B = 1.05 B = 1.3 B =1.5 

Shield density, p length, L weight, W length, L weight, W length, L weight, W 
Material (g/cc) (cm) (kg) (cm) (kg) (cm) (kg) 

lithium
hydride 

(LiH) 0.82 56.28 1.46 60.90 1.58 64.1 1.66 

aluminum 
(Al) 2.699 18.3 1.57 19.8 1.69 20.7 1.77 

iron 
(Fe) 7.87 7.44 1.85 8.10 2.02 8.5'4 2.13 

lead 
(Pb) 11.35 5.80 2.08 6.54 2.35 7.08 2.54 

*RightO-Cylindrical Shield of Radius 1.25 inches.



Shield 
Material 

LiH 


LiII 

Al 

Al 


Al 

Fe 

4 Pb 

length, L 
(cm) 

29.1 

29.1' 


67.7 


27.5 


14.8 


4.89 


5.28 


TABLE V
 

Provisional Build-Up Factors Predicted By Code NUGAMI 

Build-Up 
Factor, 
B 

1.0'25 

1.05 

6.67
 

1.34
 

1.10 

.1.10 

1.188
 

Photon Number of 
Energy, E. Mean-Free 

(MeV) Paths, g(Eo)L 

1.25 1.37 

0.25 2.7 

2.5 7.05 

1.25 4.07 

0.75 2.81 

0.75 2.64 

1.25 3.46 

(,v/cm2 ) 
UnscatteredOa(Eo) 

.0450 


.0115 

.000153 


.00301 


.00112 


.001,24 


.00104 


Flux at Detector 

'Scattered((a) 

.000615 

.00121 


.000868. 


.00102 


.0112 


.0126 


.00554 
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I 

APPENDIX 

INTERACTION PHYSICS REVIEW 

GAMMA PHOTON INTERACTION PHENOMENA 

In their passage through a medium, photons interact with the electrons 

andnuclei of atoms in their path. These phenomena form the basis both 

for their detection and for the deposition of their energy. A discussion 

of the kind and effect of these-interactions as they pertain to the present 

work is given in this report section (23-27) 

(27)
There are four kinds of basic gamma photon interaction processes 

of which only two are relevant in the present work, namely: 

a) interaction with atomic electrons, 

b) interaction with the electric field 
surrounding nuclei or electrons. 

The effect of (a) may be either scattering or absorption; the latter is 

the Photoelectric Effect. The scattering may be either one of the two 

types: 

1. Compton inelastic scattering (incoherent), or 

2. Rayleigh elastic scattering (coherent). 

The effect of (b) is the disappearance of the photon and the creation 

of an electron-pair; this phenomenon is referred to as the Pair Production 

Effect. 

A brief discussion of these four microscopic phenomena, and their 

macroscopic attenuating effect on a beam of photons, follows under 

the headings: 

A) Photoelectric Effect 

B) Compton Scattering 

C) Rayleigh Scattering 

D) Pair Production 

E) Attenuation 

-46



A. Photoelectric Effect 

At relatively low photon energies the most probable effect of an interaction 

is absorption of the incident photon by an electron of the traversed medium 

followed by ejection of that electron and emission of either characteristic 

X-rays or "Auger electrons" as explained below. This phenomenon, called 

the, Photoelectric Effect, results in the complete disappearance of the inci

dent photon 
(2 3) 

In order that total absorption may take place, and momentum be conserved, 

the interacting electron must be initially bound, in which case the residual 

atom recoils. The most tightly-bound electron, with respect to the incident 

photon energy, has the greatest probability of absorbing the photon. The 

interaction cross-section is a maximum when the photon energy Ey, is just 

equal to the electron binding energy; it decreases gradually as Ey increases, 

and decreases sharply as Ey decreases. The most tightly-bound electron in 

an atom is in the K-shell; it accounts for in excess of 80% of the photo

electric absorptions, with the L-shell accounting for most of the remainder. 

The energy of the ejected electron, or photoelectron as it is usually called, 

is given by: 

B e 
Ee 

h0 
o 

- B , 

Eeb' 
(MeV) (1) 

where 

ho incident photon energy (MeV).
0. 

Eeb = electron binding energy (MeV). 

The energy Eeb is carried away from the atom by radiation emitted as the 

inner shell vacancy is filled by an outer shell electron, such radiation is 

referred to as Characteristic X-rajs. If the X-rays interact with an outer 

shell electron as they leave the atom, they will be absorbed and the 

absorbing electron emitted instead -- an Auger electron. The nuclear 

decay processes of internal conversion and electron capture may also 
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lead to the emission of characteristic X-rays; so also will the absorption 

of beta particles. 

The photoelectrif effect does not lend itself easily to explicit theoretical 

calculation. Determinations of its cross-sections are usually based on a 

combination of empirical treatments which vary according to the energy 

range under consideration. It is the practice of most researchers to make 

use of tabulations for aPE' the photoelectric cross-section ( 1 7 - 2 1) 

B. Compton Scattering Effect 

As the wavelength of gamma photons decrease and their photon energy 

ihcreases, their behaviour tends towards that of a particle and their 

identity with a wave dimihishes. The region of this transition corresponds 

to the Compton scattering "threshold. " This threshold, not sharply

defined, is entered upon gradually as hu--m c 2 , (= 0.51 MeV), where 
0 0 

m equals the rest mass of the electron. Viewed as solid bodies, the 
o 

photon and the electron have comparable "masses." As the Compton effect 
(23)

becomes significant, the photoelectric effect significance diminishes 

Compton scattering may be considered as an inelastic collision between an 

incident photon and a "free" electron of the medium; the collision is 

analogous to that of billiard ball mechanics. The electron may be thought 

of as free to recoil on the basis of ho° Eeb as a result of which the 

incident photon may transfer a portion of its momentum and energy. The 

consequence of the collision is a scattered photon of energy hhI travelling, 

in a new direction and at an angle @with the original photon direction, and 

a recoiling electron of energy E making an angle Owith the incident photone 
direction. Bmax= 1800; Omax = 900. 

The angular and energy relationships of these statements may be expressed 

as: 
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E
 

E1 E ' MeV. 	 (2) 

1+ (- cos6) 
m 	C
 

0 

Ee = E - E 1	 (3)7 o 

.E= h r, MeV. 	 (4) 

cot (i +' ) otan 2	 ) 

where 

E = 	 incident photon energy, MeV. 
Y O
 

E = 	 scattered photon energy, MeV.
71
 

6 = 	 angle between incident and scattered 
photon directions. 

= 	 angle between incident photon and 
recoil electron directions. 

For convenience in the remainder of this section the following conventional 

short form is us&d: 
E 	 E 

(6)20 2' 1mc 	 mc 
0 	 0 

The differential "collision" cross-section for the scattering of photons 

into a given solid angle df at a particular angle 6 is given by the Klein-

Nishina formula (23), as 
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( 2r2 1*2 2 
a (12- cas)(1 + cos)re 2
d e2 __cos__)__ _x_1+= - 2c dCs l± (1 2 (i+cos2 8)l+U'(l-coso)] 

(7) 

where 

da = differential cross-section, cm 2/electron 

d = 27r Sin@ d 0, the differential solid angle
 
2
 

re = "classical electron radius, e 2
 
m c


0 
-
2.818 x 10 13 cm. 

Equation (7) assumes the incident photons .to,be unpolarized. It 

indicates that for large a' , scattering is predominantly in the forward 
o
 

cone. As a--0- 0, and cos 6---1, we see 
0 

2 
r 

dua e (1 +cos 2 0) dO (8)
2 

From Equation (2) equation (7) may be rewritten in terms of energy 

de 2 a+ I 1 2 + +(9) 
du1 0a o01 
 o 1 01 1 o 

for 
a 

' O
 

(1 + 2a'o ) 
0 
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The integration of Equation (9) over all scattered energies yields 

the total Compton scattering cross-section per electron, ac ,
 
cs
 

2 	 +)= 2rr (1+ x. 1 
rcs e , 3enIn(1+ 1 + 2 	 42 +' 

+ 	 ( (10) 

Y' (I2+') 2 

The total Compton scattering cross-section per atom is given by Z acs 

where Z is 	 atomic number. 

C. Rayleigh Scattering Effect 

In Compton scattering the atomic electrons are assumed to be unbound.
 

This assumption is only valid at photon energies which are large with
 

respect to the electron binding energy. A low energy photon may be
 

elastically scattered by a tightly bound atomic electron, with the atom
 

as a whole absorbing the recoil momentum. A bound electron has a
 

"mass" which is equivalent to that of its atom. The energy transferred
 

to the atom is small, and so the scattered photon proceeds with a
 

relatively unaltered energy and only a slightly altered direction. This
 

effect is known as the Rayleigh or small-angle scattering effect.
 

Since all the electrons in a given atom behave similarly, Rayleigh' 

scattering is coherent. Because all the atoms of a given solid may be 

- packed regularly, the effect may extend to the electrons of different 

atoms. When the scattering angle, 6R 0, the scattering will be in 

phase, i.e. constructive interference. As 0 Rincreases the tendency 
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The integration of Equation (9) over all scattered energies yields 

the total Compton scattering cross-section per electron, a , 
cs 

o In (1 + 2(+') + 
a s= 2rr2{ 30 - n0)a'cs e-I 	 + 2a'

LO 	 0
 

+ 	 in (1 + 2a o ) I + 3a' oa~+~ (10) 

2a'e (1 + 2ao) f 
The total Compton scattering cross-section per atom is given by Z • acs 
where Z is atomic number. 

C. Rayleigh Scattering Effect 

In, Compton scattering the atomic electrons are assumed to be unbound. 

This assumption is only valid at photon energies which are large with 

respect to the electron binding energy. A low energy photon may be 

elastically scattered by a tightly bound atomic electron, with the atom 

as a whole absorbing the recoil momentum. A bound electron has a 
"mass" which is equivalent to that of its atom. The energy transferred 

to the atom is small, and so the scattered photon proceeds with a 

relatively unaltered energy and only a slightly altered direction. This 

effect is known as the Rayleigh or small-angle scattering effect. 

Since all the electrons in a given atom behave similarly, Rayleigh' 

scattering is coherent. Because all the atoms of a given solid may be 

packed regularly, the effect may extend to the electrons of different 

atoms. When the scattering angle, eR " 0, the scattering will be in 

phase, i.e. constructive interference, As eRincreases the tendency 
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is towards destructive interference and so the scattered photons will 

be found concentrated mainly in a narrow forward cone, and to a lesser 

extent in other discrete directions. This may be realized from consid

eration of the photon wavelength, and the atomic radius, analogous to 
(24)

Bragg reflection This behaviour differs from Compton scattering, 

where the independence of the electrons precludes the liklihood of 

interference. 

The transition from Rayleigh scattering to Compton scattering is smooth 

with increasing energy, E . The Rayleigh scattered photon does not 

have a unique energy as a function of scattering angle, having instead 

an energy distribution peaked at a value close to that given by Equation (2). 

D. Pair Production Effect 

At photon energies of approximately 1. 0 MeV the predominant interaction 

phenomenon is Compton scattering. As E o is increased considerably 

above this energy the photon may interact with the electric field surrounding 

either a nucleus or an electron. The photon will be absorbed and replaced 

by a pair of electrons, a positron and a negative electron. This effect is 

called Pair Production. 

The cross-section for pair production in the field of an orbital electron 
2Y> mc 

however, has a cross-section which begins at the photon threshold energy 
2 

is negligible until E7 4 (= 2.04 MeV). Nuclear pair production, 

2 m c , (= 1.02 MeV), and increases rapidly thereafter. 

The electron pair share and carry away the energy in excess of that 

required for their creation, as kinetic energy; this may be expressed as 
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(11)Ee _ + Ee+) = E o- 2mc 

The free positron is quickly annihilated by a negative electron after its 

kinetic energy has been dissipated. The annihilation yields a randomly 

oriented pair of back-to-back photons, each with an energy of m 0 c
2 

The electron pair are distributed mainly in the forward direction with the 

average angle of "deflection" being2 . expressed by moo2/E
Fo o2 2 2 0 

<4m0C 2 , rppZFor<m <E 

E. Attenuation 

The passage of a beam of photons through a medium is characterized by 

their interactions vith the atoms of that medium. This leads to a reduc

tion in the number of uncollided primary photons at a depth. The reduc

2 3 tion is referred to as the attenuation of the incident photon number(2 
124) 

The discussion on interactions has shown that the total microscopic 

energy dependent cross-section for a particular interaction process 

occurring, is given by either a PE ' Z.aCS , RS or app. The total 

cross-section a TOT ( Er °), for "some" process occurring, is then-given 

by the sum of the partial cross-sections as 

'TOT (Ey = crTOT = crPE + Z'CS + 'RS + 'PP (cm2/atom) (12) 

from which a total macroscopic cross-section per cm of path may be 

defined as 

"TOT (EY o ) = NTOT' (cm-) (13 
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(Ee- Ee +) = E - 2m c 	 (I1) 

The free positron is quickly annihilated by a negative electron after its 

kinetic energy has been dissipated. The annihilation yields a randomly
2 

oriented pair of back-to-back photons, each with an energy of m0 c . 

The electron pair are distributed mainly in the forward direction with the 

average angle of "deflection" being expressed by m c 2/E e 
2 2 2 

For 2m 	c <E <4m c ,oyccz0 V/ 0 

E. Attenuation 

The passage of a beam of photons through a medium is characterized by 

their interactions with the atoms of that medium. This leads to a reduc

tion in the number of uncollided primary photons at a depth. The reduc

tion is referred to as the attenuation of the incident photon number(2 ;23,24) 

The discussion on interactions has shown that the total microscopic 

energy dependent cross-section for a particular interaction process 

occurring, is given by either a PE ' ZaCS a or app, The totaleFRS 

cross-section a TOT ( E 7 o), for "some" process occurring, is then-given 

by the sum of the partial cross-sections as 

+'TOT(E 	 o) = aTOT = aPE + Z;CS + ±RS'PP , (cm2/atom) (12) 
0 

from which a total macroscopic cross-section per cm of path may be 

defined as 

" EOT = =Na ,TOT 	 (A(ET) 	 (cm- 1 
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and similarly 

=PENPE' :CS NZaCS ;RS NURS ;P N"PP (14) 

where 
p xA 

M-M (atoms present/cc) (15) 

assuming one type of atom only. 

p = density of medium, (gm/cc). 

Av 
= Avogadro number, (atoms/mole); 6.023 x 10 - 23 

M = atomic dr molecular weight. 

The inverse of Equation is defined as the mean free path, TOT' 

for a photon prior to interaction, i.e. 

TOT 1 ,OT (cm) (16) 

Similarly "-RE' "CS, "0 RS' and e pp may be defined from Equation (14). 

The total macroscopic cross-section is generally referred to as the total 

linear attenuation coefficient. 

2 
The number of normally incident photons per cm -sec in a parallel beam 

which penetrate a thickness x of a homogeneous medium without inter

action, is given by the exponential law as 

(x) = 4(0)e- Ax (2/cm 2 -sec) (17) 

where 

(0) = number of photons/cm 2-sec incident at x= 0. 

4 (x) = number of photons/cm 2-sec emerging at x. 

= cross-section appropriate to the interaction 
effect under consideration; energy dependent. 
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Thus, it follows that the probability of uncollidad photon transmission 

through a thickness x is given by p , where 

S(x) - PTOTx 
p - - e (18) 

Equation (18) is in agreement with Equation (4) of Report-Section (2.2) 

Similarly the probability of some kind of interaction occurring in 

path length x is given by 

ETOT(x) = (l-p)= (1i- e TOT x ) (19) 

Equations , and assume a normally incident 

parallel or collimated, photon beam. In practice this can only be nearly 

achieved by narrow-geometry restrictions. For the case of a poorly 

collimated or uncollimated photon beam it is necessary to introduce a 

factor to express the increase of the photon number flux at x over the 

valued predicted by Equation (3.4.17). This factor, known as a number 
(2,3,24) 

may be defined asBuild- Up Factor, B(x), 

-TotalB (x)_ Number Flux at x >1.0 (20)
Uncollided Flux at x 

which is in agreement with Equation (5) of Report-Section (2.2) 

Energy and dose buildup factors may be similarly defined. 

That A is a function of both incident photon energy, Ey 0 , and the properties 

of the traversed medium is apparent from the discussions of sub sections 

(A-D) and equations (12) to (15) . It follows then, that any property, 

including B (x) which is dependent on A, is similarly dependent on E,, 0. 
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II FAST NEUTRON INTERACTION PHENOMENA 

Neutrons interact with the nuclei of traversed matter through the mechanism 

of nuclear force. An interaction is generally referred to as either having 

§cattered or absorbed the incident neutron. The probability of either scattering 

or absorption varies as a function of the incident photon energy and the 

atomic number of the target nuclide, the dependence on atomic number being 

general and such that for each isotope there is a unique probability, or 

cross-section (2,28,29)* 

Perhaps the most convenient and systematic manner of describing neutron 

interactions consists of invoking the "compound nucleus" concept. According 

to this concept all interaction modes result in the formation of an intermediate 

reaction product - a compound nucleus - formed by an absorption of the incident 

neutron. Symbolically this may be represented as 

+ 
1in 0° + Z4 -> (Z A 1 

i n o where, is the incident neutron, ZXA the target nucleus before interaction 

and ZA + 1 the compound nucleus formed by the interaction. The asterisk 

denotes that the compound nucleus will, in general, be left in an excited state 

for a finite period of time. The energy of the compound nucleus includes 

both the binding energy and/or part of the kinetic energy of the incident 

neutron. This energy excess over that of , distributed in a complex 

fashion among the nucleons, will cause the compound nucleus system to seek 

its state of lowest permissible energy in a characteristic "relaxation time", 

typically about 10 -20to 10- 1 2 seconds. 

The laws of quantum mechanics allow only those reactions to take place 

which obey certain rigid energy and momentum relationships. This obedience 

is observed with respect to the available excitation energy of the 

incident neutron and the distribution of energy levels in the target nucleus, 

as well as with respect to the symmetry requirements of the interaction, 
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II PAST NEUTRON INTERACTION PHENOMENA 

Neutrons interact with the nuclei of traversed matter through the mechanism 

of nuclear force. An interaction is generally referred to as either having 

scattered or absorbed the incident neutron. The probability of either scattering 

or absorption varies as a function of the incident photon energy and the 

atomic number of the target nuclide, the dependence on atomic number being 

general and such that for each isotope there is a unique probability, or 

cross-section (2,28,29) 

Perhaps the most convenient and systematic manner of describing neutron 

interactions consists of invoking the "compound nucleus" concept. According 

to this concept all interaction modes result in the formation of an intermediate 

reaction product - a compound nucleus - formed by an absorption of the incident 

neutron. Symbolically this may be represented as 

InO+zXA > (zA +i), 

where, 1n0 is the incident neutron, ZA the target nucleus before interaction 

and ZY + the compound nucleus formed by the interaction. The asterisk 

denotes that the. compound nucleus will, in general, be left in an excited state 

for a finite period of time. The energy of the compound nucleus includes 

both the binding energy and/or part of the kinetic energy of the incident 

neutron. This energy excess over that of ZX , distributed in a complex 

fashion among the nucleons, will cause the compound nucleus system to seek 

its state of lowest permissible energy in a characteristic "relaxation time", 

typically about 1-20 to 10- 1 2 seconds. 

The laws of quantum mechanics allow only those reactions to take place 

which obey certain rigid energy and momentum relationships. This obedience 

is observed with respect to the available excitation energy of the 

incident neutron and the distribution of energy levels in the target nucleus, 

as well as with respect to the symmetry requirements of the interaction, 
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e. g. parity, baryon number, charge conservation, statistics. 

In accord with the compound nucleus concept, scattering and absorption of 

an incident neutron may be defined in terms of whether or not the compound 

nucleus emits a neutron during de-excitation. Further and more important, 

scattering may be separated into two kinds - elastic and inelastic. In 

elastic scattering the compound nucleus emits a kinetic energy degraded 

neutron in a very short relaxation time <10 - 2 0 seconds, and is itself left in 

exactly the same internal energy state as before the interaction. In inelastic 

scattering the compound nucleus emits a neutron of partially or totally degraded 

kinetic energy and is itself left in an internal energy state above that of 

zZA; the excess energy is evolved by emission of one or more gamma photons. 

The degradation of the neutron kinetic energy by scattering is referred to 

as thermalization. The compound nucleus may be de-excited by emission of 

particles other than neutrons, such as alphas and betas accompanied by gamma 

photons in which case neutron absorption is said to, have resulted. 

The interaction processes reviewed above are summarized: 

(1) Elastic Scattering, (n,n)- A neutron of reduced kinetic energy 

is emitted by the short-lived compound nucleus which is left in an unexcited 

state. Kinetic energy is transferred to recoil the target nucleus. In the 

case of hydrogen target nuclei, for which energy transfer is a maximum, 

recoil protons result. 

(ii) Inelastic Scattering, (n,n')----A neutron of reduced kinetic 

energy is emitted by the compound nucleus. The compound nucleus is de

excited by gamma photon emission. 

(iii) Radiative Capture, (n,)-----The compound nucleus formed by 

absorption of an incident neutron is de-excited by relatively high energy 

gamma photon emission. 
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(iv) Charged Particle Emission, (n,p), (n,d) , (n,----The compound 

nucleus formed by absorption of an incident neutron is de-excited by emission 

of a charged particle such a-s a proton, deuteron or alpha, accompanied by 

gamma photons. 

(v) Fission, (n,f)---The compound nucleus formed by absorption of 

an incident neutron breaks into two ionizing fission fragments, and one or more 

energetic neutrons, accompanied by gamma photon emission. Fission is most 

probable in heavy nuclei of odd mass number and less so in heavy nuclei 

of even mass number. It can occur either as the result of an externally 

incident neutron or as a consequence of quantum mechanical leakage through 

the Coulomb barrier, ie. , spontaneous fission. 

(vi) Other Reactions , (q,n) , (,n)----Two interaction processes which 
.give rise to neutron emission and thus which must be identified are (a,n) and 

(y,n) phenomena in the plutonium-oxide source and its immediate environment. 

The first reaction proceeds when the energy of an alpha particle exceeds the 

energetic threshold and Coulomb repulsion barrier for the reaction, and is 

thus significant only for plutonium alphas (,5.5 meV) incident on light-target 

nuclei such as beryllium. The second reaction, photo-neutron formation, 

results from the interaction of high energy gamma photons with light nuclei 

such as are present in plutonium-oxide as impurities. High energy photons are 
2 0 8 

present in the PuO source through (n,f) reactions and the decay of the T 
226 

daughter of the Pu isotope present in plutonium oxide. 
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