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THEORETICAL STUDY OF FISSION PRODUCT
GASEQOUS ACTIVITY FROM A
HOMOGENEOUS REACTOR

INTRODUCTION

This report is concerned with the radioactivity of the gaseous
fission products from the operation of a homogeneous reactor. The activity
is calculated for each significant isotope found as a gas in the reactor
atmosphere, The maximum permissible concentrations in populated areas
are also listed, These values are applicable especially to reactors of the
water boiler-type. Several such reactors (1)(2){(3)(4) are operated in this
country, and they have proved useful tools in the study of reactors and
neutron physics. They are the simplest and safest reactors operated to date,.
More of them will undoubtedly be built as research tools in the near future
by universities, industrial concerns, and laboratories of the Atomic Energy
Commission, For any such reactor a study of the exhaust gas activity and
hazard will be of considerable interest and importance,

CALCULATION OF ACTIVITY

It is desired to know the activity of each component of the fission
gases as a function of the time of buildup and decay. The activity of each
isotope for which data are available is calculated using standard equations
for fission product buildup and decay together with the known fission product
decay schemes (5), independent fission yields, and decay constants (6). A
second source (7) of decay constants has been used if values given in the
primary reference are approximate,

2.1 Buildup

The equations for fission product buildup are easily derived, and
well known., They give in each case expressions of the form

N; = FGy
where Nj = number of atoms of isotope i

F = number of fissions per minute in the reactor
Gj = a function depending on the isotope i.

Converting the number of atoms to curies and the number of
fissions per minute to power in the reactor, the number of curies present is

A i Ni Ai W3 1x100x60G;
3.7 x 1010 x 60 3.7 x 1010 x 60

C; = = 0.837 W ); Gi



7
LRL-153

operating power of the boiler in watts
decay constant (min‘l) of isotope i_

A
3.7x lOlodpa = 1 curie .
3.1 x 1010 figsions per second = 1 watt

Assume operation at a constant power of 2000 watts, The number
of curies of any isotope is

C,=0.837x2x103xx; G;
= 1,675 x 103 1 ; G;

Now assume a fission product chain such that

Isotope 1 -—-> Isotope 2 ——-5 Isotope 3 —— « + .« &

and let P; be the direct fission yiéld of isotope i in number of atoms per
fission. Then the equations for the activity of the isotope in curies are:

C; = 1.675(10%) P; (1-e7M%)

{ P +P \ P, 1
Oz = 1.675(10%)Ag { - (1-e7%2%) - — (e7Mb —e7h2%) [
2 2-M ]

-t “Ast -
Cy = 1.675(10%) Az (kLo 1% + Ne 2% _(k-La)e 3y
P, + P, +P
where K = -~--}~.-~.-§..-.._§..,
Az
L= —~ PaNe
M=

(g = A)Ag = Ag) A5 - Ay

Cq = 1.675(10%) Aghy (R + Se™M1F -Qe~2b + ve~rst e Mt )
AgK + Py

where R = ——
Ay Mg
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2,2 Decay
Similarly, the equations for fission product decay are:

C; = C;° et (¥)

A
2 At Aot ~Agt
Cp = — €% (e 1" -e 27) +Cx% e °
Ao - M
SNt L -Apt ~Ast
Cq = he 1 +Be 2 + (Cqi0-A-Ble ©
bere & AghaC1°
where =
(g = A1) (Ag = Ny)
0 o]
LM g As Cy
Ag = Ag (Ag = A (Ag - A)
Cq = Be™Mb + Ho M2t + Johst + (C§ - E - H - J)eMe?
NeA
where E = --X-‘L—-X—-
s~ M
A4B
H = —-—;4_-———
Ay = A
Ag (Ca® - A - B)
e
K4 - k:))

DECAY SCHEMES

The isotopes of interest are those formed in fission which are
found as radioactive gases. We mugt, therefore, consider isotopes of
bromine, krypton, iodine and xenon, plus any others which are parents of
these isotopes and appear in the equations for buildup and decay.

A complete table of decay schemes calculated is given below. The
table is somewhat simplified, as several isotopes are neglected entirely,
Isotopes with half lives of the order of 10 years or longer were neglected,
as it was assumed that the fission gases would be flushed out at much
shorter intervals than this and the buildup would be negligible., Isotopes
with half lives of the order of one second were also neglected, as it was
assumed their decay would be essentially complete before the gas could
escape from the solution in appreciable yield. In three cases, no yields
were available, and the effect was obviously small in any case. These
were aleo neglected,

*CO denotes the number of curies of isotope n present when the reactor is
shutdown.
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TABLE A
DECAY SCHEMES

Br-82 —» stable

Se-83m.N%. Br-83 —_3 Kr-83m —— stable
Se-83Im-19% , S¢-83 ——> Br-83 ——> Kr-83m —3 stable
Se-84 -—-———3Br-84 ——-> stable

Br-85 ———>3Kr-85m ——» stable

Br-87 «—->Kr-87 —o

Br-88 —— Kr-88 ___

Kr-89 ———>

Kr-90 ——

Kr-91 —>

Kr-92 —>

Kr-93 —~——>

Kr-94 ——>

Te~131m—> Te~131 ——> I-131 15 Xe-131mp —-—> stable

Te-131m —> Te-131 ——s I-131 2L, gtable
Sb-132 —>Te-132 ———3 I-132 — 2 stable
Sb~133 ——3 Te-133 ——>1-133 ——> Xe-133 —
Sb-134 — 3 Te-134 —1-134 —— stable
Te-135 —»1-135 -30%3 Xe-135m -—»>Xe-135 —
Te-135 —» 1-135 70% , Xe-135 —

1-136 ———> stable

1-137 —24%, Xe-~137 >

1-137 —E%, stable Xe-136

I-138 ——» Xe-138

I-139 —, Xe-139

Xe-140 —

Xe-141 ——,

SUMMARY OF ASSUMPTIONS

(1) The reactor is operated at a equilibrium power of 2000 watts,
The activity, of course, is directly proportional to the power,

(2) The time after formation for the gases to escape the reactor is
long compared with 1 second,

(3) The accumulated gas is flushed out so frequently that isotopes
with half lives of the order of 10 years or longer can be neglected,

(4) Neutron "burnout' does not exist.
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MAXIMUM PERMISSIBLE BREATHING CONCENTRATIONS

The maximum permissible breathing concentrations of a number
of the gaseous radioisotopes have been listed by the National Council for
Radiation Protection (1951). These are included with others in an effort to
make this report more useful in the calculation of potential radiation
hazards from radioactive gases generated by homogeneous reactors,

TABLE B
MAXIMUM PERMISSIBLE BREATHING CONCENTRATIONS

Isotope MPC(pc/cm3) Reference
Br-82 7 x 1077 (8)
Br-83 5 x 10-6 (8)
Br-84 2 x 10-6 (8)
Kr-85 2 x 10-6 (8)
Kr-85m 2 x 10-6 (8)
Kr-87 6 x 10-7 (8)
Kr-88 4 x10-6 (8)
1-131 3x10-9 (9)
I-132 8 x 10-8 (9)
1-133 9 x 10-9 (9)
I-134 2 x 10-6 (8)
1-135 3 x 10-8 (9)
I-136 2 x10-5 (8)
Xe-133 4 x 10-6 (9)
Xe-135 2 x 10-6 (9)

DISCUSSION AND CONCLUSIONS

The calculations were carried out with the aid of an IBM Card
Programmed Calculator. A number of checks were made by hand to confirm
the accuracy of the machine, The results have been found trustworthy except
in a few instances where two large numbers must be subtracted to find the
activity whose numerical value is small. This was the case with some of
the third and fourth members of a chain, for short periods of buildup. Since
the calculation is imperfect, only where the activity is low, the inaccuracies
have very little effect on the results.

Appendix A contains a sample calculation. The gross activities of
the four gaseous elements involved and their totals as a function of time are
presented graphically in Fig, 1. A complete tabulation of the calculation
results are included as Appendix B. Buildup times of 0.1 to 105 minutes in
decade steps were considered, Decay values were calculated for
similar time increments.
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9A. APPENDIX A

at 2000 wa

Calculate the activity of Kr-83m after 1, 000 minutes of operation
tts and 1, 000 minutes of decay from the decay chain

Se-83m ————, Br-83 ——» Kr-83Im ——— stable

Isotope Pi(per fission) A j(min-1)
1- Se-83m 0.90(28.6) x 10-4 0. 620

2- Br-83 0 4.81(10-3)
3- Kr-83m 0 6.13(19-3)

Actually, the total independent yield of Se-83m is 28,6 x 10~4 atoms

per fission, but only 90 per cent of this decays through the chain of interest,
The yield for this calculation, therefore, is taken as Py =0,99 x 28,6 x 104,

I. Buildup

Kr83m, C: = 1.€5 x 10° Az {K-Le

where

K-L+M

-Aqt Aot ¢ ~Ant
1% v e "2 - (K-L#M)e ©°0}

P1*Pe*Ps  0.90(28.6)107% + 0 + 0

K = = = O'. 420'

As 6.13 x 1075

Py A
L. 172 0.90(28.6)107* _ |
(A3-Ag) (A3~Ag) (0.620 - 4.81 x 10~3) (0. 620-6.13 x 103 )
= 6.83 x 1070
+
Py A Py 7 Py
)

M -

(g - W)l - ) Xg- A,

0.90(28. 6)107% 4.81(10-%) 3
[4.81(1073)-0. £20] (6. 13(10° }-4.81(107%) ]

0.90(28.6)10"4 + 0
(6, 13-4,81)10"°

- l- 97

- 1.55
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«Cy = 1.675(10%) (6.13)1073 {0.420-6.83 x 1073 0. 620 -
1. 97e~4:81{1073)t 4 1 5go-6.13(1075) 1y

= 10.26{0.420-6.83 x 10~3e~60_1,97(8. 13)10~2+1. 55(2. 19) 1077}

After 1000 min. C3 = 4,18 curies.

Similarly, the other required buildups (Se®3M and Br8%) are found to be 4.31
and 4.19 curies respectively.

I1I. Decay

Cy = Ae™M1t + Be~22t + (Cg - A - B)eAst

Az Az C 4,81(1073)6. 13(10-3) 4. 31
where A » —————— -omv @ = — - = 3, -4
(Ag-Ay MAg-Aq) (-0. 615} (-0. 614) 87 x 10
0
5. AaCs AzAaCq°
Ag-Ag (Ag=Aq} (Ag-A,)
. 6. 13(107%) (4. 19) 4.81(1073)6. 13(1075)4. 31
1.532 x 1079 (-0.615) (1. 32) 1073

= 1.94x 10 + 1.57 x 107} = 190.5

and Cy = 3.44 x 1074620 + 19, 6e74-81 + (4,18-3.44 x 1074-19.6)e~6- 17

19.6(8.13)1073-15,4(2.19)1073 = 0.125 curies
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GASEOUS ISOTOPE ACTIVITY IN CURIES

Power Level - 2,000 watts

SUB-TOTALS
First Order x®® g0 9 k92 9 g% % 1137 1138 1389 Brf2 e Br87  pr88  xol40  xol41 Second Order  KrBS® (87 g B88 {135 83 584 Xe137 Third Order Kr83® ;131 72 1ise 1134 xo135m  Fourth Order Xel®1Mz 1%  xe13% Total Kr Br 1 Xe
Buildup Time 0.1 min. 1.96 O 8.87 O 1.02 .1 2,50 1 1..51 1 308 O 3.2 0 1.69 1] 274 1 218 1 1.61-8 5.03-1 3.12 O 1.08 1 1.18 1 1.95 1 6.62 -5 4,73 -3 7,18 =3 5,88 -3 1.54 -5 1,62 -3 7,32 =1 2,40 -! 6.04 C 3.06 -4 3.85 -4 2,79 -2 2.12 -3 -4.29 -4 192.9 7.35 1 1.40 1 6.641 3.8 1
Decay Time 0.1 L9l  7.30 1,26 6B O 169 O 204 -1 310 1.0 1 L34 1 4.68 0 L6l 49l 2.9  8.24 0 9.12 0 48 O Lioliee B 0B 43 907 Lol -4 .61 98P 319 698 3.06 3.8 280 212 Very Very 4.2 9.4
.. 1.0 180 2.8 277 -2 2.80-5 144 -8 3.73-13 2.19  1.63 0 2.38 -2 4.47 -6 1.61  8.99  1.49  7.32-1 8.78 -1 1.79 -5 1.1 -3 2.45 -2 2.14 1Bl -2 1.04 -3 1.0l -2 L.56 0 3.83  2.87 3.06 408 295 217 Small  Smell  4.38 16.1
w w390 185 -1 2.79 -8 1L11-17 0O o 0 6.86-2 499-9 0 0 1,60 4.09 -2 1.67 -3 2.08-11 6.04-11 0 Sonr L alie e Tiea SR B L e L neriEs 318 6.84 318 5.83 4.2
i L ey -0 4 * . B ety 00 g R - P o i hd 9 4.40 L7 154 188 5.29 -3 2.92-10 6.76-3 O 5.31 208 -3 427 Le1 -3 7.0 -2
o b 103 - o o o o 0 o 4 o o 135 o b ¢ o o 4.40 -4 5.B2 -6 4.81 -4 2.92 -3 3.40-12 [ 6.24-19 0 8.85 2.6t 9.04 -4 3.92 3.0 -3
T P o 0 I3 0 0 0 0 0 0 0 s538u 0 o 0 0 0 AN e ey o ° ° 0 2.8 2818 0  Lee10 1.30 -7 2.0 -4
L ) o ) o 0 0 0 0 o o o , 272 0 0 0 0 o o y 5 ° 0 < ° 0 2.95-10 7.14-26 O 0
Buildup Time 1.0 1,74 1 501 1 549 1 3.8 1 1.78 1 420 O 2,93 1 6,40 1 541 1 2.78 1 1.61 -7 2.9 1 4:86. 1 478 1 2.59 1 « 1.48 -1 1.65 -1 5.62 -3 5.85 -2 1.30 1 3.59 O 5.01 1 1.43 -5 5.76. <5 3.06 -3 B3.59 =3 2.20 -1 2,12 -2 " 1.59 -5 7.06 -3 596.9 1.78 2 6.56 1 1.732 140 2
Decay Time 0.1 1.70  4.41  3.89  B.81 O 216 O 215-1 262 1 517 1 2.67 1 595 O 1.61 212 3g8  5.80  6.45 O 368, 1,90 BB 890 138 .73 488 1,79 g B b o
nooow 1.0 153  1.42  7.91-1 3.06 -5 1.51 -8 3.93-13 1.86 1 7.39 O 4.70 -2 5.96 -¢ 1.61 1.09 289 0 3.55 0 2.38 -5 202 z21 R R SR VL SR A L Lez 7.8 110.1
N Y 1.18 0 1.68 -4 3.16-17 O 0 0 580-1 2.24-8 0-°', 0 1.61 1.37 -2 8.01-11 2.44-10 O 3.92  2.17 2.83 2,50 O 2.60  2.36 -3 1 a0 e oh 2.00  B8.61 8.1
bl AR s.e8-11 0O 3 [3 0 0 e8216. O 0 o 188 0 [ 0 o 174 L5k 3.27 -2 2.66 -9 6.60 -2 O 1.23 -2 2.66 -3 5.83 2,92 -2 4.11 4.7 L1 -4 2.16 -2 e 3
T R 0 0 0 o 0 0 e 0 0 0o 113 0 0 0 0 5.19 -5 4.81 -3 3.30-11 0  6.10-18 0 119 -3 2.2 .35 2.67  1.22 -3 9,00 -3 "1430.m 6.0 bif B
R : 0 0 0 0 0 0 0 0 0 0 5.38-10 0 0 0 0 0 o o ) 0 o 2.87-22 1.87 218  A.37-4 O  1.86 -9 PN R ed e
. . &
il e ) o o o o o o o 0 o o 2.76-2 0 o 0 0 0 o 0 0 0 0 0 8.26-6 2.99 -9 .1425 O 0 s G iy
Buildup Time 10.0 690 1 6.9 1 587 1 " " TOBiS6 1 735 1 548 3 M C1eieb L9 1 487 1 4087 1 816 1 v 3.85 -1 3.60 0 215 O 1.53 O 1.95-1 2.08 0 8.38 1 3,24 1 7.99 1 4.99 -3 3.58 -3 5.10 -z 4.82 -2 2.66 O 2.63 -1 o B8 -2 bosici kRS, 08 ST SR B B
Decay Time 0.1 671  6.16 3,63 8.04 1 5.84 1 2.68 ! .61 LM %08 349 5.9 S T e e e e e e Sy s i PIp .27 612.1
e 1.0 5.26  1.98  8.02-1 5.68 1 836 0 1.70 -2 161 157  2.08  35.10  3.84 0 3.60 384 280 160 2.4 2.8 7.83 3.4 2.9 o e e A AL e
AR T 468 0 2.0 4 3.20-17 L7 0 2.5 -8 0 L6l 1.97 0 2.61-3 B.39-11 2.64-10 581 890 213 180  ze) 28¢ L1621 Sea-3 1.90 -2 9.36 3,50 8.3 3.5  3.63 fab i
R Y ) L30-10 0 [ 2.09-15 0 0 166  2.03-9 0O 0 0 S81 186 181 L7 3.61 8081 LB S O 1.30 -1 2.68 -z 5.41  2.98 -1 400  4.24 S 31 iy 4
o 0 o 0 o 0 0 0 L4 o 0 0 0 4.32 -2 5.00 -4 4,72 -2 2,90 -1 3.62 -3 3.06-10 O  5,11-17 0 .21 -2 2.82  B.34  2.86  1.15 -4 8.96 -2 i 4
" " o 5 o o 0 0 c 5.37-9 0 o 0 0 2.85-12 0 0 5.00 -8 6.34-22 0 0 0 o 2.91-21 1.87  2.18 2.3 -3 0 1.55 -8 Ls7 38 Aenion
e T o 0 o 0 0 0 2.76-21 - 0 0 . ¢ o 0 0 0 o o ] o o 0 8.26-5 2.98 -8 7.12-2¢ O 0 v R
Buildup Time 102 L " " L) " B8 1 " " 1.58-5 2.20 1 " " . " 477 0 279 1 1.87°1 1.60 1 2.75 0 1.21 1 9.74 1 9.57 1 " 6.75 -1 2,02 -1 4.19 -1 1.85 0 423 1 410 © : 6.28 -3 .5 0 . 3.07 2 1.26 2 2992 3.56 2
Decay Time 0.1 7.20 8.21 1.5 2.15 4.78 2.80 1.87 150  2.78 121 987 9.55 8.76.  2.028 419 103 kS S# - T ot
n n 1.0 5.65 5.81 1.58 1.7 4.81 2.80 1.87 1.60 2.76. La 3.44 9.22 6.88 2.06 121 .88 42 412 6.45 1.3 497.8
n T me 5.02 0 1.81 0 1.5 2,18 4.87 260 1.81 149 2.8l 1.08 136  6.38 8.01 2,25 442  2.08 456 426 &% . L@ fe.3
g g 102 1.39-10 2.13-15 1.53 2.26 -9 5.88 1.15 128 1.7 2.19 Les 0 l.44 -8 162 O 1.53 0 2.92 6.13 3,80 2,93 3.94 3.06 -2 2.78 87.4
Wm0 0 0 1.13 0 3.88 -1 3.44 -3 5.99 -1 2.67 O 2.9 -¢ 1.83-¢ O 1.50-16. 9.11 -2 2.96 830 2,60 06 -4 8.80 -1 o AR o g
- e 10% Ly 4 5.29 -8 o 2.56-11 o 0 8.78 -7 5.15-21 o 0 2.39-20 1.95 2,16 2.80 -2 5 1.4¢ -7 - 5.47 1.42 2.e
g 0 0 2.72-20  © ! o 0 0 o o o o o 0  B.80 -4 2.96-7 6.9¢25 0O 1.08 -4 4.61 -5 1.0 -3
Buildup Time 10° i » % ¥ ¥ % d Y Y 7 1.37 -4 -1 o g " 5 2.03 1 474 1 5.74 1 7.81 1 8.47 O 135 3 L 9.73 1 " 8.2¢4 0 2,73 0 7.63 0 3.13 1 8.88 1 2.36 1 5.20 -4 4o 1 1390. 3.88 2 1,53 2 4.482 4.1 2
Decay Time 0.1 1.37 2.03 4.74 5.74 7.81 8.47 1.38 9.71 £.24 2.73 7.63 818 . A9 2,37 5. B0 4,568 1197
e 1.0 da8% 2.08 472 502 7.8l  8.46 1.35 9.38 826 270 764 3I3 8,88 2.5 .21 4.36 b
. i 10.0 1.36 2.00 4.38 5.53 7.69 8.28 114 6,49 8.25 2.75 7.80 3.1 8.61 2.85 5.51 4.40 508.4
T, 1.62 LB0 Lo 891 €58 57  1.43 0 1.68 7.88  2.62  8.05 3Bl 465  2.04 644 & L
WL 100 9.73 -5 1.59 0 5,80 -3 1.22 0 1.39  7.65 -2 1.48 -9 1.53-16 2,78 -1 2.79 7.73 2,07  9.67 -4 4.30 1.68 -3 3.49 9.1
L ol | 4 1.08-10 0 O 240 -6 1.34-20 o [ 6.21-20 1.81  2.02  LBt-] 0  T.44-" 7,23 9.21 -4 7.8
" ] 2.54-19 0 o o o o o 0 ) 8.02 -3 2.77 -6 5.55-22 O 0 8.98 -4 o 1.0 -2
Puildup Time 104 Eern " " " " " " " " " 4.72 -4 n " " " 2.20 1 " 5.86. 1 9,50 1 8.54 O . " “ B T S = 2.80 1 4.52 -2 9.90 1 1625. 3.91 2 1.3 2 5.782 5.2 2
Decsy Time 0.1 478 2.00 586  9.50  8.54 865 241 491 8.24 2.89 4.02 ksl ae.
i 1.0 4.72 2.20 5.85  9.49  8.54 8.55 .41 401 6.4 2.89 et i v
sl S e 2.16 5.65  9.54  8.85 863 241 491  B.23 2.86 4585 s pecdg
e B 4.57 172 3.99  8.00  5.80 7.87 241 4:89  8.05 2.48 wal g ik
o SR Ju86 L72 0 125 0 1.69  7.72 -2 2.61 -1 2.32 435  5.09 5.25 0 5.87 S S
R 1.58 -6 1.13-10 o 2.92 -6 1.35-21 6.27-20 1.41 L13 4Bl 9.04 -7 g':f 3 o 7.8 -2
P 8.10-19 o 0 0 o 0 6.20-2 L55-5 1.36-21 o i
" " " N " " 5.2 -1 » 171, 391 2 134 2 6.242 5.62 2
Buildup Time 10° % < 2 o 5 i 8 3 o f 2 i % . y . * > - . " " 551 1 63 1 &# 1 " "
4.74 5.25% 1518.
Decay Time 0.1 g 5,51 1 .36 8.21 5.25 1120.
i) 5 1.0 e g 51 6.36. £.21 5.25 628.1
R R = s e 5.51  6.36  8.21 5.25 638.0
7 102 b 5.49 6.32 8.03 5.25 321.6
2 < 10% 180 -6 5.24 5. 60 5.08 4.86 86.6
s " 10% SThre 5.10 1.45 4.50 -1 2.69 -2 1.8 -1
b T8 108 R 1.86 -1 1.99 =5 1.66-11

NOTE: 1.96 O is reed 1.96x10° = 1.96; 3.60-12 is read 3.60x10712, eto.
Ditto indicates preceding cycle is duplicated.
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