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The Production of Transuranic

Isotopes in the MTR

ORNL-612

0.0 Abstract

The production of transuranic isotopes from the irradiation of 0^35
fuel assemblies in the MTR has been recalculated on the basis of a 12 day
irradiation at a power level of 30,000 KW for a loading of 3.2 Kg. of U235.

1.0 Summary

This report is a re-evaluation of transuranic isotopes production in
the 25 fuel assemblies irradiated for 12 days in the MTR, and supercedes
several earlier references on this topic(l,2,3)? which gave the production
for 10j 15 and 20 days of irradiation. The production of U236 ±s omitted,
since it is discussed fully in 0ENL 611.

Calculations were made to evaluate the amounts of transuranic elements
formed in the MTR. It was found that Np23? and Pu239 are formed in milligram
quantities per assembly; Pu238, Pu2/+°3 and Pu2^1 in microgram quantities, and
Am ^J- 3_n sub-microgram quantities. Only Np* '̂ and Pu239 are produced in
quantities sufficient to consider recovery, and that separation of the small
quantity of Pu239 ±s questionable when compared to Hanford production. The
production of Pu23° directly from Np237 and of Am241 from Pu239 seems more
advisable, since they can be produced in much higher concentrations by these
methods, and thus are more easily separated and recovered. The isotopes
considered in this report are listed below.

tt 236

LI 237
Np2^
Np23?Pu238

U

Up

239
239

Pu239
Pu240
Pu241
Am2^1
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2,0 Introduction

In the operation of the MTR.three additional isotopes of uranium, and
eight ?raMu2Sc isotopes will b'e Produced in gram to microgram quantities.
N2^ and several other lansuranic elements are produced £ "^J*^
Quantities, but have been neglected in this report since they will exist in
tZ negligible concentrations to offer a health hazard or to be worth re
coveriS! Production data for these thirteen isotopes have been calculated
in o-rdef to evaluate'the desirability of their separation ana recovery, ano
to determine what activity hazards their production might present.

Although similiar calculations have already been made on this subject,
recaWaSS ^as necessary to correct for the latest MTR operating speci-
ficationsH/hich are as follows:

MTR Power Level 30,000 KW
Total 25 in MTR as Fuel Assemblies ;>.- *g
Total Number of Fuel Assemblies (Slab loading) 23
Total 25 per Fuel Assembly 0.140 Kg
Composition of Initial Fuel Material

h' u 23-4 1.1*

U '-^
Total MTR Cycle Time
Irradiation Time per Cycle
Down Time between Cycles

5.5/o
336 hrs. (14 clays)
238 hrs. (12 days)

48 hrs. (2 days)

Data were also expanded to permit the plotting of growth and decay curves
for the various isotopes considered. The nuclear reactions involved are given
^^urll and their reaction constants in Table I. In addition, a summary
If Serial heavy LotoPe abbreviation system is also presented in Table I.
In this Sene any heavy element may be represented by a two digit number in
wLh the3 first digit is*the last number in ™*^.^^*Z ?5digit the last number in the atomic weight. Thus 92b is wntten as O,
9^Pu2^9 as 49; and 95Am2^1 as 51.

4 -
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In making these calculations the general growth and decay equation
which appears below was used.

,^/* -*zt \-kritN_FNi%X,--A7wM>,
M,

e + -- + .
(a^,)M/)--(vaj r cv-AiXb-AiWAw-A*; ^-^^--W--^--^)-j

Mi - Mass of parent isotope initially present
Ni_ - mass of parent isotope at any time, t.
Nn s mass of isotope n at any time, t.
K]_ = isotopic mass of parent isotope
Mft - isotopic mass of isotope n
X g transformation constants of various isotopes in chain

Where \p r. mfcc+cLf. ) for production of isotope involved
\jz ln2/Ti/2 s 0.693/T1/2 for decay of isotope involved

(usually Ap and Ad differ by several orders of magnitude so that one or
the other may be neglected.)
X, = transformation constant of parent isotope
^= transformation constant of 1st daughter isotope
Aj= transforation constant of 2nd daughter isotope
A*= transformation constant of (n-l)th dauther isotope

t = total reaction time

F - fraction of total reaction involved
(£n the case of 26 production, A, =A^y * ftV(Ci+ °f )zs»
Since Oe/fcfc-ftf/ - 0.1405, the N26 produced is proportional to only
14% of the total 25 lost in the total reaction.)

The only restrictions on the use of this equation are:
1. Only the parent isotope is present at the start of the reaetion.
2„ The power level of the reactor remains nearly constant.
3. The values obtained are instantaneous values.

If any of the daughter isotopes are present at reactor startup, the production
from these sources must be evaluated by the use of additional, but similiar,
equations, and the total production then, is the sum of the solutions of the
individual equations. This situation occurs where 27,37,38 and 48 are being
produced from both 25 and 26 in class B through K assemblies. To determine
the amount of any isotope present after reactor shutdown, new equations must
be formedj, in which only A^ appear.
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Table I

Summary of Nuclear Constants

Isotope Symbol (sec;1) (stc")
At*

U235

u237

"411

U '
239

2^Q

P>°
Am H

24
25
26

27

37
38
48
28

29

39
49
40

41
51

2.00 x 10"9
1.28 x 10"'
3.00 x 10"9

2.20 x 10"8

1.00 x 10"7
5.00 x 10"10

2.16 x 10-7
4.00 x 10~6
1.20 x lO""7
8.00 x 10-8

1.18 x 10"6

4.00 x 10"°

5.03 x 10"^
3.48 x 10"6

0.00207

0.133
0.00311
1.22
0.0228

4.15

0.104
0.000516
520.

3.51

0.224
4.15

0.124
0.083

* t • 12 days = 1.037 x 10° seconds

These general equations were used rather than condensed or simplified
versions to avoid errors introduced by simplifying assumptions. The actual
calculations were simplified by calculating the last member of the chain first,
thereby evaluating all the constant and exponentials of the chain at one time.
In this manner, the evaluation of the amount of all chain members present at
any time was reduced to simple and rapid tabular calculations involving only
multiplications. A sample calculation for Pu*™ is given in the Appendix.

In the following section a short discussion is given on the production of
25 from 24. This is followed by two sections giving the production information
on transuranic elements produced from 25, and from 28 respectively. Finally,
production of 51 (Am2^) is discussed in some detail. Tabulated production
data and growth and decay curves for the various heavy isotopes are collected
at the end of this report in Tables III. to V. and Figures 2. to 14.

- 7 -
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3.0 Conversion of U23^ to U235

The 1.1,1 of 24 in the unirradiated Class A fuel gives rise to milligram
quantities of 25 by neutron capture in the 24. For later class fuels, the
amount of 24 increases to a final value of 2.7$ in Class K material, and
the amount of 25 produced increases proportionally. However, the amount
produced is negligible so that its effect on the total 25 handled is insig-
nigicant, since only 0.2$ of the 24 present is converted per MTR pass to 25.
The total 25 production from 24 the first year of MTR operation is 2.05 g,
and the yearly steady state production only 3.23 g.

25 production by classes for one assembly and for steady state annual
production is given in Table III. The total number of assemblies irradiated
per year is the product of 23 assemblies per MTR loading and 26 MTR cycles
per year, giving a total of 598 assemblies. Under steady state operations,
the quantity of 25 produced is the same for all classes. As will'be seen
later, this is also true in the production of 39, 49, 40, 41, and 51 from 28.

Table II

Production of U23^ by Neutron Capture in U23^

Class Mat'l g.24 per mg. 25 No. Assemblies g. 25
Charged to assembly produced per year at produced

MTR per assembly steady state per year

A 1.65 3.18 101.2 .323
B 1.88 3.63 88.6 .323
C 2.16 4.16 77.6 .323
D 2.46 4.75 67.9 .323
E 2.82 5.44 59.5 .323
F 3.22 6.20 52.1 .323
G 3.68 7.10 45.6 .323
H 4.20 8.10 39.9 .323
J 4.80 9.25 35.0 .323
K 5.49 10.60 30.6 .323

Tota1 annual ste3ady state production - 3 p^

% = 1.93 x 10-3 N24 for 12 day irradiation.
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4.0 The 25 Series-Production of U23°, U237, Np237, Np23Sand Pu23S

The 25 series is that group of uranium isotopes and transuranic elements
which result from neutron capture in 25 and 26. Since the production of 26
is fully discussed in ORNL-611, Section 4.3 (and 27 in Section 5.1.) Only
the last four isotopes will be discussed here. All four isotopes are pro
duced both directly from 25 and from26 present in the fuel assemblies.
Calculations were based on the amount of 25 and 26 present at the beginning
of each irradiation. Since the amount of 25 entering the MTR is independent
of the class, the amount of the above isotopes produced directly from 25 is
the same for all classes. In the case of production directly from 26, none
is produced in Class A material since no 26 is initially present; however,
the production in later classes increases linearly with the amount of 26
present in each class. In all cases, the amount produced from 26 is much
greater than that produced directly from 25.

Since 27 and 38 are short lived (3 emitters, and 37 and 48 are long lived
o< emitters, it is convenient to discuss 27 and 37 as one topic and 37 and 48
as another. j;~

In the case of the 27-37 pair, both, after 12 days of irradiation, are
present in milligram quantities. The 27 is a f and y emitter with a half life
of 6.8 days. The {3 particles emitted have maximum energies of 0.14 or 0.35
Mev and the y quanta energies are 0.14, 0.23, and 0.53 Mev. The latter are
emitted in the ratio of 15s6.1; thus the mean penetrating power of all y
radiation from 27 is that of a 0.27 Mev y . Approximately one y is emitted
for each 35 disintegrations. All 27 decays eventually to 37 which is e 4.72
Mev & emitter with a half life of 2.25 x 10^ years and a slow neutron capture
cross section of 110 barns. Thus any 27 which is undecayed after 1200 Area
and 1400 Area processing will enter the MTR in the next class assemblies as 37.
Since 37 is present in milligram amounts, it appears feasible to recover it
from 1200 Area chenlcal wastes. Its main use would be in the study of neptunium
chemistry on a macroscopic scale since the other neptunium isotopes are short
lived (3 emitters.

Production data for 27 and 37 are given in Table III. on the basis of
one MFR assembly. Annual steady state and first year total production of 37
is given in Table V. (These Tables include all other heavy isotopes and will
not be referred to further.) The total amount of 37 per assembly given in
Table V. includes that formed during irradiation plus that formed by decay of
27 during the cooling period, aid it is assumed that such decay is essentially
complete.
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In the case of the 38-48 pair, 38 is formed by slow neutron capture in 37.
The 38 thus formed is a p and y emitter which cecays to 48 with a half life of
2.0 davs. About 60$ of the (9 particles have a maximum energy of 0.2 Kiev, and the
remaining 40)3, 1.4 Mev. They quanta have energies of 1.2 and 0.075 Mev. The
48 is a 5.5 Mev<x emitter with a half life 90 years, and because of this would
be valuable as a tracer. However, since both 38 and 48 are present in only_
microgram quantities it appears more expedient to obtain 48 by the irradiation
of 37 directly.

5.0 The 28 Series-Production of U239 . Np239, Pu239, Pu2A°, and Pu2**
The 28 series includes all those isotopes produced directly from 28. As

with 25 produced from 24, the products of the 28 series are directly proportional
to the initial amount of 28 present at the start of an irradiation. Therefore,
the amount of heavy isotopes of this series increases for later classes as the
28 concentration increases from 8.25 g.per assembly for Class A fuel to 27.4 g»
for Class L. The total 28 lost per assembly is about 0.05% per pass through
the MTR.

The 29 produced has little practical significance since it is a (5 and y^
emitter with a half life of 23 minutes, and comes to its equilibrium value of
9.97 x 10"7 N§8 grams in a matter of about two hours. Similiarly, it is
essentially all gone a few hours after MTR shutdown. Of thep particles
emitted, 10$ have a maximum energy of 0.56 Mev, and 90$, 1.20 Mev. They
quanta have energies of 0.076 and 0.3 Mev. The 29 decays to 39.

The ^9 and 49 produced in the MTR are the same isotopes which are produced
at Hanford on a much larger scale. The 39 is a (S and y emitter which decays to
49 with a half life of 2.3 days. The maximum p particle energies observed are
0.48 and 0.70 Mev; they quanta energies 0.5, 0.208, 0.226, ana 0.27b Mev. xhe
49 is anc* andy emitter with a half life of 2.41 x 10* years, and a total slow
neutron cross section of 1080 barns. The capture cross section is ^0 barns
and the fission cross section 750 barns for thermal neutrons. The* particle
energy is 5.15 lev and y quanta energies 0.05 and 0.3 Mev.

The production of 49 in the MTR is in milligram quantities per assembly
and is so small compared to the Hanford production capacity that it is con
sidered undesirable to attempt 49 recovery within the MTR project. _ The 39
and 49 production per assembly (and also 40, 41, and 51) is given in Table IV.
at the end of this report.

The 40 (Pu2^0) produced in the MTR results from neutron capture in 49.
Since about 70$ of the 39 destroyed in the reactor is lost in fission, only _
?0$ of the total 39 which disappears results in the formation of &. Ihe 4U is
a 5.1 Mev « emitter with a half life of 6.2 x 10^ years, a slow neutron capture
cross section of about 2000 barns. It is of interest only as the precursor of
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Am2^ which is produced by neutron capture in 40 to produce 41, which sub
sequently decays to 51 by£ emission with a 14 year half life. The estimated
capture cross section of 41 is 600 barns. The isotopes 40 and. 41 are produced
in microgram quantities. In previous calculations the capture cross section
of pu2^0 was assumed to be 20,000 barns; therefore the results of the present
calculations indicate much lower yields of 41 and 51.

6.0 Production of Amx/+1

It has been suggested that the normal operations of the MTR might provide
a good source of Am^^(51) which is a 5.5 Mev Of emitter with a half life of 510
years. Since all other americium isotopes are short lived @emitters, it would
he highly desirable to obtain ar. adequate quantity of 51 for the study of
americium chemistry.

Calculations indicate that only sub-microgram quantities of 51 will be
produced per assembly during irradiation, since all 51 is produced by(3 decay
of 41 which has a relatively long half life of 14 years. After long cooling
of 1200 Area chemical wastes, it is conceivable, though hardly feasible, that
51 could be milked from the v/astes, since the low concentration would make
this recovery most difficult.

Amore productive method of obtaining 51 would be the irradiation of Pu2^9
slugs or assemblies in the MTR. In this manner the 51 concentration would be
increased by a factor of 10^ so that microgram quantities would be available
at MTR shutdown, and milligram quantities after several years of cooling.

7.0 Heavy Isotope Growth and Decay Curves

Since a considerable amount of effort is necessary to obtain production
figures for the formation of the various heavy isotopes formed in the MTR, and
since this data should be extended to production values for other possible
irradiation periods, heavy isotope growth and decay curves for various periods
of irradiation and cooling were calculated and plotted. The thirteen plots
are given in Figures 2 to 14 summarized below.

Figure 2_ 25 Consumption, and 26 and Total Fission Product Production.
Figure j-F Production of 27 and 37 from 25.
Figure 4_ Decay of 27 and Growth of 37, Produced from 25-
Figure 5_ Production of 27 and 37 from 26.
Figure 6_ Decay of 27 and Growth of 37, Produced from 26.
Figure 7_ Production of 38 and 48 from 25.
Figure 8_ Decay of 38 and Growth of 48, Produced from 25.
Figure 9_ Production of 38 and 48 from 26.
Figure lOJDecay of 38 and Grofrth of 48, Produced from 26.
Figure 11 Production of 39 and 49 from 28,
Figure 12 Decay of 39 and Growth of 49, Produced from 28.
Figure 13_ Proeuction of 40 and 41 from 28.
Figure 1£ Decay of 41 and Growth of 51, Produced from 28.

All values are in terms of initial amounts of 25,26,and 28. All decay curves
are on the basis of a 12 day irradiation at 30,000 KW total power.

- 11-



f,26 - 1<75/* x 10"2N25
N^7 = 1.918 x 10"5N°5 •*• 1.793 x 10~3N°o
N37= 8.58 x 1C-°N°5 + 1.303 x 10-3NP6
N38 =2.66 x 10"8N?5 +A.76 x lO"6^
N48 = 2.50 x 10-8% f 5.94 J( 10_6HS6

TABLE III

Production of 26. 27. 37. 38. &• 48 From 25
for 12 day Irradiation in MTk
at 3),000 KW Total Power

Class To ma

"

From JffR

Uat'l

N^5 &

26

Produced

27 • 37 UP

produced Total at Total Produced Total at Total
after

rro duced Total at ' Total 1roduced Total At Total

from LTit after from from LTR . after from MTR after

shutdown Long
Cooling

shutdown Long
' Cooling

Jhutdowr Long
Cooling

1

.shutdown Long
Cooling

25 -.26_ 25 26 : 26 ; 25 26

g. g. £.- mg. rag. mg. ra£.
• «• _ «2-

1

Is

-

'• £• '• -•
•

.

A 140 0.00
-

.
_ .

-

_

""

_ _

B 140 2.81 2.46 2.69 0.00 2.69 0.00 1.20 0.00 1.20 3.89 3.72 0.00 3.72 0.00 3.50 0.00 3,50 7.2

C 140 6.03 2.46 2.69 5.04 7.70 0.00 1.20 3.66 / .86 12.56 3.72 ' 13.3 17.0 0.00 3.50 16.7 20.2 37.2

D 140 9.70 2.46 ;.69 10.81 13.5 0.00 1.20 7.2.6 .06 22.6 3.72 :8.7 32.1, 0.00 3.0 35.8 39.3 71.7

£ 140 13.90 ^.46 2.69 17.39 20.1 0.00 1.20 12.64 13.34 33.9 3.72 46.2 4V.9 0.00 3.50 57.6 61.1 111.0

F 140 1 $.7 2.46 .69 24.92 27.6 0.00 1.20 13.11 is.31 ; 46.9 3.72 ; 66.2 69.9 0.00 3.50 .6 86.1 156.0
G 140 ! 24.2 2.46 . .69 33.53 36.2 0.00 1.20 24.37 .57 1 61.8 3.72 , 89.0 .7 0. 3.50 , 111.1 114.6 J207.3
H 140 30.5 2.46 2.69 43.39 46.1 0.00 1.20 31.53 32.73 78.8 3.72 115.2 118.9 0.00 3.50 143.7 147.2 j266.1
J 140 •, 37.6 ..46 .69 54.69 57.4 0.00 1.20 39.74 4<\94 ' 98.3 3.72 145.2 148.9 . 3.50 181.2 184.7 333.6
K 140 I 45.7 2.46 2.69 67.42 70.1 0.00 1.20 48.99 5C19 !120.3 3.72 179.0 182.7 0.00 3.50 : 223.3 226.8 A09.5

L — 1
i ...

2.46 2.69 81.94 84.6 0.00 1.20 59.55 60.75 145.A 3.72 217.5 221.2

i
0.00

1

3.50 ; 271.5
1

:75.0 4;6.2

-n -



Koq = 9.97 x 10~7 K°
28

1.431 x 10~4 N°8
3.43 x10"/+ Ngg
8.74 x 10"-6 N°g
1.04 x 10-6 No

2o

N39 =

K49 -

»40 =

N41 =
N5I = 3.64 x 10-1° K§8

TabLc IV

Production of 29. 39. 49. 4C. LI. it 51 From 28

For 12 day Irradiation in MT!.
At 30,000 KV. Total Power

Class

kat»l Z8

!
• s 39 49 40 k1 51

Tot ,11 Total Total Total Total Total Total Total Total Total Total Total

to from at after at after at after at after at after at ! after

KTR LT.'C m& Long Wfi Long MTR Long ma Long 1CTR Long MTR Long

shutdown Cooling shutdown Cooling ohutdown Cooling shutdown Cooling Shutdown Cooling Shutdown Coolin**

K. /• •:. u ft. mg. mg. mg. mg. US. UK. ft*. M«« U&i | fii--'
A 8.25

' r " '
- - -

r
**

B 9. 8.25 e. 23 .00 1.18 0.00 2.83 4.01 72.1 72.1 8.53 0.00 0.0030 8.58

C 10.78 9.42 9.39 0.00 1.35 0.00 3.23 4.58 82.3 82.3 9.80 0.00 O.OC34 9.30

D 12.36 10.78 10.75 0.00 1.54 0.00 3.70 5.24 94.2 94.2 11.21 0. 0.0039 11.21

E 14.08 12. 30 12.26 0.00 1.76 0.00 4.22 5.98 107.5 107.5 12.79 .00 0.0045 12.79

F 16.08 14.08 ^4.04 0.00 2.01 0.00 4.83 6.84 123.1 123.1 14.64 0.00 0.0051 14.65

0 .38 16.08 I0.O3 0.0J 2.30 0.00 5.52 7.82 140.5 140.5 16.72 0.00 0.0059 16.73

H 21.00 18.38 18.32 .00 .63 0.00 6.30 8.93 160.6 160.6 1 .12 0.00 0.0067 19.13

J 24.00 21.00 20.94 0.00 3.01 . .00 7.20 10.21 183.5 183.5 21.84 0.00 0.0076 21.85

K j 27.40 24.00 23.93 0.00 3.43 0.00 8.23 11.66 209.8 209.8 24.96 0.00 0.00B7 24.97
r

!
27.40 ^7.32 0.00 3.92

1

0.00 7.40
1

1 1

13.3- 239.5 239.5 28.50 0.00 0.0100 28.51

* Here, lon£ cooling infers order of 100 years; elsewhere inference is 1 month to 1 year.

/3~



23 Assemblies loaded/ Cycle x 26 Cycle/yr. =

Table V

Total Heavy Isotope Production In Ifl.l (..fter lonfl Cool ir.g;)-^2 day Irradiation
at 39,000 KW Total Power

598 Assemblies/yr.

1

.ii^DY STATE iiiODUCTICN 25 SERIES 28 SERIES

Class

iat'l
% To
MTR

% From
KTR

Assb'ys
to Ifl'R

No.
Assbys
from IffH

2bf a Total 37/Assby Total 48/Aasby Total ssb'y Tfctal 40/.\ssby Total U/AsatJy Total 5l/AS3by Total

w^ mg.
•

mg. mg.
• /'.''• mg. mg. g. g.

A 16.92 101.2

B 14.81 16.92 88.6 101.2 2.46 0.248 3.89 0.394 7.2 0.729 4.01 0.407 72.1 7.30 8.58 0.87 0.0030 0.30

C 12.97 14.81 77.6 88.6 2.46 0.218 12.56 1.113 , 37.2 3.296 4.53 . .',07 .3 7. 7.30 0.8? 0.0034 0.30
D 11.36 12. 67; 9 77.6 2.46 0.191 .6 1.745 71.7 5.564 5.24 .4 n 94.2 7.31 11.21 0.87 0.0039 0.30

£ 9.95 11.36 59.5 67.9 2.46 0.167 33.9 2.302 111.0 7.537 ' 5.98 0.407 107.5 7.30 1. .79 0.87 0.0045 0.30

P 8.71 9.95 52.1 59.5 2.46 0.146 46.9 '91 156.0 9.282 6.84 0.407 123.1 7.70 14.64 0.R7 0.7>051 0.30

G 7.63 8.71 45.6 52.I 2.46 0.128 61.8 3.220 207.3 500 7.32 0.407 140.5 7.32 16.72 0.37 0.0059 0.30
H 6.68 7.63 39 •> 45.6 2.46 0.112 78.8 3.593 266.1 12.13', U93 0.407 160.6 7.32 19.12 .87 0.0067 0.30

J 5.35 6.68 35.0 39.9 2.46 0.098 98.3 3.922 333.6 13.311 10.21 0.407 183.5 7.32 21.34 0.87 0.0076 O.30

K 5.12 5.85 30.6 35.0 2.46 0.086 120.3 4.211 409,5 14.333 11.66 0.40-; -.8 7.34 24.96 0.87 0.0087 0.30

L — 5.12 — 30.6 2.^6 0.075 145.4 4.449 496.2 15.184 13.32 0.407 -39.5 7.33 .50 0.87 0.0100 0.30

Total annual production 1.469 27.749 92.170 4.070 73.13 8.70 3.00

• •

1st Yr rroducticn

A __ _^ 311 ^wm
M *»M

_

B — 241 311 2.46 0.764 3.89 1.210 7.2 • 239 i.oi . 47 72.1 22.42 -.58 2.67 . 030 . '33
C — 46 .46 0.593 12.56 3.0-7 37.2 ?.X>5 ..58 1.104 .3 19.33 9. -.36 . 3h .

D : — — — 46 2.46 0.112 22.6 1.040 71.7 3. 98 5.24 : .241 94.2 4.33 11.21 0.52 0.0039 0.179
Total 1st yra. Production 1.469 5.277 14.502 2.592 46.58 r-.55 1.931

/4~



0ICL-G12

Bibliography

1. Ott, II. C, and S. G. English, "Expected Formation of Heavy Isotopes
in Proposed Clinton Heterogeneous Pile", Central Files No. 47-3-8,
March 19, 1947,

2. Feder, E. M., "Heavy Isotope Formation in the Proposed Research Pile",
July 18, 1947.

3. Goeller, H. E., "Heavy Isotope Formation in Proposed Research Pile as a
Function of Percent 25 Enrichment", Central Files Ho. 47-8-428,
August 26, 1947.

4. "lluclei Formed in Fission: Decay Characteristics, Fission Yields, and
Chain Relationships", Journal of American Chemical Society, 68s 2411-2442,
1946.

5. Sullivan, W. H., "Trilinear Chart of 'Nuclear Species", John Wiley t Sons,
1949.

6. Haines, G., and K. TJTay, "Tables of Neutron Cross Sections for Elements
Po-Cm", ORHL-86, September 9, 1948.

7„ "Tables of the Exponential Function", WPA Project No. 765-97-3-10, 1939.

8. Mallon, D. J., "Materials Testing Reactor Design Data Sheets", Central
Files Ho. 49-10-232, October 18, 1949.

9. Goeller, H. E., "The Cooling of Irradiated 25 MTR Fuel Assemblies and
Its Effect on 25 Inventory in the MTR Project", 0RIL-611, February 15, 1950.

10. Goeller, H. E., "The Production of Fission Products in bhe MTR and Their
Decontamination in the 1200 Area", 0RNL-613.

- 15 -



D
W

G
.

8
3

6
3



Z.T

fr?ttQZ8/?/*/?/o/

79£8*OMQ



• -

M-* DWG. 8365
9 •

8

7

-

*

^—

;

,

6

, . 5

1' a - -

5 ,•H 3 37 •70

' :

u: —'

Lx x. fltf * <i . /I. X 1U r *i$
— ,

-

Np: :37
J

-

••

1,*-5
«

\

8
>v i

7

fi

*
^

4

o*Q

*, ! ... .
V -

?

\£&

.o-6

•

-i

9

—

8

7_ _£J pui M

6 ! PT7
-

5

3
—t

ect

23^
y «ff o•Bcj. 1«-J d tc

•5

237

4_
IS d4y Irrajdig tit

If"

n

1
1

"

—? %<•
0,q

zn

5X1Mix Ft wei

3

23 S^J 4U g» J.6.1 UH bfcMl bl^

1 . •

2
1

,<J7
0 /O /s J.O

Cooling Time-Days
2-S JO

18

35



z-2. /4 /6 /B

Irradiction Iine-Davs



o o o M H
i

3 I

C
fl

g

K
E

U
F

H
-L

4.
E

S
S

tR
C

O
..

N
.

T
.

N
O

.
3

6
9

-7
1

Se
ni

i-
L

ot
fu

ri
lK

m
ic

,
:i

C
yc

lw
,

X
10

to
ti

n:
im

-H
.U

tU
lin

e*
M

«e
u

.
8

.
A

.



T2

*?-z?o?9/9/&/?/a/8
-m

t

s^JUgcg^4-J0uo
ZTaJtt3^;-;

—

—-—

I

t

69C3*OMa



OLis*o*ia

SA^a-su-piSuirooo
&9



<?sr&/9/>/?/<?/

£Z

Uf8'OttQ



I<T
9

:R

7 ...i

K

s . ^'•""l • :r

c (

1 ,
3

2-

1

* •. a
u - S

* Ew .2

si
J s
*J 1
* on

tfl..:

lO.

s_

/

10.

•

.

Max Pu'

-23*
•fni

Decay ttf 2.0 ;D. Hp
iip';-:c i'loduced-ir

12 day Irradiat:.
at -30,<JOO KW T«EAL

i
Class-Assembly

&
-C-

D

E

F
j__...__

T~ J f
—: ' —i

i

- rt±

23* rf:i.D7 x ID

IT. 9
18.7
24.2

;o.5

asiejRlIi

.

±Tff
o;

M

DWG. 8372

"!—

^—

—r

••

I.—

-r

•

G

H

K 45.7: !

10. _I I
;

6 ff

Cooling Time-Days

'

S0
m.

'4

24



H H
-

to W
-

o D •T
O I

B
>

w

K
^

U
f
"
U

•.
r
s
s
r
f
l

C
O

.,
n

r
,

H
O

'
•

0
.

r
o

M
4

h
t
n

0
1

^
4

jg
t
o

17
1

t
o

u

0

H
2

8 *
m

o
-
^

:<
:.

«
3

I0

A

N
>

W
A

r
,

n
o

>
*

^
C

r
ie

•Z
i

»
•
*

-
.

V
,

1

^

.
—

(.
-

\
.

»

—

—

\
,

<
>

•

;

,
—

-
'

—
•

—
!

S—
!—

-
^

•

1
m

—
~

r
t
—

ft
'

i

,N
li

t
o

rm
a
l.

!S
R

,J
h

it
d

o
i

m
I

w

'
.

$
'̂V

|
•

r
-t

-
%

m
.

V<
5

9b
J
*

e
-i

:
n

o
**

)
M

f
o

t
'J

b
o

O
R

1

5
d

a
o o

p
.

H
i

I
A

s
?

—

M
l

?
>

o
§

1
K)

•
V

i

—
—

1
H

•-
3

C
J

—
—

o
—

*
*
ST

"f
c

•
:

_
—

\ -V
-

to N

—

1
'—

,
.

v>
o

a
M P3

-«
c
r
i

\ \

to
.

'

7
3

•

-->
*}

••

"9
•

•

'

I 1
*

-
J

•

J
O

7

-
•

•

o
c

o
<

:J
o

a

3
V

*
)

i
m

M O
v

-
•
— o m

••
*

O
U

)
o

a
o

-
♦
-

*

o
a

r

O
a

M
o » 9

'

5
a
»

—
L

-
•

.
.

•
-

to i
.
.
.
.
.
.
.

I
•

|
-

::

.

•

C

-

%
:

-
•

'

~
•

.
.
.
.

"



9Zg-BQ-siatj;Put-tooo

7L£$'OMQ



IZ

r?zz

9L€B'ma

8-'̂g-XJTj;U0fq.B7pB,X,n
#/?/f/r/o/99



94C8'ma



23S

r
~x25~t

Mzs AafAjyJ^ %5A^37 "'WJA 39 ~X^A#? rA&)

~xz6^
+ -t

e
-Xz/t

&y"WW"A*/A37-A^Atf '^)(he-)%) (A#*"A^A&-^tX^'^tX^s'^zvi^m ^27)

->37t
*

-^38^

\V"AjziAas A?7/A^7"^W/A^ ~^/J;A# -A^ (/W ~>^A^-A#$# -AjJfA^-A^** "Ajg)

-f
A?* ~A/^/A^ "Ay^A^-A^/A^"A^/As?-A/J

,r, ••'.: •/, v~ Jk#Ms F/&M F/&/#£

Mj& -235'g./g.*'
M4$ * 238 $•/$>*&»
t = /,037*/065ec.

\25 - /.2Sx'0~7***
%

-£X?7 - /t/3*/p

?7
A»7 **.#
A33 ^4.00//^'6
A*3 =/'M*/6'7

X>5i = ^ /j3
A^= 0.005//

Xvst- 0J04-

Sufci.-'fwte \~t far s// A tsmte sJ/>ce &&) , ' fa <
•:J,,YC ~t/ie fs r.-j/.'rr/

\rtt\tit * 0./33*3jf*/o~3
\zstkntXtft = 4./4*/cTfx A2Z

^MttUt hrthjtX^t * AtfJ*/0~s*4>/5.

29



£VMS//17£ :

77/77M

Afa - 6,7/x/0'fN^lb
where 5 —farm ir? br&cjre'fc #n og. J

/ 5e£ t//? A farms A> cfeseemti/tfr v<?/t/e ®rid, sfefcrm/a$ V<?/(/<? ^
(X'-X) farms,

\zj~- t.ZZ (h-rj- $0/7 (hfX^~-///6 (Ks-hi)-0,/iOZ (x#-j£)*0,W0?3
\z5 -- 0, /33 (\ss-Qs <&* fvaJs4/w? 6W :A*J -- f^«w i;
A#* A/<W (JwO ='*/«& faXth'MW (\*->sd*0.o/969
A#* 0^',5//

2. Bw'udfs /r*TC', #f (k-X) terms.' fce? v«. ///')

e -Xzit^e'c'/3~ *as&H&uf €rxsit =e-*6&}a , o,m4£7?5se>

e-^zjt^?-'-zz Bo,z?S23QMtf X¥0t- e~e,lc¥ ' &f6W?S7a£5

d. £ Xp6i?eof/3& jftr s tb fpw cts'm&t/?/&<"3$ are g/w/i -7c
20 >/ f/acei, 7 '-•

b. e'x^r w.15 rj/cs/APr.7 /rjAv Y6e r*t»fS*# jfJ&Jp
e~* * /~ X-7 -fp - 37 /~^- - + wterc * • X£

. .,, O.9t689ooct (\tf -&S7*/*'*}* - 3o.fi£*/o*/6 - ^># ***'*
UQ/z *•+0,000004836*

o,<r%89+636>/
0tj/3jz~-0,c&3-;..

e'\4 = 0>?%894S3ii
30

P/VJs^xkr^A&Ka^-- 0J405xN;5x4.7dx/6-s«j^



Cc>fcv/c*tiM/ <?f (\~X)pr..-> v. -fc.

if\z,'-7pX27->^J A*7-,Wj (Xst-Xzs) (Xk-Xx)
(-./2989J(+ACJ7) =-0,t#/?m X(- //^ J« 0,c/SS?/f539 x(+4>oy7)*H>.ot>1So,zl77J X(-*. O2? U-O.oo,8/2536/B¥
fA^-A^lA^-AW (Xx-X*) -(X^~xz,)' A-
^/*& / £/.£ &&)* **&***+& +0,0/m)^0,003J/Z237W *(+4tfW)=+&O/29Oa0» x(f<?,/t>089): ~ht.0C/3C20?7/£3
(*. -\Jf£-/,- j [" fl*, -"U #,-AJ ^ Aj
(-'•'** ***>/•/,SggJWfr lf(-/./?/£ )* -/.SB3&07J>91> *fr z.93 )*-M3?mBf x(- /.//& ).-+M7Bm7f7

H//a2X-a#v -cocoas*; xfr //^ Jz -tnzmm* y(++izrz\*-Mtta5m *{+Ls,Lh-otmr&5mm

(Vv^VAfc] ;a,7-aJ ; . . /vaJ- Ai-A'J """.-•"
[* 0.OZ91-0.16089)*-0.W2?2SBt K+/M )*-0t*>32i5&3?6 tf-t.M/z^-ro.ooozism'sU *{h4.046> )- +tow7Z73f¥3l

A/ate; A X3S> jfj-, Air, 7/^.^re a// A-Xx. ,- ,, a- rV-K7 prtStxt . few^V/V

2. XzC<Or, /-herr/zcc *// X-X& ^ ^ ^,^,4^ ^^^

4. Tvr ^cch^^t/rp£^j.;'/7o7e /7^ ntJMrnr?/ ^: *? sy/»*?e*>s ?/*e/ 7&e ^tibsT, #x,j
5, The preds/cts //? dry &/<"»/? #6ove -The c/*v& >« A-Xfrat/^te tW//c<i/>/<z.

7o 77e <r#/cu/<?rs0/& for 77e /&/ty*e t»7 . ;f //^- c<*/t/r»?/r
$ 6. /f, So, e*uy>A, *h* . Jr>t c7 4S /?r**/u&<7 7rr,>, &sr,«7r?*7/y *mo»* *s

r*?i»red.> An* Me 7^ r*v »»d. 7<r7? /,.. x-Xji ^ &m &c



Zr vsu •' (a0/r;. :°)

4, f'/miiy iri/v/s/r e^ch expo* */ by/ts 2?ppr0pr/97*e X-X pros*
&t.d. rxi'i 77 '///*/> form vcj/Ty.

25 7?r»> O,8754t5692p-0,<7-!8/253t7$¥ - - 402.00558}
0.9%B9453/7 /+ o.oo/302797763;= +• 7&ZM7099
C.mZ3O/U9/+£t/752067$7 * f ,0970/4
C,y774579^5^ - ",'7370*737707- ' //223J74433
0. 0/57674/0, - 3/7.07953 V - .000019
'cfyMfftSS\ 3 o.^'/r 72734433 - •*- WO'HfUf

20

IS

P3 •' */PZ P

~f * /,4d*

• 6.7/x/j* '3 TVIs = 2.333x70
- 2, •' •

/\', i • --

0.003727

= 3,&? 7/3- /<%*• j__

7//£ r773#V23 223) eXK577^/572 r3 73^7/77,37'£ rV&
/, -7/3*5 737137175 '.

^/V'< i>/y/7£ /W /Jf&sf/fr *r 2*4r, 7z f ' Pays 7a

7s, 7,2 f/

7. 393/;.// ex/-:?;--£'/s7/.?o

/£'.-/.. r^av- * 2*4sit,

M 0337701c57
U22 c.fj9373/9317

0,277 0,7?3737(

0,oo¥36 0,99343033/0

9,830 C436M '

07. ?7?3 3;

25

ZL

27

37

33

Xt Xt

O.OYfi: 0,923300?W

0.°0/#6C o.9n/3$V3?9

o. 732 o.¥8of¥6l353

0.0/36$ • 0.9&#3/46/

Z.¥9o 0.6S2.969966C

o.oiz/ o.9395t7<?o89

5-s /f,zoC.
At

0.,. G.80d3/?7#¥&
6>.m4976 O.9?S03&3S?9

7952 M47/f$fW7S
0.03^ 0.9037773773 __

64¥fi ':3o7<}27£
*A 07767/7033'

-xt-

2. QTbt&rh 7/-C rcr/p;. -- Me X-X y& ', js7/ac7 /• a
/•-: •• /. /...-,• (•'•••' X-X^ •• . 77*&s?
/-•-. 2. a7*V7s7*/42,

l/-0,oo/<?/2m/8¥*-SSf.9/3/23 37 i/-o.ow5705737762-~//43M7770
S02O97/63 * + /%?.99/0*'3 3# \/-8/5.42956/0 -.0,00/227

' i/i-3?,/78/30678? *+to/93#7 4& '/fo.oc/o7Z737736-'932./97/^/7

32



a

'-/--.••.s..yj/>"wo:•?Afi/s/&e0..•/•*'•'//•
'&yyxs€rf&^f/5"£*-VV*''">//ssfofytyMW$5>/srty^•$?$•-j^\y

—^*WV^rW^-~pm#—^*W
cv//^>^<2:7~3'23{7X>ey£'//''-.'.t-yg/wezq4/JJP3At

ry.^PAV/X<^JOy/Zi/h/3/71NO37lOp

/,••••.-.

//2'3t"

S&fZQV

3/£%Z%U7
fOQOQQ'Q_

9lM/S'lou-
/ZUZQ'Oy

9096z/'o9l+
6Z?6$6'j3'3fr-

'7*2fsr**y

['jJp~app\cPAJ-P/7j7

y5i7C7ZJJ25/V/5/4/6<T7j'7y[4/2/53/JPJiUPP7/0/33/7(70^
235<3pJ7cfr77v7557:/53T7&f73/7c/j//'»'WJwFcJp73{7l777^2y^7/J_

f/7^0/xPi7--7/Vr.&*&**%t/7x/l3-
"*$Vt-0/*£V'Z-sfr7jJ»*/l*$*;.9/r/i•9*

sAepj,*?{//W&/J9f/7„_&/x373't=™/V^97*3,*t.97x/i>?=

'2/a/j£>/?3g>y3/<?£(.//MfOt-vwt&^tyojr^r^-97£

+-0/*/6'e

/6£Oot/'0

&9l50g'f3£-h
ZD/VOO'Q

6&6090'?O/-
63,??/>o'o+

90/095'793+

773669.'605-

9.e/KL
LOOGOQ'0

3ZLLW£U•+
379000'0-

&9l1bhWf-
SO£/5fo+

to£H929ly

020/75715-

7"3'3-^y

*2ptpye3

'7//ej/&*/<f2£/(?"/v*c/ft?j.fQGtttSi?/



77?c 7rr/f7> fff 73;., #S£o/Kf>7/ar? rs>/> A> /?rave/? <?s 3?//t?u<j*

/. 74?ce At?t *520 e'tot -'7. J (~ /o'Zae>) '
2. Xz'j~\pt = X2? ->/.';*• 7s //•• saw? 7/. ..?// A-A ifer/?zfj /Ayj- 37$ rj/>s7s*,
/j 7/?s same ..-, /,-•..-• e/wj&Jsrf .* •"y/^7i4?3fcr-J p/Are -p^t =-Jf
3. 77?e o7?rw>3. \ 7 7//, c'k,-r 7&v-/w 7*t^jtfp
77; e-^t/A^}" 43 1 c**?d rteg/*$tt<ie r^y-^rr.4 7s a/A*, & jfarwlf*

7o 7/12 33^c3

7~/s.)

A%•"/•« f A--,r-' tpr* 7?/2> 3d 7#r$e ce&y&red"fa A^j X^itc f \uw
t'3,>7' 5/u ff/?/>r$i t . " t/p far tj& re*tf*x#

Mi 777 -- W 2fe '*'-^/j<*-jJL^ Ce%]
&XC * %f str&ef'tofi&i 7/4/£ ef /<?*; 7/s.w? 3-3 &4&4&&S,

/Mora 3 OH 7: yrt/MA/T/Mfi JExP0A/£A/T//t2.S

SJ/yoe /?. '//&# cr&ss j&ct/ests rfncTL 7a/p 7(i/rx Jrc /?^vrr-
dCC//r&fe 7% /y/r/r -73,:/; 73r 27/Cy /4e v&/t/es 77Xs S&&/&/' r??73>e.
C/frr/ed fl> r/?*r&: //t*^ /;,-r er^7 7/tr ma3t 7A?rrc sr§/?77/c&ri7 jftyt/res,
S//?/X//a>r/y \ts j>2a<4s2 sa-7 G?m''5 3?/»r,--. //;<-</< 77s->*r d/p7<. 77%/s
ypertrt/As me ?/:*:? 7".- hfy of C'^Tt? #5riPA/vy r?s 303?&rrM*/*/p7&res'.

v?t//#r/y mf/r. f//?g * m/fijfar <?f vs/./es of 77 fary?/tf7#w artft :r3
7ri/r\/e3j 9r/t 443 mt/s7 fie eXdrf fr#r7/tr?s rr /rp7/f-7*rff&'Z

ef/hft 4/ ex-po/'Y/r*/"/ 7a/47fs&rt3 e/sr 2.

34


	image0001
	image0002
	image0006
	image0007
	image0015
	image0020
	image0022

