
....... --» '·v· -

408012 

Nl0-4859 

METHOD OF CALCULATING INFINITY GAMMA DOSE 
FRbM BETA REA§U™N'l'S 6N GtJMMEb PILM 

Naomi A. Hallden 
John H. Harley 

April 15, 1957 

BEST COPY AVAILABLE 

Analytical Branch 
Heal th and Safety Laboratory 



The basic fallout datu.~ ot:ai.::sd at the Health and Safety Labora-

tory is the beta activity of mixed fission products collected on gurrimed 

film in units of d/m/sq.ft./24 hrs. In comparing various samples each sample 

is assumed to come from a specific burst and the activity is extrapolated to 

a fixed date. In addition, an efficiency factor of 1.6 should be included 

to correct for loss by the gummed film. This factor is based on experi-

mental data obtained during an 84 week period at New York. 

It is not possible to make a direct measurement of the gamma dose 

resulting from normal fallout away from the test site since the activity is 

very low; however, it is desirable to have an estimate of the cumulative 

gamma dose which might arise from continued fallout in a given area. The 

following calculations are designed to allow an estimate of gamma dose based 

on measurement of the beta activity in fallout. 

There are certain assu.7.ptior.s made which are justified in the text 

where required. These are 

1) The activity is considered to come from a smooth infinite 
plane source. 

2) The activity is uniformly distributed over this plane at any 
given location. 

3) The majority of the ganll'.a dose is received from direct radia­
tion and no scatter contribution is included. 

4) The dose can be based on an average ~amma energy rather than 
a summation of individual values. 

5) The beta activity decays according to the T-l.2 rule. 

6) The isotopic abundance follows the values given by Hunter and 
Ballou for slow fission. 

The first assumption give0 2 r:it;:1 estirr.a te for dose since the 

activity is not entirely at tr.s E'.1::::fc- · ;:, 
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for qualitatively by ignoring scatter contribution (Assumption 3). 'lhe 

assumption of uniform distribution is necessary for simplicity and is 

justified in estimating an average dose. The other three assumptions will 

be treated in the development. 

Derivation of J.rea Function 

It is required to calculate the radiation incident on an elemental 

volume d.Adl three feet above an infinite plane of uniform gamma activity. 

If we consider a..~ infinitesimal plane source, ds, (Fig. 1) having 

a length rdr/.\./ r2 _ 9 and width \j r2 _ 9 a¢, its area is 

ds = __ r_d_r ___ • V r2 _ 
9 

d¢ rdrd¢ 

V r2 - 9 

The area of the ring at a distance r from the elemental volume is, 

Area = 2 1fJ rdr 

The fraction of the radiation (d.I) from the area 2 rr rdr adsorbed in the 

elemental volume is 

= 

41Yr2 cos & 

where the four parenthetical terms are, 

1. The area of the ring. 

2. The attenuation in air fyti-a =air absorption coefficient). 

3. The fraction of the spherical radiation front intercepted by dA. 

L. The fraction ct tr.e incident radiation absorbed in the elemental 
volume. 
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If our infinite plane is emitting flt gamma photons per square foot 

per second at time t, and the average energy of the photons is E0 , the 

radiation flux incident on the element volume is, 

dl Mev /ft3 /sec 
dAdl 

r 

This is of the form, 

I = -x 
e d.X- = 
x 

which can be evaluated from "Tables of Sine, Cosine and Exponential Integral.s, 

Vol. !Ia, Federal Works Agency, New York, 1940. The contribution frQDl circles 

of various radii is given in Appendix A. 

Derivation of Dose Function 

The absorption factor,~a, is equal to 1.06 x io-3 ft.~l for the 

average gamma energy of the mixed fission products. This absorption coeffi-

cient is for the loss of Compton electrons in air, the only significant 

absorption loss. This gives a value of 5.30 for the exponential integral. 

Mev/ft.2/sec 
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The dose would be 

I Mev/ft.3/sec 

= .00281 60 1.6 x lo-6 

28,320 i.29 x io-3 100 

= 7.38 x 10-11 I1t E
0 

rads/minute 
(, 

7 . ::, '{ ' / '.:,I - v • i 7, • " ,~. 

Sime the usual activity m.easurene nt is d/m, Nt will be defined as 60 Ilt' 

and the 

Dose Ra'te = i.23 x io-9 Mt,E
0 

millirads/minute 

where Nt is photons per minute at tim3 t. 

Energy Function 

The contribution of the various isotopes as a function of time is 

given in Appendix B. These values are calculated from the date of Hunter and 

Ballou for slow neutron fission. The weighted average gamma energy for 

various tinl:ls is given in the following table: 

Days After A-verage 
Burst E~ --

1 0.70 
2 0.49 
3 0.54 
4 0.54 
5 0.47 
6 0.49 
8 0.50 

10 0.52 
30 0.52 
60 0.52 

120 c: .,)7 
365 
730 c ~ L:.) 

3650 Ci .59 
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The value of ft a is relatively constant within 2C'% of the maximum 

value over the gamma energy range of 0.13 to 1.9 Mev. This range includes 

all of the important gamma contributions. The average E ~from the preceding 

table is 0.54 Mev, and a value of~a of 1.06 x lo-3 ft-1 is justified for 

all calculations. 

For simplicity, it is desirable to use a single average energy. 

From the table, it is apparent that the error involved in using 0.54 Mev is 

negligible in comparison with other uncertainties in calculation. 

Since the distribution of gamma energy with mass is apparently 

random, the difference in energy distribution between slow and fast fission 

has been ignored. 

This allows the simplification of the dose formula to, 

Dose Rate = 6.64 x lo-10 Nt millirads/m:inute 

where Nt is the number of gamma d/m/rt2 at time t. 

Derivation of Time Function 

Assuming beta decay follows the t-1.2 law, it is possible to cal-

culate the total number of beta disintegrations which will result from a 

given sample, 

where 

7200 Ne Ctc - tb)1•2 

(ts - tb)o.2 

C N = Total~ disintegrations/ft2 fro::i ,~:;:n~,:plt:'g chy to infinity. 

Ne • ~ d/m/ft2 on counting day. 
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~ = Burst day. 

tc = Counting day. 

t 5 = Sampling day. 

If there was a 1:1 correspondence in ~ am o d/m, the infinity dose could 

be calculated from, 

Dose Rate = 6.64 x io-10 Mt millirads/minute 

by substituting DN for Nt' 

Dose = 6.64 x io-lO L)N millirads 

However, as shown in the following table, the~/ Y- ratio is a marked 

function of time: 

Days After 
Burst 

1 
2 
3 
4 
5 
6 
8 

10 
30 
60 

120 
365 
730 

3650 

A'!~ 
7 

1.01 
0.94 
1.00 
l.OJL 
1.00 
1.10 
1.18 
1.27 
1.66 
1.63 
1.64 
2.98 
5.15 
3.92 

These ratios are calculated from the data in .Appendix B by omitting 

gaseous isotopes from both~ and ""'p"- totals and omitting the iodine isotopes 

from the (? total. 

Obviously, a large er:ro:r irnuld be introduced by assuming an average 
/) 

/) / 1F ratio. The following nethod, is proposed: 
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1. The integrated average~/ O"' ratio for the first 120 days 

is 1.2. Calculate total~ disintegrations per square foot from arrival 

time to 120 days after burst by integration. Divide this number by 1.2 

to give total o disintegrations in 120 days. 

2. In Appendix C it is calculated that at 120 days, there are 

1.62 x lo5 atoms that will undergo gamma decay for every~ d/m at 120 

days. Calculate the f3 d/m at 120 days and multiply by 1.62 x lrP to 

give total O' disintegrations after 120 days. 

3. Add 1 and 2 to obtain E' N in the expression 

Dose : 6.64 x 10-lO I::;N millirads 

If a time differing from 120 days is required, the relationship is shown in 

Fig. 2. 

Example of Suggested IEM Calculation 

Assume Burst Date 087 

Sample Date 091 

Count Date 097 

Activity on 097 = 104 d/m/ft2 

1. Total~ disintegrations - Sample date to infinity 

N1 : 7200 ac (tc - "tc,)1 •
2 

cts - ~)0.2 

= 

= 

(7.2 x lo3)(1o4)(10)1 •2 

(4)0.2 

8 .68 x 108 d/ft2 
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2. Beta d/m 120 days after burst 

A120 = Ac ~ 120 )-1.2 

(tc - \)-1.2 

= 104 (~oJ i.2 

= 5.10 x 102 d/m 

J. Total /'3> disintegrations - 120 days to infinity 

4. 

= 

= 

= 

7200 A120 (120)1•0 

8.65 x io5 •120 

4.41 x 108 d/ft
2 

Beta disintegrations - Sample date to 120 days. 
be formulated 

= 

or from 1 and 3 

(8.G8 - 4.41) x io8 

= 4.27 x io8 d/rt2 

9 
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5, Gamma disintegrations - Sample date to 120 d~.ys 

II 

= 3.56 x 108 d/rt2 

6. Gamma disintegrations - 120 days to infinity 

N4 : (5 .10 x 102)( 1.62 x io5) 

B.25 x io7 d/rt2 

7. Gamma disintegrations - Sample date to infinity 

L) N • 3.56 x ioB + 0.82 x io8 

= 4.38 x ioB d/ft2 

8. Gamma dose 

Dose = (6.64 x io-10)(4.38 x 108) 

= 2.91 x lo-1 

= 0.29 millirads p "(" c,bcHt· 

Note that about 80% of the dose is received in the first 4 months 

after fallout. 

' -; c 
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Fig. 1 
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APPElIDll 1 

The contribution to the intinite plane dose ot radiation 

trora circles or various radii ma7 be calculated !rom, 

I 

The values obtained rrom various radii are shown in the table as per 

cent or the intini te plane dose. 

Radius 

10 

50 

100 
r: - soo 

.0 

, ... 

% o! Intinite Plane Doee 

26 

54 

67 

90 

100 
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APPENDll B 

g and r Contributions at Various Times 

7 

The / and }"' contributions for T&rious times are shown in the 

tollowing tables 

1. 

2. 

3. 

4. 

The total If!!_ activity is taken as 106 d/m at each 
specified time alter fission. 

The isotopes am their percent contributions to 
total activity are taken from the data o! Hunter 
and Ballou. 

~ am )- energies and the decay schemes trom all 
~otopes are taken trom NBS Circular 499, and supple­
ments, and Nuclear Science A.bstract21 through December 
1955. 

'!be disintegration rate associated with every fi am 
-,.. energy is calculated from the preceding da{;. 

When there is a questionable decay scheme the isotope 
is asterisked where it ai:pears first. 
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Total 
% Total Ac'tivity 

Jgies f. o~ 
_Ad/a 

...,. % otT 
I Isoto~ Acti.vi:tz d/m Dec l Energies Decay ..,.. d/m 

I 

I 
1131 l.O 1.0 x io4 0.6o 85 8.5 x l~ 0.36 85 8.S x l~ 

I 0.32 15 1.5 x l o.64 15 l.5 x 1 
'I 

I Bal.ho 1.2 1.2 x io4 0.48 40 4.8- x ~ o.!)4 40 4.8 x io3 
1.02 60 7.2 x 

t 

'" 1:::.11!1 1.36 1.36 x lo4 2.4 95 1.5 5 6.8 x 102 . f· 1.29 x t i' .. 
I : /· 0.9 5 6.8 x l -I 
. I , J' 1 f"'"'' 

1.3 x io4 0.57 96 1.2, x 1r h s.2 x: io2 
. ·l 

TI>'l ..... t.>.:...1 1.30 0.32 
:4/· •· 0.25 4 5.2 x 10 

.I,· 
) . 1 ~19 1.4 x 104 1.4 x io4 0.285 i..4 x ioh I . J, • F .-., 1.4 0.97 100 100 
1,1- 1" 

;,.~ I-' } .... ') 2.6 2.6 x io4 0.28 50 1.3 x 104 0.22 50 lo) x io4 I \J1 {.;- 'Te -.>~ ., 
I, r132 2 .. 7 2.7 x 104 o. 73 15 4.05 x $ 0.96 23 6.2 x lo3 

' _,I,; 0.90 20 5.4 x 0.53 24 6.48 x io3 ' . I 1.16 23 6.2 x io3 1.40 15 h.05 x io3 :JJ 1 

I 
1.53 24 6.48 x 1~ 0.78 18 4.96 x io3 

I 
2.12 18 4.96 x 1 0.67 18 4.96 x lcY 

1'/. y91 3.00 3.0 x io4 None -- -- 0.55 100 3~0 x lc4 I.: . l 
,fl 

Prlh5 2.9 x io4 t'" 2.9 x 1o4 •'J •J 2.90 3.2 100 None 
'.I~ 
I 1· 

·'.I y92 4.0 4.0 x io4 3.6 100 4.0 x 1o4 1.0 50 4 p 2o0 X igu .• ,; 
o.6 50 2.0 x l 

' 
•' . ti 

Jfo99 4.6 x 1o4 6.9 x io3 6.9 x io3 ! 4.6 0.45 15 0.78 15 ' I 1.23 85 3.91 x 104 0.14 65 3.91 x 1o4 
• c 

0 

{lo 1135 4.7 x l.o4 1.65 x 1$ f I 4.7 0.47 35 None 
,.;·. ,, l~:-:,J 1.0 40 1.88 x io4 f .. 

1.4 25 1.17 x . 1{,. ,· 
, ·i'',f) 
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I Total I 
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I 

Isotope Activity o/.m Dec l 1'ecal a.. dLm 
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6.7 x 104 2.68 x lo4 sr91 6.7 1.3 hO 2.68 x l~ l.J 40 
3.2 60 4.02 x l 

* cells.3 6.8 6.8 x io4 l.J6 100 6.8 x io4 0.5 100 6.8 x io4 
j 

3.6S x 104 * r133 7.3 7.3 x io4 l.h 94 6.86 x t 0.53 50 
I 0.5 6 4.4 x 1 

I * y93 7.6 x lo4 7.6 x lo4 7.6 x io4 •J 7.6 J.1 100 0.7 100 I· 
:2 /J 7.,,.97 ....... 8.9 8.9 :x: 104 2.2 100 8.9 x io4 0.6 100 8.9 .x ioh 
'~ 
P• 97 4 9.7 :x lo4 9.7 x ioh . 'f· £>) ' 9 .. 7 9.7 x 10 L4 100 o. 78 100 

I I I' 
./ , .. \ 

I I-' . ', .· '· ~~·' ' 0~3 (Unkn0im decc.y process) , ) ' U\ 
. . ~ .. 

•{ o.6 1.)~0 ~: io3 2o0 55 3.3 y 1o3 Oe70 h5 ') ., " ,1,3 . p 
; '" • I - .:_._,_ 

i"' 1.4 h5 2.7 )( ioJ o.ip I6 ') ., ... , 0 I 
/ < • i ~ 

I /,I• 
1.0 x io3 1.0 x 1o3 

1,;_ 
-~ .. · r.::.._ -.. 0.1 1.0 x lo3 1.5 100 1.1 100 ~/ "" ,, ' Nd146 -; o.6 (Stable isotope) 

I~ 
,i . 

:• 1 .,lhO 0.4 4.0 x lo3 1.32 2.8 x io3 1.6 10 4.0 x l~ ,1 . ,.~ "' ...;"' 70 ,. ' 
1.67 20 8.0 % io2 0.49 20 8.0 x 10<-'.o 

f . 4.0 x 1o2 2 .a x io3 .. ' 2.26 10 0.82 70 
I 

• (OIJ , 

I :rrll!3 0.4 4.0 x io3 0.93 100 4.o :r: io3 None I'/ 
l·' - ].]11 o.6 6.o x io3 O.lµ_ 70 4.2 x l~ 0.141 70 h.2 x 1o3 di Cc v-
. ' ~· .J 0.56 30 1.8 x l 

' f; 
~ 'I 

1.13 x io3 F -~} r.:.ul03 0.2 2.0 JC 1o3 0.22 90 1.8 x io3 o.495 90 4 

'/ 0.11 10 2.0 x llf 0.610 10 2.0 x 102 
' 
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Isot.one 

1
nhlOJ 

v91 
-·~-_.. 

7. 91"' _.r ::J 

sr89 

% Total 
Ac ti vi~ 

0.2 

0.2 

OoJ 

0.2 

Total 
Activity 

d/m 

2 .ox ia3 
2.0 x io3 

J.O x lo3 

2.0 x io3 

~ies 
None 

1.54 

Oo4 

i.50 

f, of! 
pe~;,r_ p o_ 

!=nergies 

0.04 100 2.0 x io3 
100 2.0 x io.3 None 

100 J.O x lcV o. 7]_ 100 J.O x ioJ 
100 2.0 x ioJ None 
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I 

rl35 ~:lib ta I 1.0 Hone 
1'1 y91 l.h 25 .5 x 

1.36 x icP /. 1.36 Hone - -- o.ss 100 :o. ' 1 
1'' ,.

0
1hl 

9.52 x l~ 9.52 x 1o3 ·'J ' 1.36 0.41 70 o.141 70 ' , , "' ' '/ 0.56 JO u.08 x 1 -,1 

·/ !!dl.47 1.40 0.4 40 5.6 x.1~ o.58 40 5.6 x io3 
I l 0.9 60 8.4 x 1 

I! 

! 
PrlhJ 1.65 x lo4 ' I 1.65 0.93 100 Hone 

p 

I T ... J.10 1.75 l.J2 70 1.225 xJcP 1.6 10 l.75xl~ . ,, ,l' -~--' 

,!' - 1.67 20 3.5 x l 0.49 20 3.5 x 1 
·{·. Z.26 10 l. 75 x io3 0.82 70 1.225 x io4 
·l',(' I-' 

Rhl05 2.~ x 1o4 8.4 x io2 { co 2.1 0.51 96 0.32 4 I I 

' 0.25 4 8.4 x 1o2 I r 
f I rl31 2.35 o.60 85 2.0 x 1o4 0.36 85 2.0 x l~ If 

0.32 15 3.5 x lo3 o.64 15 3.5 x l .t 

j 
Pml.49 2.55 x 1<>4 2.55 x 1o4 i' I 2.55 0.97 100 0.29 100 1. 

' Bal.40 2.95 o.48 40 1.16 x 1~ o.54 40 1.18 x icP I 
1.02 60 i.77 x l 

. PI 
Sr91 1.2 x igl! x io4 " 3.0 1.3 40 1.3 40 1.2 

I 3.2 60 1.8 x l ./ 
I 

3.65 x lo4 y93 J.65 3.1 100 3.65 x io4 0.7 100 
I Tel32 5.30 0.28 50 2.65 x 1o4 0.22 50 2.65 x 104 , I 
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I 1133 5.5 0.73 15 8.25 x l~ 0.96 23 1.265 x l~ I 

0.90 20 1.1 x l 0.53 24 1.32 x l 
1.16 2.3 1.26 x lgt I..40 15 8.25 x i03 

I l.5J 24 1.)2 Jt l 0.78 18 9.9 x lo3 
' I 2.12 1.8 9.9 x lo3 0.67 18 9.9 x 1o3 

Zr97 8.J 2.2 100 8.J x lo4 0.8 100 8.J x 104 

j :r1J3 a.5 1.4 94 7.99 x 1~ 0.53 50 4.25 x lo4 
0.5 6 5.1 x 1 

I Cb97 9.0 1.4 100 9.0 x io4 0.78 100 9.0 x 104 I 
'} 

1.35 x l~ l Mo99 9.0 O.J.a5 15 1.35 x 1~ 0.78 15 
1.23 85 7.65 x 1 O.l.h 85 7.6!) x 1 

~ 

1.0 x io5 x lcP /I• ce11!3 10.0 1.36 100 0.5 100 1.0 .. f 
I I r '. 

t,_: I 
...,,., •1 

4.95 x l~ 
"'I jl .-,'\\j ~-.__>,) ... f 

- 0.9 2.0 55 0.70 45 4.05 x lcY , )' ~ 

1.4 45 4.05 x l o.16 45 4.05 x io3 
'· . ·{ ' . -i,!. 

I ,,1,' 9" 1.0 x 1o3 x 1o?-Y' 0.1 J.6 100 1.0 so 5.0 . I 
o.6 50 s.o ){ 102 I . J 

,/ ',l I• 

:,1--
Pr1L5 ) ; . I' 

2.0 x 1o3 l:~ .,_ 0.2 J.2 100 Hone ,. 
.:? 

I, Ru103 0.5 0.22 90 4.5 x lo3 o.495 90 4.5 x lo3 
I :,l,J.· O.ll 10 5.0 x lo2 0.610 10 5.0 x io2 , 
~.p , r Rhl03 0.5 0.04 x ioJ I None -- - 100 s.o ' ( , l ( • ' I 

~5 6.0 x io3 x 1o3 ' I o.6 0.4 100 0.71 100 6.o j I,. 

i /' 
y91 6.o x io3 x 1o3 ~ l · . o.6 0.4 100 0.71 100 6.0 

j "' 
2 ' 

. 11. 
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Sr89 I / 
1.00 1.50 100 1.0 x io4 I None 

I y91 1.05 1..54 100 1.05 x io4 Bone 
2 

'I zr95 1.10 o.4 100 1.10 x io4 0.71 100 1.10 x 104 
~ 

) sr91 1.05 loJ -40 4.2 x l~ l.J 40 4.2 x io3 I 
" 3.2 60 6.3 xl 

I 
y93 1.25 J.1 100 1.25 x 104 0.7 100 1.25 x 104 

, I 
Rhl05 2.0) x ig; 9.0 x ia2 2.18 0.57 96 0.32 4 

0.25 4 9.0 x l 

00141 2.23 o.u 70 4 o.l.41 70 1 • .56 x io4 
I l.56lx ~ 

I\) o.56 JO 6.69 .x 
0 

I Ndl47 2.23 0.4 40 8.92 x l~ 0.56 40 8.93 x 103 
I 0.9 60 1.34 x l ·~ 

I 
Pml49 :x: io4 x 104 2.90 0.97 100 2 .. 9 0.29 100 2.9 

.t? 
Yl ~3 x io4 f• 3.30 0.93 100 )oJ None . f· "":r 

/ ... 
2 .. 52 x ioh 

·~ 
I . f 3.6 L.32 70 1.6 10 J.6 J[ ::J i I 

I 
7.2 )( l~ 

., 
( }' 1.67 20 0.49 20 7 .-, ·10\ 

oL ]( .•. 'i 

'·t 2.26 10 3.6 x 1 0.82 70 '°) 5" ., , 0 ! /. 0 "-• ....1t. ,.L 

\~I 

2.0 x l~ r, 0 v ·,o)~ ·'· -·' '.; •. I· i ~._,, ... _. 2.35 0.60 85 0.36 85 
I ' /, ,, 

·- <-.1;1 _;._ -L ..... , 

)f 0.32 15 3.5 Jt 1 o.64 15 3.5 )[ 10.J 

It"': Balho 0.48 1.84 x 10j 0.54 40 1.84 .x: lo4 ,. 4.6 40 :!/ 

l~ 1.02 60 2.76 x 1 
/: 

Zr97 x lcfl x 104 ! . , 

5.30 2.2 100 5.3 0.8 100 5.3 I . 
I' 

• 0 ' 

i 
Cb97 x lo4 :ic ioh ' 5.ao 1.4 100 5.a 0.76 100 5.8 f I 
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rl33 6.6 

, '1') 'l'e-j ..... 7o00 
-.--132 7oJO J. 

-1 ) , ~ ,,., ... ,-~-. .,.,; 
\.,.ll<i,.J 10.0 

,, 99 
!.':O 11.5 

E14ies i~ ft' d/m. 
y 'f, of 0 

Energies De.cay ___]-___£!/m ~ 
I 

lo4 94 6.2 x l~ OSJ 50 J.J x ioh 
0.5 6 4.0 x 1 

0.28 50 3.5 x ioh 0.22 50 3.5 x 1oh 

0.73 15 1.1 x iot 0.96 23 1.68 x lOf 
0.90 20 1.46 x 1~ 0.53 24 l. 75 x lOh 
lo16 23 1.68 x l l.UJ .15 l. l x 104 
lo53 24 1.75 x 1o4 0.78 18 LJl .x: 10 
2.12 18 1.31 x 101.a. 0.67 18 1.31 x 10'i 

1.0 x io5 r:' 
1 .. 36 100 0.5 100 1.0 )[ 10·) 

0.45 1.5 4 0.78 15 4 1.73 x l~ 1.73 x 104 
1.23 BS 9.78 .x 1 o.J.4 85 9.78 x 10 
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,11 .IJ~It.:lys 
I'· . ,, 

~es 
"' ' '/a Total 1.o# ~~s 'J ot?f I . 

4dt_m 
I • I 

,/ IsottYn,;s Activi!;y ~al Dee!W -:O- d/nt I 
f ) I ' , ·t :.:.'.!1103 1.15 None o.04 100 1.1s x io4 I ' -- -,1,: .. 

}''. 1 (\~' 
i.08 x 104 o.495 1.08 x 1011 \'1 ,-"'..> 1.2 0,22 90 90 

I .I,' A- ... l.:. 

!d· 0.11 10 1.2 x 103 0.610 10 1.2 x 103 
"I" ,:, 

l.J x 104 
,. 

sr89 l.J 1.5 100 !lone :R 

I, 
y91 1.4 x le:# ' J •" 1.4 l.S4 100 Bone 

& 2-
I 

, ' Zr95 1.5 x id' 1.5 x ia4 p 1.50 0.4 100 0.71 100 ' 
'/ ' 

I Rhl05 1.90 0.57 96 1.82 x io4 0.32 4 8.0 x llf 
/" 0.25 4 8.0 x io2 
/ .. ' 

, ... 97 2.7 x l~ x 104 
ti: 

0.8 .P , 2.7 2.2 100 100 2.7 'l , z.r 
u !) ! ';1 j\) 

1 ~alh'l 2.85 o.4 40 1.l.4x ~ o.sa 40 1.14 x 1oh . / · ;\) 
& 

!' 0.9 60 1.71 x 

" Pml.49 2.85 0.97 100 2.85 x io4 0.29 100 2.a5 x loh i 
~ 

• d celhl ,).0 0.41 70 2.l ·x io4 o.J..bl 70 2.1 x le:# c 
I 0.56 JO 9.0 x io3 

I,/:. , ...... 
4.04 x l~ 2.15 x 1o4 / . i-->.; 4.30 1.4 94 0.53 50 .I,, . 0.5 6 2.6 x 1 ; , 

·i',v, 
I .. 

:r131 o.6o 3.91 x l~ 4 . p , 

4.6o 85 o.)6 85 '~ 3.91 x 1~ 
I 0.32 15 6.9 x l 0.64 15 6' .. 9 x l r 

f I' Prl43 4.8 x ·1o4 ff 4.80 0.93 100 )Jone -,! 

I Lal.40 5.4 1.32 .).78 x ~ l.6 10 5.4 x 1~ ; I 70 I. . 1.67 20 1.08 .x O.)a9 20 l.06 .x 1 
' 2.26 10 5.4 .x 1o3 0.82 70 J.78 x i04 I 

'1 
d 

I 
I ·~ 

--·-----·-------~-- --- ------
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'/. Total ~ %~ f ··. 

# d/Jn Eneig1es ~ . /,' . 
; . Isotopes Activitz Energies De l a '( d/m 

. .,1,p I I .. 
Cb97 1.4 x lo4 0.78 x ioh IP 1.3 100 l.J 100 l.J 

1, 

I 
zr97 x 104 x ioh I 1.J 2.2 100 1.3 o.8 100 1.3 /) ! 

g 
Rhl03 1.43 x 104 1 1.L.3 None 0.04 100 -- -

I I 
1 

f' 
Ru103 1.48 0.22 90 1.33 x 104 o.495 90 1.33 x io1 ~ ·l . 0.11 10 i.48 x 103 0.610 10 i.48 x 103 

I 
Rhl05 1.49 x 104 1.55 0.57 96 0.32 4 6.0 x 1o3 

'1 0.25 4 6.0 x lo3 
p 

I Sr89 1.6 1.50 100 1.6 x 104 None .I 
I 

-91 1.75 1.54 100 l. 15 x 104 None 2y 
l I\) zr95 1.85 x io4 1.85 x 104 

' I + 1.85 0.4 100 0.71 100 

Pml.49 2.50 0.97 100 2.5 x 104 0.285 100 2.5 x 104 

r13.3 7 .J 1.4 94 6.86 x io4 0.53 50 J.65 x 104 
I 0.5 6 4.4 x lo3 

I Ndl47 3.40 0.41 70 2.)8 x lot o.l.41 70 2.38 x io4 
I 0.56 JO 1.02 x 10 
·~ 

i ce141 J.65 0.41 2.55 x lot 0.141 4 
,, · ,, 70 10 2.55 x 10 

0.56 30 1.10 x 10 
·" p• 

7
131 4 4.59 x 10~ . I· 

5.40 o.60 85 0.36 85 )' ;- . 4.59 x l~ 
I , oll 0.32 1.5' 8.1 x 1 o.64 1.5' 8.1 x 10 

I 
f ) I l' - 6.1 x ioh .'fi p 1!3 6.1 0.93 100 None ~O 

I . 
l1p' 

·'' /. 
I /,, 

119' 
~/ ,, . ,. 
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Isptopef!_ 

f' lh3 ve 

ll·D y.., -.• 
.U'> 

! l,Q 
B~: ·-'~f ~ 

l '1') 
Te -"~ 

r132 

Mo99 

,,._~-·------------··-- -------· 

:i Tot.al 
Activity 

6.50 

6.9 

7.2 

7.70 

8.00 

12.0 

- ·-- ------· -----~-··· -·--~------------ ----··· ·--- ------ ----·· 

~ %0¢' /1 dLm 
r 1. of o 

O .21.m Energi_e_s 'De~ Ene!:!ies Decay; 

1 
6.5 x 104 1.36 100 6.5 x ioh o.s 100 

1.32 70 4.83 x 1ct 1.6 10 J 6.9 x 104 
1.67 20 l.JB x 10 0 .. 49 20 1.JB x 10 
2.26 10 6.9 x 1o3 0.82 70 li .BJ x ioh 

o.h8 40 2.88 x l~ o.54 40 2.88 x 104 
1.02 60 4.32 x l 

0.28 so J.85 x io4 0.22 50 J.85 x ia4 

0.73 15 1.2 x l~ 0.96 23 4 1.84 x 104 
0.90 20 1.6 x 1 0.53 24 1.92 x l~ 
1.16 23 1.84 x lgt 1.40 15 1.20 x 1 
1.53 24 1.92 x l 4 0.78 18 1.44 x 104 
2.12 18 1.44 x 10 0.67 18 l.4h x 10 

0.45 15 1.8 x l~ 0.78 15 4 1.8 x 105 
1.2J 85 1.02 x 10 o.14 85 1.02 x 10 
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I 'J, 1'otal 

~ ~ LI~ .Jde$ ~~r I 
T dlm 

., 
IsotoP!_S Act1v1!f pegaz 

l I 
rt 

p. fl 

Rh~ 2 
1.20 0.57 96 1.15 x ~ 0.32 b s.o x 10 

.I o.2s h s.o ][ f. . f 
/ . 1 ..... 

1.5 1.b 9h 41 h 0.$) 50 7 .s ::: ioJ I ,'I y-0> 1. x 102 
~ I I , Q.5 6 9.0 Jt 10 

) 
'{. .. ~ n' 

1.67 x lOh 
...,.,..._,, __ . 

1.67 o.~ ;1,/ :~.~:. Nona - -- 100 
·' / 

nulu) 1.53 x ioh l.53 x 101 ~ I , /,' 1.70 0.22 90 o.495 90 :,1-." 
O.ll lO l.7 x io3 0.610 lO i.70 x io3 ~r ,, . 

' Sr89 
, 

1.5 1.9 x yJ. I, 1.90 100 Jlone 
J .: v9l l.S4 100 

h ,! • 2.10 2.1 x 10 None I 2-
: ' 

z./~5 x 104 I 
• f\) 0.4 2.2 x le). " I (j\ 2.20 100 0.71 100 2.2 

I Ptnlk9 2.10 0.97 100 2.1.0 x 1cJt. o.2ss 100 
h 

/'' 2.10 x 10 
/ .. 

Ndlh7 It) o.S8 bO h :O' • J.8o o.h 1.52 x ~ 1.52 .x 10 
1' " 'I I 0.9 60 2.28 x 

' , 'I 
I 1 · '1 i ;)! 4.2 o.hl. 70 2.9Ja x ~ o.l.U 70 4 r c~-·...-'- 2.94 x 10 
J O.S6 JO 1.26 x 
I 

celh3 4.6 x ldt 4.6 .x 101.i ! 4.6 1.)6 100 o.s 100 Q 

I 

, . r131 5.90 o.60 85 5.02 .x ig; 0.36 BS 4 c s.02 x i~ 
7 I 0.32 15 6.8 x )J o.6k is 8.8 .x 1 )· .. , ,r,,, 

./ .· .· lLJ 7.20 0.93 x io4 Mone . ·1'; : Pr 100 7.2 
~ i "," Tel32 7.4 0.26 so J.7 x id- 0.22 so x 104 .I . 3.7 ,~ 

I 

I 
I 

f f 

.J 
I 

I I 
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! Y, 
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'f, Total 
Isotopes Ac ti vi~ 

1132 7.8 

Bal40 6.1 

La.140 8.30 

Mo99 11.0 

I\) 
-.:i 

~ ~ 
% of("' 

,6 d{:m 
a 

~ Energies Decaz dlm c 
/4 4 0.73 15 1.17 x 104 0.96 23 1.80 x 101 

0.90 20 1.56 x 104 0.53 24 i:~i ~ i~ 1.16 23 1.80 x l~ 1.40 lS 
1.53 24 1.87 x 1 0.76 18 1.40 x 1 

1.40 x io4 i.40 x io4 2.12 18 0.67 16 

3.24 x l~ 3.24 x 104 0.48 40 0.54 40 
1.02 60 4.86 x l 

1.32 70 s.a1 x lot 1.6 10 8.J x l~ 
1.67 20 1.66 x ~ 0.49 20 1.66 x 104 
2.26 10 8.3 x l 0.82 70 S.81 x io 

0.45 15 1.65 x iot 0.78 15 1.65 x let 
l.2J 85 9.35 x 10 0.14 85 9.35 x 10 
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_§__~s .P • '/ .; 

' I~ 

%0¢ " I ;!, Total 

~ ~ d/m .J;sies 
'f, of'([ Q 

·i Isotopes Activit;r Decaz Decaz 0 d/rn 

. ti Pmlh9 1.JS 0.97 100 
~4 

o.2as 100 1.35 x io4 
I 1.35 x 10 

p ,,. 

ce143 2.10 x io4 2.10 x 104 • p 2.10 1.)6 lOO o.5 100 ,, 
I ,,, 103 2 .10 x io4 ,J.: .. r'n 2.10 None - -- 0.04 100 

j . I. 
RulOJ 2.20 0.22 90 i.98 x io4 o.495 90 1.98 x io1i-.,, , 

• ;' ', (? 0.11 10 2.2 x 103 0.610 10 2.2 x 103 / . 
/p 

2.4 x ic:P pl sr89 2.4 1.5 100 None 
r 

1' f y91 x io4 I/ 2.7 1.54 100 2.7 Nonie 
.~ 2 

' zr93 2.8 o.4 2.8 x 104 0.71. 4 
P I 100 100 2.8 x 10 

# 

I. 
Ndl..47 4 x 104 I\) 4.5 o.4 40 1.80 x 1gi. 0.58 40 1.8 

I co 0.9 6o 2.70 .x 1 

.·I eel.la 5.4 0.41 70 J.78 x ~ 0.141. 70 3.78 x lo4 p 

/ 0.56 30 1.62 x 
I 

Tel32 3.1 x lcP ).1 x 104 , 
6.2 0 .. 28 50 0.22 50 

I Il.32 6.6 0.73 15 9.9 x l~ 0.96 23 1.52 x 1~ 
, I 0.90 20 1.)2 x ldi 0.53 24 1.58 x lfr.i 

1.16 23 l.S2 x l~ 1.40 15 9.9 x 1 
i.53 24 l..58 x 1 0.78 18 1.19 x l~ 
2.12 18 1.19 x 10 0.67 18 1.19 x 1 

I Il.31 6.6 0.60 85 4 o.36 65 S.61 x l~ 5.61 x 104 
0.32 is 0.99 x 10 o.64 15 9.9 x 1 

I 
Po ill x 104 I a.a 0.93 100 8.8 None ., 

l 
'·,, 

.. ,,. 
•'' . f· l ... 

I i,pt 
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Lal40 

% Total 
,Activity 

9.0 

9.6 

10.5 

Elrgies 
'f,o~ ~ d{.m 

,. % of';r 
0 d/m Dec~ Enerfiies Decaz 

I 
4 0.45 15 i.35 x iot o. 78 15 1.35 x l~ i.23 85 7 .65 x 10 0.14 85 7 .65 x l 

o.48 40 4 0.54 40 3.84 x io4 J.84 x 104 
1.02 60 5.76 x 10 

4 • 1.32 70 7 .35 x 104 1.6 10 i.os x io4 
1.67 20 2.10 x 104 0.49 20 2 .10 x lOL. 
2.26 10 1.05 x 10 0.82 70 7.35 x 10 
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I 
I lO_DayiJ 
I 

% Total ~ ~ t1. dL• '¥' % otr 
I Isotopes 4ctivitz Enegiea Decaz fr" d/m ' I 

RhlOJ 2.55 
I 

0.04 2.55 x loU None - - 100 
l 
RulOJ 2.60 0.22 90 2.34 x 104 o.495 90 2.34 x 104 

I 0.11 10 2.6 x lo3 0.610 10 2.6 x 103 

89 
1.5 2.9 x 104 Sr 2.90 100 Hone 

I 
y91 x 104 I 3.2 1.54 100 3.2 lone ·~ 

I 2 
Q • '~ zr95 3.35 0.4 100 J.35 x icP 0.71 100 3.35 x 10

4 
,ti 

1-ra147 1.92 x iot i.92 x ioh I'· 4.80 0.4 40 o.58 ltD . (' 
I I 't .. 0.9 &J 2.88 x 10 

" , .I • 13'- 5.10 2.ss x io4 h 
} Tc~··..-: 0.28 50 0.22 50 2.55 x 10 
:f 

-.-13:~ 
7.95 x ~ 1.22 x l~~ Ji .. 

(." 5.30 0.73 15 0.96 23 if' r ._ ..• 
/. 0.90 20 1.06 x ~ 0.53 24 ' I.,; 1.27 x 103 
111- 1.16 2.3 1.22 x l~ 1.40 15 7.95 x l~ 
~ ' ',. 

1.53 24 1.27 x i03 0.78 1B 9.54 x 103 ,;. ~ 
I 2.12 18 9.54 x 0.67 16 9.5h x 1 :! 

·~ 
cellil 4.l&l x 104 h.41 x 104 

I ) ~,, 6.J o.l&l 70 o.1ui. 70 
I 0.56 30 1.89 x iOh 

·,O ' 

I 

r'ID99 4 h 6.8 0.45 15 1.02 x 104 0.78 15 1.02 x 104 
I 1.23 85 5. 78 x 10 0.14 85 5.78 x 10 
/-' 

r131 4 5.78 x l~ / .. 6.8 0.60 85 0.)6 85 ~ti~ J 
5.76 x 104 

I 0.32 15 1.02 x 10 0.64 15 1.02 x 10 
"~'·I ' , , 

11 .... 1.0 x 105 ~ 'I 
10.00 0.93 100 None J' Pr .... .J 

p 

'l I1."l1L.o o.48 40 4.28 x igk 0.54 40 4.28 x io4 i ' 10.70 

I . 1' I 1.02 60 6.42 x 1 

I . ,I/ I/ 

Lal40 4 1.2 x iot 12.00 1.32 70 8.4 x l~ 1.6 10 
• 0 1.67 20 2.4 x 104 o.49 20 2.4 x l~ ' I i 2.26 10 1.2 x l 0.82 70 8.4 x 1 
'· ,; ,./': . 

. /' . 

if·' ,-
~1 '," 

- ·-----·------·---------------··-
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I )0 Days 
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~ % oft l·. % Total % o~ fi. d(m d ,l/ Y d[m __ :~·' Isotopes .A.cti vi; tz Enersi~s Dec z Ener~ies J)ecaz 
~· '. -m+-- 3 " ~ 7 
. J' Ce 2.00 0.3 70 l.4 :* 10 0.17 30 6.o x lo 
~ 

'l' 144 4 2 
Pr 2.00 3.00 95 1.9 x 10 o.&:)6 2.0 4.0x 102 

. I I 2.30 2 4.0 x l~ 2;2 2.1 4.2x 102 p 

# o.a 3 6.o x io 1.5 0.9 l.8x. 10 .. 131 4 4 p 

I I 3.6o 0.60 65 3.o6x l~ 0.36 85 3.o6xlO 
I ,.r. 0.32 15 5.4 x 1 o.(4 15 5.4 xio3 

. ,(' llil 4 4 
1~, Nd 4.10 0.4 4o l.64x 104 0.58 4o i.64.xlo I . 
·I"," 0.9 6o 2.46x 10 I .. 
IP 

1, 

Cb95 4 4 I 
't 2 4.20 o.J.1¢ 100 4.2 x 10 0.76 100 4.2 x 10 p . 

,i 
,J Rb.103 
I w 

5.5 x 104 i I-' 1 5.5 None o.o4 100 . f -- --ii 103 4 4 
J 

Ru 5.7 0.2 100 5.7 x 10 o.24 50 2.85x 10 
~ 4 

Sr 6.70 1.50 100 6.7 x 10 llone 
_ .. --; I 

-.#1 4 I • 
i I 2 7.6 1.54 100 7.6 x 10 Rone -
1 ~ ir95 8.2 o.4 100 e.2 x 104 0.76 100 8.2 x 104 

I aa14o 10.80 o.48 40 4.32x l~ 0.54 4o 4.32x id+ . I 1.0'2 6o 6.4.Bx 1 

Prl.43 11.oo 0.93 100 1.1 x lo5 Bone 

I I.al4o 12.50 i.32 70 a.14x l~ 1.6 10 l.25x lat 
1.67 20 2.5 x 1 0.49 20 2.5 x 104 
2.26 10 i.25x id+ o.a2 10 a.14x lo 

I 
cel.41 4 7.91x id+ I ll.30 0.41 10 o.l.41 10 •J 7.91x l~ 

I 0.56 30 3·39x l 
' h 

·" ] I• ;: .. (· 
\~~ .J I'.' 
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:# 60 Days .I, 
' ) ~ % Total ~ies %0~ % ot'r ' '1_ d/m Jgies I" Iso_.:!:op_os Activi;ty 0 d/m ; ,0 .• Decay; Decaz f 

' 1 I 

Nd1li7 x 1o3 I 1.4 0.4 40 5.6 x l~ 0-58 40 5.6 
/•' 0.9 60 8.4 x 1 
/·. rl31 0.60 85 3 0.36 85 e.s x 103 di 1.00 8.5 x l~ ,, " 

·'J ; 0.32 15 1 • .5 x 1 0.64 15 1 • .5 x ioJ 
" I I 

'o '/ 
x 104 x lOh )' 

celhh 4.00 2.8 0.17 JO 1.2 t O.J 70 
I' 

Prl4h 4.00 3.0 95 4 0.696 2.0 2 
" p J.80 x 102 8.0 x 102 

p 2.3 2 8.0 x l~ 2.2 2.1 8.0 x 102 I 

• 0 0.8 3 1.2 x l 1.5 0.9 J.6 x 10 
0 

2.64 x io4 I Bnlho 5.10 0.48 40 2.04 x.iot 0.54 40 ., ,.r. 
./ . 1.02 60 ).o6 x 10 

• i~p: 
- lhO 4 1.6 5.7 x 1~ 1, 5.70 l.J2 70 10 I ,p (JJ L.'l J.99 x l~ /_ .. I\) 1.67 20 1.14 x l 0.49 20 1.14 x 104 ,o 

I , 2.26 10 5.7 x ioJ 0.82 70 3.99 x 10 I 
I 

6.10 x 104 .V I. Prl43 6.10 0.93 100 None 
,! p 

RhlOJ x 104 
/, 7.20 None -- -- o.o4 100 7.2 

l ( RulOJ 7.40 0.22 90 6.66 :x: 104 o.495 90 6.66 :x: 104 

I 0.11 10 7.4 x lo3 0.610 10 7. 4 :x: io3 

)1 sr89 9.70 1.50 100 9.7 x id-i- None 
" I . ce14l 10.8 0.41 70 1.56 x iot O.lhl. 70 7 .5.6 x 104 

I 0.56 30 I > 3.24 x 10 

I 
y91 

2 11.20 1.54 100 1.12 x 105 None 
' I 2Cb95 11.80 0.146 100 1.18 x le' 0.76 100 1.18 x 1oS 

zr95 12.8 0.4 100 1.28 x lrP 0.76 100 1.28 x 105 

I 

I 
·-~-------- ----· 
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120 Days 
:,, ~ ~ ~ % Total % o "r % of '(J t Isotopes Activity ergies De +~- ~J."gi.~~ pe~ __ -~ __ d/m_ 

Pm.147 1.05 0.22 100 1.05 x id+ None -- --

' ~~ _}, 
• / l 6.20 None -- -- o.o4 ioo 6.2 x lcr 

cel.41 6.30 o.41 70 4.41 x i~ o.J.4L 10 4.41 x id+ 
0.56 30 i.89 x iCT"" 

I Ru
103 6.40 0.22 90 5.76 x io4 o.495 90 5.76 x io4 

O.ll 10 6.4 x lo3 0.610 10 6.4 x io3 

~ cel.44 7.90 0.3 70 5.53 x icf. 0.17 30 2.37 x id+ 
I ~ 4 

, t Pr 7 .90 3.0 95 7.5 x 10 o.6c;6 2.0 l.5a x 1~ 
2.3 2 1.58 x io3 2.2 2 .J. 1.66 x 10~ 
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APFENDIX C 

Is•toee d{;t1 /\..~min-ll Atoms Factor Disinte~rcl tions 

Rul03 3.2 io4 1.14 io-5 2.Bl x io9 3 a.4 x io9 
Rhl03 6.2 io4 1.24 io-2 5.0 x io6 

l 0 x io9 

Ce14l 4.hl 1o4 1.72 lo-5 2.6 x lo9 l 2.6 x io9 

Cel.44 2.37 1o4 l.15 10-6 1..36 x iolO 1-1/6 15.8 x io9 
Prl44 ,3.9) 1o3 J.96 io-2 1.0 x lo5 , ... 0 x 109 

zr95 1.5.3 1o5 7.4 10-6 2.07 x iolO 2 41.4 x 10
9 

2 
Cb95 2.04 lo5 l • .37 lo-5 i.1.t9 x 1010 1 14.9 x io9 

Csl.37 (2.5 lo3)* 3-51 io-8 7 .oo x io10 l 70.0 x io9 

:eal37 2.5 io3 2.77 io-1 9 x io.3 1 0 x io9 

Sml51 5 102 6.6 lo-8 7.5 x lo9 1 1.5 x io9 
106 

(6 1a3)* 1 • .32 io-6 4.6 x 109 0.35 1.6 x io9 Ru 

Rhl06 2.1 io3 1 • .39 1.5 x lo.3 , 0 x io9 .... 

Total: 162.2 x io9 

The "Factor" in column 5 takes into account the gainrna disintegrations of the 
daughter product. 

* Cel.37 am Rulo6 are beta emitters, but their daughters she;.; gamma emission. 
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