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 ABSTRACT

An equation for calculating gamma radiation through shielding is derived,
which is applicable to practical monitoring and equipment-design problems. A
graphic solution of the equation is included, as well as examples of its use and

tables of values for specific conditions.
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' INTRODUCTION -

The need for preparat1on for control of gamma rad1at10n is' common to

any installation workmg with rad1onucl1des Momtors and des1gn engineers

must calculate expected rad1at1on doses to ope ratmg personnel and spec1fy

sh1eld1ng requirements to ma1nta1n estabhshed rad1at1on tolerances. In some

cases it is necessary to determme the max1mum safe workmg t1me under a

spec1f1c set of cond1t1ons

The people in Health Chem1stry at Berkeley are respons1ble for safe

handlmg of rad1onucl1des They have found that ex1st1ng formulas and systems

for gamma -radiation determination are e1ther 1nsuff1c1ent for ‘an adequate

answer, or are quite tedlous to handle.

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

be a valuable short cut for monitors and des1gn engineers ‘at the University of

Cahforma Rad1at1on Laboratory.’

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

as to the validity of the system, and 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 underbthe 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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" DERIVATION OF FORMULA

Consider a point source in air of a single radioactive substance that
emits gamma photons of only one energy. The intensity rate of radiation,
: In., at a given distance n from this source then depends on the rate of
emission of photons, the energy‘ of the photons, the abscrption of photon
energy by air, and the reduction in intensity due to distance only. We have
CPEp _
o a o (1)
n 2 { :

47n’

I

where C is the true disintegration rate of the substance,
o P is the ratio of photons to total dlsmtegratlons, '
E is the photon energy, and

Ty is the 11near coefficient of absorptlon by air, corrected for the

fraction of initial energy carried off by photons undergomg Compton scatterlng

CIf a shield is interposed between the source and the pomt of 1ntens1ty

measurement (recelve r), then the receiver 1ntens1ty rate R is g1ven by

‘R=1 'Bé_pot; | S (2>
where B is the dose build-up factor, depend‘en‘t upon shield material and

'th‘ic‘kness, ‘and on photon energy.‘ The total linear coefficient Bo 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 consitle_red. ‘T_here‘fore theiﬁe_.,is a build-up in beam intensity,
measured. at any specific point, from photons deﬂected to that point.

By is the linear coeff1c1ent for the shielding matenal .and

t is the shield th1ckness

For simpler manipulation, one can set

et |
10t/ , (3)

in which case s is that thickness of sh1e1d1ng which will reduce the source

1ntens1ty by a factor of ten-:

1 ' 1
s = = ’

Koy o
golog e () ploge
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where — - is the mass coefficient of -absorption-of the shielding material,
and p is the density of the shielding material.
Combining Eqs. (1), (2), and (3), we get

CPE p_B
Rx————z—'m, or -
4mn 10 :
R = b= e (4)
n® . 108 | | ,

- where k is the constant of'proportionali,ty, n is the total distanoe between
- source and receiver, and t is the shield thickness. -
If R is in milliroentgens per hour (mr/hr), '
C is the true curies of material,
E is in million electron volts (Mev),
pa is per centimeter of distance for air at ‘ZOOC,
'n is in feet,
t and s are in inches,
and : 1 Mev = 1.6 - 10_6.e'rfg, o _
1 roentgen = 83.8 ergs/g of air, |
density of air at 20° °C =1.205 1 10-3 g‘_cm3,'_:._:..
1 curle = 3.7 - 10 10 dls/eec,j. o
then  k=1.81- 105, | |
' In the more practical case where the source em1ts gamma photons of
various’ energies, the total receiver 1nten51ty 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 m the form
,n.ZR. | kEBp
PC 1073

: (5)
in which the left-hand components are quite readlly ava11ab1e from the con-
ditions of the problem The right-hand components are’ funct1ons of sh1e1d1ng

rnater1a1, shield. thlckness, and photon energy
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Tables I and II contain 'factors computed: to prepare the "gr-aphie- solution
for lead shielding for energies from 0.5 to 3.0 Mev. If shleldmg other than
lead is considered, a different set of factors is 1nvolved However ‘an :
approx1mate solution can be obtamed from thls graph by replacmg the actual
thickness of shielding material by an equivalent th1ckne§s of lead. The

equivalent thickness t, may be taken as
t =t — , ‘where

ta is the actual thickness of shielding ‘material,
py is the density of this material, ‘and

P1, 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 determmmg the single unknown factor among E ', and F, F bemg a combm-
‘ation of four independent variables. | o
To use the gvraph _ . 4
1. List the five known factors among E t, n, R, P, andeT in their
proper units. If the nuclide is known E and P can be found in various charts

and tables of nuchdes » P
2. Set out to determme F frorn F B R ;
, : : PC

(a) . if all factors of  F are known, the intersection of "F - with’
.E ‘or t on the graph is the solution for the unknown factor; '

(b) if F 1is not completely known, the intersection of E and t
on the graph determines the value for F, and l'tihe unknown factor in F can
then be computed. o

In most problems requiring a solution for t, t should be taken as the -
next higher whole inch above the intersection of F and E to provide a
margin of safety, since the graphic solution does not contain a safety factor

If a more accurate value for t is desired, . interpolation between t lines

must be made horizontally, on a line of constant energy.
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Fig. 1. Graphic solution of R = kEB uath for lead shielding in the form
- - - | - n® pot/s U7 T a
. nZR. . kEB My
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EXAMPLES
1. Preblem: Find R if C = 40 millicuries, E =2 Mev, P = 60%, | w

= 2 feet, and t = 2 inches of lead. '
Solution: All given factors are in their proper uhits except C. ¢

40 miilicuries = 0.04 curie,—

r.nR_2°xR
PC 0.6 x 0.04
_R'=0.006 F.

In the upper section of the graph F 1500 at the intersection of
E =2and . t=2. Thus . '
o R = 0.006 x 1500 = 9 mr/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 _conta,ms.

C, =10 curles, 'El 2 5 Mev, ] 1_ = 30%,

»C;z 10 eques, _'E‘Z 1 Mev, P "_= 100%, _y
_ C3' = 100 curies, E3 = 05 Mev, -P3 = 100%;
find t. v ' . _ o _
. Solution; In addition to the C, E, ‘and P values above-,'
N = = 1 foot, and o
= 6 mr/hr

Although 6 mr/hr'is the limit 1mposed on the" radlatlon from all three
nuclides, first examine to see what thickness of lead will reduce the rat1at10n
from each nuclide to less than 6 mr/hr. If one nuclide requires apprveciably
more sh1e1d1ng than the other two, a lead contamer designed to adequately
Vsh1e1d this nuclide will then be sufficient to shield the mixture. The solution
for t should be c_hecked to make sure the summation of radiation from each

nuclide does not exceed 6 mr/hr.

2

F]. = ]_._X—é =2,
~ 0.3x10

2 .. o
FZ_ 1__>_(_6._ _0.6, =™~

1x10 '

2
F3_ 1 X6 _0.’06, &
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t. and t, can be found from the intersection of F and "E on the_

1 2
upper graph, t, from the lower graph.
<t <9, -
< <
5 ty 6,
< <
2<t, <3,

Since ty is appreciably larger thar.x"éither t, or tj, try t = 9 inches

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

F'. =1.05, .
1 ‘ 4
F, =35 107%
F'3 = less than 10_6. R :
. From these values of F and R = F—I;E we have
Ry 2 LOSX03X10 g gy
| 1 o |
_ er - 3.5 x ‘102 x 1 x10 _ 0.0035 mr/ht,
R\, < 20x1x100 . 40001 mr/nr,
Total R= " 315mr/hr

A similar exéminétion shows that a system with 8 inches of:-le‘ad'would
exceed the total radiation _of 6 mr/hr. Therefore 9 i_'n:cihes is nece's'ys;avry. '
3.  Problem: If R must not exceed 6 Ar_n'r./hr at.i foot, determine the
thickness of lead requ'.i'red‘to shield the following 'mixfu're. oo ' '
C, = 10 curies, E, = 2_.7_Me_§1, | P-l_ = 4»6%,'
C, =10 curies, E, = 2.0 Mev, ‘P, = 100%.

Solution:

Fp= —21 - 13

0.46 x 10

-7 1 %10
From the graph we find for these vvvalﬁels:_of‘ _PF andE |
t, =9
‘ < <
8 <t,<9.
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‘Since. the first nuclide alone.requires at least 9 inches and the second )

nuclide requifes nearly as much, the mixture will _p_r_:ob.ably require.9.5 pr v
10 inches of lead. Let us first examine the radiation of the second nuclide

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

F'2 = 0.43 and
-«,,R'2=o43x1x10 4.3 mr/hr; _ |
Thus at' 9 inches, the total radiation would be 6 + 4.3 = 10.i'3.mr/hr;
which is too high. Let ’
"4 = 9:5inches;

Fy =0.76,
FY = 0.235, and S
'R} =0.76 x 0.46 x 10 = 3.5 mr/hr,
Ry =0.235x1x10 =24 mr/hr,.
‘Total R = 5. 9 fnr/hf ‘.

There, 9.5 inches of ]lead 1s acceptable but if cost will permlt 10
inches would be preferred. ‘

4, Problem: 2000 cuI“"i'es“(")f‘ C660 éx;é to ’be“ship;.)éd in a4 -inch-thick
uranlum container. The contalner w111 be placed in a wooden box, four feet
cubeo. ‘ The surfacé rad1at1on must not exceed 0.1 r/hr How rnuch lead -

should be added to the uranmm conta1ner’? )

- Solut1on _
C = 2000 curles,
E; =13 Mev, 1 100% _ S .
s ‘ : S from nuclear data for.Co
E, =1.1 Mev, P, = 100%
T2 2 -
. Since Ey and 'LEZ are nearly equal, we may assume all photons are 1.3
Mev. Then ' ’ ‘
P = 200%,
= 2 feet,

R =0.1r/hr = 100 mr/hr.
We can negléct any shielding effect by the wood.” " *

2
F = .2___X._1_(_)_0 =0.1.

2 x 2000

L4
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From the graph for F. =.0.1 and ‘E ': 1.’3', T<tE< 8. B& interpélatibn
t is 7.6 inches. e | A L o '
Ift =4 inqhés; the actﬁ_él tvh‘iAck‘_n,es;s of gfaqium,;_ then, t,» the
equivalent 1ead thick‘ness_, is
Py

o=t e,
Ppp -

‘e a
. where pU = 18.7, the density of uranium, and | Ppp = 11.3, the density of
lead; I '
te =4 x ——18.7 = 6.,6.
i1.3
If we accept the total shielliding'thickness as 7.6 inches of lead, then the |
lead to be added is 7.6 - 6.6 = 1 inch.
Let us check the answer, using the aétual Cd60vphoton energies:

2

o ‘
F'| = 2 xR _ o002 R'1 :
1 x 2000 ‘
F"2 Ze—— = 0.002 R"Z .
1 x 2000 -
From the graph, tgking‘ t'=‘-7.6, E1 _=.‘1.3.‘ar>1d ‘.E.2 = 1.1,
' - F', =0.10, B -
F'2‘= 0.02; then
‘R'| =50 mr/hr,
“R!, =10 mr/hr,
Total R = 60 rhr/h'r. Therefore the additional 1 inch of lead makes -

the container safe.

®
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» ;Table 1
Factors for graph that are dependent only on energy and sh1e1d1ng mater1al
_ kEBu CP
Bas1c equation: R =-—ﬁ_n £
Where: R = received gamma 1nten51ty rate through lead sh1e1d1ng (mr/hr)
. T E = photon energy (Mev) .. o o T .
- B = build-up factor for lead '~ . ' 1'.
- p_= linear coefficient of absorption by air (Cm )"
Ca_= true curies of specific nuclide
' P = ratiorof specific photon to total dlsmtegratlons
‘n = total distance between source and receiver (ft)
-t = thickness of lead shielding (in.)
s = that thickness of lead which w111 reduce the gamma 1nten51ty
- rate by a factor of ten (in. ). :
.-—59_3 total mass absorptmn coefficient for lead (Cm /g)
p =density of lead (g/Cm )
x T
, N pE ) | 1
E T : T S s'=
‘ a . P o
L » - ; 2.54°11.34 loge(T)
0.5 3.51 - 107° 0.153 0.523 |
0.6 , 3.49 0.119 0.672
07 3.46 0.100 0.799
0.8 ‘ 3.41 0.0863 0.926
1.0 ©3.33 0.0708 | _ 1.13
1.25 | 3.19  0.0598 o ©1.34
1.5 . 3.04 0.0527 1.52
1.75 2.95 © 0.0481 1.66
2.0 2.85 . 0.0455 1.76
2.25 2.8 0.0439 1.82
2.5 o 2.69 0.0428 1.87
3.0 - 2.57 0.0414 1

.93 .
B, and .._5_ ~-are taken from Radiological Health Handbook -

Kinsman (1955).
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. Table

Factors for graph that aa_‘é‘depe"ﬁde’rit on energy shielding rri.'aité‘i‘iél"”iaﬁd"’t‘hicukness :

KEBg, CP- nfR o KEBE,

"R = can be rearranged to F = —= =

nlios | -~ pc ' 10Y8
Values of B computed from data in Radiological Health Handbook -
‘Kinsman (1955). (Definitions and units of the factors are.as given in Table I)

“ S o g kEBp
¥ sloge “10%/8
0.5 1 4.41 1.73 82,0 o 67.0
- 2 '8.82 2.16° - 6.75. 10, 102
3 13.2 2.53 5.55 . 105" 1.45 - 107,
\ 4 - 17.6 2.72 457 10, 1.93: 107
5 22.1 2.72 '3.75 - 10 2.30 - 10
0.6 1 3.42 1.80 30.8 221,
- 6.86 7 -2.34 951. 4 9.32
3 - 10.3 2.80. 2.93 « 10, 0.362 . ,
4 13.7 3.24 9.06 - 107 1.36 - 10”,
5 17.1 - 3.56 2.79 - 10g 4.83 - 10"
6 20.6 4.07 8.61 - 10° 1.79 - 10
0.7 21 2.88 1.78 17.8 437
2 5.76 2.37 318. 3 32.7
3 8.64 - 2.87 5.68 - 10 2:22
4 11.5 3.32 . 1.01 - 10, 10.143 -,
5 14.4 3.17 1.81 - 10, 9.12 - 107,
6 _17.3 4.20 3.24 --10g 5.67 - 107
T 20.2 4.62 . 5.75 - 10" - 3.52 - 107
0.8 I 2.49 1:75 12.0 718.
-2 4.97 2.34 . 145. 79.9
3 - 7.46 - 2.85 1.74 - 10, 8.09
4 9.95 3.32° 2.09 ¢ 10, 0.784
5. 12.4 3.76° . 2.51 = 10, 7.39 - 1075
6 14.9 4.20 3.02 + 10, 6.86 : 10",
T 17.4 4.63" 3.63 - 10g 6.29 - 107
8 19.9 5.05 4.37 - 10 5.71 - 107
1.0 1 2.04 1.70 7.69 1330
2 4.08 2.28 59.2 232
3 6.12 2.80 455, 3 37.1
4 8.16 3.31 3,50 107 ~ 5.70
5 10.2 3.78 2.69 - 105 -~ 0.846
6 12.2 4.21 2,07- 10, .0.123 .
7 14.3 4.66 1.59 - 10, 1.80 - 1073
8. . 16.3 ©°5.09. ‘122 » 1050 02,51 0107
9 18.4 | 5.53 9.40 - 10 3.54 - 10"
10 20.4 5.94 4.37 -

10 ' 4.95. 10
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Table II(cont'd)

' . p_ T e m———— . n . . =
- * 5 log e s
1.25 1 1.72 -~ 1.65 5.60 - 2120.
2 3.44° - 2.20 31 506.
3 5,17 2.73 - S173. -113,
4 6.89 3.2 984. 3 23.7
5 8.62 . 3.71 . 5.52.-10, 4.85
6 10.3 - 4.17 - 3.09 - 10, - 0.973
7 12.1 4,66 - 1.73 - 10, -0.194. )
8 '13.8 5.11 9.71 - 10/ "3.80 - 1077
9 15.5: 5.55 - 5.43 ¢ 10, 7.37 - 1073
10 17.2 5.96 3.05 - 10 1.41 . 10~
1.5 1 1.52 1.58 4,57 2850.
2 3.04 S 2.13 20.8 843,
3 4.56 - 2.65 . 95,1 230.
4 6.07- 3.13 435. - 4 59.4
.5 7.59 3.61° 1.99 - 103 15.0
6 9.11 4.10 . - 9.08- 10, 3.73
7 10.6°" 4.58 . . 4.13 - 10, © 0.915
8 12.1 5.06 © 1.89.- 10, 0.221 2
9 13.7 . 5.56 8.59.+ 10, 5.34 - 1075
10 15.2 6.02 3.94 + 10 1.26 '+ 10~
1.75 . 1 1.39 : 1.53 . 4.00- ~ 3570. )
2 2.77 2.04 . 16.0 - 1190.
3 4.16 2.55 63.8 _ 373,
4 5.54 3.06 . 2850 4 112,
5. . 6.93 3.57 1.02 - 103 ~33.6
6 8.32 4.05 . 4.09 = 10, 9.24
7 ' 9.70 4,54 1.63 - 10, © 2,60 .
8. "1l 5.05 6.53 - 10, 0.722
9 -12.5 5.54 - . 2.61: 10/ ©0.198 5
10 13.9 - 6.04 ‘ 1.05 * 10 5.40 * 10~
2.0 1- 1.31 1.50 3.71 4170,
2 2.62 1.99 . 13.8 1490,
3 3.93 2.48 _ 51.1 501.
4- 5.24 2.98 ©190. 162.
5 6.56 3.49 703, 3 51,2
T 6 7.87 4,00 2.61° 105 '15.8
T 9.18 4.51 9.68 - 10, 4.80
8 10.5 -, 5.04 3.59 -+ 10_ 1.45 -
) 11.8 5.56 - 1.33 - 10, 0.431
10 13,1 '6.08 . 4.94- 10 0.127
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o Table II {cont'd)
- ' ' o - KEBp_ -
t t/s : ) a
E t b= e B 10 F = —tf—
s log e 100 "o
2.25 1 1.27 1.46 3.54 4660, : «
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, - - 3 '69.3
6 . 7.59 3.96 '1.98 - 103 22.6
7 °8.86 4.50 7.02 : 10, 7.26
8 - 10.1 5.04 . 2.48 -, 104' 2.30
9 11.4 5.62 . '8.79 - 105 ©0.723
10 12.7 6.24 . 3.12 .10 0.226
2.5 1 1.23 1.47 3.43 5210.
: L2 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. 3 . 86.0
-6 7.40- 3.90 - 1.64 °- 103 '29.0 -
7 .. 8.63 4.47 5.61 ° 10 9.69
8 £-9.87 5.06 1.93 - '104 3.19
.9 11,1 5.68 - 6.59 - ‘105 . 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,
C 4 4.77 2.77 118 3217.
5 5.97 3.28 389, _— 118.
6 7.16 3.82 .- 1.29 -~ 105 ' 41.4
C7 8.35 - 4.40 4.23 - 10} 14.5
'8 . 9.54 5.04 - 1.40 - 10, 5.03
' 9 -°10.7 5.70 . 4,59 - 105 1.73
“10 11.9 . 6.40 1.52 ¢ 10 0.588
0.5 0 0 1.00 1.00 3170.
0.6 ' 3790,
0.7 4380,
0.8 4930,
1.0 6020,
1.25.° 7210.
1.5 . - 8250.
1.75.7 9340.
2.0 10, 300. . -
2.25 ¢ i1, 300, ‘ e
2.5 12,200,
3.0

13, 900.




