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£csXast 

This report is an attest to establish the value of dividing 

the shield of a space vehicle into sections and separating these 

sections. I hope to show that this shield Mould be ouch more 

effective for uses in the space environment than the presently- 

planned shields, and that the split shield is feasible for future 

development. The methods of calculation that I have used are 

simplified so that the computations could be readily handled with¬ 

out resorting to computer programs. However, a Monte Carlo program 

for the split shield problem is presently under development by the 

Propulsion Laboratory, WADD under the direction of Mr. R.L« Verga. 

The results of this study are expected to be published in the near 

future and these results should do much to either substantiate or 

disprove the results I have presented here. 

A list of the symbols used in the report is given on page vii. 

I wish to acknowledge the many helpful suggestions that I 

have received in the preparation of this report from Mr. R.L. Verga 

of the Propulsion Laboratozy, Mr. R.E. Malenfant formerly of the 

Propulsion Laboratory and Major A.F. Vetter of the Air Force 

Institute of Technology. 
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lbstract 

The split scatter shield consists of multiple shield sections 

which ax« separated from each other. When this type of shield is 

used outside the atmosphere, radiation scattering in each section 

has a high probability of escaping the shield system without re¬ 

scattering. Consequently, this shield has been proposed as a re¬ 

placement for the normal shield of unit construction for space 

applications. The split shield is oompared with a unit shield of 

the same weight and material in a hypothetical problem situation by 

computing the radiation attenuation ty each. The problem is com¬ 

puted using point and circular source geometries assuming the 

sources to emit gamma rays only. The calculations are performed 

using simplifying assumptions so that computer programs are not 

necessary. A geometrical parameter study is performed for the split 

shield to determine the optimum number of sections, the optimum 

separation distance between sections, and the maximum flux attenua¬ 

tion. The major assumptions and the problem dimensions are modified 

to determine their effect upon the results of the previous parameter 

study. The results indicate that a split shield is capable of 

greater flux attenuation by a factor of more than four than a unit 

shield of the same weight. 

vi 
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List of Srabola 

« 

S radiation source 

D radiation detector 

X total separation distance between the source and the 
detector 

R radius of the shield and of the circular source 

*o 

/¿t 

f^us 

0SS 

thickness of the shield or shield sections 

total macroscopic attenuation coefficient for gama rays 

shield thickness, In mean-free paths 

radiation flux reaching the detector through a unit shield 

radiation flux reaching the detector through a split shield 

distance from the source to the first section of a split 
shield 

d distance from the detector to the final section of a 
2 split shield 

& separation distance between the shield-sections of a two- 
section split shield or between the shield-section of any 
split shield when sections are equally separated 

OL y separation distance between the first two sections of a 
three-section split shield 

d separation distance between the final two sections of a 
^ three-section split shield 

B build-up factor for all scattered radiation 

B/ build-up factor for all radiation scattered more than twice 
in a two-section split shield (point source) 

b" build-up factor for all radiation scattered more than twice 

vil 
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in a three-section spilt shield (point source) 

b"' build-up factor for all radiation scattered nore than 
twice in a four-section split shield (point source) 

3 angle subtended by the source radius at a point along the 
axis of the source 

I0 source strength for a point source 

So source strength for a circular source 

E| (/¿t*©) exponential Integral * f 
ytt*» a 

B© build-up factor for all radiation scattered acre than 
twice in a two-section split shield (circular source) 

bS build-up factor for all radiation scattered nore than 
twice in a three-section split shield (circular source) 

« 

vlii 



THS SPLIT SCATTER SHIELD FOR 

SPACE APPLICATIONS 

i. BrtrcflKttgn 

Space vehicles powered by nuclear devices must contain shield¬ 

ing material to protect the internal componente from radiation 

damage. The normal shield used for this purpose consists of m unit 

shadow shield placed between the source of radiation and the area 

to be protected. Such a shield attenuates the radiation (neutrons 

and gamma-raye) primarily by absorption. This type of shield may 

contribute a large percentage to the total weight of a space 

vehicle. In one conceptual design for a manned space vehicle, the 

shield weight is 20$ of the total powerplant weight (Ref. 3t1). 

Dr s. Carl Klahr and Kalman Held of Technical Research Group, 

Inc., have proposed and have performed some calculations on a 

shield for space vehicles that would consist of multiple, separated 

sections of shielding material (Ref. ó). This shield would attenu¬ 

ate the radiation primarily by scattering into space rather than by 

absorption. Such a method of shielding is considered feasible be¬ 

cause there will be no back-scattering of the radiation by air. This 

report will attempt to compare the effectiveness of the split scatter 

shield proposed above with that of the unit shadow shield of the same 

1 
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might and matarialt and it will parfont a paran»tar study on tha 

sections of a split shield to establish tha most favorable geometri¬ 

cal arrangement of these sections. The selection of the shielding 

material will not be considered by this report. 

This report will analyze the comparison problem by computing 

the reduction in the radiation flux arriving at a selected area 

(the detector)» first, through a unit shadow shield and, then, 

through a split shield. The positions of the split-shield sections 

will be varied to determine the maximum reduction in the flux and 

to determine the optimum separation distances batmen the sections. 

Then, other parameters of the shield sections will be varied in an 

attempt to further reduce to minimum flux arriving at the detector. 

The maximum savings that is possible by use of the split shield will 

be the ratio of the minimum flux from the split shield to the flux 

from a unit shield. 

The radiation that any shield is designed to attenuate con¬ 

sists of gamma rays and neutrons. This report will consider the 

attenuation of gamma rays, only, but since the formulae describing 

the attenuation of both forms are similar, the results should be 

generally applicable to neutron shields (Ref. 5:243). Because of 

the complexity of the computations for shielding problems, it will be 

necessary to make several simplifying assumptions so that the com¬ 

putations can be performed without the aid of a computer program. 
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îhe computations for the gamma-ray attenuation mill be based upon 

a problem situation vlth arbitrarily-selected dimensions. These 

dimensions are not meant to represent any actual project or vehicle 
* 

under development but merely to represent a general situation. It 

is believed, however, that these dimensions do represent values 

that are reasonable. 

This report will discuss, in the following order; (1) a 

description of the problem situation and the assumptions to be 

used, (2) a detailing of the method of analysis, (3) a descrip¬ 

tion of the parameter studies, (4) a discussion of the results of 

these studies, and (5) a description of the conclusions drawn. 
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H. Problem DescripUon and Assumptions 

The comparison between the unit shield and the spilt scatter 

shield Is accomplished by placing both shields in the same problem 

situation and then comparing the effectiveness of each in attenua¬ 

ting a radiation flux. This section will describe the selected 

problem and will examine the assumptions necessary to solve the 

problem. 

Erskiga Pssfllsttga 

The problem situation selected for the analysis of the shields 

is shown by Fig. 1. The source of the radiation (S) and the de¬ 

tector (D) are separated by a distance x and the unit shield is re¬ 

presented by a circular slab of radius R placed midway between the 

source and the detector. Specific units are not applied to the 

—5( X« K— 

O 

5 P 

Fig. 1 

Cross-section of Shielding Problem Situation 

4 
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rtiwATifl<rtnfl X and R since these parameters are used in ratio to 

each other. 

The thickness of the unit-shield slab is shown as Xq and the 

total macroscopic attenuation coefficient for gamma rays of the 

shielding material isThe thickness of the shield is used in 

the computations in terns of mean-free-path lengths for gamma-rays 

(/^Xq). Thus, while the actual thickness (3¾) may vary depending 

upon the shield material, the number of mean free paths is held 

fixed. 

The detector is considered to be a point isotropic detector for 

all the confutations in this report, and although the source is 

shown to be a point source in Fig. 1, it will also be considered to 

be a circular disc source of radius R for later computations. 

Assumptions 

As mentioned previously, it is necessary to make some general 

simplifying assumptions to conveniently solve the shielding problem. 

These assumptions are described here and an attempt is made to 

describe their effect upon the results of the comparison problem. 

It is assumed throughout this report that the thickness of the 

shield (xq) is smon in relation to the total source-to-detector 

separation distance. This assumption should be generally true since 

the total length of most space vehicles is large in comparison to the 

shield thickness (Ref. 3»15). The effect of a large value for x0 
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is exudnsd in Section III of this report. 

this proble« is computed for operations in the space 

environnent, it is assumed that saj photon vhioh is directed amor 

fron a shield or the detector «111 escape fron the systen. This 

assumption neglects any shielding function by the structural 

naterial and it neglects the effect of scattering fron the structure. 

Since the structural naterial «ill normally be thin and the proba¬ 

bility of scattering snail, this assunption is considered valid. 

The source of radiation is assumed to enit mono-energetic 

gamma rays isotropically. As mentioned in the Introduction, the 

assumption of gamna rays, only, is valid since the basic formulae 

describing the attenuation of radiation apply to both neutrons and 

photons. The assumption of mon-energetic photons being emitted 

isotropically should have little effect upon the final results 

since these assumptions have nearly the same effect on both the 

unit and the split shields. 

The photons are assumed to scatter isotropically within the 

«MAitHng material. Although this assumption is not generally true, 

it is made in order to simplify the computations. The effect of 

this assumption is shown in Section IH of this report. 

The photons are assumed to scatter «ithin the shielding 

material without the loss of energy. Once again, this assumption 

is not generally true but the effect upon the results is of a con- 
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servatiT« nature. This is true since the degradation of energy 

suffered by a photon increases the total attenuation coefficient 

eben the photon energy is below about three Her (Ref. 5*15^). It 

should be noted that a seen free path in the later portion of a 

shield represents a smaller shield thickness (3^) than does a mean 

free path near the front of the shield. It is also assumed that any 

photon scattering back toward the source vill be lost» since the 

probability of rescattering back toward the detector and passing 

again through the shield is very small. 

The previously-mentioned assumptions are the more general of 

the simplifying assumptions used in this report. Other assumptions 

that are needed for specific instances in the confutations vill be 

described as they occur. 
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III. Method of ÍQilx2Í2 

This section describes the method of analysis for the compari¬ 

son between a unit shield and a multiply-split scatter shield. 

The comparison is conducted for the problem situation as shown by 

Fig. 1 where the source may be either a point or a circular source. 

The problem is first analyzed for the point source and then for the 

circular source. 

Egtat-ggttTM Computations 

The initial computations on the two types of shields are per¬ 

formed assuming a point-isotropic source of radiation. The basic 

equation describing the radiation attenuation from a point isotrop¬ 

ic source is given by 

rk - 6I<. e 

where ¢) - 

B = 

!© * 

/At * 

*b a 

and X = 

the radiation flux reaching the detector, 

the build-up factor for scattered radiation, 

the source strength for a point souroe, 

the attenuation coefficient for gamma rays, 

the shield thickness, 

the total separation distance between source and 

detector. 

The attenuation of the radiation due to the shield thickness is 

8 
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given I57 € and the distance attenuation is given by 

The build-up factor (B) accounts for the scattering of the 

photons within the shield material. With B « 1. Eq (1) represents 

the radiation flux reaching the detector without interaction in the 

shield. However, many photons which are initially directed away 

from the detector may be scattered toward it and many which are 

first scattered away may be rescattered toward the detector. The 

build-up factor is used to account for this increase in the de¬ 

tector flux due to such scatterings. B is a function of the 

shield thickness in mean free paths ( /4X0 ), the initial energy of 

the photons, and the shielding material used. This factor can be con¬ 

sidered to be approximately a linear function of /4^ and is roughly 

equal to /4)4 for gamma rays (Ref. 4*596). This is the value of 

B which is assumed for the problem examined in this report. This 

assumption is a conservative estimate of B for most gamma-ray 

problems although it is probably high for neutron shields. The 

effect upon the results will be examined in Section III. 

Since the scatter shield is designed to eliminate the majority 

of the scattered radiation, Eq (1) with B » 1 represents the mini¬ 

mum detector flux that could be realized with a theoretically 

perfect scatter shield. This uncollided radiation «in still 

reach the detector no matter how effectively the scatter shield acts. 

Thus, the maximum savings which can be realized by using the scatter 
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shield Is 1/B. 

10 

Unit Shield. In order to form a basis for ooaparlson, the de¬ 

tector flux Is first computed for the unit shield. Eq (1 ) is used 

for this purpose vith B = /<*£> as described previously. This value 

of represents the detector flux for the situation shorn In 

Fig. 1. 

Two-section Scatter Shield. It is now assumed that the unit 

shield shown in Fig. 1 is divided Into two equally-thick sections 

with a separation distance (a) between the sections. The sections 

are separated from the source and detector by distances of d^ and 

d2. respectively, as shown In Fig. 2 where + & + d2 * x. The 

other dimensions of the problem are maintained the same as shown in 

Fig. 1 except that now the thickness of each shield section is one- 

Fig. 2 

Cross-section of the Two-section Split Shield 
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half of the thickness of the unit shield 

11 

The deteotor flux passing through the split shield is divided 

into the eonponents representing the unscattered, the once* 

scattered, and the multiply-scattered fluxes. The probability that 

a photon passes through a shield section without interaction is 

given by and the probability that this photon reaches the 

detector is /Wx^* The probability that a photon reaches the 

first shield section is uf^trd,x, the probability that it scatters 

in that section is 1 - , and the probability that it now 

reaches the detector is (a+ d2), assuming isotropic 

scattering. The probability that a photon reaches the second 

section after scattering in the first is irR/^n-a?-, the proba¬ 

bility that it scatters again is 1 - e ~Mt%t , and the probability 

that it reaches the detector is now d2^. Where the term 

hay is used to represent the probability of a photon reaching 

the next section from a scattering in the previous section, it is 

assumed that this scattering collision happened at the center of the 

previous shield. Although this assunption is not strictly accurate, 

it does represent a good average for all the scatterings that occur 

in the shield section. The probability of scattering (l-C***-), 

given above, assumes that all interactions result in scattering 

collisions. This is a reasonable assumption for most materials 

uhen the photon energies are in the intermediate range. 
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Using these probabilities, it is possible to set up terms 

representing the detector flux from any number of scattering in 

the shield sections. However, if many scattering terms are used, 

the equations become unwieldy and difficult to use, so for the 

purpose of this study only terms representing the unscattered, 

once-scattered, and twice-scattered radiation are included. In 

order to represent the flux from more than two scatterings, the 

twice-scattered term is multiplied by an artificial build-up 

factor (BO. 

With the use of the previously-described probabilities, the 

detector flux from a two-section split shield is given by* 

'ïrR\\-e'M<Xo)C/U<*c 

tin-df a + c/i)* + 

+ a Titl'd I defray 4frdxx _ (2) 

where x * + a + dg. The first term on the right of this equation 

represents the unscattered flux, the second and third terms repre¬ 

sent the once*»scattered flux, and the final ten# represents the 

multiply-scattered flux. 

Before this equation can be used for any parameter studies, 

it is necessary to determine the value of B'. This is done by 
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considering the separation distance between the two sections of the 

split shield to be zero and the sections to be centered between the 

source and the detector. With this configuration, the split 

shield is identical to the unit shield and the fluxes through each 

are the sane. With <L * 0, and df « d2t Bq (2) reduces to 

_Trg-><- J , rrßX'-Z^TB‘ 1 
HV/tk1 (Tireur t Z(Vn-<i‘)* J (3) 

where the probability of scattering in the first section and reach¬ 

ing the second section is now one-half instead of as be¬ 

fore. Another way of stating this is that when there is no separa¬ 

tion between shield sections, half the photons will scatter into 

the next section and half will scatter away from it. The split 

shield flux from Eq (3) is set equal to the unit shield from 

Eq (1) and solved for Bl This value of B7can now be used to repre¬ 

sent the build-up of multiply-scattered flux in Eq (2). 

Three-section Scatter Shield. The unit shield is now con¬ 

sidered to be divided into three equally-thick sections as shown by 

Fig. 3 where each section is one-third the thickness of the unit 

shield and d^ +¿2 + ¿3 3 x. As before, the detector flux 

passing through this shield is separated into the unscattered, once- 

scattered, and multiply-scattered portions by using the probabili- 
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ties described previously. The flux reaching the detector is 

given by 

d - 7 (V3AX° n^T^-e^e"2^ , 
loLVrr **■ ¥ir4, x Ÿit (4ií-&>. t dt)x 1 

it/?1 0-£•**•)€ (rrffO-e^e-**- ß" 
‘iHdii-a, T i'trQh+diï x 'bctî * 

3' 1 

Mût*.)1‘tirai tfa £ liitd,x^if(afT qJ1 Hndï\ (4) 

where s'' is the build-up factor used to account for the flux 

reaching the detector after more than two scatterings. The first 

tem of the right side of this equation represents the unscattered 

flux, the next three terms represent the once-scattered flux, and 

the final three terms represent the multiply-scattered flux. 

So that the value of B" may be determined, Ol^ and are set 

equal to zero and dj is set equal to d2* With these substitutions, 

Eq (4) reduces to 

0s^l^F - + J (5) 
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whore the probability of scattering in one section and reaching the 

next is now one-half instead of or . Since 

Eq (5) represents the same configoration of shield as the unit 

shield, Eq (5) is set equal to Eq (1) and solved for B" . This 

value of b" is then used in Eq (4), 

-fV 

* 

s 

K ^ ^ I ^ ^ ^ I ^I 4— dj — 

Fig. 3 

Cross-section of the Three-section Split Shield 

Four-section Scatter Shield. The unit shield is considered 

to be divided into four equally-thick sections and the same pro¬ 

cedure is followed for this arrangement of shield sections as was 

followed for the two and three-section shields. The cross-section 

of this split shield is shown by Fig. 4 and the detector flux for 

this shield is given by 
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r* T re^ , ^YZ-e-^Je , rrl?Yl-¿**) , 
Ws loL Yffxi in4, '■ivfa tti+tit+¿)2 * to, tun if Yrd* 

Yrti.faÿMa*«,^)'’ YrrU+a.tafYrrCa^ctJ1- T 

faRx)xO-+ (rrRWl-er^'Ÿe'te** fi"' +. 
Yfrd'Ÿrrqî ^dxŸ YrCd+Q,*«^ Yrrctf Yrrdï' 

(rrRVO-e^fiL-^ß"' .(rrR'Hl-e^fe^BX h 

fadi*’ ‘/nOhtQj'Ytrfai+elÿ dir(d,i a.^YtrCatt^f Yrrc/' 

(nRXd-e^-fBul , (irRŸO-c^Ÿc^ B'" 1 
Yrrd^(d+ti+üi)''drrdx Yiridti-Q'fYn"*?- Yr(<*3 fdJj (6) 

where B" is the build-up factor for the multiply-scattered flux* 

The first term of this equation represents the unscattered flux, the 

next four terms represent the once-scattered flux, and the final six 

terms represent the multiply-scattered flux. 

Once again, the shield section separation distances are set 

equal to zero, dj is set equal to d2» and the probability of 

scattering from one section to an adjacent section is changed from 

irfiX Y ire? to one-half. With these substitutions, Eq (6) re¬ 

duces to 

, _r¿^i, MH.hC**-)***', ] 

0s3-l{frx' (‘/rtf)1 Z(¥^ J(7> 
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This equation Is set equal to Bq (1), the value of B'" Is deter¬ 

mined, and this value is substituted Into Eq (6). 

5 

|<~ dt—>| 4— Qi —>|<— <2i—>| (— äi—>|<— 

Fig. 4 

Cross-section of the Four-section Split Shield 

Clrenlar-MVtfM C9iwrtatt9ng 

The previous problem situation is modified by replacing the 

point source in Fig. 1 with a circular isotropic source of radius 

R, equal to the radius of the shield. This new problem is shown by 

Fig. 5 for the unit shadow shield. All other parameters and 

assumptions are maintained the same as before. 

The equation for the flux reaching a point detector through a 

unit shield from a circular source is derived in the following 

manner. The differential flux (d<¿ ) at the detector is given by 

D 
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R ^ p "/“**• See 6 
d ¢- t/irCxsece)1- ^ (8) 

where 

and 

B * the build-up factor. 

Sa * the source strength in units of flux, 

0 = the angle subtended by the source radius at the 

detector (See Fig. 5)* 

</A = the differential area of the source. 

It may be noted that Eq (8) is similar to Eq (1) for the point 

source with the distance x seed substituted for x. The differen¬ 

tial area (di) is Zir r dr and since r « x tan# , ¿k becomes 

2 fl-x‘tan0 sec2^ dd. When this is substituted into Eq (8), 

that equation becomes 
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e 

Cos -J— 

e**'*“6 tane je 
o 

The variable of integration is now switched from d to sec 0 so 

that the flux equation becomes 

ds- &k{ * e^xc6 d(*i6) 
'*J~ ZJ Set 6 

/ 

The substitution of y -/¿1*0 sec& reduces this to 

Since the integrals in the previous equation are the faailiar ex¬ 

ponential integrals, this equation can be expressed as 

0 
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Unit Shield. The detector flux through a unit shield fro« a 

circular source is given by Eq (9) for the problem as shoun by 

Fig. 5 where B is again assumed to be equal to /4*« . The flux 

computed from this equation forms the basis against which the flux 

from the split shields are compared. 

Two-section Scatter Shield. The unit shield is again divided 

into two equally-thick sections separated by a distance a. . The 

cross-section of this shield is shown by Fig. 2 except that the 

point source is replaced by a circular source of radius R. In de¬ 

veloping the equation for this shield, the shield sections are 

maintained symmetrical about the mid-point between the source and 

the detector which means that = in Fig. 2. These distances 

are referred to as d for the circular-source computations. 

The detector flux ( <pss ) is again divided into components 

representing the contributions of the unseattered, once-scattered, 

and multiply-scattered photons to the total flux. With 8 = 1, 

Eq (9) represents the unscattered flux. 

The once-scattered flux is determined in a manner similar to 

that used for the point-source computations, but it is necessary to 

describe the distance attenuation of the photons from a circular 

source when there is no shielding material present. Referring to 

Fig. 6, the distance attenuation of photons from a differential 

area (d A ) on the source is /VffÍKSccBf and the flux at a point (P) 
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$/> - f ‘in-U^e)'- ^ 
o 

When the substitutions of <M = 2rrr¿r and r*%tand are made* this 

equation reduces to 

M 46 . 
0 

Upon integration, this becomes 
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This equation represents the probability that a photon «Bitted 

fron a circular source will reach a point along the axis of the 

source at a distance x. The probability of a photon scattering 

vithin a shield section is assumed to be ( I - £ ) and, as de¬ 

rived previously, the attenuation in passing through a shield is 

given by Eq (9). 

Since both Eq (9) end Eq (10) give the flux at a point on the 

axis of the shields, it is necessary to assume that this same flux 

is good for any point on the shield. Thus, it is assumed that the 

flux reaching a shield section is uniform over the entire face of 

that shield and that the shield section acts as a circular source 

of photons for the remaining sections. In order to estimate the 

accuracy of this assumption, the following problem is used. 

This problem uses a square source plane, and a square «hWd 

with each square being 2 R on a side (See Fig. 7). These dimen¬ 

sions are assumed in order to simulate a circular source and 

shield with a radius R. Each of these squares is divided in 16 

equal squares, and on the source plane, an isotropic point source is 

placed at the center of each small square. The flux at each corner 

point on the shield (a total of 25 points) is computed from each of 

the 16 sources using simple distance attenuation. These computa¬ 

tions are performed for source-to-shield separation distances (x) 

of 15, 10, and 5 R. The ratio of the flux at one of the outer- 
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Face-view of Face-view of Cross-section of 
Source Shield Source and 

Fig. 7 

Uniform Distribution from a Plane Source 

most comer points to the flux at the center of the shield is com¬ 

puted for each of the selected values of x. These ratios are 0.993, 

0.980, and 0.931 for the values of x of I5, 10, and 5 R respectively. 

Judging from the results of this problem, the assumption of uniform 

dose over the shield face appears to be good for all except «man 

ratios of the source radius to the separation distance. 

With the previous probabilities and assumptions established, 

the equation to describe the passage of gamma rays from a circular 

source through the two-section split shield can now be written. 

As mentioned previously, the unscattered flux is given by Eq (9) 

with B 3 1. The probability that a photon reaches the first section 

is given by Sq (1Õ) with x replaced by d; the probability that it 
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scatters in that section is ( | - ); and the probability that 

it then reaches the detector is given by Eq (9) with B » 1, x re¬ 

placed by a + d, and S* replaced by the product of the first two 

terns. Since a photon may scatter in either of the two sections, 

this term, representing the once-scattered flux, is doubled. 

The twice-scattered flux is estimated by using the following 

probabilities. The probability of reaching the first section ia 

given by Eq (10) with x replaced by d; the probability of scatter¬ 

ing in that section is ( I )• the probability of reaching 

the second section from the first is given by Eq (10) with x re¬ 

placed by a ; once again, the probability of scattering in this 

section is ( I ~ e~MtXo); and, finally, the probability of reaching 

the detector is given by Eq (10) with x replaced by d. This 

twice-scattered flux is now multiplied by an artificial build-up 

factor (Be ) to account for the flux from those photons which 

scatter more than twice. 

When these probabilities are combined, the detector flux 

through the two-section split shield is given by 

(11) 
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where the terms on the right side of the equation represent the un¬ 

scattered, once-scattered, and multiply-scattered fluxes in that 

order. B« is determined by setting the separation distance be¬ 

tween shield sections ( <z ) equal to zero and equating the result¬ 

ant equation to Eq (9). With a* 0, Eq (11) reduces to 

0SJ - + 

^ (I-£■**•) + 

(12) 

Three-section Scatter ¿jjiSld* The detector flux through the 

three-section split shield from a circular source is determined 

using the previously-described probabilities. The cross-sectional 

*viev of the problem is shown by Fig. 3 except that the source is 

now considered to be a circular source. The problem is solved for 

only the symmetrical shield where d1 = d2 and ^ = The un¬ 

scattered flux is represented by the same term as in Eq (11) ex¬ 

cept that 2/4x0 is replaced by 3 . 

The once-scattered flux is described by the following probabil¬ 

ities. The probability of a photon reaching the first section is 

given by Eq (10) with x replaced by d, the probability of scat- 
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tering in that aaction is ( | ), and the probability of 

reaching the detector is given by Bq (9) with x replaced by 

2 a. + d. These probabilities describe those photons scattering 

once in the first section and they also describe the photons scat¬ 

tering once in the third section. The photons scattering once in 

the second section are given by the following group of probabili¬ 

ties, The probability of reaching the second section is given by 

Eq (9) with x replaced by tí. + d, the probability of scattering 

there is ( / -e^Xo) and the probability of reaching the detector 

is again given by Eq (9) using a+ d instead of x. 

The twice-scattered flux is computed in the following manner. 

That portion which scatters once in either the first and second or 

the second and third sections is described as follows: the 

probability of reaching the first section is given by Bq (10) 

using d instead of x, the probability of scattering in that section 

is ( /-), the probability of reaching the second section is 

given by Eq (10) using a instead of x, the probability of scat¬ 

tering there is again ( I ~£'A*X"), and the probability of reach¬ 

ing the detector is given by Eq (10), x replaced by a+ d. The 

photons which scatter once in the first section and once in the 

third section are described as follows: the probabilities of 

reaching the first section and scattering there are given by 

Eq (10) using d instead of x and ( I “ £ ) respectively, the 
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probability of reaching the third section from the first is given 

by Eq (9) with x replaced by 2 d , the probabilities of scattering 

in that section and reaching the detector are given by ( l-e'***9) 

and Eq (10) with x replaced by d. Since these terms represent 

only the twice-scattered radiation, they are multiplied by a 

build-up factor (Be*) to obtain the multiply-scattered flux. 

When these terms are combined, the equation for the detector 

flux through a three-section scatter shield becomes 

Zat d 

¿ 0 Û. -t et 

TÄiere the first term represents the unscattered flux, the next 

two terms represent the once-scattered flux, and the final two 

terms represent the multiply-scattered flux. 

Be" is determined by setting the shield-separation distances 
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( a ) equal to zero and equating the resulting equation to the 

detector flux from the unit shield as given by Eq (9). When <2 = 

0, Eq (13) reduces to 

I ,E5irj] + 

I In f 

|'f/« ^)] ) 

+ 

(14) 

The attenuation factor fafax»)- B,in the final term 

of Eq (13) approaches t, Uit^o) as <1 approaches zero. However, in 

Eq (14) the limiting value of a. is considered to be the thickness 

of the shield section (Xq), so that this factor becomes 

E, U** ) - £, Ux„ ^ ) 

Since /4 and Xq are used separately in this factor, it becomes a 

function of the shielding material used. If the shield is composed 

of a light-weight material having a low attenuation coefficient 

such as beryllium, this factor is small and the final term of 

Eq (14) is small in relation to the other terms. Aa the shield 
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material is changed to higher-density substances, this factor 

approaches £ (4^) , the limiting value for a shield section of 

zero thickness. This is the factor which is used in Eq (14) to 

detennine Be" . 
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IV. Parameter Studies 

This section of the report describes the actual dimensions 

used for the split scatter shield problem and the various para¬ 

meter studies conducted on that shield. The initial studies are 

conducted for the variable a , the shield section separation 

distance, while later studies attempt to analyze the effect of 

changing other variables. 

The problem situation, as illustrated by Fig. 1, is assumed to 

have the following dimensions: 6=^X0 , x = 30, R = 1, and 

/¿**0 = 6, where the units of x and R are the same. The detector 

flux through the unit shield is computed from Eq (1) for the 

point source and from Eq (9) for the circular source. These fluxes 

represent the basis against which the fluxes from the various split 

shields will be compared. 

Sgparattqp-ttlsíar&ê Parameter Studies 

Parameter studies are conducted on the separation distance 

between the shield sections of all the various split shields 

described in Section III, These parameter studies are intended to 

determine the minimum detector flux from each of the split shields 

and to locate the separation distance which gives this minimum 

flux. All variables in the equations are held constant except the 

distances between the shield sections. The total shield thickness 

30 
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Is maintained at /¿t-Xo = 6 for all of the split shields so that 

when the shield consists of tm sections, each section has a thick¬ 

ness of /4*0 = 3 and when there are three sections, /UtXo *2 

for each section. 

The parameter study for the two-section shield is conducted 

for the case of the point source using Eq (2). The initial study 

is performed for the symmetrical shield where dj - dg. Then, the 

study is expanded to include all possible values of d^, d2» and d., 

The study on the two-section shield for the case of a circular 

source is conducted for the symmetrical shield only, using Eq (11). 

The separation-distance parameter study for the three-section 

shield with a point source is again conducted for the symnetrical 

shield, first, and then, for all the possible arrangements of the 

shield sections. Eq (4) is used for both of these studies. The 

symmetrical shield arrangement was the only situation considered 

for the three-section shield with a circular source. The equation 

used for this study is Eq (I3) with the value of Bc" determined 

from Eq (14). The variance of one of the terms of Eq (14) with the 

shield material is described in Section III (see page 18). Be¬ 

cause of this term, the value of Be" computed from Eq (14) varies 

slightly, depending on what shield material is used. The value 

of Be" for different materials is shown in Table I where the 

radius of the shield is assumed arbitrarily to be 100 cm. Since 
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Table I 

Multiply-scattered Build-up Factor for a Three-section 

Split Shield for Various Shield Materials 

Material Bc" /4(cm )* p (gm/cm^) 

Be 26.035 0.1045 

a 24.855 O.I658 

Fe 23.047 0.4677 

w 23.037 1.235 

23.O37 00 

1.85 

2.7O 

7.86 

I9.3O 

* For 1.0 Mev Gamma-rays (From Ref 1:469) 

this value of the radius is probably small compared to an 

actual situation, the effect on Be" shown here is over-estimated. 

The final entry in Table I represents a shield of zero thickness 

and infinite density, and it is the value of Be" used for the 

primary parameter study. 

The four-section shield parameter study of the separation dis¬ 

tance is conducted for the symmetrical shield arrangement only, 

using Eq (6) with d^ = d2 and 

Piter Earaagter Ganges 

Certain other parameters of the split shield problem are now 
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varied to observe the effect of these changes upon the results of 

the previous parameter study. These parameter changes are not 

'studied through their entire range of variance, only through certain 

selected changes. The purpose of these changes is to give an in¬ 

dication of the direction of their effect upon the previous study. 

The effect of a change in the total source-to-detector separa¬ 

tion distance is the first parameter studied. This effect is studied 

first for the two-section shield with a point source by changing the 

ratio of R to X from I/30 to I/15, holding all other variables in 

Eq (2) constant. The shield-section separation distance (4) is 

varied slightly about the optimum value found previously to observe 

if this optimum separation distances changes. The same procedure is 

followed for the three-section shield with a point source except 

that the change in R/x is now from I/3Ó to 1/20. 

The effect of a change in the relative thicknesses of the shield 

sections is the next parameter studied. Previously, it was assumed 

that all sections of a split shield are equally thick. With the use 

of Eq (4) for the three-section shield with a point source, the 

minimum detector flux is determined for all possible combinations of 

section thicknesses where the section-thickness values are integers 

(i,e. /¿tx0 = 1, 2, 3). The value of a used in these computations 

is that determined previously to be the optimum. 

In the previous parameter studies, the build-up factor (B) was 
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assumed to be equal to the unit-shield thickness in mean free paths 

(Xc ). This assumption is now modified so that the flux attenua¬ 

tion is computed for the two-section split shield with a point 

source using values of B = and B = It is necessary 

to determine a new.value for the multiply-scattered build-up factor 

(B'), using Eqs (1) and (3) as described previously. Eq (2) is then 

used to determine the effect of changes in the build-up factor (B). 

The total thickness of the shield sections has been assumed to 

be six mean free paths in all of the previous calculations. In an 

effort to calculate the effect of increasing this total, shield 

thickness, computations are performed upon the two-section, three- 

section, and four-section split shields for values of /<<-Xo of eight 

and twelve, as well as the original six. The separation distance 

used for these computations is the optimum distance as determined 

previously, and the point source is used. The assumption of 

B = was made in each case. 

Changes in Agsjom^Uons 

In Section II of this report, certain assumptions were made and 

their validities were discussed. It is the purpose of the remain¬ 

ing calculations to determine how more realistic values for these 

assumptions effect the results of the previous parameter studies. 

The assumption was made previously that the thickness of the 

shield sections (Xq) were insignificant in relation to the source- 
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to-detector separation distance. In order to detemine the effect 

of a finite shield thickness, a value of xQ of 20$ of the total 

distance (x) is assumed for the two-section shield with a point 

source. This value of x0 is selected because it is larger than any 

anticipated actual value, and the effect upon the results would 

represent a maximum. 

In all of the previous parameter studies, it is assumed that the 

photons scatter isotropically in the shield and that the shield 

sections act as isotropic sources for the subsequent sections in the 

shield. Actually, it has been shown that the angular cross- 

sections for Compton scattering is anisotropic for high-energy 

photons (Ref 5^9). As a rough approximation to the angular dis¬ 

tribution of the scattering photons, it is assumed that one-half of 

the gamma rays scatter in an angle between 0° and 30° to the angle 

of the incident rays, one-fourth between 30° and 60°, and one- 

eighth between 60° and 90°. This approximation is used for a two- 

section split shield with a point source. The result of this com¬ 

putation is not intended to be an accurate description of the scatter 

shield for any particular shielding material, but it will indicate 

the gross effect upon the effectiveness of the scatter shield due to 

anisotropic scattering of the photons. 
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V. Raaulta 

The resulta of the previously-described parameter studies are 

shown and discussed in this section of the report. These results 

are reported for the split scatter shield in reference to the unit 

shadow shield. The unit of comparison is defined to be the ratio 

of the flux reaching the detector through a scatter shield to that 

reaching the detector through a unit shield ( 0ss/$(is ). 

Séparation-distance State 

The parameter studies to determine the optimum separation dis¬ 

tance between shield sections and the minimum value of fas/fos are 

reported for the two, three, and four-section shields. 

Two-section Scatter Shield. The results of the parameter 

studies on the two-section shield are shown in Fig. 8 for the point 

source and in Fig. 9 for the circular source. Both Fig. 8 and 

Fig. 9 represent the results for the symmetrically-arranged shield 

where d1 = d2* For the figures used in this section, the values of 

a shown are in relation to the total source-to-detector distance of 

30. The results from both of these cases are nearly identical, with 

a ™^nnim value of 0h/0us of 0.221 and an optimum separation dis¬ 

tance of approximately Zft of the total source-to-detector distance 

for both. The detector flux from the split shield drops rapidly 

at first as the separation distance is increased, but then levels 

36 
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a 

Fig. 8 

Ratio of Split-shield Flux to Unit-shield Flux 

for a Two-section Shield (Point Source) 
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Fig. 9 

Ratio of Split-shield Flux to Onit-shield Flux 

for a Two-section Shield (Circular Source) 
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off over a vide range. Thus, the optiaiun value of the separation 

distance is not sharply defined. 

The results of the study tor the asymmetrical arrangement of 

shield sections is shown by Table II. This study was conducted 

only for the problem using a point source. The results of this 

study indicate that no further reduction in the flux attenuation 

through the two-section shield is achieved by any asymmetrical 

arrangement of the sections. 

Three-section Scatter Shield. The results of the separation- 

distance parameter studies for the three-section split shield are 

shown by Fig. 10 for the point source and by Fig. 11 for the 

circular source. These results are for the symmetrically-arranged 

shield sections where d^ = dg and^=#2 (see Fig. 3). The mlMimim 

value of for the shield with a point source is 0.213. and 

for the shield with a circular source, it is 0.220. Both of these 

minimums occur at the shield-section separation value (¿t) which is 

20# of the total source-to-detector distance, but as before, no 

clearly-defined optimum exists. 

As described previously, the minimum flux from the three- 

section shield with a circular source depends slightly upon the 

shielding material used (see Table I). The values plotted in 

Fig. 11 represent the limiting case of an infinitely thin shield, 

but if a light-weight material such as Be is used, the minimum 
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Table II 

Flux Reduction Ratio for the Two-section Scatter Shield for 

Asymaetrleal Shield-section Arrangements 

Shiald-arcttoa ftaltloM 
d\ CL d2 

16 2 12 0.335 
4 10 0.249 
6 8 0.238 
7 7 0.241 
8 6 0.250 

11 4 15 0.244 
6 13 0.226 
8 11 0.221 
9 10 0.221 

10 9 0.224 

15 2 
4 
6 
8 

10 

14 2 
4 
6 
7 
8 

13 4 
6 
7 
8 
9 

3 0.330 10 
11 0.244 
9 O.232 
7 O.237 
5 0.265 

9 
14 O.328 
12 0.241 
10 0.228 

9 0.229 
8 0.229 

8, 

13 0.241 
11 0.226 
10 0.224 
9 0.224 
8 0.228 

4 16 0.248 
6 14 0.228 
8 12 0.221 

10 10 0.223 

6 15 O.237 
8 13 0.224 
9 12 O.223 

10 11 0.224 
12 9 0.228 

6 I5.5 O.234 
8 I3.5 0.226 
9 12.5 0.224 

10 II.5 0.224 
11 IO.5 0.226 
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Fig. 10 

Ratio of Split-shield Flux to Unit-shield Flux 

for a Three-section Shield (Point Source) 
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Ratio of Split-shiold Flux to Onit-shiold Flux 

for a Throe-section Shield (Circular Source) 
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value of Çbts/fius Is Increased only slightly to 0.224. 

The results of the separation-distance parameter study are 

shown in Table III for the three-section shield with a point source. 

Once again, no reduction in 0ss/0u<, is indicated by using any 

asymmetrical shield arrangement. Although this study ms performed 

for all possible values of dj, dp and <2-2, Table III lists 

only those arrangements which give significant flux attenuations. 

Four-section Scatter Shield. The results of the separation- 

distance parameter study are shown by Tig. 12. These results are 

for a symmetrical shield using point source calculations. Once 

again, the separation distance is slowly varying, with the minimum 

value of 0»/^ being 0.216 at a separation distance of 17$ of 

the total source-to detector distance. 

Other Parameter rfhaneas 

The effects upon the previous results due to changes in 

other parameters of the assumed problem are reported in the follow¬ 

ing paragraphs. 

The effect of decreasing the total source-to-detector separa¬ 

tion distance is a corresponding decrease in the effectiveness of 

the split shield. This is true because of the reduction in the 

spacing between shield sections which increases the probability 

of a photon scattering from one section to the next. When the 

ratio of the radius of the shield to the total distance was 
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Table HI 

Flux Reduction Ratio for the Three-section Scatter Shield for 

Asymmetrical Shield-section Arrangements 

5hiaid-section Positions Shield-section PosiUons 

di ¿1^2 *2 d1 a1 d2 

11 9 3 
4 

8 4 

5 
7 4 

5 
6 4 

5 
5 4 

5 
4 5 

6 

10 8 4 

5 
7 5 

6 
6 5 

6 
5 6 

? 
4 6 

7 

9 5 
6 

8 4 

5 

7 0.240 
6 O.234 
7 O.225 
6 O.226 
8 0.220 
7 0.218 
9 0.217 
8 O.215 

10 0.217 
9 0.214 

10 0.216 
9 O.215 

8 0.220 
7 0.219 
8 O.215 
7 O.215 
9 O.213 
8 O.2I3 
9 O.213 
8 Ö.213 

10 0.215 
9 O.215 

7 0.218 
6 0.219 
9 O.215 
8 0.214 

7 5 
6 

6 5 
6 
7 

7 

8 9 5 
8 5 

6 
7 5 

6 
7 

6 6 
7 

5 6 
7 

7 10 5 
9 5 

6 
8 5 

6 
7 6 

7 
6 6 

9 O.213 
8 O.213 

10 0.213 
9 O.213 
8 O.213 

11 0.214 
10 0.214 

9 0.214 

8 0.217 
9 0.214 
8 0.214 

10 0.214 
9 O.213 
8 O.215 

10 0.213 
9 O.213 

11 O.215 
10 0.215 

8 0.220 
9 O.2I7 
8 O.217 

10 0.215 
9 O.215 

10 0.214 
9 0.214 

11 0.216 

9 
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Fig. 12 

Ratio of Split-shield Flux to Unit-shield Flux 

for a Four-section Shield (Point Source) 
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changed fron 1/30 to 1/15 for the twj-aection shield, the value of 

0s*/0us Increased fron 0.221 to 0.732. When the value of R/x 

was changed fron 1 /30 to 1 /20 for the three-section shield, 0ss/0us 

increased from 0.213 to 0.271. 

The results of using unequal section thicknesses was examined 

for the three-section shield. The results as shown in Table IV in¬ 

dicate the maximum effectiveness of the shield occurs when the 

sections are equally thick. 

Table IV 

Effect of Varying Shield-section Thicknesses 

Shield-section Thickness _ 
1st Section 2nd Section 3rd Section 

Minimum Value of 

’Viz5« 

3 2 ' 

2 3 1 

3 1 2 

2 2 2 

2 1 3 

1 3 2 

1 2 3 

0.233 

0.230 

0.228 

O.213 

0.228 

O.23O 

O.233 
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The effects of using different assumptions for the build-up 

factor (B) of the unit shield are shown in Table V. These re¬ 

sults, computed for the two-section split shield, show that the 

effectiveness of a split shield is strongly dependent upon the 

build-up of radiation within a unit shield. Since the split shield 

gains its advantage by eliminating as much of the scattered radiation 

as possible, the theoretically perfect shield would have a value of 

equal to l/B. Consequently, Table V also shows the re¬ 

sults in terms of the percentage of l/B actually obtained in each 

case. 

Table V 

Effect of Build-up Factor (B) on Split-shield Results 

Minimum Value Max. Possible Reduction Percentage of l/B 
B of 0SS/01LS in Flux (1/B) Actually Obtained 

3(0.5/^) 0.415 0*333 80.40 

6(1.0/^) 0.221 0.16? 75*# 

9(1.5^¾) 0-^6 0.111 71*20 

The effect of increasing the total shield thickness was 

evaluated for the two, three, and four-section shields. The re- 
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suits ox' these changes are shown In Table VI 

46 

Table VI 

Effect of Total Shield-thickness Increase 

Total Shield Minimum Value of . 
Thickness (/¿t*©) Two-sections Three-sections Four-sections 

6 

8 

12 

0.221 

0.215 

0.446 

0.213 

0.183 

0.190 

0.216 

0.181 

0.160 

toatótoa Mi&sataaig 
The effects upon the previous results due to more realistic 

assumptions are given here. The first two assumptions represent 

cases where actual computations were performed while the final two 

are discussed qualitatively. 

Finite Shield MgJgifig?* The previous assumption of a small 

shield thickness was changed by assuming that the total shield 

occupied 20$ of the total source-to-jietector separation distance. 

The value of Pus for the two-section split shield using this 

new assumption is 0.2’50. This is an increase over the previous 

value of 0.221, but it does not indicate any great error in using 
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the previous assumption. 

sntropic Scattering. The assumption of Isotropic scattering 

within the shield sections was changed by assuming an angular 

distribution of scattering (see page 35). When this rough 

approximation for the scattering distribution is used, the minimum 

value of 0SS/0US for the two-section shield increases to 0.435 and 

the optimum separation distance changes to approximately 20$ of x. 

These results indicate that anisotropic scattering causes a large 

reduction in the relative value of the split scatter shield. 

Throughout this report, it has been assumed that there is no 

energy degradation of the photons during scattering collisions. 

This, of course, is not true; and since the angular distribution 

of the scattered photons becomes more isotropic with lower energies, 

the later scatterings in a shield are more nearly isotropic 

(Ref 5:149). Also, if light-weight elements such as beryllium 

or hydrogen are used in the shield, the energy losses per collision 

are greater and the subsequent scatterings are again more isotropic. 

Thus, if the energy losses during scattering are considered, the 

previous assumption of isotropic scattering becomes better and the 

reduction in effectiveness of the split shield is not as large as 

indicated previously. 

The scatter shield offers an additional advantage over a unit 

shield that has not been discussed previously. Because the scatter 
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shield attenuates radiation primarily by scattering rather than by 

absorption, the heat generation problem in the shield will be 

greatly reduced. This is due not only to the smaller absorption of 

radiation, but, also, because the scatter shield offers a greater 

surface area for cooling than does the unit shield. 

The results, as shown in this section, represent the values ob¬ 

tained using the method of analysis as described. This, of course, 

is not the only method possible and it is probable that with some 

modifications, the results would be changed somewhat. For example, 

it should be pointed out that placing the unit shield closer to the 

source, as is the case in most vehicles, would increase the ad¬ 

vantage of the scatter shield. Also, if more scattering terms are 

included in the equations used for the parameter studies, the ad¬ 

vantage of the scatter shield would probably be decreased slightly 

because of the different distance attenuation factors. However, 

even though the results shown here are not exact in nature, it is 

believed that they are representative of the values that can be ex¬ 

pected in actual applications. 
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VI. Conclusions 

The results of the studies on the various split shield con¬ 

figurations lead to the following conclusions, 

(1 ) The split scatter shield offers a significant advantage 

in radiation attenuation over a unit shield of the same weight and 

material. 

(2) The advantage of the split shield is dependent upon the 

required attenuation by the shielding system. As the required 

attenuation increases, the split shield offers greater advantages 

over the unit shield. 

(3) The advantage c? using the split scatter shield is 

strongly dependent upon the build-up of scattered radiation within 

the unit shield. Thus, when the build-up factor is small, the 

relative advantage of the split shield is not as great as when the 

build-up is large. 

(4) The optimum number of sections in a split shield depends 

upon the required attenuation. For shields where only small 

attenuations are needed, a two-section split shield gives the maxi¬ 

mum flux reduction, but for higher attenuations, the shield must 

be split into more sections for the maximum reduction. 

(5) The optimum separation distance between any two shield 

sections varies with the total number of sections in the shield. 
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This distance is not sharply defined and no exact positioning of 

the shield sections is necessary. 

(6) The split-shield sections give the maximum flux re¬ 

duction iHhen they are positioned symmetrically about the mid-point 

between the source and the detector as long as the photon scatterings 

are isotropic. 

(7) The maximum advantage of the split shield depends upon 

the dimensions of the vehicle for which it is designed. When the 

distance between the source of radiation and the area to be pro¬ 

tected is large in comparison to the lateral excent of the shield, 

the split shield gives a greater advantage over the unit shield than 

when this distance is small. 

(8) The split sn„ .d effectiveness is strongly dependent 

upon the angular distribution of scattering within the shield. 

Since the shield dimensions used in this report vary in only 

one direction, the thickness of the shield is proportional to the 

weight. Thus, the greater reduction in the flux through a scatter 

shield can be used in either of two ways. When weight is of 

primary importance, the scatter shield can be used to give a 

weight reduction while maintaining the same detector flux. On 

the other hand, for the same weight of shield, the scatter shield 

can be used to decrease the length of the vehicle. 

The preceding conclusions show that definite weight savings 
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for a space vehicle are possible through the use of split scatter 

shields. In order to further analyze this problem, it is reconmend- 

ed that studies be conducted with the aid of computing machines so 

that the angular distribution and energy degradation of the scat¬ 

tered radiation can be included. Future work in this area should 

include an investigation of the properties of various shielding 

materials so that the best material can be selected. Shaping of 

the shield sections should be analyzed to see if there is any 

possibility of increasing the advantage of the split shield through 

this means. 

It is hoped that in the near future the problem of the split 

shield can be applied to an actual situation. If the results of 

that study continue to show as strong an advantage for the split 

shield as reported here, experimental facilities should be used to 

check the accuracy of the theoretical calculations. 
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