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1.0 ABSTRACT

Calculated data and graphs describing the effects of batch
thermal-neutron irradiation of thorium, the usual method of oper-
ation of heterogenecus reactors, are presented. The buildup and

decay of Y-S, Pacid

» other heavy isotopes, and fission products
are considered on the basis of best available cross-~section and
fission-yield data. The effects of these irradiation products on

the Thorex chemical separation process are indicated briefly.

2.0 INTRODUCTION

The purpose of the study reported here was to calculate the amounts

of various products that would be produced by batch neutron irradiation of
thorium in & heterogeneous reactor.* The information thus obtained would

be used as & basis for determining the extent of irradiation that is both
desirable and permissible and the decay time required for reasonsble chemical
processing schedules in the Thorex process plants. Data were calculated for
fluxes of 10°3, 10
occur (Fig. 1) when The

, and lO15 n/cmg/sec, baged on nuclear reactions known to
32

is irradiasted and on the estimated amounts of spe-~
cific fission products (Fig. 2) formed in fission of U233. The data were
plotted in both summary and detailed form. Amounts of products remaining

after various post-feactor decay times were also calculaged and plotted.
232 234 2 2 2
3 , U233’ o3 , U 35’ g3 , U237’ T 33,

lhO—LaluO chain.

The products considered were U
3% Rul%3, rul®, and the Ba

3.0 PLOTTED DATA

Figs. 3-8: Composite plots showing the amounts of various products
formed as a function of irradiation time. Values are given for fluxes of
10%3, 101“, and 107 pfcr/sec. The data are tabulated in Tables 1-3.

* Similar calculations foi continuous irradiation in & homogeneous reactor
are given in ORNL~1817.
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Fig. 1. NUCLEAR REACTIONS THAT OCCUR WHEN Th232 IS TRRADIATED WITH THERMAL NEUTRONS.
CROSS-SECTION DATA WERE OBTAINED FROM REFERENCES 2, 3, AND L.
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Fig. 9: Plot showing production of isoctopes of mass-233 as a func-
tion of flux and time.
233/U233

Figs. 10 and 11: Plots showing the Pa concentration ratio
as a function of Flux and irradiation time snd of flux and decay time
after discharge, respectively. At time of discharge, following irradi-
ation at a flux of 1015 n/cmg/ sec, in material containing 3000 g of
isotopes of mass-233 per ton of thorium, 92% of the 233 isotope would
be Pac, Chemical processing (Thorex) of such material after a short
decay time can be visualized as an expedient means of obtaining large

quantities of isotopically pure U233

, which would be formed by decay
of the Pa233 in the Thorex extraction column aguecus waste.
. - , . }232 A 232,233
Figs. 12-1h4: Plots showing amount of 1 formed, the U /U

a activity ratio as a function of irradiation time and flux, and the
U232

U232

and daughter activities as a function of decay time after discharge.
data are tabulated in Table 4. The U°3% chain is known to contain
members that emit 8- to 9-Mev a particles highly efficient in causing
(a,n) reactions on light metals, e.g., carbon and borom, which may con-
taminate the final U233 metal product.5’6 The a activity values plotied
in Fig. 13 are those of U232 alone and do not include the activities of
the five daughters, which grow in with a 1.9y bhalf-life. The total a
activity at equilibrium (~ 12.5y) would be approximately 6 times that of
U232. The cross-gection values of 2-13 mb represent the characteristic
spread of reported data, which are known to vary with reactor moderation
and neutron energy distributions.

Figs. 15-17: Plots shoving the amount of Thgsh

of flux, the Th23LL

formed as a function
g activity as a function of g/t level, flux, and decay
time, and the decay time required to reduce the ThQBM B activity to £ 109
d/m per kilogram of thorium. This value is considered the maximum B activity

permissible for a thorium product destined for subseguent direct bandling iu

234/Th232

metallurgical operations. It is readily observed that the Th ratio

increases roughly as the square of the flux; very long decay periods alter

15

discharge would therefore be imposed by irradiations at a flux of 107 or

even at the lOlLL n/cmgfsec proposed for the Thermal Breeder Reactor blanket.



» required for Th

"and activity of U232, faple 4 shows the effect of U

103

Figs. 18-20: Plots showing Ru and Ru106 activities as a function

of flux, g/t level, and decay time afiter discharge. If a ruthenium de-
contamination factor of 100 is assumed for the thorium product, it can be
shown that the additional activity comtributed by RuloB is eliminated during
23k 106

the time rvequired for the Th activity to decay. However, the ly Ru

13 or lOlbr m/cm?/sec at production levels

becomes limiting with fluxes of 10

of greater than 1000 g/t. The activity of Ru.lo6 will in these cases then
! 2

require a minimum ruthenium decontamination factor of 10° to reduce the

total ruthenium activity below 10° d/m/kg Th=-°
23k

even with the long period

to decay. Ruthenium dats are tabulated in Table 5.
The widely varying compositions of Thorex process feeds thét may be

visualized in long-range projections involving thorium irradiation may‘

demand significant flexibility in processing philosophy.

232 232

L.0 FORMATION OF U FROM Th

32

It is gemerally agreed that U2 is produced in reactors chiefly by

the reactions

Th232 231 B Paggl(n,y)PaQBQ p U232 o

{n,2n)Th" —— e
25.5h 1.324d 10y

The (n,2n) reaction can occur only with neutrons with energy greater than
the 5-6 Mev neutron binding energy. The relative amounts of {n,2n) reactions
can vary with different reactors or even in different regions of the sanme
reactor owing to thé different extents of moderation. Because of the high
energy necessary for reaction, only & swall fraction of neutrons enter into
(n,2n) reactions, and this small fraction decreases with increased moderation
of the reactor.

The (n,2n) crose sectioms for reactor neutrons have been variously
reported as 2-13 mb, although there have been some data indicating ~1 mb.
In this report the range 2-13 mb was used to indicate the councentration

232 concenﬁr&tian of

the ¢ activity of the total mass-233 produced, while Figs. 12 and 13 indicate

the U232 concentrations and the szd/U235 @ activity ratios, respectively.



Table 1. Amounts of Products Produced by Neutron Irradiation of Thorium at Flux of lO13 n/cme/sec

Irr;?;étion g of Isotope per kg of Th
e
(Gays) pa?33 | 233 |pa®33 4 B33 p?3* v233 Fopts 23 v?3® | mh Burnup
5 0.0285 |0.0017 0.0302 L.u)d&ﬁlgib 2.8x10-§5 7.78x10-g 9 0.030k
10 0.0535 {0.0070 0.0605 0.229x10_, 2.22x10_ 1.45x10:6 8x10~ 8 0.0607
20 ) . 0.841x10 1.78x10 2.56x10 6.35%10" 0.121%4
25 0.1122 |0.0k02 |- 0.152 \
io 1.932x10-h 6.01x10"" 3.u1x10'6 2.15x10_$ 0.1821
o) P 5.11x30° 0.2428
52 O.lgl 0.133 o.ioz 4,260x10'4 1.4x1073 4.32x10°° lxlO'% 0.3035
7 0.203 0.253 0.45
8o 2.2x10'6
100 0.219 |0.392 0.611 1.250x10:§ 7.2x10:g 5.56x10:2 u.3x10'6 0.607
150 0.2325 |0.654 0.8865 2.232x10_3 1.2x10 o 5.8Lx10_¢ 1.45x10'§
200 3.682x10 2.65x10" 5.89x10 3.44x107 1.21k
250 0.238 |1.e223 1.k61 2.018x10:§ a.6hx10'g 5.91x10’2 6.70x10 2
300 .565x10 8.87x10, 5.91x10° 1.16x10 1.821
328 0.232 1.745 1.983 8.132x10_3 1.2x10° 5.91x10’2 1.59x10-i
i 0.23 9.480%10 1.52x10 5.91x10° 2.37x10° 2.428
450 0.238 |2.25 2.488 1.109x10:§ 1.84x10:i 5.9lx10:2 3.39x10_t
500 0.238 |2.505 2.743 1.299x10 7 2.60x10_; 5.91x10_, 4.65%10) 3.035
ggg g.23g . . l.&72x10_2 3.14x10 3 5.91x10 ¢ 6.1x10
T0C 0'238 3'41 §'%a8 2’028§10'2 5'1g§10’1 2'31§§o-6 l.2$x"0-3 h.okg
0C . . . . . . -~ . 1 .24
gso o.zsg 3,gh i.ggg 2.2h3x10:§ 2.88x10-§ 5.91x10-2
00 0.23 3.83 . 2.450x10 LTTX107 5.91x10" L .856
850 0.238 4.03 4.268 5 1 5.91x10-é
900 0.238 | k.2k 4. 478 2.794x10 7 8.53x10" 5.91x107, 5.463
1000 0.238 k.63 4.868 3.332x10° 1.0k 5.91x10° 6.070




[
Table 2. Amounts of Products Produced by Neutron Irradiation of Thorium at Flux of .'LO"U’L n/cm‘/sec

Irradiation : : g of Isotope per kg of Th
Time o o | ol
(days) pa®33 | P33 15233 23 g v?33 pp.ts 23" ¥ Imh Burmup
2 3.31x1072 0.1214
3 4.55%1072
i o | 6.30m07 0.2428
5 0.284 0.022 0.306 0.00052 2.84x10 7,78x10‘2 € 0.3035
10 0.531 0.08k 0.615 0.0021 2,23x10'§ 1.45x3107 8x10 0.607
20 0.01k 1.78x10" 2.56x10" 6.35x107° | 1.p14
25 1.100 0.390 1.490 - — o "
30 0.033 2.61x10 3.h1x10 2.20x10, 1.821
Lo ; ; 5 . o 5.2x10° 2.428
50 1.675 1.17h 2.849 0.083 2.45x10" k.32x10 1.0x1073 3.035
60 : 1.76x1073 3.64p
70 2.80x10"
75 1.965 2.155 k.120
80 u.Buxlo:g 4.856
30 | 1 , i 6039x10n3
100 2.110 | 3.14 5.250 0.277 5.55x10 5.56x10_ 7-75x10 71 6.070
150 2.230 L.925 7.155 0.483 1.4 5.84x10 i 1.52x10 5| 9.105
200 0.728 2.68 5.89x10") 2.71x10 5 | 12.140
250 1.035 4.19 5.91x10 4,55xlo_2 15.175
300 1.338 5.95 5-91x10_, 6.67x10_J | 18.210
350 1.67 7.87 5.91x10 ) 9.26x10 7 f 21.245
400 1.99 - 9.94 5.91x10_ 1.19x10 7 f 2k.280
Lgo 2.32 12.08 5.91x10_4 1.k8xlo_l 27.315
500 - 2.63 14.32 5.91x10 1.77x10 30.350




Table 3. Amounts of Products Produced by Neutron Irradiation of Thorium at Flux of 10lS n/cme/sec

Irradiation g of Isotope per kg of Th
(ii?:) pa?33 | °3 P3233+-U23§ 2 1233 ppid M 235 14235 5.p. s\ motal 7.2 0P Crain 236 23T | %" chatn {Total Th Burnup
1 0.606 }o0.002 | ©.608 1.63x10 3 8x10'6 0,607
2 1.183 |0.06 1.243 o.0172 | 1.78x1073 | 3.31x2073 6.35x1077 17621073 1.21k
3 1.745 1 0.13 1.875 0.0206 | 6 o2x10'3 u.55x10‘3 2.15x10’“ 6021073 1.821
i 2.27 0.16 2.43 0.0773 | 1 u3xlo'2 6.3Ox10'3 5.0x10'h 1.u3x10'2 2.428
5 2.77 lo.21 2.98 0.099 | 2.79x1072 | 7.78x1073 9.9510"" 2.79%x107¢ 3.035
6 3.25 0.26 3.51 1.72x1073 3.642
7 3.75  |0.31 e 2. 73x1073 4.249
10 5.03 0.5k 5.57 O.h2k 9.95x10'2 1.‘45x10'2 1.92x107° 9.95x10_2 5.070
20 1.0k2 0.5k7 2.56x10_2 1.61x107° 0.557 12.1k
25 9.75 2.40 12.15 15.175
30 2.495 1.64k2 3.u1x10'2 g.osxlo'l 7.3x10_2 1.72 18.210
40 s.82x107% 1.65x10"l 24.280
50 13.50 5.25 18.75 5.636 5.303 u.32x10'2 3.71x10'l 3.35x10'l 5.6k 30.350
60 5.7xlo_l 1.057.10'l l.O5xlO_l 7.ux10'h 1.7x10'3 36.420
75 15.0 6.88 21.88 7.97:(10'3L 1.05 1.65x10‘l 1.85x10'l 5,525
8o 48.560
90 1.65 3.o5x10'l 2.93x10'l 3.6ux10'3 8.36x10'3 54,630
100 15.50 |7.68 |23.16 13.88  [|19.876 5.56x107° | 1.21 2.20 22,08 b .05x107 ] 3.90x107F 60.700
150 15.85 8.25 24.10 20.675 137.235 5.8hx10'2 2.01 5.96 43.20 1.1 1.02 z.ugxlo’e 5.7x10'2 §1.050
200 25.837 [55.073 5.89x10'2 2.65 11.3 166,37 2.0 1.82 8.6x107° 1.dox107t 121.400
250 29.650 |73.0u46 5.91x10'2 3.12 17.0 90.05 3.3 2.87 1.32x10’l 3.20x10'l 151.75
300 30.484  [91.020 5.91x107% | 3.47 25.9 116.9 .75 3.97 2.38x10™ | 5.38x107" 182.100
350 34.504  (109.707 5.91x107% | 3.67 33.7 1i3. 0 6.30 5.05 3.80x1071| 8.70x107" 212.450
100 36.137 [126.97 5.91x10'2 3.92 42.5 169.5 8.0 6.10 5.70x10'l 1.30 2L2.800
150 37.319  [1bb.95 5.51x10°° | 5.06 51.6 196.6 9.9 7.25 7.90x107+{ 1.80 75.15
500 38.151 [162.92 5.91x10'2 4,17 60.7 203.6 303.50
f
|
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Table L.

Effect of U232 Concentration on Total ¢ Activity of Product as Total Mass 233

. 233 . _ 233 @33 1232 5t 2 m y32 ] LA
dt A v (+)fa Disintegration|Cross Section | Disintegration - U%J;C51:IE¥ R?:t?on
(n-dayS/cm /seC) s (a/¥) (e) (8/y) 53 ==
U Disintegration
5 0.306 1.31x10'6 4.66x107" 46221077 3.53x10'3
10 0.608 2.6x10'6 1.865x10'6 1.855x10“8 7.15x10'3
20 1.203 5.1hx10—6 7.u6x10'6 7.u0x10'8 1.44x1072
30 1.805 7.7x10'6 1.68x107° 1.66x107" £.16x1072
40 2.33 9.97x10°° 3.04x1077 3.0x107 1 3.01x10™2
50 2.8 1.20x10™7 b 46x1077 h.b1xa0” 3.68x107°
60 3.25 1.392x107° 6.30x107° 6.25%10" " 4. 49x10™%
70 4.0k 1.73x107 8.74x10"7 8.65x107 1 5.0x10"2
100 5.57 2.36x1077 1.72+5x10'h 1.725x10'6 7.26x107°
250 12.15 5.19x10‘5 9.4x10‘h 9.3x10'6 1.79x10‘l
500 18.75 8.0x10"7 3.35x1073 3.32x1077 k.15x107%
750 21.88 9.35x10° 6.53x10’3 6.u7x10'5 6.92:;10'l
1000 23.18 9.98x1077 10.2x1073 10.1x1077 1.01
232

”he o activities

listed are for U

alone and 4o not include the daughter activities.

..6'[...
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Table 5. Concentrations and Activities of Rulo3 and RulO6 at Time of Dischar&ei
103 106
, Irradiation Ru Ru
Flux g/t Level 5
(n/cm”/sed|(g mass 23/ton Th) ine Concentration Activity Concentration Activity
- (days) (atoms/kg Th) (8/m/kg Th) (atoms/kg Th) (a/m/xg Th)
1000 1.65 1,69x1016 5.03x10%" h.08x10% 7@1X1o9
1077 2000 3.25 1.69x10%7 2.,03x10°2 ) .28x10%0 7.1x10%Y
3000 5 6.30x10-7 7.55%x10%2 1.66x10%7 2.76x10%"
1000 17 2.9ux10" ! 3.53x107° 8.56x10%° 1.hoxiott
L
10 2000 3l 7.85x10%7 9. 41x10M2 2.64x10% " . 38000t
3000 53 1.7hx10%8 2.09x103 6.3ux10% 1 1.05%10%2
1000 175 1.37500%7 1.6hx10%° 9.0x10%° 1.49x10™"
103 2000 355 4. 7ex10T 5.66x10-2 4.95x10 8.21x10™
AT N =) 18 12
3000 540 8.25%10 9.9x10 1.1x10 1.83x10
2 Yield of Rut®3 = 0.93%; yield of Rl = 0.235%.
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The concentrations and activities listed in Table 4 were obtained by
using a 2-mb cross section for the {n,2n) reaction. The concentrations
and activities for cther cross sections are simple multiples of those
obtained for 2 mb.

Equations¥* used te calculate U232 concentration and activity. The

differential equations involved in the formation of U232 are

an
.._._2_2_ = Nll¢ O:!l (l)
dt -
and
an
11
at - éﬂoz 02 " ¢ aii (2)

These equations aze Integrdated to give

fn O
Ny = 02702 (B0t (3)
g o
and
N, = N0, |8t - Oil (1 - P 91t ()

Io order to compare U233 products produced at different g/t levels

or by decay of isolated Pa233, it is necessary to determine the a activity
due to U232e This is done by determining the @ activity ratio:
an ax \\ N, A
o activity ratio = dig = = ~§§—~§§
,/ N3 a3

ye32 decays to a series o%iademitting daughters {Table 6) with a half-
life of 1.9y, the half-life of Th2289 Hence in 1.9y the daughter o
activities are equal to half their equilibrium value. After 10 years
the total o activity reaches & maximum of 5.2 times the U°OC activity

at time of reactor discharge, or 5.7 times the U232 activity then present.

*¥ See Sec. 6.0 for definition of symbols and numerical values of
constants.



With NOOS = 0 and neglecting the half-lives of the remainder of the
series, the equatiocn for the activity A_, of the daughter series as a

function of decay time after discharge becomes

A |
.0 08 SA Lt - At
AS = 5A 00 Tf;};—“:‘}'\‘“gé' (e 22 - e 08 )

Table ©. Daughters of o2
Nuclide Half-life a (Mev) % Decay by a Emission
y°32 70y 5.31 100
228 1.9y 5.40 1.00
ool
Ra. 3.64d 5.68 100
Rnegz 555 6.28 100
Poct 0.16s 6.77 100
Ppote 10.6h e 0
212
Bi ~ (a,B) 60m 6.08 3k
pocie 2 107 8.78 100
2 only 66% of Pb°12 formed in the chein reaches Po°re.

5.0 CALCULATIONS

In all cases the exact solution to a given differentisl equation was
used except for those low values of Pt in which the approximate equation
was found to be accurate to within 1 percent. In many cases in which the
solution was very complex, the approximate equation was more accurate for
short irradiation times since the exact solution usually involved sub-
traction of two numbers of approximately the same magnitude.

All calculations were based om the cross section and half-life values
listed in Sec. 6.0. The cross section values given are those for thermal
neutrons at room temperature. The curves thus cbtained apply only to those
conditions and would give only approximate answers at other temperatures

for which there are different cross section values. To obtain more exact
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answers at other conditions, the eguations should be solved with the
corrected cross-section values. In some cases it can be seen that the
standard 1/velocity correction factor could be applied to the cross
sections without affecting more than one term of an egquation. If this
is the case, concentrations ﬁt different temperature conditions could
easily be obtained from the graphs with omly minor calculations. How-
ever, for most cases, the terms that are affected by cross-section
changes are exponentials or factors involving both ¢ 0 and A terms. In
theée cages it preobably would bé easier to solve the equation with the
corrected cross-section value.

In this study thermsal flux and thermal cross sections were used,

and no correction for resonance was made since resonance absorption

varies with the type of reactor. The term ¢ 0&2 is given‘in the equations
as & correction factor applied to $ to include resonance absorption in
Th232 and should be used where greater accuracy is desired.

All calculations were based upon 1 kg of thorium, and the amount of
thorium was assumed to be a constant during the entire irradiation period.
The following equations were used:

For thorium burnup,

T = Yol e | (1)
|
Nop = Nggb Ot (2)

For production of U-> and Pa<oo,

—23 . oW, A, - N80, (3)

i) = = =

, ]
XE)\JS + ¢ 0'13>(1-e“¢ O3ty - ¢ crggélme‘(’\m + 9 613)‘"’;‘} (%)




13 e
= Wy B O = PN 3005 - AygNyg (5)

. N02¢ Tz [;6-(}\]L3 + @ 0'13)1] (6)

234

For production of U ; assuming that this isotope was produced

by both capture of a neutron by U233 ana capture of a neutron by pac33
followed by decay of the Pa23' to y23*,

%—Nﬁﬁo"-rNﬁO' N (7)
dt. T NpgP Opg Ny P Opg - TP Oy, 1

Ny, = A{BB O'Eh(lwe",é 033'“) -9 (J"2'3(3_»e'gs qut]

v [@*13 + OiB)(l~e_¢ Tty - g Oéu(l—e_(AIB + 8 °i3)%ﬂ:} (8)

N0 O
where A = 02 ?2
(Mgt 8 0p; - 6 G2, + 6 07)
s o 23%s At A O
! |

0 00,50, -80,)

- ! -
¢ - (g + 805 - 805 033 - X500

O Ay3 + 05 - 6.0)

For production of fission products from U233,

a
FP
~ - 2¢N230}23 (9)
N - Moo Ty 5000 {>‘13 AT
FP | | |

»

o ~ |
|}0'?1313'(l~e'¢ 053;)]"__.?8__2..3__._ |\(,\13 + f 03‘3)t _ (l—"e“(/\]B +¢0‘13a} (10)
- /\13 + @ o,
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For formation of Th23L+ ;

St = Tos? T3 - Nou Ao (11)
5 Nop # O £ G
R N S W LW

XE)‘@ + 6 0py)(1-e” Aout) gy (1-e” Aoz * 525603)3[ (12)

Since A 03 is much larger than fé 03 or A ol the approximate form

#

was used,
N..0 g o
02" Yoz P o3 [ At
N, = Az (3-e™on”) X]
ok 03 - (13)
| )\ou )\032 oh
S8y FEamA.-n.po (1)
at  ~ o2 " Yoz " To3 03 T To3 03
o3 A + 8 0y,
03
For formation of U235 3
f—N-g—i = N, 00 N. 60 (16)
dt =) g~} 25
Substituting the expfession for Nzl; previously calculated (Eg. 8)
gives ,
A O
N, = 2k (g I:;é (le ¢o”(1e¢°;:5]
25 R c/l ¢ 0/' _ ’é 04 23

p o +po
- [es 62'5(1&’“’&)-«56&(1&"25]} {'\13
P 03 'QSG 25"6%4

b o
X O'l QSG a eég't]
1:?5 25(19 - B 1,,(1 25°) /\l3+¢50' —fZSO’

x IE)\13+¢ )(le ¢G? ¢0” (1-e” ()\l3+¢0' )t]}> (17)




N, fC
where A= 02 02
5 M3 Oxg Az ¥ g 05

62|3 ¢ 0'2)4(95 0’24 - 9 0'2l3)

4o ]
o Pa3t POy - FOh) Oy - Ay O

Oéu ('\13 + ?5 03;3 - ¢ O—QLL)

For formation of fission products from U235, calculations were made

235

by using the U curve over successive 30-day increments, according to

the scheme

an
FP
it = Va5 P Tpes (18)
%
Nep = ¢0’f25/ Nyc db (19)
b p
p t
Ny = B0 > o
FP £25 - Nie5 Aty (20)

vhere NiQS is the average U235 concentration during time interval

z&ti.

Schemes similar to the above were used to calculate the formation of
U U237 237 U236
s .

similar to that used for fission products except that the U235 capture

236

, and Np chain quantities were obtained in a manner

cross section was used. U237 and Np237 formations were then calculated

from the U236 237
237

chain guantities. There are more inaccuracies in the U

236

calculations than in those for U'
237 237

and Np and fission products. The

curves for U and Np are probably within 10% of the apalytical value.

For Th23h decay, the activity was determined from the ']?1&231‘L concen-
tration corresponding to the various g/t levels. The cooling period was
decided as that period required for Th23LL activity to decay to 109 d/m/kg

Th, or 100 ¢/m/mg at 10% geometry.



For Ru106

5 .

[

03

and Ru; activiﬁies, calculations were made from the

"fission product comncentration curves by using the respective yields

anﬁ integrating with respect to the decay function. The buildup is

given by

Nzu

N t *,AT
ey [N T [

The decay rate at the time of reactor discharge is given by

a,

dt

6

- N ,\T
= =W A = - gTy (1- e :]/\

.0 CONSTANTS AND DEFINITION OF SYMBOLS

The following symbols are used in this report:

p

t
it
NC)
N
y
T

AO

02
11
13
22
23
2l

it

flux (n/cmz/sec)

time (sec)

atoms of given nuclide formed

atoms of given nuclide present initially
atoms of given nuclide burned up

fission yield of given fission product

time of irradiation used to find extent of fission
product decay

activity at time of reactor discharge
Th232

231
pa33
g2
=33
U234
235
U236
=37

fission products

(21)

(22)



Table 7. Cross-section Values

Symbol (Xiiié SOl | (1)
Capture Absorption

%o 7 T‘ T3 | 560

053 1350 0;; 640

011 250 Fission

013 150 0%23 505

053 25 0}25 540

Oéh 70 Reaction

O 100 GbQ(n,En) 8:8§§~

%26 20

Table 8. Half-life Values

Type of Emission and

Nuclide Energy (Mev) Half-1life
Thggé B~ 0.3,0.22,0.09; y 0.022-0.21 25.5h,
Th233 a_4.03 1.39 x 107y
Th g~ 1.23 23.5m
Th23l+ g~ 0.2, 0.11; 7 0.093 2h.14
Pa®32 B~ 0.33; 7 0.05 = 0.96 1.324
pa®33 . 8" 0.58,0.48,0.27; 7 0.1, 0.31 7.4
pa23% = 8" 2.3; y 0.8 1.14m
232 a 5.31 70y
233 o b.82 1.62 x 107y
U234 a b.76 2.6 x lO5y
g2 o 4.2 - 4.6 7.1 x 1%
y231 8" 0.23; ¥ 0.2, 0.06, 0.26 6.7d
RutO3 8™ 0.217; 7 0.498 40d
Ru106 B~ 0.038 2004

8 p 23k 234

as UZ with a 6.7h half-life was not ggﬁsidered. The gg
was assumed to be UX. vhether formed by Th
reaction.

2

decay or = Fa“ 3(n,7)
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Table 9. Decay Constant Values

Symbol » Value
Aog 3.647 x 1071yt
A oo 9.9 x 1073yt

6 -
o3 .28 x 107% 1

~5 =1
Ap 03 1.2x 107w
}\R 106 1.66 x 10_6::11“l
th3
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