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A GRAPHIC SOLUTION FOR GAMMA SHIELDING 

William G. Ruehle,. Jr. 

Radiation Laboratory 
University of California 

Berkeley, California 

July 24, 1956 

ABSTRACT 

An equation for calculating gamma radiation through shielding is de rived, 

which is applicable to practical monitoring and equipment-design problems. A 

graphic solution of the equation is included, as well a,s examples of its use and 

tables of values for specific conditions. 
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AGRAPHIC SOLUTION FOR GAMMA SHIELDINC* 

William G .. Ruehle, Jr. t 

Radiation Laboratory 
,University of California 
Berkeley, California 

July 24, 1956 

INTRODUCTION 

, . 

The need for preparation for control of gamma radiation is common to 

any installation working with radionuclides. Mohitors and design engineers 

must calculate expect~d radiation doses to operating personnel and specify 
. . , .. ~ 

shielding requirements to maintain established radiation tolerances. In some 

cases it is necessary to determine the maximum safe working time under a 

specific set of conditions. 

The people in Health Chemistry at Berkele·y ar~. responsible for safe 

handling of radionuc·lid~s. They have found that existing formulas and systems 

for gamma -radiationdete rmination,are either insufficient for an adequate 

answer, or are quite tedious to handle. 

This paper presents a graphic solution to the problem that has proved to 

be a valuable short cut for monitors and design engineer's 'at the University of 

California Radiation Laboratory. 

Iri the hope that those who may use this method will first satisfy themselves 

as to the validity of the system, arid further, be in a position to correct the 

graph as better experimental data are available, a derivation. of the formula 

and calculated factors from which·the graph was prepared are included. 

* This work was done under the auspices of the U.S. Atomic Energy 

Commission. 

t Now with Atomic Power Equipment Dept., General Electric Co., San Jose, 

California. 
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'DERIV A TION OF FORMULA 

Consider a point source in air of a single r'adioactivesubstance that 

emits gamma photons of only one energy. The intensity rate of radiation, 

I, at a given distance n from this source then depends on the rate of 
n 

emis sion of photons, the energy of the photons, the absorption of photon 

energy by air, and the reduction in intensity due to distance only. We have 

where C is the 

p is the 

E is the 

I oc: n 

CPE\.la 

2 
41Tn 

true disintegration rate of the substance, 

ratlo of photons to total disintegrations, 

photon energy, and 

( 1) 

\.l is th e linear coefficie'nt of absorption 'by air, ~orrected for the 
.... c;t . '. . . . 

fraction of initial energy carried 6ffby photons undergoing Compton scattering. 
I 

. If a shield is interposed between the source and the point of intensity 

measurement (receive r), then the receiver intensity 'rate R 1S' given by 

where B is the dose build~upfactor, dependen,t upon shi~ld matel;'ial and 

thickness, and on photon energy~ . The total linear coefficient \.lo,described 

below, is based on a narrow, linear beam, in which case scattered photons 

are assumed lost from the beam. In practical problems, a broad beam and 

shield must be considered. Therefore there is a build-:-up in beam intensity, 

measured.atany specific point, from photons deflected to that point. 

1-10 is the linear coefficient for the shielding material,and 

t is the shield thickness. 

For simple rmanipulation, one can set 

(3 ) 

in which case s is that thickness of shielding which will reduce the source 

intensity by a factor of ten': 

1 1 
s = = ------

J.l. log e (t:9) p log e 
o p 
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where is the mas,s coefficient '0£ absorption-of the shielding. material. 
p 

a.nd p is the density of the shielding material. 

Combining Eqs. (I), (2). and (3), we get. 

CPE J.1aB 
ROC 0· or 

41Tn Z 10 tls ' 

R = 
kCPE !laB 

nl . 10tls " ( 4) 

where k is the constant of proportionality. n is the total distanc.e between 

source and receiver. and t is the shield thickness .. 

and 

then 

elf R is in milliroentgens per hour (mr/hr), 

C is the true curies of mate rial. 

E is in million electron volts (Mev). 

J.1 is per centimeter of dis.tance for cdr at 20 0 C. a 
n is in feet, 

t and s are in inches. 
. 6 

1 Mev= 1.6' 10- erg, 

1 roentgen = 83.8 ergs/g of air. 

d .' f' 20 0 0 -3 / 3 enslty 0 alr at . C = 1.2 5, 10 g em ,. 
'. 10 . . . 

1 curie = 3.7 . 10 . dis/sec •. 
. ' 8 .' 

k = 1.81 . 10 . 

In the more practical case whe re th~ source emits ga:r:nma p:hotons of 

various energies, the total receiver intensity rate is than the summation of 

the receiver intensity rates of the photons of each energy .. 

For preparation of the graph. Eq. (4) may be rearranged in the form 

2 
.. n R 

PC 
= 

kEBJ.1 . a 

10t/s 
( 5) 

in which the left-hand components are quite readily available from the con­

ditions of the problem. The right-hand components are functions of shielding 

material, shiEild thickness,' and photon energy. 
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Tables 1 and II contain, factors computed to prepare the graphic solution 

for lead shielding for energies from 0.5 to 3.0 Mev. If shielding other than " 

lead is considered, a different set 6f factor~ is Involved. However, an 

approximate solution can be obtain~d from this graph by repl~ci~g the actual /I 

thickness of shielding material by an equivalent thicknes.s,of lead. The 

equivalent thickness t may be taken as 
e 

t = t e a where 

t is the actual thiCkness of shielding material, a 
Px is the density of this material, 'and 

PL is the density of lead. 

PROCEDURE FOR GRAPHIC SOLUTION 

Referring to Eq. 5 and the graph (Fig. 1). we see 'that a solution consists 

of determining the single unknown factor among E: t, and F, F being a combi'it­

'ation of four independent variable s. 

To use the graph: 

1. List the five known factors among E, t, n, R, P, and C in their 

prope r units .. If the nuclide is known, E and P can be found in various charts 

and tables of nuclides. 
n

2R 
Set out todete rmine . F from F = 2. 

PC 
(a) if all factors ·of, F are known) the intersection ofF with' 

. E or t on the graph is the solution for the unknown factor; 

(b) if F is not completely known, the intersection of E and t 

on the graph determines the value, for F, and the unknown factor in F can 

then be computed. 

In most problems requiring a solution for t, t should be taken as the 

next higher whole inch above the intersection of F andE to prqvide a 

margin of safety, since the graphic solution does not contain a ,s.afety factor. 

If a more accurate value for t is desired, inte rpolation between t lines 

must be made horizontally, on a line of constant energy. 



,y 
I 

0.1 

·10""6 

Fig. 1. Graphic solution of 

2 
F=~ = 

PC 

kEB fl 
a 

10 

t=8 t=7 

-7-
UCRL-3477 

. n2R 
104 F= PC 102 

103 

O,I~ F~I04 

t=6 t=5 t=4 t=3 t=1 

-6 . 
10 ~F~O,I 

10-2 

~~lI- 12340 

for lead shielding in the form. 
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EXAMPLES 

'1. Problem: Find R if C = 4Q millicuries, E = 2 Mev, P ,= 600/0, 

n = 2 feet, and t = 2 inches of lead. 

Solution: All given factors are in their proper units except C. 

40 mi11icuries = 0.04 curie, 

2 2 x R 

PC 0.6 x 0.04 

R = 0.006 F. 

In the up:per section of the graph, F = 1500 at the intersection of 

E = 2 and t = 2. Thus 

R = 0.006 x 1500 = 9 ror/hr. 

2. Problem: A mixture of 3 radionuclides is to be stored in a lead 

container. R, must not exceed 6 mr/hr at 1 foot." The mixture contains: 

.e 1 - 10 curies,E 1 = 2.5 Mev, PI = 300/0, 

find t. 

C 2 = 10 curies, E2 = LMev, P 2 = 1000/0, 

C 3 = 100 curies, E3 =:= 0.'5 Mev, P 3 = 1000/0; 

Solution; In addition to the C, E, and P values above, 

n = 1 foot, and 

R =6 mr/hi .. 

Although 6 mi.-/hris thelimi(~mposed,on theradiatiori from 'all three 

nuclides, first examine to see what' thickness of lead will reduce the ratiation 

from each nuclide to less than 6 mr/hr. If one nuclide requires appreciably 

more shielding than the other two, a lead container designed to adequately . . 

shield this nuclide will then be sufficient to shield the mixture. The solution 

for t should be checked to make sure the summation of radiation from each 

nuclide does not exceed 6 tnr/hr. 

12 x 6 
F 1 = = 2, 

0.3 x 10 

12 x 6 

1 x 10 

12 x 6 

1 x 100 

= 0.6, 

= 0.06; 



-9 - UCRL-3477 

tl and tz can be found from· the intersection of F and E on the 

upper graph, t3 from the lower graph. 

8 < t
J 

< 9, 

>.t 5 < tz < 6, 

Z < t3 < 3. 

,{~ 

Since tl is appreciably larger than either tz or t 3 , try t = 9 inches 

as the solution. From the graph for t= 9, 

F'l = 
F'Z = 3.5' 10-

4
, 

F' 3 = less than 10-
6 

1.05, 

FPC . From these values of F and' R = --z- we .have 
n 

R' 1.05 x 0.3 x 10 
3.15 mr/hr, = 

12 
= 1 

R' 3.5xl0-4 xl x 10 0.00'35 mr/hr, = Z , 
12 

R' < 10 x 1 x 100 
0.0001 mr/hr, = 3 12 

/ 

['otcil R'= 3.15 mr/hr 

A similar examination shows that a system with 8 inches of lead would 

exceed the total radiation of 6 mr/hr. Therefore 9 inches is necessary. 

3. Problem: If R .must not e~ceed 6mr/hr at 1 foot, determine the 

thickness of lead required to shield the following mixture. 

C 1 = 10 curies, E 1 ';' Z.7 Mev, PI = 460/0, 

. C z = 10 curies, E Z = Z.O Mev, P z = 100%. 

Solution: 

F2 = 

1 
---- = 1.3, 
0046 x 10 

l -_~.=.0.6 
1 x 10 

From the graph we find for these. values of F and E 

tl = 9, 

8 < tz < .9. 
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·Since. thefi!st nuclide alone. requires at least 9, inche,s and the second 

nuclide requires nearly as much, the mixture wn~probably requi,re,9.S pr 

10 inches of lead. Let us first examine the radiation of the second nucl~de 

through 9 inches of lead., From the graph we read 

Ft 2 = 0.43 and 

R' 2 = 0.43x 1 x 10= 4.3 mr/hr~,' 

Thus at 9 inches, the total radiation would be 6 + 4.3 = 10.3 mr/hr, 

which is too high .. Let 

Total 

t ;= 9:5: inches,; 

F'l = 0.76, 

F Z = 0.235, and 

R'i = 0.76 x 0.46 x 10 = 3.5 mr/h~, 
R" - 0.235 x 1. x 10. == 2.4 mr/hr, 2 

R = 5.9 mr/hr. ' 

There, 9.5 inches of lead is acceptable, but if cost will permit, 10 

inches would be preferred. 
,.'. '60' , .' ' " ' 

4. Problem: 2000 curies of Co are to be shipped in a 4-inch-thick 

uranium container. The container will be placed in a wooden box, four feet 
, '. '. :"". <', ,', .-

cubed. The surface radiation must not exceed 0.1 r!hr. How much lead 
,'".' ' \' .. 

should be added to the uranium container? 

Solution: 

C = 2000 curies, 

E 1-= 1 .. 3 Mev, .' "60 
from nuclear data for,Co . 

= 1.1 Mev,-

Since E1 and'· E2 are nearly equal, we may assume all1 ph9tons are L 3 

,Mev. Then 

P = 200%, 

n = 2 feet, 

R = 0.1 r/hr = 100 mr/hr. 

We can neg!dct' any shielding effec't by the wooct' "\ 

F = 
22 x 100 

= 0.1. 
2 x 2000 .. 

.' 
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From the graph for F =O.l,andE =1.3,7 < t < 8. By interpolation 

t is 7.6 inches. 

If t = 4 inches, the actual thickness of uranium, then, t, the a . e 
'~ equivalent lead thickness, is 

,.>, 
, ! 

Pp 
t =L -- , 
e a PPb 

. where Pu = 18.7, the density of uranium, andp Pb = 11. 3, the density of . 

lead; 

t =4x 18.7 =6 .. 6. 
e 11.3 

If we accept the total shielding thickness as 7.6 inches of lead, then the 

lead to be added is 7.6 - 6.6 = 1 inch. 

Total 

L t h k h . h 1 C 60 h . e us c ec t e answer, uSlng t e actua 0 p oton energles: 

F' 1 
= 22 xR1 

1 x 2000 
= 0.002 R'l 

22xR'2 
F' 2 = = 0.002 R' 2 

1 x 2000 

From the graph, taking t = 7.6, E1 = 1.3 and .E 2 = 1.1, 

F i

l = 0.10, 

F'2,= 0,02; then 

R'l = 50 mr/hr, 

R t
z = 10 mr/hr, 

R = 60 mr/hr. Therefore the additional 1 inch of lead makes 

the containe r safe. 
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Table I 

Factors for graph tha~ are ,dep~ndell:t(mly,()_n~(Ilergy, and ,,sih~~ldipgi:rna}e:da~ 

kEBI-'- CP " ' 
Basic equation: R = 2' at! s' .. 

n 10 .. 

Where= R = received gamma inten,sity rate through. le;q.d shielding (~r/hr) " 
E = photon ene'rgy (Mev) .. '. ". 

E 

0.5 

0.6 

0.7 

0.8 

1.0 

1.25 

1.5 

1. 75 

2.0 

2.25 

2.5 

3.0 

* 

B = build-up factor for lead . -1 
I-'- = linear coefficient of absorption by air (em) e= true ,curies of specific nuclide 

, P = ratioLof sp~cific photon to total disintegrations 
n = total distance between source and receiver (It) 
t = thickness of lead shielding (in. ) 
s = that thickne,ss of lead which will reduce the gamma intensity 

rate by a factor, of ten (in. ), . 

:0; total mass, abs~rption coef,ficient for lead (Cm 2/g) 
p = denSi ty of lead (g/Cm 2) . 

'* 1-'-* 0 
f.La s = 

P 
1 

1-'-0 
2.54' 11.34 log e(-) 

p~ 

J.L. and o 

3.5f 10 -5 0.153 0.523 

3.49 0.119 0.672 

3.46 0.100 0.799 

3.41 0.0863 0.926 

3.33 0.0708 1.13 

3.19 0.0598 1. 34 

3.04 0.052·7 1.52 

2.95 0.0481 1.66 

2.85 . 0.0455 1. 76 

2.78 0.0439 1.82 

2.69,' 0.042'8 1.8:7 

2.57 0.0414 1.93 

}J. . 
o 
p 

,are takeh from Radi'Ological Health' J-Iandbook 

Kinsman (1955). 

/ 
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Tabl~ II 

Factors for g:r:aph that a'!e dependent on e'ner~yshieiding.rriate·ri~.t;arid 'thickness 

kEBlLC p" .2 R kE'B 
R =' n21:E/s can be rearranged to F = :C .... lot;: ;, ,', c, 

Values of B computed from data: in Radiological He'alth Handbook­
Kinsman (1955). (Definitions and units of the £ad'ors areas given: :in Table I) 

E 

0.5 

0.6 

0.7 

0,8 

1.0 

(t 

1 
2 
3 
4 
5 

1 
. Z' 
.3 
4 

, '5 

6 

'1 
2 
3· 

'4 
5 
6 
7 

1 ' 
2 
3 
4 
5 
6 
7 
8 

1 
2 
3 
4 
5 
6 
7 
8. 
9 

10 

t 
IJ. = --­

x s'log e 

4.41 
8.82 

13.2 
17.6 
22.1 

3.42 
6.86 

10.3 
13.7 
17.1 
20.6 

2.88 
5.76 
8.64 

ll.5 
14.4 
17.3 

" 20.2 

2.49 
4··97 
7.46 
9:95 

12.4 
14.9 
17.4 
19.9 

2.04 
4.'08 ' 
6.12 
8.16 

10.2 
12.2 
14.3 

'16.3 
18.4 
20.4 

B 

1:73 
2.16 
2.53 
2.72 
2.72 

1.80 
/ 2.34 

2.80 
3.24 
3.56 
4~07 

1.78 
2 .. 37 
2.87 
3.32 
3.7,7 
4.20 
4.62 

L75 
2.34 
2.85 
3.32 
3.76 
4.20 
4.63 
5.05 

1. 70 
2.28 
2.80 
3.31 
3.78 
4.21 
4.66 

'5.09 
5.53 
5.94 

. 82;0 
6.75 . 
5~ 55 

. ~~57' . 
3.15 

30.8 
951. 

2.93 
9.06 . 
2.79 
8.61 

17.8 
318. 3 

5.68 . 105 
1.01 . 10

6 1.81 .. 10
7 3.24 . -10
8 5.75· 10 '. 

12.0 
145. 

1. 74 . 
2.09' 
2.51 ' 
3.02 
3.63 
4.31 

7.69 
59.2 

455. 
3.50·~ 
2.69 
2.07 . 
1:59 . 

:'1 •. 22 ... 
9.40· 
4.37 . 

kEBIJ. 
F- a 

- "10 tis 

67.0 
1.02 
1.45 
1.93 ~ 
2.30 . 

221. 
9.32 
0.362 
1.36 
4.83 . 
1. 79 

437. 
32.7 

2;22 
0.143 
9.12 . 'io- 3 

5.67 10""4 
. -5 

3.52 ·1,0 

7~8. 
79.9 

8.09 
0.784 . -2 
7.39 ·10, 
6.86 10-~ 
6.29· 10-
5.71 . LO- 5 

1330. 
232. 

37.1 
5.70 
0.846 

.0.123 . 
1.80. 10- 2 

~0-3 '2.51 .'J. -4 
3.54· 10_

5 
4.95· 10 

.; 

, 



, 

t. E 

1.25 

1.5 

1. 75 

2.0 

, 

t 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

·1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
'2 
3 
4-

·5 
6 
7 
8 
9 

10 

t 
J.l. =----x slog e 

1. 72 
3.44 . 
5.17 
6.89 
8.62 _ 

10.3 . 
12.1 
13.8 
15.5 
17.2 

1. 52 
3.04 
4.56 
6.07-
7.59· 
9.11 

10.6' 
12.1 
13.7 
15.2 

1. 39 
2.77 
4.16 
5.54 . 
6.93 
8.32 -
9.70 

11.1 
12.5 
13.9 

1.31 
2.62 
3.93 
5.24 
6.56 
7.87 
9.18 

. 10.5 . 
11.8 
13,1 
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Table lI(cont'd) 

B 

1.65 
2.20 

-2.73 
3.23 
3.71 
4.17 
4.-66 
5.11 -
5;55 . 
5.96 

1.58 
2.13 
2.65 
3.13 
3.61 . 
4.1'0 
4.58 
5.06 

. 5.56 
6.02 

1.53 
2.04 
2.55 
3.06 
3.57 
4.05 
4.54:· 
5.05 
5.54 
6.04 

1. 50 
1.99 
2.48 
2.98 
3..49 
4.00 

.4.51 
5.04 
5.56 
6.08 

. lOti s 

5.6() 
31.1 

173. 
984. 3 

5.52· 104 
3.09 . 105 
1. 73" 105 
9.71 . 10

6 
5.43' 10 7 
3.05· 10 

4.57 
20.8 
95.1' 

435. ' 
1.99 • 10

3 

9.08' 10 3 

4.1.3' 10: 
1.89 . ,105 
8.59' 10 6 3.94' 10 

4.00· 
16.0 
63.S 

255.' 
1.02' 10

3 

4.09 .' 10 3 

1.63' 10
4 

6.53 . 104 

2.61. 105 
1.05' 10 6 

3.71 
13.8 
51.1 

190. 
703. 3 

2.61 . 10 
9.68· 10

3 

3.59 . 104 

1.33 . 105 
4.94' 105 

UCRL-3477 

kEBJ.l. --
F _ a 

- lotI s 

212>0. 
506. 
-113. 

23.7 
4.85 
0.973 
0.194 

-3.80 . 10- 2 

7.37' 10- 3 

1.41 . 10- 3 

2850. 
843. 
230. 

59.4 
15.0 

3.73 
0.915 
0.221 
5.34' 10-2 

1.26. 10- 2 

3570. 
1190. 
-373. 
112. 
- 33.6 

9.24 
2.60 ' 
0.722 
0.198 
5.40 : 10-2 

4170. 
1490. 

5-01. 
162. 
51,2 
15.8 
4.80 
1.45 
0.431 
0.127 
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.. .,..--_.,;...,......_.". 
Tabl~Il (cont'd) 

10t/s 
--kEB--

E t t 
B F= 

-·J.1a 
J.1 = t l 

X 
5 log e 10 7 s .,' 

2.25 1 1.27 1.46 3.54 4660. v" 
2 2.53 1.93 12.5 ; 1740. 
3 3.80 2.42 44.5 616. 
4 5.06 2.91 158. 209. 
5 6.33 . 3.43 560 ,- .. , 69.3 
6 7.59 3.96 

. . 3 
22.6 1.98· 10

3 7 : 8.86 4.50 7.02' 104 7.26 
8 10.1 5.04 2.48,.,10

4 2.30 
9 11.4 5.62 8.79 . 10

5 
.' 0.723 

10 12.7 6.24, 3.12 '10 . 0,226 

2.5 1 1.23 1.47 3.43 5210. 
2 2.47 1.93 11.8 1990. 
3 3.70 2.39 40.4 720. 
4 4.93 . 2.85 139. 250. 
5 6.17 3.37 476. . 86.0 
6 7.40 3.90 1.64 .. 10 3 

29.0 
7 ,8.63 , 4.47 5.61 . 10~ 9.69 
8 9.87 5.06 1.93 . 10

4 3.19 
9 11.1, 5.68 6.59' 10 5 1.05 

10 12.3 6.30 2.27 . 10 0.338 

3.0 1 1.19 1.40 3.30 5920. 
2- 2.39 1.82 10.9 . 2340. 
3 3.58 2.,27 35.8 884. 
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