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CALCULATION OF THE COMPOSITION OF
REACTOR~-IRRADIATED HEAVY NUCLIDES

by

R. P. Schuman and R. L. Tromp‘A

ABSTRACT
Calculations have been made of the compositions of reactor-irradiated
Th-230, Th-232, U—233; U-235, U-236, U-238, Pu-239, Pﬁ-2h2,'and Cm-244.
Pile fluxes with resonance flux per 1ln E interval equal to 1/12 (typical

of MIR fuel) or 1/30 (typical of MIR beryllium pieces) of the thermal flux
1k

-were used for the calculations; thermal fluxes of 5 x 1013, 2 x 1077, and

1 x lOl5 n/cm2 sec were assumed. Calculation methods, assumptions con-
cerning cross sections, and possible methods of producing specific nuclides

are discussed.
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CALCULATION OF THE COMPOSITION OF
REACTOR-IRRADIATED HEAVY NUCLIDES .

by

R. P. Schuman and R. L. Tromp

INTRODUCTION

Two neutron reactions are most probable for heavy nuclides in a thermal
reactor: fission, especially with the even-odd and odd-odd nuclides; and
capture, with all nuclides. Other reactions occurring with small yields,
such as n,2n reactions with prémpt fission neutrons, are also of interest
to reactor operations. Because of the capture reactions, isotopic com-
positions of fuel and fertile material in a pile will change during operation,
with corresponding changes in reactivity. Also, isotopes will be produéed
which may be valuable by-products or may, on the other hand, complicate the
chemical reprocessing or the refabrication of the fuel.

Since the high burnup of fuel is essential to the low cost operation
of most reactors contemplated today, and since isotopic capture products
will accumulate in chemically reprocessed fuel, it is of interest to calculate
the composition of the fuels and fertile materials after long irradiations.
The calculations can serve as a guide in determining the value of fuels,
how often their reprocessing is necessary from a nuclear standpoint, and
how often they must be isotopically re-enriched. The calculations are also
of importance in planning irradiations for the production of such heavy
nuclides as U-232, Np-237, Pu-242 and the transplutonipm elements.

Because the Nuclear Physics Branch at the MIR is interested in obtain-
ing neutron cross section data on the heavy nuclides of interest to reactor
operation, calculations have been made of the compositions of Th-230, Th-232,
U-233, U-235, U-=236, U-238, Pu-239, Pu-242, and Cm-24k4 irradiated at several
different fluxes for different time periods. If a mixture of these isotopes
is irradiated, the final composition can be found from these calculations
by summing the final products from the several input isotopes. These cal-
culations were made to serve as a guide for scheduling irradiations to produce
samples for cross section measurements. The calculations will also be helpful
in evaluating thermal Th-232 - U-233 breeder reactors and comparing U-233,

U-235, and Pu-239 as enriched reactor fuels.
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METHOD OF CALCULATION

The radiocactive nuclides in a reactor may disappear both by radioactive
decay and by neutron absorption. If the reactor operates at a constant flux,
each nuclide may be considered as having an effective decay constant in the
reactor which we will call the destruction constant """, The destruction
constant of the izgxnuclide is the sum of the radiocactive decay constant,

ki and the neutron reaction rate constant, nva, , i.e.

lg A+ onvo (1)
where Xé = destruction constant of ith nuclide.
A; = radiocactive decay constant of ith nuclide (the sum of

partial decay constants for @ and B decay, spontaneous

fission, etc.).

nv = constant flux of reactor.

o, = total reaction cross section in the reactor flux-(the
sun of fission, radiative capture, n,2n, etec., cross
sections).

Likewise, new nuclides will be produced in the reactor by radioactive
decay and neutron reactions. There will be an effective production constant,
which we have designated by p, for the production of a nuclide from each
parent. The rate of production of a nuclide will be the sum of the products
of the production constant from each parent and the amount of each parent.

If a given nuclide is produced by radioactive decay (beta,'alpha; or eléctron

capture), the production constant is equal to the partial decay constant of

the parent leading to that nuclide. If the nuclide is produced by a neutron
reaction (radiative capture orvn,En), the production constant is equal to
the product of pile flux and pile cross sectibn for the reaction leading

to the nuclide. The rate of change of a nuclide in a constant flux reactor

is given by:

dn, ’
il g o+ 2
= N 5 PN (2)
where Ni = amount of ith nuclide
N, = .amount of a particular parent j
X& = destruction constant of the ith nuclide
pj = production constant from parent j.
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The equations for the rate of change of the amounts of nuclides in a
constant flux reacter are entirely analogous to those for members of the
natural radioactive decay chains except that the constants "/£" and "p" are
substituted for the appropriate A's. Thus in a reactor there are capture
chains analogous to the natural radiocactive decay chains, and the amounts
of the chain members can be calculated uéing the Bateman equationl’2 developed
for the natural radicactive decay chains.

For the special case of production from only one starting nuclide and

by only one path, the amount of the ith chain member is given by the Bateman

equation:
N el t - /g t - 11“
N, = (pyppme-py L N [%——L * %—i + -ee- H (3)
1 2 i
where D = (/82- 1;)(/€3——(l)-_;__(/€i— f&) = ZZ&K Zg_ 1?)
Dy = (£~ 412)( /3' ‘/2) _____ (j‘i_ /{;2) ) 377472(13_ /2)
D; = (‘/1' "{L)( “/2" jl) """ (‘/’,1-1""‘//1) - jZZi(jj— ’é;'.)
Ni = Initial amount of starting nuclide.

If production of a nuclide is possible by several paths, the amount of the
nuclide is given by the sum of the Bateman equations, one for each pgth,

with the production constants being those leading along the appropriate path.
If more than one isotope is initially present,.é summation is made for pro-
duction from each initial nuclide. - '

The first step in calculating the composition of pile-irradiated material
is to establish the capture chains. Although the chains may contain many
branches, usually there are only one or two significant reactions for éach
chain member. Thus, in a reactor, Pu-239 can undergo neutron capture,
undergo fission, undergo an n,2n reaction, or may undergo alpha decay;
however, only the capture and fission reactions are important. The chains
used for the calculations are given in Figures 1 through 4. 1In mos& cases
the chains are quite simple with only occasional two way branching. nce
the calculations are made for fairly high fluxes, and for irradiation periods—_
of days to a few years, the approximation is made that long-lived nuclides,
ty 2100 years, are stable with respect to radioactive decay. Also the
agproximation is made that short-lived nuclides, t, < 1 day, decay instan-

2
taneously, so that neutron capture by, or decay of a long-lived nuclide is



considered as leading directly to the next long-lived member of the chain.
The approximation will not normally cause a significant error for times
much longer than the half-life of the short lived nuclide, since nuclides
with half-lives less than one day will usually decay before building up in
quantities large enough to undergo significant neutron reactions. In any
éase, when one assumes the short-lived parent decays instantaneously, the
actual amount of short-lived parent plus the amount of long-lived daughter
is virtually equal to the abundance calculated for the daughter.

In order to simplify the calculations, a number of further approximations
have been made which will normally not lead to serious errors. Inspection of
Figures 1 through 4 shows many minor branches, such as the electron capture
decay of Am-242m to Pu-242, neutron capture by U-232, n,2n reactions on
U-233, U-235, U=236, Pu—é39, Pu-242, and Cm-244, and others, which have been
ignored since their contributions are very small. The assumption of constant
flux irradiation is not correct for most operating reactors which have
scheduled down periods. For nuclides with half lives much greater than the
down period, the calculated compdsitions will be essentially correct if the
average flux for the entire irradiation period is used for the calculations.
A comparison of continuous vs cyclic irradiation of Th-232 has been made by
R. G. Nisle3° .

An additional complication in the capture chains is that the alpha decay
of capture products can lead to closed lobps in which a nuclide may reappear
aé a resuit of four neutron captures, two beta decays, and an alpha decay.
Usually the loops are unimportant and can be neglected in the calculations,‘
but in the case of Pu-239, two capture products Cm-242 and Cm-24k4 have
sufficiently short alpha half lives so that the loops will be important.
Because of the loops, the concentrations of Pu-239, Pu-240, and Pu-241 in
napkin rings are appreciable at high integrated fluxes even after the
initial Pu-239 and the first generation Pu-2)40 and Pu-241 have been burned
up. The closed loop which is due to Cm-24h o decay is:

10
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This loop largely accounts for the presence of Pu-2L40 and Pu-241 in
highly irradiated napkin rings. In order to make approximate calculations
of the abundances of Pu-239, Pu-240, and Pu-241 in highly irradiated Pu-239,
the closed loops have been approximated by assuming that recycle Pu-239, Pu-2540,
.and Pu-241 are new members of a capture chain which ends at second generation

Pu-241. The approximation is thus:

o

An-24% —B 5 cmcouy

_ atr \

Pu-243 B S Am-243
nTy : _ nTy o
Pu-242 Am-242 —By cm-2l2
nty _ n1py - Pu-241"
Pu-241 B S Am-0kl ‘ nyy
AnTy o - Pu-240°
Pu-240 gy
nTy i Pu-239!
Pu-239 nty

Pu-238
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Since the amount of material recycled is fairly small due to losses
by fission and to neutron capture of<bm—2h2;and Cm-24ly, the approximation’ will give
satisfactory abundances for Pu-239, Pu-240, and Pu-241 for the times of
interest. Since the "recycle chain" is cut off at Pu-24l', the calculated
abundances of Am-241, Cm-242, Pu-242, and Am-243 will be 'dééidedly low at
the vefy highest integrated fluxes. Calculated abundances that'are‘expected
to be highly in -error have been omitted from the tables of results,_ In the
other chains, the loops have been ignored since their effects are smail.
Because of the « decay.of Pu-238, some U-234 and secondary U-235 capture
product, which are not shown in the calculations, will be produced in:very
highly irradiated samples of U-235 and U-236. Actually there is a limit
to the burnout of U-235 in U-235 == U-236 mixtures. \

By using the approximation tha£ the recycle members in a loop afe new
members of a chain, it is possible to calculate the compositions of the
irradiated nuclides using the Bateman equations. Since in this case two
chain members have the same destruction constants, the Bateﬁan eqﬁation,
as given in equation (3), becomes indeterminate. A satisfactory solution
of the Bateman equation can be obtained by permitting the two destruction
constants to differ by a small value ¢, and then allowing € to approéch
zerc. The solution for the amount of the kth member of a chain in the case

where two chain members, m and n, have the same destruction constant,

[ = I;, is:

k AN | st 1 It
N = N (pyPp--Py ) t ;__J—) * EC " Zmn (mﬂ ° (1)
S # mn | D, :
where Dj = i7727j (/l—/f])
D =

m igzﬁgn.(jé_Jé)

A somewhat similar solution is obtained if there aré two pairs of nuclides
with identical degtruction constants, as there will be for the calculation
of recycle Pu-241. { ‘
| A number of calculations have been made with a desk calculator. These
were made as check calculations for the IBM-650, and for some of the short

chains, were the only calculations madé.. Most of the compositions were

-calculated using the IBM-650 and a radioactive decay program set up by

12
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Adrian Grimaud of the Theoretical Physics and Applied Mathematics Branch of
MTR TechnicalﬂlL The program is such that the machine cannot calculate abun-
dances if two destruction constants are the same; therefore, for the loops,
an additional approximation was made (for the machine calculations) that
the recycle nuclide had destruction constants /2% lower than the original.
For our case, where the recycle nuclides have much greater destruction
constants than several other loop members, the assumption makes only /2%
(or less) error in the calculated abundances, which is insignificant in.
comparison with other uncertainties.

The input data cards for the IBM-650 supplied the cross sections and
decay constants of the nuclides and the chain member to which they lead.
The machine then determined the possible paths, calculated the abundances
of the ‘nuclides along each path, then added the production from all’@he
possible paths to give'the total production for the desired fluxes "and times.
Since the machine was using floating.point arithmetic which can carry eight
decimal places, the accuracy of the results (which are sums and differences
of large numbers) is limited to around one part in lO7 of the maximum
abundance until after the maximum abundance is reached. Therefore the very
small yields of the heaviest nuclides from low integrated flux irradiations
could not be calculated by the program. ZEarly values, which are in error
due to the limited number of decimal places carried by the machine, have
been omitted from the tables of results. Calculations made with a desk

calculator were carried out to ten decimal places.

CROGG GRCTTONG

The calculations of the production of heavy nuclides in a pile depend
upon the radioactive decay constants and ‘the neutron cross sections. The
decay constants are well known in the range where they are importént. The
values used for the calculations are given in Table 1;5

The largest uncertainties in the calculations arise from the assumed cross
sections. The neutron cross sections of the elements vary greatly with neutron
energy, and the energy spectrum of neutrons varies from reactor to reactor and
from place to place in one reactor. To calculate the composition of irra-
diated material, ideally one should know the neutron energy spectrum as a -
function-ot time, and the: cross’section .of each nuclide as a function of.‘

neutron energy: -,Further, self-shielding and flux depression corrections

13-



should be made. Thus the pile destruction and production constants of a
particular nuclide will depend upon pile spectrum and sample thickness; and
will change with time as the pile spectrum shifts, the flux density varies,
and the self-shielding changes. Thus the abundances calculated in tpis report
may be quite seriously in error due to erroneous assumptions as to neutron
spectrum and self-shielding. Another complication in comparing calculated
and observed results.is the large possible error in the integrated flux,
"nvt", of the irradiation. Since the "nvt" of irradiations are often poorly
known, and compositions vary rapidly with "nvt", it is probably best to use
one component (usually the initial component) as an internal monitor; thus
for irradiations up to ~6 x 102l n/cm2, U-235 or Pu-239 burnout is a fairly
good flux monitor for enriched fuel or napkin rings.

For our calculations, we have assumed very thin samples so that self
shielding and flux depression are negligible. .The pile flux is considered
as being composed of three energy groups; thermal (Maxwellian) neutrons,
resonance (1/E) neutrons, and unmoderated fissionineutrons.6 For some of
the nuclides, Th-232, U-233, U-235, U-236, and Pu-239, a pile flux was
assumed in which the resonance flux per 1ln E interval is 1/12 of the thermal
flux and the fast flux (unmoderated fission neutron flux) is equal to the
thermal flux; this roughly approximates the flux seen by MIR fuel.'7 For
U-238, Pu-239, Pu-242, and Cm-24k4, a pile flux was assumed in which the
resonance flux per ln E interval is 1/30 of the thermal flux and the fast
flux is 'equal to 1/3 of the thermal flux; this roughly apprpximates the flux
seen by the plutonium napkin rings irradiated in the beryllium region of the
MTR. . ‘ ‘

When resonance integral data were available, the pile cross sections
used for the calculations were calculated from resonance integrals and

6-14,17

thermal (Maxwellian) cross sections. When resonance integral data

were unavailable, pile cross sections were taken,8’15’l6

and assumed to be
the cross section for a pile flux with resonance flux equal to 1/30 thermal
flux. Some literature values of the cross sections are given in Table II.
In certain cases, cross éection values had to be estimated. Most of the
estimated valﬁes were those which gave a reasonable fit between the cal-
culated and observed compositions of the three KAPL napkin rings (irradiated
Pu-239)ol6 The values are really only "educated guesses”, since the mea-

sured abundances of the napkin ring components were only approximate, and

1k



the amount of data was insufficieént to determine accurate cross section values.
The measured abundances show that certain pile cross sections apparently
varied considerably from napkin ring to napkin ring, probably due to the
varying resonance to thermal flux ratio. The actual pile cross sections
that were used for the calculations are given in Table III for the case of
resonance flux per ln E interval equal to 1/12 thermal flux, and in Table IV
for the case of resonance flux per 1ln E interval egual to 1/30 thermal flux.
Stoughton and Halperin have recently published a compilation of effective
pile cross sections for nvres/nvth = 1/1218 for most of the nuclides con-
sidered for the calculations up to and including Pu-242; their compilation:®
was not available when these calculations were made. With the exception

of Pa-233, their cross sections usually agree well within the quoted limit
of error with those used in our calculations. Most of the cross sections

for nuclides above Pu-242 are poorly known.

DISCUSSION OF RESULTS

I. Irradiation of Ionium

Protactinium-231 is a naturally occurring decay product of U-235, and
can be isolated from uranium ore residues. However, because it is'very
rare (0.33 g Pa-231 per metric ton uranium at equilibrium), and difficult
to isolate chemically, the alternate production of Pa-231 by pile irradiation
of ionium concentrates (mixture of Th-230 from U-238 decay and Th-232) is
quite attractive. In order to evaluate pile irradiation of Th-230 (+ Th-232)
as a method of producing gram guantities of Pa-231, hand calculations of
the composition of a pile irradiated ionium-thorium mixture: has been made,’
see Table V and Figure 5. The calculations show that Pa-231 can be produced
in fairly high concentrations in the ionium, but that, due to Th-232 in the-
sample, large amounts of Pa-233 will also be produced so that the irradiated
ionium will have to be cooled for a long time before it is chemicaily pro-
cessed. The irradiated ionium will also contain a considerable fission
product activity due to U-233 fission.
IT. Irradiation of Th-232 and U-233

There are two power reactor cycles that hold the best promise of cheap
nuclear power: the Th-232 - U-233 breeder reactor, which can be either a
thermal or fast reactor, and the U-238 - Pu-239 breeder reactor, which must

be a fast reactor. If efficient power-breeder reactors are developed, the
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earth's thorium and uranium resources form an almost limitless source of
energy, comparable in magnitude to the fusion energy content of the deuterium
in the oceans.

In many respects, the thermal Th-232 - U-233 breeder reactor holds the
best promise of producing cheap power, since it would use the more abundant
thorium as its energy source, would require a smaller inventory of fission-
able material, and would be similar to the well-tested enriched U-235 thermal
reactors presently in operation. However, a very well designed reactor will
be required if it is to breed using Th-232 and U-233. The value of thermal
77 for U-233 of 2.28 neutrons produced/neutton a‘bsorbed,8 leaves relatively
few neutrons, 0.28 n/neutron absorbed, for parasitic capture, leakage, and
breeding gain. Also, an abundant nuclide in the Th-232 - U-233 cycle is
27.4 day Pa-233, which has a moderately high parasitic capture cross section,
and which will build up in large amounts in a high flux reactor. Neutron
capture by Pa-233 will use up neutrons and also decrease the U-233 production.
One advantage of U-233 over U-235 as a reactor fuel is that the capture pro-
duct of U—233 is fertile U-234 which forms fissionable U-235 wupon neutron
capture. ) o '

Another problem in the operation of a Th-232 - U-233 Breeder is that
U-232 is produced which will build up in the uranium, and Th-228, which is
formed through,U¥232 o decay, will build up in the thorium. These fairly
short lived alpha emitters, through subsequent decay, result in lgrge sources
of gamma emitters and thus increase the cost of fuel handling.

‘ Calculations have been made of the compositions of thin Th-232 and U-233
irradiated in a pile flux with resonance flux per 1ln E interval equal to.
1/12 thermal flux, see Tables VI and VII and Figures 6 and 7. The calcu-
lations demonstrate U-232 prbduction due to the fast Th-232 (n,2n) reaction,
and also the very high buildup of Pa-233, especially at high fluxes. The
Pa-233 1s probably even a bigger unknown in evaluating the Th-232 - U-233
cycle than 77 for U-233; and Pa-233 buildup may very likely limit the flux
at which the reactor can operate. Better cross section data on Pa-233 are
neéded for evaluating Th-232 - U-233 breeder reactors. In an actual reactor,
the thorium breeding blanket elements will be thick, particularly for ‘
resonance neutrons, so the effective pile cross section of Th-232 will be
smaller than that used in these'calculations,lu’18 The main result of this

"cross section change'" will be to decrease the ratio of the products (except

16
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i ‘n,2n'products) to thorium by approximately the ratio of effective thick
Th=232 pile cross section to the thin Th-232 cross section used in ther.cal-
-culations. -A comparison of cyclic and continuous irradiation of Th-232 has
beenwméde'by Nisle:3.'
- -Even though a Th-232 - U-233 reactor does not breed or break even, it
will greatly extend the fission energy resources. The U-233 produced from
Th-232 will-be an, excellent enriched reactor fuel. The U-233 will be more
;-difficuit to..fabricate than U-235 due to the much more intense alpha and
gamma irradiation, but with respect to neutron economy, it will be better
fuel since U-233 has a higher-#?than U-235 and also the second order capture

* product .of U-233 is fissionable U-235, while the second order capture pro- -
duct .of U-235 is the relatively short lived U-237 which beta decays to
essentially nonfissionable Np-237.

IIT. Irradiation of U-235 and U-236

_;Since there is a great deal of experience in operating enriched
.. uranium reactors, our main interest in calculating the composition of ir-
radiated U-235 and U-236 was to evaluate the possiblity of producing valuable
-by-products. 1ike Np-237 and plutonium rich in Pu-238. . The effect of the .
. capture products on the enriched uranium fuel reprocessing has been discussed
elsewhere.19 : ‘
Although the thermal cross sections and resonance integrals of the
nuclides in the chain are better known than those in the other chains, the
calculations still only approximate actual compositions, since the assumed
constant»pile~fluk only approximates the actual pile fluxes. The results
of the calculations for a resonance flux per 1ln E interval equal to 1/12
the thermal flux are given in Tables VIII and IX and Figures 8 and 9. The
calculations show that irradiated enriched reactor fuel, such as MIR fuel,
is an excellent source of Np-237, particularly if the enriched uranium
had been previously irradiated so that it initially contained U-236. The
Np-237 production is highly dependent upon the resonance flux since U-236
has a low thermal capture cross section and a high resonance capture integral.
IV.  Irradiation of U-238 ,
Since a thermal U-238 - Pu-239 breeder reactor is impossible, the thermal

pile irradiation of U-238 is of interest as an extender for U-235 or Pu-239
fuel, as a producer of plutonium, and as a source of certain heavy elements

as Np-237 and possibly transplutonium isotopes.
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The.reSﬁits 6f the. U- 238 calculations are given in Table X and Figure 10.
The calculatlons ‘were made for a resonance to thermal ‘flux ratio of 1/30,
a fast flux equal Yo. 1/3 of the thermal flux, and thin U-238 samples. . The
actual composition of irradiated U-238 is highly dependent upon the res-
onance flux.since U-238 has a low thermal cross section and a high resonance
‘capture integral. ' The composition will also depend upon the thickness of
the.Ua238 since U-238 samples, like Th-232 and U-236. samples, will show
chsiderable self protection especially for resonance neutrons.lh’18 Therefore,
the effective pile cross section of typical U-238 breeding blanket samples
will:be Tess than that used in the calculatién; hovever, the yield of the
capture: products will be nearly those calculated times the ratio of effective
thick U238 cross section to thin U-238 cross section.
V. Irradiation of Pu-239, Pu-242, and Cm-2Lh4

The long term pile irradiation of plutonium, as plutonium-aluminum
alloy napkin rings, has been the source of most of the transcurium elements

used for nuclear and chemical studies. At present a larger scale plutonium

S irradiation.is getting underway which will produce samples of Am, Cm and

!

transcurium:elements sufficiently large to permit more accurate cross section

- measurements. This program will consist of irradiating Pu-239 as plutonium

aluminum alley until the remaining plutonium is largely Pu-242. The material
will then be chemically processed and the resulting plutonium (mainly Pu-242)
and perhaps also curium (mainly Cm-244) further irradiated. Because of our
interest in the irradiation of Pu-239, Pu-242 and Cm-24L for the production

bf‘heavy element samples for MTR chopper cross section measurements, as well

'as_the interest in Pu-239 as a reactor fuel, calculations have been made of

tHe composition of Pu-239, Pu-242, and Cm-24k4 irradiated to a very high
integrated flux. The results of the calculations, assuming a resonance
flux per 1n E interval of 1/30 the thermal flux, are given in Table XI

and Figure -1l for Pu-239, in Table XII and Figure 12 for Pu-242, and in
Table XITI and Figufe 13 for Cm-24k4. The composition of Pu-239 irradidted

-in a flux with ﬁvres/nvth = 1/12 has also been calculated, see Table XIb

and Figure 11b. Other caleulations of the composition of irradiated plutonium

15

and curium have .been.made by UCRL,; ANL, and Han'ford.20 The cross sections

I(espec1ally those of>the heaviest nuclides) used for these calculations

often differ qulte exten51vely from those we have. used.
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Since many of the cross sections of the heaviest nuclides are very
poorly known or unknown, we have selected vélues.fér'certain cross sections
in order to obtain a fair fit between the calculated yields and the observed
KAPL napkin ring yields. Table XIV compares the calculated and observed
yvields for three KAPL and three ANL napkin rings irradiated in the MTR.15"l6
The "nvt" for comparison was chosen to give the best agreement between
observed and calculated yields and is appreciably different from the "nvt"
reﬁorted for the irradiation. For the lower "nvt'" values, the burnup of
Pu-239 was used to estimate the "nvt" for comparison. For the higher "nvt"
values, the yields of Cm-244 and Pu-242 were used to estimate the '"nvt"

. for comparison. As shown in Table XIV, fair agreements between calculated
and observed yields are obtained. Unfortunately, the observed yields are
only apprdximate, and no attempt has been made to obtain the best cross
section values, so the estimated cross section values used for the calcu-
lations should be considered only as educated guesses.

Also, since many pile cross sections, such as the Pu-240 and Pu-2k2
' capture cross sections, have very high resonance integrals, the yields of
'the nuclides will depend strongly upon the resonance flux contribution.

The mass spectrometrically determined ratio of Cm-245/Cm-244 shows that

the cross section ratio of Cm-245 to Cm-2uLL varied cohsidérably from napkin
ring to napkin ring. Most likely Cm-244 (possibly also Cm-245) has a very
large resonance integral compared to its thermal cross section. The com-
parison of plutonium irradiated with nvres/nvth of 1/12 to nvres/nvth = 1/30
shows the quite large dependance on resonance flux, even when both curves
are normalized to the game burnup of Pu-239y, cee Filgure XIe.

Because the IBM-650 carries only eight significant figures when using
floating point arithmetic, and the calculated yields are determined as the
difference of large numbers, the limit of accuracy of the calculated yields
is roughlyLlO-7’of the maximum abundance (it may be somewhat more or less
depending upon the actual coefficients in the Bateman'eqpation). Therefore,
the yields of the heaviest nuclides can not be calculated for the shorter
irradiations. Another error in the calculated yields results from cutting
off the Cm-242 - Pu-238 and Cm-24h - Pu-240 cycles at Pu-24l, so that the
calculated abundances of Pu-242, Am-241 and Am-243 are low for the highest

"mvt" values.
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PRbDUCTION OF HEAVY NUCLIDES

It is of interest to look at possible methods of producing samples of
nuclides for cross.section measurements. The nuclides for which cross
section measurements will be most valuable are those which are found in
appreciable amounts in reactor fuel or fertile material, and which can be
produced in high purity and in grém quantities for chopper measurements:
Only methods which do not reduire»isofope‘separation will be considered
here. Many nuclides, such as Th-230, U-234, U-236, Pu-240, Pu-241, etc.,
will probably be»best'produced by isotope separation. The production

methods are summarized below:

Pa-231: Gram sambles of Pa-231 can be produced by pile irradiation of
ionium concentrates. A long decay period before the sample is processed

will be necessary to allow Pa-233 to decay.

Pa-233: Gram'samples of Pa-233 can be produced by irradiating Th-232, then
chemically separating and purifying Pa. The sample will contain very small
amounts of Pa-231 and U-233 growing in from the 27.4 day beta decay of Pa-233.
The fa-233 has a specific activity of /~’23,000 curies/gram of ~L40OO kev
gamma. Capture cross section vs energy data on Pa-233 are needed to evaluate
Th-232 - U-233 breeder reactors.

U-232: Sufficient U¥232 for chopper cross section measurements can be
obtained by irradiating gram quantities of Pa-231, and then chemically
separating and purifying U. Repeated short irradiations and chemical pro-

cessing will be required to produce U-232 with a minimum U-233 content. .

U-233: The beta decay of the Pa-233 samples will produce very high purity
U-233. ‘ : ‘

U-236: Isotoﬁically‘enriched U-236 can be further purified from U-235 by
selectively burning out the U-235 by pile irradiation (preferably'with a
highly thermal flux). The & decay of Pu-238 to U-234 and subsequent neutron
capture to U-235, as well as the fast neutron n,2n reaction on U-236, will
limit the burnout of U-235; however, if the highly if}adiated uraniumhis
purified from Np and Pu, then reirradiated for a short time (so that Pu—238
does not have.a chance to build up) the U-235 content can be reduced to a

minimum.
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U-237: Uranium containing »Jl%'U-237 can be produced by the very high flux
irradiation of U-236 followed by chemical separation and purification of U.
If the U-236 is sufficiently free of U-235, it should be possible to obtain
the fission cross section of U-237. If the original U-236 is sufficiently
free of U-238, the buildup of U-238 in the sample ﬁill give a capture cTross
section for U-237.

Pu-238: The alpha decay of Cm-2L42 will give very pure samples of Pu-238.

Sufficient Pu-238 for chopper measurements can be made in this manner.

Pu-240: The alpha decay of Cm-244 will give very pure samples of Pu-240.
The plutonium will contain less fissionable Pu-239 and Pu-241 than the
presently available isotopically'ehriched Pu-240 and so will be valuable

for fission cross section measurementc.

Pu-242: Highly irradiated plutonium will ultimately become essentially'
pure ( ~99%) Pu-242. Napkin ring Pu-242 has been used by ANL for chopper
Cross éection measurements,21 and larger and purer samples should become
available from the large scale irradiation of Pu. The Pu-242 samples will
be the best samples for chemical studies of plutonium since they contain

only about 10% of the specific alpha activity of Pu-239.

Pu-24k: Pu-24k is produced by the minor Pu-243 capture branch in the Pu-239
and Pu-2U42 capture chains. A small concentration of Pu-24h will build up

in residual Pu-242, and will be sufficient for resonance integral measure-
ments.. If a very high flux reactor becomes available, § > lO15 n/cm2 sec,
quite high concentrations of Pu-2kl could be produced by the long term
irradiation of Pu-239 or better of Pu-242. Because of its very long half-
life, pure Pu-24l would be very valuable for heat capacity measurements on

plutonium compounds.

Am-243: The high flux irradiation of Pu-239 or Pu-242 will produce high
purity Am-243. Napkin ring Am-243 has been used by ANL for chopper cross
section measurements.21 Am-243 samples will he best for americium chemistry
studies.

Cm-242: Quite pure Cm-242 can be produced by the fairly short irradiation
of Am-241. The curium could be used for cross section measurements, or

allowed to decay to produce pure Pu-238.
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Cm-243: The residual curium after the Cm-242 in the Cm-242 samples have
decayed will be quite rich in Cm-243. Sufficient Cm-243 may be produced for

chopper or crystal spectrometer fission cross section measurements.

Cm-2hk: Cm-2h4 is the most abundant curium isotope produced in napkin
rings.. Purer Cm-244 for cross section measurements could be produced by

the short term irradiation of pure Am-243.

Cm-245: Because of its high cross secﬁion, Cm-245 builds up to only é
small extent in napkin ring Pu. Very small samples of pure Cm-245 could
be produced by irradiating Pu rich in Pu-2L4k, then immediately separating
the plutonium from Cm and Am. The Pu-245 in the resulting Pu will then
beta decay through Am-245 to pure Cm-245. Cf-249 alpha decay would also
produce very small samples of pure Cm-245. The pure Cm-245 sampleé could
be used for thermal cross section and resonance fission integral measure-

ments.

Cm-246: Cm-246 will build up in very highly irradiated Pu-239, Pu-242, or
Cm-24l, but will be of low purity. Cm-246, contaminated with Cm-248, will
be prodﬁced by Cf decay (preferably californium as rich as possible in

Cf-250), and could be used to obtain a better value for the Cm-246 capture

cross section.

Cm-247: Cm-247 will build up to a low abundance in very highly irradiated
Pu-239, Pu-242, 6r Cm-24L. Perhaps, if a very high flux (¢‘>>1o15 n/cm2 sec)
reactor were available, it could be built up to a greater abundance than

Cm-245 and a pile o, and certain decay properties of Cm-247 could be deter-

f
mined. If pure Cm-247 could be obtained, say by isotope enrichment, it
would be extremely valuable for chemical studies and heat capacity measure-

ments because of its long half-life.

(m-248: A moderate concentration of Cm-248 could be produced in the residual
curium if Pu-242 or Cm-24k were irradiated for a long time in a very high
flux (> 107 n/cm2 sec) reactor. Very small samples of fairly pure Cm-248
can be produced by californium (preferably rich in Cf-252) decay. Such
curium would be useful for thermal cross .section, resonance integral, and
decay property studies.. Also Cm-249 could be produced for decay studies.
Curium rich in Cm-248 will probably be the best curium available for chemical

studies.
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Bk-249: The large scale irradiation of Pu will ultimately produce mil-
ligram amounts of Bk-249 for chemical studies, cross section measuremenﬁs,

énd studies of Bk-250 produced by neutron capture.

Cf-249: The beta decay of Bk-249 will produce pure Cf-249 for thermal and
resonance cross section measurements. Because of its moderately long half-
life and ease of production, Cf-249 samples will be the best californium

for chemical studies.

Cf-250: Cf-250 is a constituent of napkin ring californium. Purer Cf-250,
produced by irradiation of Bk-249, might be used for thermal and resonance

cross section measurements.

Cf-251: Cf-251 is a minor constituent of napkin ring californium. It can

not be produced in any degree of purity by pile irradiation. Perhaps better

cross section data can be obtained from the low purity samples. Very small

samples of quite pure Cf-251.could be produced by the decay of cyclotron
produced Es-251. '

Cf-252: Fairly pure Cf-252 can be obtained by the long term irradiation
of Pu-239, Pu-242, and Cm-244. A determination of the Cf-ESé resonance
capture integral would be valuable. Cf-252 is very valuable for studying
spontaneous fission. The chief interest in Cf-252 production at UCRL is
in its use as a target for production of heavy'elements"by heavy ion bom-

bardment with the Heavy’Ion Linear Accelerator.

Transcalifornium Elements: Isotopes of einsteiniﬁm and fermium are also
produceéd in long term irradiated Pu-239, Pu-242, and Cm-244. When larger
samples become available, better cross section data on Es-253, Es-25kL,
Es-255, Fm-254, and Fm-255 can be obtained. Both 204 E-253 and 4804 E-254

will be valuable target materials for the production of new heavy nuclides.

~
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TABLE I

Decay Constants of Heavy Nuclides
Used for Calculations .

Decay Constant

Vs

S . Decay assumed for‘gflculation
Nuclide. Half-Life Process L sec
Th-230 8.1 x 10LL yr a 0
Th-231 25.6 hr B~ . (a)
Th-P3° 1.4 x 10loyr o] 0
‘Th-233 53 min ' B~ (a) -
Pa-23L 3.43 x 10" yr- o 0
Pa-232 1.32 day B- (a)
Pa-233 27.4 day B | 2.93 x 1077
Pa-234 6.66 hr B- ' (a)
Pa-234m 1.16 min . B~ (a)
U-232 T4 yr o 3.05 x 10710
U-233 1.62 x 10° yr a 0
U-234 2.50 x 10° yr o 0
U-235 - 7.1 x 108 yr o 0 .
U-236 2.42 % 107 yr o 0
U-237 6.75 day B 1.19 x 1076
U-238 4.50 x 107 yr o 0
U-239 23.5 min p B (a)
Np-237 2.20 x 10” yr o 0 »
Np-238 2.10 day B~ 3.82 x 106
Np-239 2.34 day B- 3.43 x 1076 |
Np-240 7.3 min p- (a)
Pu-238 88 yr ” o 2.5 x 1070
Pu-239 2.4 x lOu yr d 0
Pu-240 6580 yr a 0
Pu-241 13.0 yr 8 1.69 x 1077
Pu-242 3.79 x 10° yr . 0
Pu-243 5.0 hr B~ 3.85 x 102
Pu-24) 7.5 x 107 yr a o
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Pa-231
Pa-233
U-232
U-233
U=234

U-234

Ignore

Np-237
Np-239
Pu-238
Pu-239
Pu-240
Ignore

Am-241

Am-243



TABLE I..(Cont)

Decay Constants of Heavy Nuclides
Used for Calculations®

Half-Life

Nuclide
Am-241 458 yr
Am-242 100 yr
Am-242m  16.0 hr
Am-243 7950 yr
Am-2LL 26 min
cm-242  162.5 d
Cm-243 35 yr
Cm-2h% - 18.% yr
Cm-245 8000 yr
Cm-246 6600 yr - |
cm-247 >4 x 100 yr
Cm-248 b2 x 10° yr
Cm-249. 64 min
Bk-249 314 4
Bk~-250 3.13 hr
c£-2k9 360 yr
CE-250 10.9 yr
cf-251 ~800 yr
CE-252 2.2 yr

Decay Constant

To
Tgnore

to Cm-242
Ignore

Cri-24L
Pu-238
Ignore
Pu-240

Bk-2L49
Cf-249
C£-250

Ignore

Decay assumed for calculation -
Process sec”
C o 0
90% B~, E.C. 2.2 x 10710
80% g-, E.C. (a) 8:2
o 0
B (2)
a L.9h x 10~
o 28 x 10710
o 19 x 1077
a 0
o 0
a 0
8% «, S.F. 0
B | (a)
B" 2.55 x 10'8
B (a)
o 0
o’ 2.02 x 1077
a 0
97% d, S.F.’ 9.98 x 10'9

~(a) Considered .as decaying immediately to.daughter.-
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Nuclide

Th-230

Th-232

Ea-23l

?a-233

U-232
U-233
v-23%
U-235
U-236
U-238 ‘

Np-237
Np-238

Np-239

TABLE II

Thermal Cross Sections and Resonance Integrals of
Heavy Nuclides

Thermal (Maxwellian at'EO}uQc) Resonance Ihtegral excluding

Process Cross Section - barns l/v contribution - barns
capture ‘27*(8) | .
n,2n 0.0125%% '
capture 200(8) i -
| 4a(11)  0(9) (9)),00(11)
capture , to 43( , 20 47077400 .
capture to 25(11), 25*(9) 270(11)
: capture 300*%2; '
o fission 80* :
capture 61412 115(17)
fission 530Elgg 812(17)
- (12) (7)
capture th( 50
fission 576(12) 270(T>14)
capture -6(8’19) ‘ 330 (calc.), 340(13), 257(10)
-, (8) -
capture 2.71 . -
n,2n 0.0145%*(calc. ) "~ 2g0(T513), g1
capture 170(5) 600(7)
fission 1600%(8)
capture 60*(8)
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_ TABLE II (Cont)

Thermal Cross Sections and Resonance Integrals of
Heavy Nuclides

Thermal (Maxwellian at 20.4°C) Resonance Integral excluding

Nuciidé Procéss ' Cross Section - barns l/v ccntribution - barns
(9) 0+(9) | (9) apo(®)

capture hSh 403 950 3260

Pu_?38 fission (10) 5( 0)

. (12) (1)

.- “capture 338 1600

Pu-239 fission 770(12) 2000(T)

Pu-240 'capfu}e » (8) 8&00(7’13)

SO L aep(13,15) '

‘ capture 350 1200(est.)
Pu-24l fission 1060(13) 1800(est . )
Pu-2h2 capture | "2397?9)19(9)'? 870(7)(9)1275(9)
Pu-243 ‘caﬁture 170*(8’15)"1
.Pu-2hh .cépture ) 2{1*(16)1 h*( 5)

capture to 16hr Am-2L2 T50% (gg
Am-241 capture to 100yr Am-242 .50*( (8)
' fission 3.1
Am-242m fission . 2500%‘8)
. S o (8)
fission - 6&00*(
Am-2k2 capture L :l6OO+(8) } ' ' ‘
Am-243 capture : 82*9)7h(8 9) 1580(9)2290(9)
Cm-242 : céptufé I go+(8) S ‘
Cm-243 capture o éSO*gg;

fission TO0*
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TABLE II (Cont)

Thermal Cross Sections and Resonance Intggrals of
Heavy Nuclides

Thermal (Maxwellian at EOIMQC) Resonance Integral éxcluding

Nuclide Process' Cross Section - barns 1/v contribution - barns
Cm-244 : capture 15*(8)20*(15)
: (15)
capture 200%
Cm-2k5 fission /lBQO*(lS)
Cm-246 Acapture ‘ 15*615)
Cm-257 'captﬁre 180*(15) .
Cm- 2’4—8 capture 6*(16) )4_*(15 )
Bk-249 capture SOO*(8)llOO*(15)
: | Fox(15)
_ capture 270%
Cf-2h9 fission 600*(15)
Ccf-250 capture lSOO*(lS)
cr-251 capture 3000%(15)
Cf-252 capture 30*(8)25*(15)
* Pile cross sections

*%¥  Cross Secticn for unmoderated fission neutrons



TABLE III

Pile Cross Sections Used for Calctiations where
Resonance Flux = 1/12 Thermal Flux

Cross Section used Cross Section Recommended
for calculations by Stoughton and Halperin
Nuclide  Process barns .To barns
Th-230  capture 27 | Th-231 | -

_ capture 145 Th-233 R k.5 £+ 1.5 -
Th-232 n,2n 0.0125 Th-23T T .
Pa-231 capture 200 Pa-232 _—

, Pa-234
Pa-233 capture 90 Pa-23km 170+ 40

_ capture 300 U-233 -

U-232 fission 80 RS _——
U-233 capture 73 p:23h : 70 + 20

fission 617 --z 610 + 30
U-23L4 capture 160 U-235 . 150 + =20
U-235 capture 112 ' - U-236 _ 125 + 20

fission 620 : ——- ‘ 595 + 130
U-236 capture 32 U-237 Lo+ 10
U-237 fission 200% - —_——
U-238 capture 26 : U-239 26 + 2
Np-237 capture 206 Np-238
Np-238 fission 1900 _—— ———
Np-239 capture 70 Np 240 80 + 20

_ capture 550 - Pu-239 -
Pu-238 fission 20 A - -

) capture 485 Pu-2L0 480 + 50
Pu-239 fission 965 -—-- 980 + €0
Pu-240 capture 995 Pu-241 1100 + 200

_ capture 475 - Pu-242 500 + 100
Pu-2bl oilsion 1285 - 1250  + 100
Pu-242 capture 96 Pu-243 130 + 30
Am-243 capture - 220 Am-24l _—
Cm-2L44 capture 35 Cm-245 : ---
Cm-2y5 ~ fission 2250 end ---

capture : :
Estimated
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Nuclide

U-237
U-238
Np-237-
Np-238
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Pu-243
Pu-2k4k
Am-241
Am-242
Am-243
Cm-242
Cm-243
Cm-2L44
Cm-245
Cm-246
Cm-247
Cm-2)18
Bk-249
ce-249
Cf-250
Cf-251
CP-252
recycle Pu-238
recycle Pu-239
recycle Pu-240
recycle Pu-241

% Estimated

TABLE IV
Cross Sections of Heavy Nuclides
Used for Calculations

. For Resonance Flux = 1/30 Thermal Flux

Cross Section Crosslsection
- barns To -7 barns
200 ignore
12.1 U-239 0.0035
192 Np-238
1600 fission
60 Np-240
502 Pu-239 18
380 Pu-2L0 860
590 Pu-241
400 Pu-2k2 1150
57 Pu-243
180 Pu-2hl
1.8 . ignore
750 . Am-242m 50
6400 fission 1600
170 - Am-2k4k
15 , Cm-243
250 ignore 700
20 Cm-245
450 Cm-246 1400
13 Cm-247
150% - Cm-248 1000(®)
6 ‘ Cm-249
950 Bk-250
v 270/ ‘ Cf£-250 600
1200% - Cr-251 ’
1500% - . Cf-252 1800
30 ignore
500 recycle Pu-239
360 recycle Pu-240 840
570 recycle Pu-241
1500 fission or ignore

30

fission

fission

fission

Am-242
ignore

fission

fission

fission

fission

fission

fission
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TABLE V .

_COmposition'of”Irradiéted % Th-230 - 91% Th-232 Mixture

--in Atoms per Million Initial Th-230 + Th-232 Atoms

E;E; n/em” Th-230 Pa-231 U-232  Th-232 Pa-233 . U-233 Fissions
0 0 90,000 0 0 910,000 0 0 0
For Flux = 3 x 1073 n/cmg sec ‘
1.16a 3 x 1918 89,993 7.3 0 909,961 38.2 0.56 0
2.32d4 6 x41018 89,985 14.6 0 909,922 75.3 .20 o
3.47 d 9 x 1618 89,978 21.8 0 909,884 111.3 4.95 0.01
6,95 d 1.8 x 1019 89,956 43.6 . 0.1 909,767 213.2 19.21 0.15
1.5.a 3 =107 89,927 7.6 0.2 909,612 335.6 51.3 0.29
23.2 @ 6.. % 103;19 - 89,854 145 0.9 909,225 ~ 585.4 185.9 2.14
3h.7 @ 9 x 1ol9j 89,782 216 1.9 908,838 T771.2 381 6.72
69.5 a 1.8 x 1070 89,56k 429 7.6 907,677 1,088 1,176 s
16 a 3 =x10°%° 89,27k 705 20.8  G06,132 1,242 2,426 161.9
232 a 6 x10°° 88,554 1,363 77-4 902,280 1,301 5,457 814
w7 a9 x10°° 87,839 1,977 163.9  §98,LkY 1,299 8,019 1,925
695 d 1.8 x 10°% 85,731 3,580 549 £87,035 1,283 13,356 7,289
For Flux = 1 x lOlh r;/cm2 sec
1.16a 1 x10Y2 89,976 oL, 3 0 909,871 127.3 .9 0
2.324 2 x10%7 89,951 48.5 0.1  909,Th2 250.8 7.k 0.03
3.47d 3 x 1077 89,927 72.6 0.2 909,612 370.6 16.14 0.09
6.95 d 6 x 1ol9 89,854 144.8 0.8 909,225 709.2 63.4 0.71
116 4 1 x 100 89,757 240.3 2.4 908,709 1,116 168.1 3.16
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Time

TABLE V (Cont)

Composition of Irradiated 9% Th-230 - 91% Th-232 Mixture

in Atoms per Million Initial Th-230 + Th-232 Atoms

days . n/em” | Th-230 Pa-231 U-232  Th-232 Pa-233 g:ggg Fissions
23.2 d 2 x,1023 89,515 k75.1 9.3 907,419 1,940 599 23.2
3.7 4 3 %1070 89,o7K T0k4.7 20.6 906,132 2,550 1,207 71.9
9.5 4 6 x10° 88,554 1,363 7.5 902,280 3,576 3,537 55
116 d 1 x,lo21 87,603 2,172 199 897,169 4,051 6,794 1,587
232 a 2 x 107t 85,269 3,892 654 884,520 4,196 12,867 7,083
37 4 3 x10° 82,997 5,25 1,217 872,048 h,147  16,2k4k 15,038
695 a 6 x 10° 76,540 7,715 2,837 ~835,679 3,974 19,567 4,218
For Flux X lOlh n/czn2 sec » ‘
1.16 a 3 x10 89,927 72.6 0.2 909,612 B2 5.6 0.03
2.32 4 6 x 1019 89,854 145 0.8 909,225 751 22.0 0.24
3.47 4 9 x10"9 89,782 216 1.8 908,838 1,109 48.6 0.81
6.§S-d 1.8 x 1020 89,564 429 7.5 907,677 2,118 185 6.23
11.6 3 x 100 89,274 705 20.5 906,132 3,321 482 27. 4
23.2 6  x 1ofO 88,554 1,363 77.4 902,280 5,736 1,642 19k.6
34.7 9 x10° 871,85 1,977 164 898,4Lk 7,487 3,161 584
69.5 1.8 % 107+ 85,731 3,580 551 887,035 10,319 8,123 3,350 f
116 3 x 1021, 82,997 5,245 1,219 872,048 11,483 13,277 10,387
232 6 x 10°% 76,50 7,715 - 2,845 835,679 11,506 18,436 36,480
347 9 x 10°t 70,584 8,694 3,90k 800,827 11,049 19,247 65, 484
695 1.8x 10> 55,37 8,256 I, 465 704,751 9,72k 17,853 147,650
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TABLE VI

Resonance Flux per 1ln E Interval Equal to 1/12 Thermal Flux

Composition of Irradiated Th-232 in Atoms per Million Initial Th-232 Atoms

£~

Time nv*t,2
days n/cm Th-232 Pa-231 Pa-233  U-232 U-233 U-23k U-235 U-236 U-237 Np-237
0 0 ~,000,000 0 0 0 0 0 0 0 0 0
For Thermal Flux = 5 X 10"3 n/cm2 sec .
1.6 5 x109 999,275 0.62 627 0.003 95.3 1.60 0.003 0 0 0
23.2 1 x 102 ‘
4.3 2 x10%° 997,102 2.15 1,693 0.048 1,128 24.0 0.251 0.002 o) 0
81.1 3.5 x 10°° 994,934 .22 2,126 0.143 2,641 69.6 1.26 0.012 0 0
116 5 x 100 992,770 5:93 2,301 0.283 °©  L,2k2 135 3.43 0.050 0 0
232 1 x 10 985,592  11.3 2,01 1.03 8,900 463 22.3 0.67h 0.0008 0.00k4
463 2 x 102 971,392  20.3 -2,373 3.39 14,570 . 1,413 121 7.85 0.0098 +0.09k
811 3.5 x 1021 950, 475 30.6 2,322 7.87 18,006 3,017 33y 47.8 “0.062 ©1.05
1160 5 x10°% 930,008  37.9 2,272 12.3 18,9éo 4,461 695 134 0.175 14.26
2320 1 x10%° 864,914 hg.2 2,113 22.3 18, 306 7,390 1,476 705 0.932 43.2
For Thermal Flux = 2 x lGlh n/cm2 sec CT
“1.16 2 x10%9 999,710 0.25 285 0 4.19 0.26 0 0 0 0
2.32 § «x 10%? 999,420 0.50 562 0.002 16.5 1.04 0.003 ) 0 0 -
463 8 x 1099 998,840 0.99 1,090 0.008 64.0 k.12 - 0.018 0 0 o)
8.1 1.k x 26 997,970 1.72 1,822 0.02k 188 12.5 0.092 0 0 0
116 2 x 0% 997,102 2.45 2,489 0.048 366 25,2 0.262 0.002 0 0
C23.e b x 109 994,212 4. 79 1,305 0.185 1,267 96.7 1.96 0.022 0 0
463 8 x 10%° 988,457 9.19 6,591 0.684 3,840 357 13.7 0.323 010009 " 0l00L
81.1 1.k x 102 979,888  15.1 8,156 1.86 7,97k 960 . 60.h 2.58 0.0092 0.01k
116 2 x 102 971,392  20.3 8,724 3.0 11,395 1,718 ik 9.16 0.0365 0.083
232 b ox 102 943,603  33.3 8,863  9.45 16,993 I, 48l 611 87.4 0.403 1.89
463 8 x 1021 890, 386 6.l 8,381 9.5 18,031 8,529 1,597 557 2,76 25.7
811 1.4 x 10%2 816,135 50.9 7,682  25.6 16,658 10,893 2,304 1,702 8.68 129
1160 2 x10%? 748,077  L49.2 7,081 26.1 15,271 11,169 2,hk2 2,87k 14.8 277
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TABLE VI (Cont)

Composition of Irradiated Th-232 in Atoms per Million Initial Th-232 Atoms
Resonance Flux Jer 1n E Interval Equal to 1/12 Thermal Flux

Time nvt,

days nfcm®- Th-232 Pa-231  Pa-233 ‘U-232 ~y-233  U-234 U-235 U-235 U-237 Np-237
For Thermal Flux = 1 x 1015 rjcm2 sec 7
1.6 1 x10% 985,592  11.3 11,954 1.03 1,493 515 . 26.8 0.78 0.0043 0.001
23.2 2 x 102 971,392  20.3 3.39 ’
46.3 K x 102 943,603 33.3 28,627 9.46 9,287 6,241 806 108 ) 1.50 1.26
81.1 7 x 102 903,402 4.3 32,854 . 17.5 13,011 12,626 2,151 573 10.0 k.9
116 1 x10% 864,914  49.2 33,180  22.6 13,968 17,308 3,331 1,41 27.4 56.9
232 2 x10% 748,077 49.2 29,418  26.2 12,751 22,255 4,831 5,2:8 - 11k 406
463 b x 10%° 559,618 37.7 22,021  20.6 9,552 18,318 4,080 10,232 233 1,127
811 7 x 1022 362,085 244 1h,248  13.3 6,180 11,914 2,657 10,856 - 251 1,337
1160 1 x10%3 234,277  15.8 9,219 8.63 3,999 7,709 1,719 8,651 201 1,100
2320 2 x10%3 54,886 3.70 2,160 2.02 937 - 1,806 403 2,483 57.7 324
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TABLE VII

Composition of Irradiated U-233 in Atoms per Million Initial U-233 Atoms
Resonance Flux per ln E Interval Equal to 1/12 Thermal Flux

- UV AV N S e © SN B V) B~ U R \O B e N 6 o B T L =l UV B \0 B o
\n

l022
1022
10

22

Lo < T T T T T T T TR o T - - S T - T - T A A A A T o T - -
. o . .
(o]

H N &= D H O

10°3

' U;é3h'

U-233
993,125 27
986,295 1,448
976,139 2,517
972,777 2,871
966,088 3,573
952,848 . . 4,961
9U6,296 5,6U5
933,327 - 6,997
907,919 9,632
871,099 13,417
785,449 22,050
758,813 2h,681
708,220 29,599
616,930 38,169
575,797 41,879
501,576 48,286
380,602 57,672
251,579 65,365
89,367 66,367
63,292 63,910.
3L, 746 57,516
4,006 37, T4k
1,008 27,670
1.02 5,614
0 229
o 1.88
0 0

- U-235
0.58
2.31

7.01

9.16
1k.2
27.6
3508
55.4

106
210
595
758
1,124
1,987
2,465
3,477
5,565
12,624
13,118
13,164
10,002
7,572
1,570
64.0
0.53
0

U-236

@ =2 O O O O O O O O O

@ VN
H oN N OH

.002
.010
.015
.026
073
.108 N
211
.565

147 -

347
809

2,561

3,237
4,594
7,939

9,344

10,326
6,113
2,302

90k

U-237 +
Np-237*

0

w kH O O 0O 0 000 OO0 OO O O O o

- =
® W

11k
204
562

808

1,442
1,011
397
152

.023
039
.091
.325
534
.22

.96

¥ Values of U-237 + Np-237 vary slightly with flux, other values depend

only on '"nvt'.
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TABLE VIIb

U-237 and Np-237 in Irradiated U-233
in Atoms per 10® Initial U-233 Atoms

Flux 5 x lOl3 n/cm2 sec ' Flux 1 x iOlS n/cm2 sec

Time "nvtg U-237 Np-237 Time "nvtg U-237 Np-237
days i 1’1 / cm ppm Ppm days n/cm pprm . Ppm

81.1 3.5 x 1020 0.008 0.016 11.6 1 x 1o2l 0.975 0.247
116 5  x 1070 0.02k 0.067 S 23.2 2 x 109% 9.0k - 4.80
232 1 x 107t 0.176 1.04 46.3 4 x 10T 53.8 61.5
463 2 x 102 1.03 12.7 81.1 7x 107t 110 300
811 3.5 x 10°* 3.34 75.1 116  1x10% 200 617
1160 5 x 10°7 6.05 198 - 232 2 x 10°° 210 1202
2320 1 x 10°° 12.4 796 463 y x 10°° 14y 867

811  7x10°2  55.6 341

1160 1 x 10°3 21.3 131



Time nvt

'

TABLE V

I11

Composition of Irradiated U-235 in Atoms per Million Initial U-235 Atoms

Resonan>e Flux per 1n E Interval Equal to 1/12 Thermal Flux

4,785

days EZEEE U-235 U-236 U-237 Np-237 Np-238 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242
0 0 1,000,000 0 0 0 C 0 0 0 0 0
For Thermal Flux = 5 x 1013 n/cm2 sec .
1.6 5 x1c 964,062 5,494 3.08 1.33 0.002 0.00k 0 0 0 0
23.2 1 ;020 929,115 10,782 9.01 8.35 "0.018 0.03L 0.002 0 o] 0
46.3 2 x 102 863,812 20,769 22.2 4.9 0.112 0.463 0.012 0.002 0 0
81.1 3.5 x 10%° 773,987 34,380 40.3 155 0.41Y 3.17 0.127 0.005 0 0
116 5 x 10%° 693,503 46,500 57.5 32k 0.837 9.95 0.568 AJ0.026 0.003 0
232 1 x10% 480,946 73,010 101 1,202 3.39 C77-1 8.33 0.721 0.099 0.006
463 2 x10% 231,309 113,071 149 3,717 10.6 463 85.6 1.1 3.39 0.533
311 3.5 x 10>+ 77,150 130,703 17h 7,657 22.0 1,520 393 101 35.5 11.1
w 1160 5 x 1032 25,733 132,226 176 10,791 31.1 2,747 832 273 15 . 57.6
O 2320 1 x 107 662 116,076 155 15,223 43.9 - 5,391 1,960 875 457 617
For Thermal Flux = 2 x 10~ * n/012 sec o
2.32 b x 1079 971,145 4,412 2.62 0.213 0 0 0 0 o] 0
4.63 8 x10° 943,122 - 8,691 9.59 1.59 0.005 ~0.003 o] 0 o] 0
8.1 1.4 x 102 902,596 14,869 25.9 7.69 0.038 0.02Y4 0.001 0 0 0
11.6 2 x10%° 863,812 20,769 46.8 20.4 0.125 0.109 0.003 (o} o 0
23.2 y x o 746,171 36,578 130 122 0.987 1.8% 0.075 0.603 0 o]
46.3 8 x10° 556,772 66,873 290 599 5.66 22.7 1.82 0.115 0.012 0
85.0 1.47 x 13 340,943 96,097 197 1,951 20.6 148 20.5 2.37 0.425 o.bha
122 2.1 x 107 214,932 115,20k 606 3,548 B4 391 .4 11.2 2.79 0.434
243 .2 x 107 46,217 132,484 721 8,728 97.0 1,776 kg2 141 53.8 20.4
T =86 8.4 x 10° 2,136 121,946 €69 14,119 158 bk, 343 1,523 637 323 . 328
€50 . 1.47 x‘1c2? © 2.2 95,957 548 14,691 165 5,299 2,008 968 540 1,238
1215 2.1 x 102 0.21 81,710 148 12,771 1hh 1,844 918 522 1,888
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TABLE VIII (Cont)

Composition of Irradiated 7J-235 in Atoms per Million Initial U-235 Atcms
Resonance Flux per 1n E Interval Equal to 1/12 Thermal Flux

Time - nvt2 ) .
days n/cm U-235 U-236 U-237 Np-237 Np-238 Pu-238 Pu-239 Pa-240 Pu-241 Pu-242
For Thermal Flux = 1 x lO:LE n/cm2 sec '

. 2.32 2 x 1029 863,812 20,769 62.2 5.06 0.005 ©0.007 0 0 0 0
4.63 b ox 1020 Th6,171 38,578 216 36.0 0.567 0.183 0.005 0 0 0
8.11 7 x 10%° 599,056 60,607 541 163 3.61 2.10 0.130 0.004 o] 0

11.6 1 x 102 480,946 78,010 908 k03 10.6 8.97 0.781 0.053 0.005 0

23.2 2 x10% 231,309 113,071 1,986 1,919 ' 63.4 110 17.4 2.42 0.517 0.069

46.3 hox 102 53,504 132,216 2,916 , 6,196 230 768 195 h9.7 17.5 5.56

81.1 7 x 102 5,952 126,938 2,968 10,921 42 2,131 695 =8 . 120 84.3

116 1 x 102 662 116,078 2,733 12,911 508 3,042 1,089 473 247 297

232 2 x 1022 0.4 86,367 1,988 11,788 468 3,254 1,251 €19 352 1,154

u63 b x 1072 0 4l , 486 1,048 6,426 255 1,811 . 702 B 203 1,24k

811 7 x10% 136 78.0 564

10 0 17,033 401 2,462 97.8 694 269



T

time
%
11.6
23.2
46.3
81.1
116
232
L63
811
1,260~
2,320

TABLE. IX

Campos1t10n of Irradisted U-236 in Atoms per Million Initial U-236 Atoms
Resonance Flux per ln E Interval Equ

nvt,

n/cm

I I T

X

10

to 1/12 Thermal Flux

6,599

For Thermal Flux of 2 x 10t n/em” sec
U-236 U-237 Np-237 Np-238 Pu-238 Pu-239 Pu-240 Pu-241  Pu-2k2
993,620 3,668 2,580 18.6 “2l.h 0.516 0.008 0. 0
987,282 4,717 7,475 67.3 171 8.56 0.314 0.018 02
974,725 5,060 18,132 182 1,000 99.7 7.61 0.910 0.056 -
956,189 5,000 32,655 340 3,303 . 534 71.3 14.2 1.61
938,005 u,9c»6' 45,048 475 6,352 1,327 2k6 65 .C 11.4
879,853 h,602 Th,057 792 17,Mk9 5,21k 1,639 669 288
774,142 4,0k9 97,020 1,043 31,461 11,293 4,910 2,550 2,884
638,905  3,3k2 95,492 1,029 34,928 13,291 6,459 3,617 8,786
527,292 2,758 82,784 892 31,207 12,038 6,001 . 3,416 12,640
278,037 1,454 44,583 481 17,016 3,323 1,904 11,968
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TABLE X

Composition of Irradiated U-238 in Atoms per Million Initial U-238 Atoms
Resonance Flux per ln E Interval Equal to 1/30 Thermal Flux

Time n?ZEE U-238 °  U-237 Np-237 Np-238 1Np-239 Pu-238 Pu-239 Pu-240 Pu-24L
0 0’ 1,000,000 0 0 0 0 0 0 O 0
For Thermal Flux = 5 X 1013 n/cm2 sec ,
11.6° days . 5 x 1079 999,395  0.102 0.072  0.0001 170 0.0001 423 3.63 0.031
23.2 4 1 x10%° 998,790 0.132 0.2k 0.000k 176 0.0011 978 17.2 0.303
46.3 a 2 x10% 997,582  0.14% 0.5k 0.0012 176 0.0072 1,999 72.8 2.59
81.1 4 3.5 x 1020 995,773 0.1k5  1.04 0.0C2% 176 0.0270 3,309 215 13.2
116 d 5 x 1620 993,967 0.145 1.52 0.0036 175 0.0586 4,394 409 35.0
232 4 1 x 102l 987,969  0.14h 3.02 0.0073 . 17k 0.233 6,827 1,263 194
463 :'d 2 xA1021 976,084 0.142 5.59 0.0137 172 1.76 8,772 3,033 751
811 a 3.5 x 102 958,502 0.1  8.57 ~ 0.0210 169 1.1 9,309 4,734 1,517
3.17 years 5 x 102 ok1;277  0.137 . 10.7 0.0264 166 30.8 19,250 - 5,473 1,929
6.34 y 1. x 102 886,003 0:129 1h.2 0.0351 . 156 94.8 8,727 5,720 2,1hb
Fé)r Thermal Flux = 2 x 1011‘ 11/c1ri2 sec - ’
h63 “davs 8 x 102t 907,712 0.518 12.9 0.120 639. 1.1 8,921 5,819 2,195-
811 d 1.k x 107 844,130  0.481 . 1L.6 Ao.1§5 594  26.5 8,297 ,51% ‘ 2,103
3.17 years 2 x 1022 ‘785;001 0.448 *1k.k4 0.133 552  29.1 _'7,716 %,131 1,956
6.34 y hox 1022 6i6,227 0.351° '11.6 0.108 434 24.0 6,057 L, 028 1,537
For Thermal Flux = 1 x 10:LS n/cm2 sec 7 .
1.6 dars 1 x 10t 987,969 1.88 1.28 0.033 3,331 0.037 5,416 927 129
23.2 4 2 x10% 76,088 2.3 3.39  0.106 3,393 0.239 8,233 2,743 645
k6.3 d ¥ x 102 952,739 2.4l 7.05 0.240 3,332 1.03 9,154 5,086 1,697
81.1 a 7 x 1021 918,765 2.33 10.4 0.363 3,197 2.47 8,927 5,968 2,233
16 a 1 x10°° 386,003 2.25 12.0. 0.4k 3,083 3.73 - 8,612  5,0u% 2,267
232 d 2 x 10?2 785,001  1.99 12.8 0.453 2,731 5.84 7,630 5,303 2,031
463 d 4 x 1022 616,227 1.57 10.4 0.367 2,14k 6.02 5,990 4,161 1,595
Bl & 7 x10° 128,504 1.09  7.20 0.256 1,k91  K.58 4,166 2,89k 1,109
3.17 yeers 1 - x 1023 -298,093 - 0.757 5.0l - 0.178 1,037 3.24 2,898 2,013 771
6.34 y 2 x 1023 88,859 '0.226  :1.49 0.053"" 309 0.971 86k 60C 230
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TABLE X (Cont)

Composition of Irradiated U-238 in Atoms per Million Initial U-238 Atoms
Resonance Flux per 1n E Interval Equal to 1/30 Thermal Flux

Time n/cn> Pu-242 Am-2k41 Am-243 Cm-242 Cm-24k Cr-245 ~ Cm-246 Cm-247 Cm-248
0 0 0 0 0 0 0 0 0 : 0
For Thetmal Flux = 5 x 10%3 n/cﬁx2 sen ‘
11.6 aays 5 x 100 0 0 0 0 0 o 0 0 0
To23.2 4 1 x10%° 0.003 © 0 0 0 0 0 o 0
46.3 a 2 x 100 0.039  0.00% 0 0 0 0 0 0 0
81.1 a 3.5 x 10°0 0.L69 0.038 0.001 0.002 0 0 0 0 0
116 a 5 x 10%° 1.64% 0.145 0.011 0.009 0 o} 0 0 0
23 -+ a 1 x 102 22.h 1.62 0.273  0.186 0.006 © 0 0 0
w63 4 2 x 10 201 12.3 5.7  2.71 0.347  0.0015 0 0 0
81% a 3.5 x 102 855 40.2 42.4 14,2 5.29 0.0314 0.0126 0 0
3.17 yeacs 5 x 102 1,793 64.9 133 29.4 25.6 0.181 0.0764  0.0004 0
6.34 y 1 x 1022 5,021 90.0 764 52.8 348 3.09 2.81 0.0218 0.0Ch9
For Thermal Flux = 2 x lOl]+ n/cu2 sec
463 days 8 x 102 3,861 22.2 472 3.7 166 1.38 0.930 0.0062 0.0005
811 d 1.k x 1022 7,13é 22.5 1,432 47.9 1,042 9.84 13.6 . 0.120 o.ohés
3.17 years 2 X 1022 9,187 21.0 2,321 49.1 2,692 26.6 58.6 0.564 0.316
6.34 vy h x 1022 11,052 16.5 3,617 39.6 10,130 105 575 6.12 8.33
For Thermal Flux = 1 x 1015 n/cm2 sec
11.6 daye 1 x 102t 13.3 0.04a 0.149 0.006 - 0.012 0 0 0 0
23.2 4 2 x 107t 155 0.488 3.78 6.137 ©0.239 0.0010 0 0 0
4.3 d b x 107 1,067 2.38 58.3 1.71 8.22 0.0509 0.034 0.0001 0
8L.1 a 7 x 102 3,160 h.31 327 7.20 9k.5 0.751 0.396 0.0024 0
116 4 1 x10%% 5,164 4.75 769 13.5 356 3.14 2.80 0.0214  0.0058
232 d 2 x 1022 9,456 4.36 2,376 27.3 2,784 27.4 59.5 0.571 0.309
- 463 a b ox 1072 11,444 3.42 3,741 33.0. 10,983 113 . 610 6.49 8.71
811 d 7 x 1022 9,382 2.38 3,315 26.4 19,436 20k - 2,291 . 25.3 mn.7
3.17 years 1 x 10%3 6,783 1.66 2,&36: 18.8 20,951 221 3,986 44.6 207
6.34% y 2 x10°3 2,0k9 0 0 767

.493 739 5.66 10,752 “11k 5,113 58.
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TABLE XI

Composition of Irradiated Pu-239 in Atoms per Million Initial Pu-239 Atoms
Resonance Flux per ln E Interval Equal to 1/30 Thermal Flux

Time o en? Pu-238 Pu-239  Pu-240 Pu-2l1  Pu-2h?  Pu-2hk  Am-2kl  Am-2h2
0 0 0 1,000,000 0 0 0 0 0 0
For Thermal Flux = 5 x 1013 n/cm2 sec
11.6 days 5 x 1070 0 939,883 18,151 265 1.7 -- 0.142 0
23.2 4 1 x 1% 0 883,380 34,683 1,001 13.7 - 1.15  0.0012
46.3 4 2 xr\lo20 0.01k 780,360 63,335 3,574 101 - 8.19 0.0158
8.1 a 3.5 x 10°° 0.154 647,012 96,762 9,245 475 -- 37.5  0.108
16 4 5 x 100 0.730 537,94k 120,774 15,950 1,221 -- 93.6  0.333
232 a- 1 x10%  1hs 289,385 154,890 36,710 6,499 -- U7 2.16
463 d 2 x 1021 184 83,771 130,686 50,262 2,251 -- 1,303 7.57
811 d 3.5 x 102 773 13,234 66,569 33,51k L7,024 L. 1,616 10.2
3.17 years 5§ x 102 1,226 2,443 29,600 16,401 57,046 -- 1,153 7.49
6.34 y 1 x10% 603 32 2,140 1,137 51,969 -- 118 0.791
12.7 y 2 x10%  10.0 6.76  99% 359 29,790 - -- -
22.2 y 3.5 x 1022 0 0o 1,259 469 12,670 -- - --

For Thermal Flux = 2 x 10°° n/cm2 sec

11.6 days 2 x 10%° 0.0027 780,360 63,335 3,580 101 0 2.05 -
23.2 4 ¥ x 100 0.0198 608,962 105,710 11,453 -- 0 13.3 -
4.3 4 8 x10% 0.401 370,834 147,860 29,451 -- 0.047 70.6 --
81.1 a 1.4 x 102 %.05 176,224 152,920 . Y47,080 -- 0.31 206 - --
116 d 2 x 102 15.1 83,743 130,682 50,936 24,480 o.§3 329 1.91
232 d b x 102 107 7,041 51,100 27,459 52,365 5.1 361 21&3
463 d 8 x 102 219 138 5,268 3,151 57,673 17 83.8 0.557
3.17 years 2 x 10°2 24.1 12.6° 29k 109 30,293 43 0.10 0.0007
6.34 y b x 1092 0.136 0.073 408 15k 9,689 61 -- --
12.7 y 8 x10%? 0 0 222 85.2 991 6k -- --
0.7 y 2 x10%3 0 o - 1.2 b3z -- 51 -- --



TABLE XI (Cont)

Composition of Irradisted Pu-239 in Atoms per Million Initial Pu-239 Atoms
Resonance Flux per ln E Interval Equal to 1/30 Thermal Flux

51

Time n7Z;2 Pu-238 Pu-239 Pu-240 Pu-241 Pu-242 Am-241 Am-242
For Thermal Flux = 1 x 10°2 n/-:m2 sec
11.35 days 1 x 107 0.043 283,385 154,890 37,063 . 6,500 22.5 -
23.2 4 2 x 102 0.654 83,743 130,682 51,119 25,300 66.0 --
5.3 d b ox 1021 5.20 7,01L 51,101 27,612 52,561 76.6 o.A9‘
8L.1 4 7 x 102 13.3 17k 9,306 5,597 -- 26.9 -
115 d 1 x 1022 15.9 10.6 1,618 ‘984 53,077 6.09 0.041
232 4 2 x10%2 10.0 kk2  6h.9 24.7 30,430 0.03  0.000Lk
463 d b ox 1092 2.77 1.23 89.9 341 9,733 -- --
3..7 years 1 x lO23 0.058 0.026 38.3 1.7 319 - --
5.34 y > x10°3 0 0 4.81 1.85 -- -- --
12.7 y L x10°3 0 0 0.070 0.027  -- - -
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TABLE XI (Cont)

Composition of Irradiated Pu-239 in Atoms per Million Initial Pu-239 Atoms
Resonance Flux per ln E Interval Equal to 1/30 Thermal Flux

Time Am-243 Cm-242  Cm-243 Cm-246 Bk-249  Cf-249  C£-250 Cf-251 Cf-252
0 0 0 0
For Thermal Flux = 5 x 1013 n/cm2 sec
11.6 days 0 0 0 0 0 0 o) 0 0 0 0 0
23.2 4 0. 0 0 0 "0 0 0 0 o 0 0 0
46.3 d 0. o 0 0 0 0 0 0 [ 0 0 0
81.1 4 2. 0.002L 0 0 0 0 0 0 0 0 0 . 0
116 a 9 0.0107 0. 0 0 0 0 0 0 0
232 d 106 0.205 L. 0. 0 0 0 0 0 0 )
463 d 890 2.38 0. 0 0 0 o 0 0 0
811 a 3,495 8.83 1.18 0. 0 0 o 0 0 0
3.17 years 6,721 12.2 6.78 0. 0. 0.00001 © 0 0 0
6.34 y 13,664 3.65 115 0. 0. 0 ¢] 0 0 0.00021
12.7 ¥ 12,652 -- 892 9. 6. 0.0239 © 0 0.0060 0.0181
22.2 y 6,206 -- 2,620 28. 0.181 0.096 0. 0.053 0.233
For Thermal Flux = 2 n,/cm2 sec
11.6 days 0. 0 0 0 o) 0 0 0
23.2 4 - -- -- 0 o} o 0 0 0
46.3 d -- -- -- 0 0 o 0 0 0
81.1 4 -- -- -- 0 o 0 0 0
116 d 897 0.789 0 0 c] 0 0 o]
232 a 4,616 .85 2. 0 [ 0 0 0
463 d 12,000 7.59 52, 0 0.00002 0.00013 0.0000k 0.0000Lk
3.17 years 12,863 0.577 982 0 0.0039 0.0227 0.0077 0.031h
6.34 y 4,807 -- 3,826 0. 0.056 0.318 0.113 0.934
12.7 ¥y 500 -- 6,659 2, 0.315 1.77 0.638 8.72
3.7 y -- - 2,763 k. 0.73 4.03 1.47  27.4
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TABLE XI (Cont)

Composition of Irradizted Pu-239 in Atoms per Million Initial Pu-239 Atoms
Rescnance Flux per 1n E Interval Equal to 1/30 Thermal Flux

Time An-24% Cm-242 Cm-2L3  Cm-2hh  Cm-245 Cm-2U46 Cm-2k7 Cm-248 Bk-£49 Cf-249  CF-250 Cf-251 Cf-252
For Thermal Flux =1 x lOl5 n/cm2 sec ’
11.6 days 10€ 4,14 0.01k 4.0 0.012 0.002 0 0 0 o 0 0
23.2 4 8§c 30.3  0.19 6 0.36 0.054%  0.6001 0 0 0 0 0
4.3 d L4, 63C 1;6 ' 1.19 9hky 6.67 2.39 0.0121 0.0017 O 0 0
81.1 4 - 177 - -- -- .- - - -- - - - -
1né d 13,935 169 2.73 10,655 01 122 1.026 0.287 0.0011 0.00019 0.00058 0.00018 0.00035
232 a 12,920 92.7 1.57 30,501 @ 312 . 1,009 10.21 7.31 0.0368 0.00085 0.02458" 0.008%  0.0373
463 a 4,828 25.6 0.43 42,633 L9 4,051 44,3 83.1 0,47k 0.0127 0.35% -0.126 1.28
3.17 years, 161 0.54 0.01 17,704 188 7,6i1 86.2 634 3.8k 0.111 3.03 1.10 26.3
6.34 y -- -- -- 2,216 23.6 3,697 ho,2 1,064 . 6.54 0.192 5.21 1.90 67.6
12.7 vy -- -- -- 32.0 2.34 - 352 4.03 556 3.4 0101 2.75 1.00 -



TABLE XTIb

Composition of Irradiated Pu-239 in Atoms per Million Initial Pu-239 Atoms
Resonance Flux per 1n E Interval quﬁ_l1 to lélQ Thermal Flux
For Thermal Flux of 2 x 10 n/cm sec

Thermal
nV‘t2 » '
Time n/cm Pu-239 Pu-240 Pu-241 Pu-242 Am-243 Cm-244 Cm-245
0 0 1,000,000 0 0 0 0 0 0
11.6 days 2 x10% Th8,264 75,987 7,292 2u7 .21 0.011 0
23.2 4 b x 10%° 559,808 119,113 22,057 1,600 16.2 0.302 0.00065
46.3 d '8 x 10 313,486 146,719 50,61k 8,483 183 7.27 0.0288
81.1 4 1.4 x 1070 131,336 124,708 67,869 25,184 1,053 8.8 0.488
116 4 2 x 0%t 55,023 87,057 61,211 42,012 2,740 317 2.51
232 4d v x 0%t ' 3,028 16,700 17,203 66,354 10,838 3,152 36.2
463  a 8 x 20t --- ) 437 u86 52,287 19,647 16,066 227
3.17 years > x 20°° a— 256 1% 16,800 11,319 43,790 683
6.34 y b x 20°° - 207 118 2,513 1,892 33,682 537 .
12.7 y 8 x 10°° - a— e R - 7,879 126
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TABLE XII

Composition of Irradiated Pu-242 in Atoms per Million Initial Pu-2k2 Atoms
For Napkin Ring Pile Flux

~

35.0

Time 57212 Pu-242  Pu-24h Am-243 Cm-244%  Cm-245 Cm-246 Cm-247 Cm-248  Bk-249 Cf-249 Cf-250 Cf-251 C£-252  Pu-240  Pu-2hl
0 0 ‘1,000;000 0 0 0 0 0 0 0 0 0 0 0- 0 0
For Th;ermal Flux = 2 x 1011: n/cmz sec )
11.6 days 2 x 10°° 988, 6€5 10.3 10,851 181 0.22 0 0 0 0 0 0 0 0 0.07 0.002
23.2 d b oox 1020 977,458 20.8 '2;,500 ' 730 1.63 0.059 0 0 0 0 0 0 0 0.54 0.02t
4.3 a 8 x10% 955,4k - 41.3 41,371 2,861 11.0 1.06 0.002 0 0 0 0 0 0 k.09 0.392
116 a 2 x 102 892,258 100 90,774 15,310 109 28.4 0.114 0.008 © ) 0 0 0 51.0 9.48
232" 4 b x 102t 796,124 190 145,791 55,571 476 272 1.72 0.218 0.0005 O 0.0002 © 0 284 4.9
W3  a 8 x 102 633,814 339 190,048 162,369 1,592 2,040 17.3 4.88  0.0176 0.0015 0.0093 0.0028  0.0050 1,186 387
3.17 years 2. x 10%2 319,819 622 144,388 ués,hza 4,516 18,011 186 160 0.764 0.0918 0.537  0.184 0.857 4,017 1,479
6.34 ¥ b x 1072 102,284 799 51,000 u85,022 5,265 55,305 609 1,284 6.73  0.912- 5.19 1.85 16.3 4,945 1,879
12.7 ¥ 8 x 1072 ~11,000 825 5,273 242,648 2,655 87,251 985 5,633 30.8 © L.L4O 24,7 8.93 12k 2,542 976
22.2 ¥ 1.4 x 10°3 749 55,284 617 64,213 731 10,613 58.9 8.58 47.9 17.% 302 593 228
For Thermal Flux = 1 x 10°7 n/cm2 sec l
11.6 days 1 x 102+ 94k, 594 251 40,504 3,226 . 18.8 2.25 0.006 0 0 0 0 0 0 1.45 0.164
23.2 4 2 x 102 892,253 Lok 8a,702" 15,995 106 27.4 0.110 0.007 O 0 0 <0 0 9.92 1.84
46.3 4 b x 102 796,12k 940 144,822 55,253 472 268 1.69 0.210 0.0204 © 0.0002 © 0 56.2 14.8
‘116 a 1 x 10%2 565,525 1,998 192,230 220,443 2,218 3,683 33.L4 12.2 0.0515 0.0010 0.0292 0.0092  0.0201 349 119
232 4 2 x10°° 39,819 3,097 143,981 Lb1,16C 4,676 18,385 190 162 0,840 ©0.020L 0577 0.198  1.02 830 306
%3 4 b x 1022 102,284 3,979 50,869 532,362 5,769 58,337 641 1,331 7.65 0.207 5.75 . 2.05 22.4 1,080 411
3.17 years 1 x 1023 ~3,500 3,998 1,682 209,598 2,290 97,865 1,109 8,573 52.0 1.50 ¥1.0 14.6 363 437 168
6.34 y 2 x 1023 3,353 26,117 286 16,349 529 13,762 84,7  2.48 67.5 245 881 54.6 21
12.7 ¥y ¥ x 1023 12,339 377 4.13 4,382 50.1 7,083 43.8 1.29 12.8 541 0.79 0.30
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TABLE XIII

Composition of Irradiated Cm-244 in Atoms per Million Initial Cm-24l Atoms
For Napkin Ring Pile Flux
nvt
Time n/cm2 Cm-24) Cm-245  Cm-246 Cm-247 Cm-248 Bk-249 Cf-249 Cf-250 Cf-251 Cf-252
0 0 1,000,000 0 - 0 0 0 0 0 0 0 0
For Thermal Flux = 2 x 1011‘L n/cmg sec
11.6 days 2 x 10 994,823 3,334 159 0.13%4 0 0 0 0 0 0
23.2 d 4 x 105 989,674 5,620 568 0.930 0.014 © © 0 0 0. 0
4.7 4 6 x 10 984,551 7,182 1,146 2.73 0.067 0.00003 O 0 0 0
4.3 a 8 x 1020 979,454 8,243 1,840 5.65 0.191 0.0001% O 0.00002 o} 0
116 d 2 x 102 9k9, k2 10,139 6,941 42.8 k.12 0.0082 0.00032 0.0022 0.00044 0.00027
232 a 4 x 102 901, 406 9,877 15,711 136 30.4 0.0968 0.0067 0.0432 0.0119 0.0125
463 d . 8 x 107 812,532 8,909 31,372 318 166 0.711 0.0729 0.442 0.14%4 0.354
3.17 years 2 x 102 595,115 6,525 64,962 713 1,084 5.53 0.723 4.15 1.46 9.51
6.3k y 4 x 10 354,162 3,883 89,982 1,011 3,489 18.8 2.63 14.8 5.32 58.8
12.7 y 8 x 10> 125,431 1,375 85,930 976 8,256 45.5 6.57 36.8 13.3 206
For Thermal Flux = 1 x 10°7 n/cm2 sec . -
11.6 days 1 x 102 979,033 8,987 2,615 9.69 0.42 0.000k4 o~ o] o] 0
23.2 4 2 x 102 958,505 10,212 6,968 " 43.0 4.2 0.008)% 0.00006 0.0022 0.000k 0
3.7 4 3x 102 938,408 10,220 11,460 88.1 13.8 0.0384  0.00042 0.0139 0.0034 0.0015
46.3 d 4 x 102 918,733 10,041 15,843 137 30.5 0.102 0.00140 0.0449 0.012h 0.0123
116 d 1 x 10% 809,046 8,848 39,139 Lot 274 1.35 0.0301 0.879 0.295 1.00
232 d 2 x 1025A 654,555 7,158 67,935 Tl 1,115 6.22 0.162 k.55 1.60 12.0
463 d b x 10% 428, 442 4,686 98,201 1,101 3,689 21.8 0.610 16.8 6.03 87.6
3.17 years 1 x 1023 120,152 1,314 90,833 1,033 11,207 68.4 1.99 54,1 19.6 Sk
6.34 y 2 x 1077 | 14,436 158 35,756 408 13,666 84.2 2.47 67.2 244 915
4 x 1052 208 2.28 3,175 36.3° 6,304 39.0 1.15 31.2 11.4 486

12.7 y
7
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TABLE XIV

Calculated Yields for Napkin Rings
atoms Pu-239 Initially Presen:

Napkin Riag XAPL 52 ANL 55 KAPL 54 < ANL 6} ANL 17 KAPL 63
Feported nvt 3.7 x 10& L x 102L 7.5 x 1021 1.1 x 1022 bk ox 1022 1.4 x lO22
‘Thermal nvt 21 21 21
assure de?;r cgﬂpaﬁson 2.6 x 10 3.9 x 10 5.3 x 1020 9.6 x 10 1.25 x 10°2 1.65 x 10°2
cal';‘;ia;iﬁx":},“es 5 x10°% 5 x10%3 2 x10t% 2 x 10t > x10t% 2 x10™t
Measured Calculated Measured Calculated Measured Calculated Measured Celculated Measured Calculated Measured Calculated
Pu-238 170 k10 - 1,200 287 170 123 200 55 140 34 60
Pu-239 38,500 40,000 7,560 7,800 1,640 1,500 50 84 2l 48 25 25
Pu-240 111,000 103,000 55 ,70C 56,000 25,700 25,000 1,150 2,100 223 700 302 330
Pu-241 146,600 45,000 30,80C 29,000 16,400 14,500 750 1,200 109 360 98 135
Pu-242 35,700 34,500 148,700 50,00C 54,800 58,000 54,800 54,000 34,900 45,000 Lh,500 37,000
Pu-2lk - 0.5 1.6 1.2 9 9.0 21 22 18.2 29 34 38
Am-241 1,460 1,500 1,970 1,520 172 255 10 ‘ 38 — 12 12 6
Am-243 1,800 3,300 12,300 4,400 7,760 . 7,500 20,000 13,500 17,600 14,800 11,500 14,000
Cm-242 549 610 2o 860 180 500 158 330 92 170 Lo 67
Cm-243 3.8 4.9 --- 10 16 7.0 —-- 6.2 - 3.5 1k 1.4
Cm-24y 20k 205 1,180 880 2,780 2,250 8,160 9,700 13,000 15,700 25,000 244,000
Cm-2k5 2.0 1.2 13.3 6.0 34.8 17 108 90 154 157 256 250
Cm-246 0.36 0.23 3.4 2.0 1h.4 8.5 117 110 252 260 767 600
Cm-247 --- -—- -—-- 0.01 0.037 0.05 1.37 0.86 3.76 2.4 8.3 6.0
Cm-248 -—- - --- - --- " 0.008 --- 0.23 - 0.84 3.0 2.7
Bk-2L49 . - .- - --- 7.8 x 10‘6,-11.8 x 1077 - 8 x 10'h 6.3 x 10"* 3.5 x 1073 9.2 x 1073 1.5 x 1072
ce-249 --- --- —-- --- — --- 4.5 x 107 6.0 x 107 .- 3.5 x 107% 8.9.x 107 1.5 x 1073
cE-250 - --- - --- 3.7x10° 45 x10°% s5.2x10% 3.6x10% 1.xx103 1.8x1073 8.1x 1073 9.0 x 1073
ce-251 --- -—- --- --- e x120% 12x10% 1.2x10% - 7.8 x10™% 2.2x103 3.2x1073
Cf-252 - — Veme - 1.2 x 10‘6 ~1  x 10'6 3.8 x 10'!‘ 2.0 x 10‘1‘ 9.8 x 10'1‘ 1.6 x 1073 1.32~x10'2 1.0 x 1072
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