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Be methods of applying resul ts  of' bulk shielding measurements 

t o  the design of reactor shields is outlined. 

for the more cormon shapes are derived, 8s are approxianate mans of 

calculating leakage of radiation, 

Geoznetrie& transformations 

As an illwtratfan of the methods, the ORKL Lid Tank rund Bulk 

Shieldfng Facil i ty data are trmsicmied t o  a standard geometry and empwed. 

Two direct calculations of water attenuation, using cross sections described 

i n  the previous article, are f ina l ly  cmpmed with the experimental data. 

t .  
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TBE SHIEIBWG OiF MOBaE REACTORS - I1 
E. P. Blizard and T, A. Welton* 

Vp t o  the present tLm f t  has been W s s i b l e  t o  design a reactor shield 

solely 09 the basfa of measured cross sections. !he large attenuations which 

are requfred n a b  the Bntltfply-scattered radiation dominant, so that a direct 

calculation not only becomRs excessively complic8ted, but  also is dependent 

upon a mch mre compleke knuwledge of different ia l  cross sections than is 

presently av&l&le. 

As a consequence, shield design is based entirely on large-scale attenua- 

In the t ion experbmts,  the data fromwhfch can be used in either of two ways. 

so-called "comparison nethod" the gemetry of the experiment fs transformed t o  

tha t  of the reactor t o  be shfelded, and source strengths and dose rates are ap- 

propriately adjustedc 

possible, using parer and dose ra tes  as the observables axid relyfng on hwledge  

of the attenuation processes only t o  a very limited extent. 

1 .  

The: phenanological approach is U e r e d  t o  a8 much 86 

Ln the dfreet calculation method, on the other hand, the shieldfng e m r -  

%rents are used t o  determine "effective removal CPQSS seCtionsl'l f o r  the elements 

of the shield, and f'rm these the attenuation is determined by simple calcula- 

tion. AB w a s  pointed out fn the previous article, the effective removal cross 
-~ - * note: Heither author is senior t o  the other. 
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sections are by definition those which rdse simple exponential attenuation applyo 

This method has been limited for neutrons t o  shields which are mostly water with 

a smnall volurrae percentage of iron or lead. 

not been measured separately, the whole cross section of hydrogen is used, and 

Since the constituents of water have 

the effect  of the oxygen is inferred frcrm the experiments. 

Oi the two, certainly the comparison method is =re rel isble  and more 

generally awlicable.  For shields which are grimarily water, hawever, the direct  

approach is  often convenient for the calculation of neutron attenuation. 

Garmaa attenuation in the asence of neutrons has been w e l l  treated i n  

other papers and need not be repeated here. 2-5 Only very l i t t l e  theoretical 

work has been done, hmever, on gama intensity at the outside of a reactor shield 

in which the neutrons constitute a sizeable secondary source, Since thfs case is 

a very importrant one i n  many nobile shields, it is fortunate that the e v i s o n  1 .  

method applies, although it mailst be ascertainedwhether the gams rays which energe 

from the shield 8;re produced within the shield or the reactive core. 

'Ete present ar t fc le  w i l l  first describe the Lid Tank Shielding Facility, 

gfvi? the more common geontetrical transformations, including a method for cosnpa~f- 

son of source strengths, and then demomtrate the camparison method of shield da- 

si@ by computing the water shfelding for the Bulk Shielding Reactor (BSR), 

neutron attenuation in  water w i l l  be calculated usbg the hydrogen cross section 

B e d  

derived in  the previous a r t i c l e  and adjusting the oxygen cross section t o  f i t  the 

.- 
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Lid Tank data. From t h i s  analysis another predictfon w i l l  be made of' the fast- 

neutron dose fn the water surrounding the BSR. 

ing ageing w e l l  estfmrs=te the thermal. flux. 

An additional calculation fnelud- 

These calculations w i l l  then be em- 

pared w i t h  the measwpeaents as taken at Oak Ridge. 

The O@c Ridge graphite reactor was originally designed so that the central 

core of graphite could be remmd en masse through a "core removal hole" i n  the 

shield of the west, or discharge, face of the pile. A special well-reinforced 

balconywas bu i l t  to  hold the core plus a lead shield. Although neither the  

hole nor the balcony w a s  ever use@ as orfgfially intended, both served excellently 

8s the basis for  a shield-testing faci l i ty .  Over the shield hole, which 9s 28 by 

32 in. at the outside, is placed a closely packed flat  array of natural uranium 

cylinders which is irradiated by thermal neutrons from the pile. 

* -  

Some Qf the 

fast neutrons am3 gamsneb rays that resul t  then enter a large water tank which is  

mounted over the "source plate," be- attenuated by the water or w h a t e v e r  shield 

is placed in the tank, 

Figure 1 is a photograph taken f r o m  above the Lid Tank show- some of the 

appwatus for r&stSon detection. 

w i t h  respect t o  the  tank, and Figure 3 shows: the structure of the source plate, 

Figure 2 shows the location of the source 

The source plate is made effectively a 28-in, diameter disc by a fixed 
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iris of B4C painted on thin aluminura which shields the uranium fromthermal 

neutrons except within t h i s  circle.  A shutter, also of B4C on aldrin, can 

be moved acrosfi the core hole mouth at the outside t o  cut off the beam of thermal 

neutrons, thus permitting background measurements. An isolation curtain of B4C 

on aluminum is permanently installed between source plate and water tank t o  in- 

sure that back-scattering of neutrons from the tank or its contents w i l l  not 

al ter the fission rate unexpectedly, 

The source power was measured by observing the temperature of the uranium 

as a function of time after opening or closing the shutter. 

tained was 6 watts for  the to t a l  effective area of 3970 cm’. 

The value so ob- 

Type of Detector . 
For collimated radiation in  free space the directional dependence of 

the detector need not be knuwn, provided of course that its sensit ivity for  the 

prime direction is given. When, however, radiation arises from many directions, 

t h i s  ambiguity is no longer tolerable. Accordingly the two types of most use 

w e  now defined. It should be pointed out that the detectors t o  be described 

are not those w h i c h  might be used In an experherit, but rather hypothetical pure 

types for  which calculations can be made. 

human body, resemble both types t o  some extent, but usually one more than the 

other. 

Most actual detectors, including the 

.. 

.- 
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Directional Detector. TMs detector can be characterized by a small flat  

black body which records the t o t a l  nlnnber or intensity of arrivals on its surface 

and is, unless othemise speciffed, assumed t o  be perpendicular t o  the preferred 

direction of propagation. Thus the rehjponse is proportimal t o  the cosine of the 

angle between actual arr ival  and the preferred directiono It is this  type of 

detector which is t o  be used fn calculsting the to t a l  leakage from a surface, or 

the t o t a l  arrivals at a surface, either of which could be used t o  specify a second 

source, say due t o  neutron captures. It is approached experimentally by a f o i l  so 

thick that essentially a l l  incident neutrons record. The reading on th i s  detector 

will in general be indicated by 3, farplying a radiation current. 

Isotropic Detector. The isotropic detector is characterized by a small 

black,sphere, which of course presents the same target s ize  t o  all directions. 

This detector is sometimes referred t o  as a "millfgoat" since 8 enrallmeatball 

would presumably serve as a useful detector if the dosage i n  it could be recorded, 

It is obvious that t h i s  detector w i l l  always record an intensity of radiation at 

least as high as that recorded on the directional detector, and henee the ntfllf- 

goat reading gives the lasxirnum rate of radiation reception by, for example, the 

human body. It should be used, therefore, whenever the radiation is not der- 

ini te ly  collimated. It cern always be used for  an upper l-t, which gives of 

course a conservative shield design. Tbe response of t h i s  detector w i l l  fi gen- 

eral be indicated by D, implying a dose rate, The area by whfeh the ra te  of 

*. 

I. 
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arrivals must be divided to obtain flux is that of a great circle of the sphere 

(radius = I/ dT ). 

General Transfomtfons for &specified Attenuatfon Functions 

In shielding theories, attenuation is usually expressed in tern of 

either a point source or an infinite glane collimated source in an fnfinfte 

medium. Most shielding measurements have been made wfth a uniform disc source 

in a "semi-infinite" medium. 

cubes, cylinders, or spheres. 

certain geometrical manipulations are used which will presently be demonstrated. 

Most reactors, on the other hand, approximate 

In order to convert from one shape to another 

The Point-to-Point Attenuation Kernel. For the purpose of calculating 

the intensity in other geometries, a function G(R) is used, which is defined as 

the response of a detector at a distance R fn the shield from a unft source. 

G(R) is of course characteristic of the source, the detector, and the medium. 

'phus the source might be a gamm emitter, the medium water, and the detector an 

ionization chroliber. The source must be isotropic, the detector non-directional, 

and the medium must attenuate the same for all distances R regsrdleas of posi- 

tion or direction. Thus, for a point source of strength S a distance R from an 

isotropic detector, 

D~ (R) = s G(R). 
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Of course the conditions imposed on G(R) are never exactly satisfied in  ewer- 

iaent or installation, but usually, on the other hand, it is a good approxima- 

tion t o  use the results derived w i t h  the aid of the ideal functions. 

the conditions which d e  G(R) not a unique function of R are t R e  follovsfng: 

. -  

Sane of 

a. The sdnrce itself is not infinitely smaU or thin and consequently 

absorbs some of i t s  m radiation, leaving the remssinder not isotropic. This 

absorption is not always comparable t o  that of the shield material displaced. 

b. The "medium" seldom is  present on both sides of a plane aource, as 

is required in  the sssrmrption. 

c. Not only does the medium terminate before inf ini te  -- it usually 

cuts off Just at  the measuring point so that the effect may i n  some cases be 

appreclable 

d. Many shields are laminated so that the properties of the med ium 

are not isotropic, that is, they do not attenuate at the same rate for  a l l  direc- 

tions. This can be especially true for gamm rays. 

e. Reactors Eire of c o n s i d e b l e  size, hence are often treated as if the 

surface were a thin isotrogic source and the volume is counted as shielding med- 

ium. Both assunptions are obviously incorrect, but the inaccuracies they intro- 

duce are usually not excessive. Treatment of reactor material as if  it were 
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shielding is not a bad approximation, since after all the gurpose of most of 

the rnaterial is t o  "contain" the neutrons, %.e., t o  attenuate the fast neu- 

trons 

Plane Isotropic Source i n  Infinite Medium. In th i s  case the source is 

assumed inf ini te ly  thin, all in one plane, or of uniform strength d particles 

emitted &totropically per unit area of source per unit  time, and inibedded i n  

an infinite uniform mediurn. 

tance z may f r o o m  the infinite source, D,,, (e,oo), is  now calculated: 

The response of the isotropic detector at a dis-  

Figi 
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z R2 = pL+ z 

2 R d R = 2 p  dp 

The relation between point and plane source geometries is obtained by differ- 

entiating %. (2), 

In case the plane source is confined to a disc of radius "a" and the 

detector is on the asis of the source, 

-@Ti? 
= 2nd G(R) R a ~ .  

z s 
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Since mnch of the experimental work on shielding has been carried out . -  
with a disc source, it is fmgortant to investigate a method of obtaining more 

fundamental information from the observed data. 

find the point-to-point kernel i r a m  data taken at points on the axis of a disc 

Bource. For this purpose, Eq.(4) is differentiated with respect to 2. 

That is, it is desirable to 

it is found, asfag the recuraion formvla (5),  that 

.- 
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The last equst,an defines a method of determining the kernel from the 
I d  

data using straightforward operations. It is only applicable for "a't large 

compared to the attenuation length of the radiation, but for those cases in 

which this condition is not met the disc w i l l  be a good approximation to a 

point source and the data will indicate G(R) directly. 

Plane to Sphere Transformation. It is often of interest to calculate 

the intensity to be expected i"rm a source spread uniforraly over the surface 

of a sphere. The usual isotrapic medium is assumed, and this must extend in- 

side as well as outside the sphere. The geometry is shown in Fig. 5. 
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For this  case 

! 

Ds(ro,r) = 2ndr' G(R) sine de, 

e =o 

2R dR = 2rro sine de, 

ro+r 
n 

D (r r )  = 2 n d -  =j G(R) R a~ 
s 0, rO 

ro-r 

ro+r [ $ -r 
0 

ff &>>I,, the relaxation length, 

negligible compared t o  the first, 

colpes useful: 

W 

'> 

i 
r, 00) - D (r + r ,  ao) . (7) Pl 0 

then the second term i n  the bracket w i l l  be 

and the following approximate expression be- 
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Plane t o  Cylinder Transformation. There is no slmple general transforma- . .  
I t ion for this case, but it can be shown for most specific attenuation kernels 

that the relation between cylindrical and plane geometry for  large attenuations 

(thick shields) should be approximately 
I 

where 

Dc(ro,r) is the dose t o  be expected f’rosn an inf ini te ly  long cylin- 

dr ical  source of surface strength d Wedded in ehielding material, 

ro is the distance from the axis t o  the measuring point, 

r is the cylinder radius, 

Dpa(ro - r, w ) i s  the dose t o  be ergected at a &%stance ro - r frm 

an infinite ’plane source of surface strength d 9  imbedded i n  the same shield- 

ing material. 

This relation ( 9 )  is not unreaeonable, i n  that the cylinder is intemediate - 
between plane asd sphere, and the factor of proportionality, vr/ro , is  inter- 

nediate between unity and that for  plane t o  sphere, Eq. (8). 
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Although it is possible to extend the treatment of transformations some - 
what further without specify- the form of the attenuation kernel, neverthe- 

less it is usually much easier to choose some simple form which will fit at 

least over a limited range and to use this in the transformations. The next 

section demonstrates this method. 

Geometry for Partially Specified Attenuation Functions 

In this section advantage wili'be'taken of the'fact that the attenuation 

in shields is large, so that contributions framthe nearest sources are dominant 

and crude approximations are adequate to indicate the additional contributions 

of more distant sources. &is process is commonly used in shielding with con- 

siderable success. 
~ 

i Consider an isotrogic source spread uniformly over a curving surface so 

that the strength of the source on an element of area dS is Just d d S .  Let the 

nearest source point be located at the origin, the surface being tangent to the 

xy glane at the origin and then curving away so that the distance between the 

surface and the xy plane is given approximately by 

9%- "a" and %" are the normal curvatures of the surface, and w e  of %.(lo) 

is a direct consequence of the assumption regarding distant sources, since it 
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surely w i l l  not f i t  w e l l  except i n  the region 

The detector i s  at z, snd the distance 
- -  

surface dS is R. 

Fig. 6 

The r e d i n g  on a milligoat detector i s  then 

D(z) = d G(R) dS, s 
Surface 

new the origin. 

from t h i s  t o  the element of 
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G(R) is now approximated by an unspecified (and therefore presWly exact) 

function f o r  the kernel for the distance z ,  times an exponential for the 

extra distance (R - 2). 

. -  

- (R-z)/h 
G(R) 2 G ( Z )  e 

X is 8 relaxation length, presurnably one which makes EQ. (13) correct. Actually, 

since X will be slowly varying, it can be taken from almost any convenient data 

for the proper material and source with attenuation over a distance of about z .  

For extlmple, X could be taken directly from Lid Tank data. 

An approximate form is now required for R in order to make Eq. (11) 

integrable 

R = ?/(zl + z)’+ x2 + yz 

On expanding and ignoring terms of the order of zf, in comparison with 

2 a n d  y‘, it is found that 

If Eq. (15) is accepted as adequate, 
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-00 -00 

A ctmibersome but not d i f f icu l t  integration yields 

1 

The last two quantities i n  the braces axe i n  general much smaller than the first 

f o r  a and b large compared t o  A, 

' .  j 

- _  

for a, b >> h 

For a sphere a = b = P, 

z = r 0 - r  

r 
DS(ro,r) = 2xdG(z) la ~ 

r0 
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If at this point it is recognfzed that . -  

then it is possible at once to confirm that Eqs. (19) and (3) agree. 

For a cylinder, a = cx) , b = r, and z = ro - r. By similar manipulation 

it is seen that Eq. (18) then confirms Eq. (9). 

Camrrarison of Source Strennths 
~~ ~ 

In order t o  caazpsre the source which is used in a shielding experiment 

with that of an actual reactor, it is necessary to make s w  sort of estimate 

of the self-absorption, in the two cases, Fortunately mst of the radiation 

which leaks does so from the region near its periphery, so that it is quite 

adequate'to calculate leakages using simple exponential attenuation. The core 

releucation length can be either the mean free path or some better estimte b d  

on cmarison of cross sections anit measured relaxation lengths, 

effective remmml cross sections, (I), described the latter. For the present a 

The section on 

core relaxation length, kJ w i l l  be ased for the attenuation in the reactive 

volwrm ;dthout specifying its origin, 

$. 

It will be shown that to adequate accuracy the volume-distributed source 

can be replaced by a surface-distributed sonrce which will give the s8me attenuated 

dose at the shield exterior, The relationship between the voltme and surface 
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source strengths w i l l  also be derived for two c-on power distributions. . -  
Consider a mall volume, dv, oi the reactor, the rate of power 

dissipation therein being p(x,y,z)dv, The total  of contributions of elements 

such 88 th is  to the dose at scme observation point outside the shield is  re- 

\ 
\ 

\ \  

I 

Fig. 7 
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According t o  the assumption of simple exponential. attenuation in  the 

core, the dose read a t  P w i l l  be 

where the function g(R) is defined in  terms of the polnt-to-point kernel, G(R), 

G(R) = go$ 
4&* 

and the normalization of G is so chosen as t o  give the dosage rate at distance 

R from a point soume of un5.f; power, 

It is also seen fromthe figure tha t  
2, 

dv = dsc COS 8 drv(F) 
where  8 is the angle of ro ~ t h  %he normal to the surface and dsc is the elenent 

of core surface, A siqil if icatfon, that of replacing cos 8 by unity, is justified 

/ 
on the basis that for regions of lmge 6 the distance ro is so increased that the 

contribution t o  the dose wfT’1 be smallb 

The foregoing s ~ l i f i e a t i c m s  result i n  the following: 
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. -  The upper l imit  for  rv is taken as inf ini ty  f o r  sinrplicity. 

is  larger than 2Xc, then this will introduce an error no greater than about lO$. 

This condition is arsuallywell fulfilled. 

connection with the "fast effect" is applicable. 

ff the core diamzter 

E it is not, then a method derived in  

7-9 

In reactors which are used for power production it is usually desirable 

t o  keep the heat release density, p, constant over the volume, For t h i s  case the 

second integral is easily evaluated. For 

D = const, &PO G(ro) ds, . 
J 

SC 

In  other words, for  cons t a t  power density in  the core the equivalent surface source 

strength is simply -0 watts/cm2, and 

It might be noted a t  this point that Eq. (26) is at variance with the familiar 

result for leakage fram the surface of a radioactive self-absorbing semi-infinite 

volume source, t o  w%t N,X/4 (particles per unit source area per unit time) where Eo 

is the act ivi ty  per unit volume. 

discussion a milligoat detector is used, which would read MoX/2, which is not the 

leakage a t  all. 

in  Eq. (23). 

matched t o  the actual cosine source i n  the normal direction, 

negligible error for thick shielxls. 

%e difference lies i n  two places. In the present 

!be second difference arose from the neglect of the cosine factor 

This means that Eq. (26) describes a s m c e  which is isotropic but 

This makes only 
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For the case in which the parer can be represented as a constant plus a 

cosine function the equalvalence is again easily derived if the core diameter is 

large campared to A,: 

J rv a - ro) =p,+p sin 
1 

where a is the core half-width. 

Equation (27) can be approxbated near the core surface, using the argument 
I 

to replace the slne,by the following expression: 

For this caset Eq. (24) becomes 

B e  source strengths represented by Eqs. (26) and (30) are appropriate for 

use w i t h  the transformations in the previous section. 



Comparison of Lid Tank and BSF Water Data 

* ,  It is possible t o  determine the point-to-point attenuation kernel for water 

from either L i d  Tank or BSF data, using the methods which have just  been described. 

Alternately, it is possible t o  predict from the Lid Tank data what is t o  be expected 

in  the BSF. As an example of' the method the latter w i l l  be carried out. 

The first step fs t o  transform the Lid Tank data fo r  fast neutrons t o  the 

point-to-point kernel. 

z, but it W i l l  be seen that knowledge of G(z) requires observed values of dose for  

This can be done using Eq. (6) for the smaller values of 

distances greater than 2. 

t o  about 80 cm, another method fs required beyond t h i s  distance. 

Thus, while the method of Ep. (6) can be used for  z up 

The attenuation in  water is  great enough so that the expredsion need be 

accurate only for the nearest point of the source, an approximation being quite 
I 

I 
4 adequate for  the rest. 

Source, surface strength u-watts/cm2 
Fig. 8. - Lid Tank Geometry 



. -  
For the Lid Tank source, a circular disc, the dose is given by 

Apply ing  the approximation given in Eq. (13) for G(R), and expanding R, 

that is, 

- (R-Z )/X 
G(R) g G ( z )  e P 

21 = X(z), determined directly from the slope of D(z,a). 

J 

Equation (32) gives the relation between point-to-point kernel, G ( z ) ,  and 

observed dose, D(z,a), for the I&d Tank, and agrees within less than two percent 

w i t h  the more cmeial determinations by Eq. (6). 

To enable comparison with calculations, 4nz2 G(z) is plotted in Fig. 9, 

which represents the dose which would be observed with an infinite collrnted source 
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Fig. 9. Comparison of Neutron Dose Calculat ions w i th  Exper iment fo r  a Water Shield. 



9 -  * 
of unit  strength. 

the power (6 watts) by the source area (3970 cm2) and dividing th i s  quotient by 

the attenuation t o  be ascribed t o  the several layers of material which are 

permanently over the source. 

t o  be 1/0.6, i.e,, of the neutrons which would have-entered the water more or 

less  normally, only 0.6 of these actually do reach the water wing t o  collisions 

in the source support and t d  walls (Fig. 3 ) .  

multiplied by 1.1 x 10-3. 

The source strength used in  Eq. ( 3 2 )  was obtained by dividing 

This latter division has been calculated many times 

Thus the original data lo was 

The BSF data does not lend i tself  60 easily t o  reduction to et simple form, 

The s h a p  of the reactor, i ts composition, and its power distribution must a l l  be 

considered. !Be general method, however, is the sa,uxe as that  used for  the Lid 

TanlLr. 

The parer 

simple f i t  t o  the 

d is t r ibu tbn  has been measured by mans of gold foils," and a 

p m r  distribution on the north face of the pi le  was found. In the 

-2 direction, that is, into this face, the power level was taken as constant. 

* Actually the t r ans fomat i a  from point source readin t o  plane collimated source, 
here assumed t o  consist merely of' msXrtiplYing by k z  s , is not rigorous, but is 
assumed adequate i n  a highly attenuating medium such as water, in which very 
l i t t l e  contributing radiation has sufYered large angle scattering, 
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The measurements seem t o  indicate this t o  be the case for  the first 8 cm, 

the x and y directions simple parabolae were f i t t ed  t o  the power distribution. 

Power density i n  the core w a s  corrected by a factor of 200/165 t o  take account of 

the f ac t  that &kern and Johnson used 165 MeV/iission, whereas 200 is probably better 

for the reactor, which self-absorbs most of the gannnas and betas, 

strength was taken t o  be product of power density and a relaxation length for  the 

corer The latter was obtained from estimates of the removal cross section for 

the =tal of the reactor, and the water of the core was credited w i t h  an attenuation 

length which was observed, tuc3 a funetion of z, i n  the Lid Tanlr. 

Thus 

In 
. -  

The surface 

The dose i n  the water around the BSE" reactor, at  a distance z frm the 

center of the north face, is 

power at the center of the north face, is equal t o  1-88 x low5 

8 )  b axe the half' lengths of the north face, 
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After making the usual approxinations, it is found that 

-a --b 

This expression has been evaluated using the G(z) obtained from the analysis 

of the Lid Tank data. 

higher by a factor vaxying from about 1.6 at  110 cm t o  2.4 a t  40 an. 

surprising tha t  the discrepaxicy i s  greater at 40 cm, since the approximations are 

less accurate a t  smaller Z. The average discrepancy, however, must be attr ibuted 

i n  large measure t o  inaccuracies of intercalibration of source strengths. 

detectors are probably i n  good agreement. 

easy t o  define since i ts  strength varies over i t s  surface because of‘ two structure 

effects,  one attributable t o  the cylinders which make up the source, the other t o  

the long holes i n  the grayhite reactor l a t t i c e  which cause rather strong beams 

of’ fieutrons t o  emerge. 

Comparison w i t h  the actual BSF datal2 shows the latter t o  be 

It is  not 

The 

The effective L i d  Tank source is not 

- _  These w e  not ent i re ly  smoothed out by the time the source 



- .  
plate is reached. 

Residual discrepancies of the size here encountered are commonly found 

i n  shielding calculations. 

and theoretical work necessrssy to resolve such discrepancies, even i n  a simple geametry, 

is entirely dis-proportionate t o  any possible resulting practical gain. 

It seems t o  be the case that  the amount of experimental. 



METHOD OF DIEiECT C A L C U U T I O N  
. -  

Although t h e  rethod of d i r e c t  cornprison i s  very convenienb and r e l i a b l e  

when the  appropriste experirient i s  available,  a second method of sh ie ld  computation 

i s  -useful f o r  quick est’imtes when no comparison experiment has been done. The 

method t o  be described can i n  some ways be regarded as a theore t ica l  predict ion 

of sh i e ld  at tenuat ion,  It xi11 be c lear ,  holJever, t h a t  the present lack of de ta i led  

cross-section Information enforces sucn strong dependence of theory on at tenuat ion 

measurements t h a t  this second rnethod o f  ca lcu la t ion  i s  t o  be regarded as another  

comparison method, a l b e i t  somewhat more f l ex ib l e  thw. the  f i r s t ,  

The p i c t o r i a l  bas i s  f o r  t h i s  second method has already been given i n  (I), 

and need here be only b r i e f l y  reviewed. 

introduced i n  (I) as being the cross-section f o r  a c o l l i s i o n  which renders a neutron 

Tine concept o f  removal cross-section was 

* - incapable of contr ibut ing t o  the neutron dosage outside the shield. A l l  shields  

t o  be discussed have t h e  property t h a t  t h e  hydrogen content i s  s u f f i c i e n t  t o  render 

an i n e l a s t i c  co l l i s ion  equivalent t o  absorption. A neutron co l l i s ion  with hydrcgen 

i s  nearly always equivalent t o  absorption, and the small f r ac t ion  of inef fec t ive  

hydrogen co l l i s ions  k r i l l  be taken in to  account by a slowly varying build-up factor .  

Isotropic  elastic sca t te r ing  on elements other than hydrogen is nearly equivalent 

t o  zbsorption, unless i t  occurs in an improbable location. Finally,  anisotropic  

e l a s t i c  ttshadawfI sca t te r ing  i s  only p a r t i a l l y  equivalent t o  absorption, t h e  

f rac t ion  depending on nextroc energy, sh i e ld  composition, and co l l i s ion  location 

i n  a complicated way, s o  t h a t  recourse t o  experiment is  here essent ia l .  

The simplest  neukmr: shield i s  a. mass  of  pure hydrogen, i n  &ich  the 

I -  at tenuat ion could be ca lcu lc ted  from f i r s t ,  principles.  Ucking t h i s  simplest case, 

it is  very convenient t o  use water as the prototype neutron shield.  As i s  c l e w  
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from an e a r l i e r  sect ion,  the nzeasurements in water a r e  easy t o  perform, so tha t  a 

large body of r e l i ab le  data exists, 

calculation, does not play a dominant ro le ,  s o  t h a t  a simplif ied treatment 5s 

The oxygen, which i s  t h e  chief  d i f f i c u l t y  i n  
* -  

possible. 

The following procedure w i l l  be used. F i r s t  the uncollided neutron f lux  

w i l l  be calculated,  foi a sbnple geometry and assuming zero cross-section 

f o r  oxygen, This calculat ion is an extension of the  one which l e d  t o  Eq. (17) 

of (I). A removal cross-section w i l l  then be introduced for the oxygen i n  order 

t o  make the uncollided f l u x  equal the observed f a s t  flux, Small correct ions w i l l  

then be made t o  t h i s  removal cross-section by introducing a build-up fac tor  fo r  

f a s t  f lux (neutron dose) and another fac tor  f o r  t h e m 1  flux. 

Calculation of uncollided Flux 

By means o f  the geometrical t r ans fo rmt ion  described i n  an e a r l i e r  sect ion,  

the l i d  tank neutron measurements fo r  water have been transformed t o  the collimated 

plane source form, and th i s  f a r m  wil l  here be used, Imagine an i n f i n i t e  plane 

f i s s i o n  source located i n  the x-y plane of a system of rectangular coordinates. 

The source s t rength  w i l l  be taken as one neutron per square centimeter per  second. 

The fissions are assumed t o  emit neutrons nornally in the d i r ec t ion  of t h e  

posi t ive z-axis. The macroscopic hydrogen cross-section f o r  water is (Eq. ( lb) ,  I): 

Several  convenient expressions f o r  ehe f i s s i o n  spectrum w e r e  given i n  ( I ) 9  but for  

present purposes s t i l l  ar.other form seems b e s t  t o  combine convenience ar;d accuracy. 

From Eq. (2)  of (I)> the f r ac t ion  of neutrons per 

' I  

errjtteci from a 7J235 f i ss fen  



-(E- G) N(E) = - 1 8 -(E- 6 E )  = '3.242 e - 
f 2  n e  

* -  

A v e r y  good f i t  t o  the  exponent of Eq. ( 3 7 )  5: 

(37) 

using Eqs. (35)  and (38), and proceeding a s  w a s  done f o r  Eq. (15) of (I), 

the uncollided f lux of neutrons a t  distar.ce 2, fron fke Source (nsgbc t ing  d.1 

cross-sections save tbt of  hydrogen) w i l l  be: 
. 

e S(E, Z) = 5.12 e 

Analogously t o  (I), the energy o f  t h e  maximum c f  %hi s  spectrum trill be: 

( 3 9 )  

I n  o rde r  t o  find the t o t a l  uncol l ided  flux, an integral must be done over 

The simplest procedure I s  t h e  so-called saddle-point method, which all energies. 

appro4ximates the  integrand by a Gaussian function around its maximum. For t h i s  

piirpose, w r i t e :  

= 32 - 



where B 

. -  

. 
f .  

The integral. can obviously be extended t o  - CP f ~ r  not t c o  sml l  values of Eo, 

and $,(z) t5en becomes: 
* 

-2 J-cl-.. WmfJ) 

(43) 

Th-Ps result is bas ic  f o r  the f u r t h e r  developments of *is section, 

For ease in obta in i r i  r e s u l t s  f o r  actual  shields,  it w i l l  be convenient 

Lo mice use of the fat% that fas t  neutron flux is  very n e E l y  proportional to  dose. 

The stan5ard source u n i t  will furshsr be taken as m e  ua t t /m*  of f i s s ion  oriergy, 



Usingt 

0 -  watt = 3 x 1010 fission/see.  

)f = 2Q5,  = nuiber of neutrons emitted per U235 f i s s ion  

-2 mrep neutron 
cm2-sec. hour 

= l,L4 x 90 

and defining D,(a) as the uncollided dose i n  mep from a collimated U235 f i s s i o n  

source of s t rength one watt/cm2, Eq. (43) then becoms: 
Ei iF  

This function i s  p lo t t ed  i n  Fig,  ( 9  \ 9  where i t  i s  compared w i t h  the 

function b f l z 2  G(z) previously derived from the l i d  tank dosimeter data,  

calculated function i s  t o o  high by  a fac tor  of about 1,6 a t  4.0 cm. 

s t ead i ly  becomes worse, u n t i l  a r a t i o  of 4.2 i s  reached a t  110 crn, 

discrepancy a r i s e s  from two p a r t i a l l y  compensating neglections i n  t h e  der ivat ion 

of Eq,, (b). 
neutrons which have made a hydrogen c o l l i s i o n  but have not  been stopped a t  the 

point  of observation. 

produced by neutrons which have been def lected %y an oxygen co l l i s ion  and therefore 

l o s t ,  because of the increased distance of t r a v e l  t o  the  point of  observation. 

Correction for  Hydrogen Build-up and OxJ.'gen Mrnova3. 

The 

This excess 

This increasing 

The f irst  neglection is the  omission o f  &sage rate produced by 

The second neglectfon is the inclusion of dosage rate 

I n  the phenomenological theory t o  be developed, the f i rs t  d i f f i c u l t y  will 

be handled by the use of a simple build-uF f m t o r ,  while the second will be t rea ted  

by an experirnenw adjustment o f  the owgen removal cross-section. 

complete calculat ion o f  these effects mst include t h e i r  interact ion,  which leads 

t o  mathematical work of ra ther  complex tme, 

A r e a l l y  

A grea t  simpliffication (of admilittecily 

- 34 - 



unknown va l id i ty )  w i l l  here be made by separating the two e f f ec t s ,  

basic  curve Do a l r e a Q  agrees fa i r ly  well with e q e r i m n t ,  it is very reasonable 

t o  expect t h a t  t h e  two neglected e f f ec t s  are separately small, and t h a t  t h e i r  

i n t e rac t ion  can therefore be ignored, This notion can be incorporated i n  the  

following p a i r  of assumptions. 

Since the 
.I 

1. The oxygen at tenuat ion e f f e c t  w i l l  be described by an energy-independent 

( for  a f i r s t  t r i a l )  removal cross-section, and the  hydrogen butld-up w i l l  accordingly 

be calculated for a system containing only a constant absorption cross-section, i n  

addi t ion t o  the hydrogen sca t te r ing  cross-section, 

2. I n  discussion of the oxygen attenuation, t he  hydrogen sca t t e r ing  w i l l  

s imi l a r ly  be considered as simple absorption, 

The existence of the hydrogen build-up implies t h a t  t h e  integrand of Eq, 

(b2) i s  t o  be multiplied by a slowly varying function o f  z and E9 which takes in to  

account t h e  res idual  effect iveness  of neutrons which have made a hydrogen co l l i s ion .  

It i s  a c t u a l l y  convenient (and e s s e n t i a l l y  rigorous) t o  evaluate t h i s  function a t  

Eo(z), the eqergy of t h e  peak of the  uncollided spectrumo 

funct ion  of % i n  as a multiplying factor .  

This brings a simple 

This function w f l l  be ca l l ed  B ( x ) ,  

To take the  oxygen a t tenuat ion  i n t o  account, t h e  uncollided dose i s  t o  be 
- Z o Z  

mult ipl ied by a f ac to r  e. $ where 1 i s  a macroscopic oxygen removd cross-  
0 

saction, The t rue  dose 

- 
D ( Z )  e 

The product form i s  the 

function which w i l l  replace Do is then: 

e s s e n t i a l  expression of  the assumption of no in te rac t ion  

.- between the hydrogen build-up and oxygen attenuation, 



. 

.- 

Sir,ce b(r:) L7d;.e;.!ids (not wry sens i t ive ly)  on L , 5. roudh guess n?rs't be made 
0 

fo r  t h i s  qua;stity i n  order t.0 ca lcu la te  B j z ) ,  The 339. (45) can then be compared 

with experiment to ~ G b i n  a value f o r  roe 
i n  i~?? appendix m d  the  curves are given i n  ~ i g .  10 fo r  two values of Io, corresponding 

A rough ca lcu la t ion  o f  B ( z )  is described 

t o  microscopic crcss-sections of O e 7  and L O  barn, 

These curves exlitbit  s0rr.e in te res t ing  features.  The build-up starts a t  

uni ty  fo r  z equal t o  zero, a s  it must, 

four,  Wi%h a s1ov f u s t h ~ ~ r ~ i c s .  

It then r i s e s  rapidly t o  a V ~ L L E  of about 

This fwther  r i se  cx5i::ues indef in i te ly ,  23Ut a t  

a cont inual ly  f a l l i rg  rate. The i n i t i a l  r ise  c m  be thought of as due to the coming 

of the degrad& s;wctrum i v t o  appraxiyate eqtii1ibTim with the uncollided spectrum. 

If t h i s  e q u i l i S r i m  were real2.y aciiieved, a monoezergetic uncollided f l u x  would be 

multiplied by a constant t o  g ive  t h e  t o t a l  f lux,  As is well rcJIOrnlnJ such a true 

equilibrium can never be reached, because of the presence of  co l l ided  neutrom which 

have been del lectad by a r b i t r a r i l y  small angles arid are essen t i a l ly  indis t inguishable  

r ise of the build-up fo r  a nonoenergetic sourcee 

In Fige 9 is d s o  plo t ted  the function D(z) with & = 0.6 and 0.7 barns, 
0 

For the calculat ion o f  t h s  insens i t ive  E ( Z ) ,  0.7 barns was assumed. It is  seen t h a t  

both curves are higher than the corresponding curve derived f r o m  the l i d  tank data.  

For 0" = 0.7 barns, however, agreement is  e s sen t i a l ly  pe r fec t  with the BSF data, 

up t o  z = 110 cm. 

small increase of the source s t rength  would give excellent agreement over &&e whole 

0 

A very s l i g h t  increase of do (4 0.01 barn), combined Kith a 

range plotted.  

t h e  s p i r i t  of SO rough a theory, a ~ d  .the anproximate SIgure of 0,7 barns t a i l 1  be 

It is f e l t ,  however, t h a t  such fim adjustrnents really are not i n  

taken as the effective remoiGCl cross-section far oxygen. 

-4mmwE 
-36 - 



I 
w 
4 
I 

, 

6 .O 

5.0 

4.c 
a 

G 
i2 
0 

3.( 
D 

2s 

I .( 

Fig. 10. Neutron Buildup in Water as a Function o f  Distance from Source for Two Values of 
Oxygen Cross Section. 



It i s  in t e re s t ing  t o  conpare t h i s  result wikh a similar one obtained by 
a -  

Blizard and Enlunda3 using the  t h e m 1  neutron da ta  from the Lid Tank. 

calculat ion d i f f e r s  from the dose calccllation pr inc ipa l ly  i n  the method used f o r  

handling %e hydrogen build-up, Tha method already described will be completely 

unrel iable  f o r  the build-up of thermal flux (it i s  not h igh ly  r e l i a b l e  f o r  the 

build-up of neutrons above L FEW!). 

using a modification of  age theory f o r  handling the slowing down problem, 

This 

The thermal build-up is therefore ca lcu la ted  

The uncollided flux as a function of energy was represented e s s e n t i a l l y  

as i n  the methods previously described. 

was included i n  t h i s  preliminary calculation. 

assumed t o  emerge i so t ropica l ly ,  without energy loss. 

convoluted with a Gaussian approximation t o  the  water slowing down kernel, using 

a calculated age, 

A constant oxygen removal cross-section 

The oxygen-collided neutrons were 

Th i s  source w a s  then 

It 

Each hydrogen-collided nautron was assigned an age corresponding t o  i t s  

collision-degraded energys using the same data. 

the hydrogen-collided neutrons wa.s qua l i t a t ive ly  taken i n t o  account by convoluting 

the angle-integrated source of such neutrons with a Gaussian displacement kernel 

which displaced only outwardly( i n  the posi t ive z-dbect ion) ,  not r a d i a l l y  from 

the point of co l l i s ion .  

The energy-angle cor re la t ion  f o r  

The form o f  t’?e kernel used w a s :  

21, z 

0 Z ’ <  z 

The displacement due t o  thermal  diffusion w a s  simply added t o  a l l  values o f  z .  
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Fig, 11 shows t h e  t h e r m 1  flux data f o r  a plane collimated source, 
2 15 4#z GTh(z)" The curves are shown fo r  t h e  transformed  id Tank and Bulk 

Shielding Facility'* data, as well as the  calculated curves for 

1,O barn. 

6'0 = 0,8 and 

&o = 0,8 yields a b e t t e r  f i t  t o  the shape, It i s  t o  be noted t h a t  

The previously noticed discrepency between the two sets of experimental data shows 

up here also, although the r a t i o  is c loser  to one f o r  the thermal d&a, 

The two bes t  values of 0" obtained from t he  dose data and the thermal 
0 

data presumably d i f f e r  because of  the non-comyarable treatments of hydrogen build- 

up and probably a l s o  because of  the somewhat s l ippery  character  of the removal 

cross-section concept,. 

value\ will give exce l len t  results f o r  useful s h i e l d  thicknesses, 

For a i l  pract ical  purposes, e i t h e r  one (or a compromise 
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APPENDIX - NEUTROPJ BUILD-UP IN HYDROGEN 

A simple, approximate treatment of  t he  nedxon build-up i n  hydrogen i s  
2,16 possible, along l i n e s  suggested by G. C. Wick ~ *The fundamental Boltzmann equation 

f o r  the problem is: 

= f l u x  of neutrons a t  distance z from the source, p e r  unit range of energy, and 

per u n i t  so l id  angle. 

8 

1 
angle between neutron ve loc i ty  and the z direction. 

= the  macroscopic hydrogen cross-section. 
H 

5 z any other "removal', cross-section, t o  be taken as  equivalent t o  absorption, 
R 

and as Lrdependen t of energy. 

c 4 = vector specifying d i rec t ion  (including azimuth) o f  neutron velocity.  

d 0 = element of s o l i d  angle. 

I C h  8 = d?'/ = deflect ion angle i n  a neutron co l l i s ion ,  

( 8 )  = function having value only for  fl ( = / 2 

/ 

e.,. 

) = 0 and uni t  i n t eg ra l  over 
cy 

angle 

The las t  term i n  Eq, (1) describes a source which is plane (z = 0), mono-energetic ._ 
and mono-directional. ( - fl = 01, 
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Although t h i s  r a t h e r  general equation can be solved with any energy dependance 

a modification of the approximate method 3 9 4 Y  5 of zH and qY by methods now avai labie  

given by Wick f o r  la rge  z w i l l  be used here. The method or ig ina l ly  given by  Wick f o r  

determining the asymptatic behavior of  t he  neutron density ac tua l ly  goes through 

more na tu ra l ly  f o r  the case of r - r a y  penetration. The neutron treatment given 

here is accordingly modified s o  t h a t  i t  is  much more c lose ly  p a r a l l e l  t o  t he  x - ray  

* -  

calculat ion than i s  idick's work. . The advantage gained is  two-fold, First, 

the energy dependence of the hydrogen cross-section turns out t o  be more real is t ic  

than Wick's, Second, t h e  in te rac t ion  of cross-section change with energy and the 

change in penetratioll w i t h  increasing angle i s  here included, 

must be made on other points, but  i t  i s  believed tha t  the overal l  treatment i s  good 

Several compromises 

t o  lower energies than ex i s t ing  treatments of t h i s  general type, Defir,e a var iable  

and approximate 1 -/- 2 by t he  f i r s t  two terms in a s e r i e s  e q a n s i o n  i n  powers 
H R 

o f  u: 

Choose a new length unit x =: 5 (Eo)e and write: 

The f l u x  w i l l  be calculated cn3,y for  fairly small anglee of travel s o  that:  

,- I 

i 



cos fl a 1 - -  a* 
2 

2 1 
2 cos{ d - ay= 1 - -  / , a -  w a l l  * . l a -  

Finally,  the  quant i ty  E w i l l  be expanded i n  a double power series i n  u and u t o  

and only the first order terms retained: 

1 

2 
)/; = 1 - -(u - ut) 

The fundamental Eq. (1) then becomes: 

with t h e  approximations made t o  obtain Eq. (7) ,  d can be thought of as a two- 
M- 

dimensional vector with magnitude @ ,, 

on x, a Laplace transform on u, and a two-dimensional Fourier transform on ~9: 

It is convenient t o  make a Fourier transform 

The transform of Eq. (7)  then is: 
e 
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2 2 8 = t  I 

Transform frcan the variables (7 , s) t o  (7  t I j  where: 

(1'3) 

and write: 

Eq. (9) then becomes: 

A 2  

Wick's procedure a t  t h i s  po in t  is t o  expand2 i n  a series of  orthogonal . 
functions of t: 

where: 
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LJr it e : 

and 

where is 

.3ssuni~g U t o  have a Gaussian shape and then u t i l i z i n g  t h e  R i t z  li-ethod. 

SO chosen 9 s  t o  maximize 2 . 
This procedure yields t 

2 
b 



vhere ris given by 

The multiple transform C/) is then given by2 

For purposes of calculat ing dosage, t h e  in t eg ra l  over angle of 

ca l led  It i s  given by: 

w i l l  be found and - zy 

The in tegra ls  i n  Eq. (23) are e a s i l y  done, yielding: 

Eq. (a) is s t r ic t ly  va l id  only for du &,) Be A sknple t r i c k  w i l l  

be used t o  obtain a rewonable e ~ s e s s i o n  which w i l l  be used f o r  a l l  F9 and u 

small enough so t ha t  the cross-section assumptions are valid. 

similar t o  the  expression f o r  the flux according t o  the strafght-ahead approximation, 

f o r  la rge  ux. 

expansion of t h e  confluent hy-pergeomtric function. 

following expression w i l l  then be used: 

me (2b) i s  very 

Eq, (a) appears then as the first term i n  the  asymptotic 

As a p laus ib le  guess, the 

- h8 - 



Eq. (2s )  has t h e  - rwer ty  t k a t  f w  large a #  55 has %he co r rec t  form (&), and 

for large d (straight-ahead case) it is good cvcqwhere, 

 he S S S U ? F ~ ~ ~ Z  w i l l  ~e mde t h a t  mutron GOW is propor t io ra l  to flux f5r 

E > 1 ElIEv and is zero  f o r  E C 1 If!37, Eq, (25) does 30% Incbxie thE uzccllfded 

contribution, vhfch is easily added. $?hen Eq, (25) is written as a funct ion o f  

energy and appropriate values of  d , /cQ 
well below E, seem to be ~ , 5 ~ p ~ r t ; a r ; t  for the dosage rate, so t h a t  the rather shaky 

and 2 are i n t r o d w e d ,  emrgies 

approximations made for large u m q  c o t  be sef ious.  

The CUWE?S of Fig. 11 vere attained by calculating: 

The energy E, vas then s e t  equal t o  t he  dorxinant energy i n  the  uncol l ided  flux at 

&stance z, to o b t a h  Biz) 
1'7 
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Fig. 1 View of Lid Tank from Above. 
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3/64-in ALUMINUM SHEET 

‘h6- in. LAYER O f  B4C POWDER 
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3/46-in. ALUMINUM SPACER 
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AND CURTAIN 
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DETAIL OF LID TANK SOURCE 
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Fig .3  Geometry of Lid Tank Source and Shutter. 


