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S S ORNL-612

The Production of Transuranic
Isotopes in the MIR

0.0 Abstract

The productiion of transuranic isotopes from the irradiation of w35
fuel assemblies in the MIR has been recalculated on the basis of a 12 d
irradiation at a power level of 30,000 KW for g loading of 3.2 Kg. of U<

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 supercefaes
several earlier references on this topic(1,2,3), which gave the production
for 10, 15 and 20 days of irradiation., The productlon of UR36 ig omitted,
since it is discussed fully in ORNL 611.

Calculations were made to evaluate the amounts of transuranic elements
formed in the MTR, It was found that Np?37 and Pu?39 are formed in milligram
quantities per assembly; Pul? 8 Pu24o and PuR4l in nmicrogram quantities, snd
Am in sub-microgram quantltles. Only Np‘/7 and Pur39 gre prroduced in
quantities sufficient to consider recovery, and that separztion of the small
quantity cof Pu?3? is questionable when compared 1o Hanford productlon. The
production of Pu 238 directly from Np237 and of am4l from Pu?39 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.

y 23¢ U 2%9
U 237 Hp 239
p277 Puﬁ19

238 240
P38 P24l
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2.0 Introduction

In the operation of the MIR ,three acditional isotopes of uranium, ard
eiiht transuranic isotopes will be produced in gram to microgram quantities.
UR40 gnd several other transuranic elements are produced in sub-microgran
quantities, but have been neglected in this report since they will exist in
too negligible concentrations to offer a health hazard or to be worth re-
cpvering,,;Produciiop data for these thirteen isotopes have been calculated
in order to evalucte the desirability of their separation and recovery, and
to determine whet activity hazards their production might rresent.

Athough similiar calculations have already been made on this subject,
recalculagion vas necessary to correct for the latest MIR operating speci-
ficotiond®hhich are as follows:

MIR Power Level 30,000 Kii
Total 25 in MTR as Fuel Assemblies 3.2 Kg
Total Number of Fuel Assemblies (Slab loading) 23
Total 25 per Fuel Assembly 0.140 Kg
Composition of Initial Fuel Naterial

U 24 1.1%

[ L 934

g ~o® 5055
Total MTR Cycle Time 226 hrs. (14 days)
Irradiation Time per Gycle - 288 nrs. (12 days)
Down Time between Gycles 48 hrs. (2 deys)

Data were also expanded to permit the plotting of growth and decay curves
for the various isotopes considered. The nuclear reactions involved are given
in Figure 1, and their reaction constants in Table I. In addition, a suumary
of the general heavy isotope stbreviation system is also presentec in Teble 1.
In this scheme, any heavy element may be represented by a two digit number in
which the first digit is the last number in the atomig??umber, and the secend
digit the last number in the atomic weight., Thus gU"-~ is written as 25,
g4Pui3? as 49; and g5an?4l as 51, '
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In meking these calculations the general growth and decay equation
- which appears below was used.

N = E N|° M~ “An-Mn [ e-A’t + @ -Mt -t ) e-)nt
" M A2~ (3h) - (A Ashe)=-(nDe) (-2 )As M)~ (Anim2n)

liass of parent isotope initially present

mass of parent isotope at any time, t.

mass of isotope n at any time, t.

isotopic mass of parent isotope

isotopic mass of isotope n
transformation constants of various isotopes in chain
Qﬁﬁ\d
ihere \p = nv(@cray ) for production of isotope involved

= 1n2/T1/2 = O.693/T1/2 for decay of isotope involved

(usuelly Ap and Ad differ by seversl orders of magnitude so that one or
the other may be neglected.)
transformation constant of parent isotope
transformation constant of lst daughter isotope
transformation constant of 2nd daughter isotope
transformation constant of (n-l)th dauther isotope
total resction time
fraction of total reaction involved

(fn the case of 26 production, A, = Azs = NV(0c+0f )5,

Since Oe/B+0# = 0.1405, the N2¢ produced is proportional to only
14% of the total 25 lost in the total reaction.)

=
[
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The only restrictions on the use of this equation are:

1. Only the parent isotope is present at the start of the regction.

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 stertup, 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 equztions. This situation occurs where 27,37,38 and L€ 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 formed, in which only Ay appear.

.,6—




Table I

Summarv of Nucleagr Constants

= V(Gc +C¥) Ad & 0.693/7,

Isotope Symbol N (secs!) (see.) %2 At*
U 234 24 2.00 x 1077 - 0.00207
U 236 25 1.28 x 10~/ - 0.133
U5 26 3,00 x 107 - 0.00311
U S 27 - s 1.18 x 107° 1.22
NpSs 37 2.20 x 10” - 0.022€
NP238 38 - /.00 x 10~ 4.15
PuSoe 48 1.00 x 10_Zo - 0.104
USo 28 5,00 x 10 - 0.00051€
v 229 29 - 5.03 x 10'? 520,
Np2§9 3 - ” 2,48 x 107V Z.o1
Pu S 49 2.16 x 107/ - 0,224
Pu241 40 4,00 x 107 - 415
Puy,) 41 1.20 x 10-2 - 0.124
Am 51 2,00 x 10" - 0.083

*¥ t 2 12 days = 1,037 x 106 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 tabu gg 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 (Am24l) is discussed in some detail, Tahulated 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 1l4.
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3.0 Conversion of UR34 to UR35

The 1,15 of 24 in the unirradiated Class & fuel pives 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 MIR pass to 25,
The total 25 production from 24 the first year of MIR 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 annuel
production is given in Table III, The total number of assemblies irradiated
per year is the product of 23 assemblies per MIR loading and 26 MTR cycles
per year, giving a total of 598 assemhlies. Under steady state operaticns,
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 UR37 by Neutron Capture in e o4

Class Mat'l g.24 per | mg. 25 No. Assemblies | g. 25
Charged to assembly | produced per year at rroduced
MIR per assembly | steady state peEr year
A 1.65 2.18 101.2 <223
B 1.88 3.63 88.6 <323
C 2.16 4,16 77.6 «323
D R.46 4475 67.9 . 323
B R.82 5e44 59.5 323
F 2.22 €.20 52.1 .323
G 3.68 7.10 45.6 <323
H 4420 €.10 39.9 <323 .
J 4,80 9.25 35.0 .33
K 549 10.60 30.6 323
Total annusl steady state production - 3,23

Np5 = 1.93 x 1072 N8, for 12 day irradiation.
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4,0 The 25 Series-Production of U236, U237, Np237, NpQBSand put 8

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 20
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 from2 present in the fuel assemblies.
Calculations were based on the amount of 25 and 26 present at the be;inning
of each irrediation. Since the amount of 25 entering the KIR is indepencent
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 rroduced in Cless A material since no 26 is initially present; however,
the production in later classes increases linearly with the amount of 26
rresent in each class. In all cases, the amount produced from 26 is much
greater than that produced directly from 25.

Since 27 and 28 are short lived @ 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, 3

In the case of the 27-37 pair, both, after 12 days of irradiatinn, are
present in milligram quantities. The 27 is a @ and )y emitter with g half life
of 6.8 days. The @ particles emitted have maximum energies of 0,14 or C.35
Mev and the ) quanta energies are 0.14, 0.23, and 0.52 Mev, The latter are
emitted in the ratio of 15:6:1; thus the mean penetrating rower of all ¥
radiation from 27 is that of a 0.27 Mev )y . Approximstely one y is emitted
for each 35 disintergrations. All 27 decays eventually to 27 which is € 4.72
Mev o emitter with a half life of 2,25 x 100 years and a slow neutron cepture
cross section of 110 barns. Thus any 27 which is undecayed after 1200 Area
and 1400 Area processing will enter the MIR in the next class assemblies as 37,
Since 37 is present in milligram amounts, it appears feasible to recover it
from 1200 Area cherical wastes. Its main use would be in the study of neptunium
chemistry on a macrcscopic scale since the other neptunium isotopes are short

lived @ emitters.
Production data for 27 and 37 are given in Table III. on the basis of

one MIR assembly. Annual steady state and first year total production of 37
is given in Table V. (These Tatles 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 cecay of
27 during the cooling period, md 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 @ euxlx emitter which cecays to 48 with a half 1ife of
2,0 days. About 60% of the @ particles have a maximum energy of C.2 lev, and the
remaining 40%, 1.4 Mev. The ¥ quanta have energies of 1,2 and 0.075 Lev. The
L8 is a 5.5 lev ot emitter with a half 1life 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 irradiastion
of 37 directly.

5,0 The 28 Series--Production of U239 R Np239, Pu239, Pu?AO, and Pu241

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 geper 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 MIR,

The 29 produced has little practical significance since it isa @and y
emitter Wi%h a half 1ife of 23 minutes, and comes to its equilibrium value of
9.97 x 1077 N88 grams in a matter of about two hours. Similiarly, it is
essentially all gone a few hours after MIR shutdown. Of the@ 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 39 and 49 produced in the WTR are the same isctopes which are produced
at Hanford on a much larger scale. The 39 is a @ and y emitter which decays to
49 with a half life of 2,3 days. The maximum @ particle energies observed are
0.48 and 0.70 Mev; the y quanta energies 0.5, 0,208, 0,226, and 0.276 Nev. The
49 is ane¢ 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 320 barns
and the fission cross section 750 barns for thermal neutrons. TheeX particle
energy is 5.15 Mev and y quanta energies 0.05 and 0.2 Mev.

The production of 49 in the MIR 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 MIR 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 (PUZAD) produced in the TR results from neutron capture in 49.
Since about 70% of the 39 destroyed in the reactor is lost in fission, only
204 of the total 39 which disappears results in Ehe formation of 40. The 40 is
2 5.1 Mev ® emitter with a half 1life 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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Am241, which is produced by neutron capture in 40 to produce 41, which sub-
sequently decays to 51 by @ emission with a 14 year helf 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 Pul40 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 AmP4l

It has been sugiested that the normal operations of the MIR might provide
a good source of AmF4l(51) which is a 5.5 Mev& emitter with a half life of 510
years. Since all other americium isotopes are short lived @ emitters, it would
be highly desirable to obtain ar adequate quantity of 51 for the study of
americium chemistry.

Calculations indicete that only sub-microgram quantities of 51 will be
produced per assembly during irradiation, since all 51 is produced by@ 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 wastes, since the low concentration would make

this recovery most difficult.

4 more productive method of obtaining 51 would be the irradiation of Pu? 39
slugs or assemblies in the MTR. In this menner the 51 concentration would be
increased by a factor of 104 so that microgram quantities would be available
at MIR 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, anc
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 plctted. The thirteen plots
are given in Figures 2 to 14 summarized helow.

Figure 2_ 25 Consumption, and 26 and Total Fission Product Production.
Figure 3_ 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 R6.
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 10 Decay of 38 and Growth 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 14 Decay of 41 and Growth of 51, Produced from 28.

A11 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 20,000 KW total power.
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