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SUMMARY

[sotopic compositions for plutonium generated and recycled in LWR's
have been estimated for use in shielding calculations. The values were
obtained by averaging isotopic values from many sources in the Titerature.
These isotopic values should provide the basis for a reasonable prediction
of exposure rates from the range of LWR fuel expected in the future. The
isotopic compositions given are meant to be used for shielding calcula-
tions, and the values are not necessarily applicable to other forms of
analysis, such as inventory assessment or criticality safety. Final
results are presented in Table 1.

TABLE 1. High Burn-Up Plutonium Isotopic Compositions
Recommended For Use In Shielding Analysis

Composition, wt%, At End of Cycle

Equilibrium

Uranium First Pu Second Py Third Pu Fourth Pu
Isotope Cycle Recycle Recycle Recycle Recycle
Pu-236 0.08 ppm 0.06 ppm 0.06 ppm 0.06 ppm 0.06 ppm
Pu-238 2. 2.5 3.5 4. 5.
Pu-239 57. 43. 37.2 29. 26.
Pu-240 24, 28.5 30.2 ‘ 29. 26.
Pu-241 12. 16. 16.1 19. 19.
Pu-242 5. 10. 13. 19. 24,

These compositions provide a resource for shielding and dose rate analysis
of new facilities that will fabricate and process high=burnup plutonium
fuel.
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HIGH BURN-UP PLUTONIUM ISOTOPIC COMPOSITIONS
RECOMMENDED FOR USE IN SHIELDING ANALYSIS

M. G. Zimmerman
Battelle-Pacific Northwest Laboratories

INTRODUCTION

The purpose of this report is to provide a set of reference isotopic
compositions for plutonium that can be used in shielding and dose rate cal-
culations for new, near-future plutonium plants. It is anticipated that as
more data become available, these compositions may be adjusted slightly.

DISCUSSION

In order to select a reasonable and conservative plutonium isotopic
content for use in shielding calculations several factors must be considered.
These are:

e Burnup and radiation history of the fuel

" o Time after reprocessing

- ®Shield material and thicknesses expected to be used
e Chemical form of the plutonium

The burnup and irradiation history of the nuclear fuel determines the actual
plutonium isotopic composition at discharge. The relative contribution

to radiation exposure of each plutonium isotope will be determined by the
shielding material and thickness. Radiation exposure and shielding needs
Will be increased by the buildin as a function of time of certain daughter
isotopes of plutonium such as Am-241 and U-237. The chemical form of the
plutonium will determine the number of (a,n) reactions and hence the total
neutron source.

The important assumption is the ratio of Pu-236, Pu-238, Pu-239, Pu-240,
Pu-~241, and Pu-242 isotopes in the plutonium. Each of these isotopes have
different radiation characteristics. The percentage of each in any given
plutonium js determined by the characteristics and duration in the reactor
where the plutonium was produced. Once the spent fuel (and plutonium) is
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discharged from the reactor, however, the plutonium isotopic ratios are
essentially fixed. Knowing these approximate ratios is important in shield-
ing and dose rate analysis. Details of these considerations are given
below.

PLUTONIUM ISOTOPE PRODUCTION

The plutonium isotopes are produced by neutron absorption and subse-
quent radionuclide decay of U-235 and U-238. The major process is that for
U-238 shown below:

238 239

U+tn->"""U+ ¥y
239, S 239 4 e” t,,, = 23.5 minutes
239 239 - Ve

Np >597py + e = 2.35 days

Y72

This process occurs when U-238 absorbs a neutron with less energy then
necessary to fission the U-238 isotope. A similar process occurs less
frequently with U-235

235 236

U+n - U+ v
236y .o o 237y 4
237, 237\ + e ty,p = 6.75 days
237 238
Np + n ~ Np + v
238\ L 2385, 4 ty,p = 2.12 days

Other isotopes of plutonium usually present are Pu-240, Pu-241 and Pu-242.
These are formed by neutron absorption in Pu-239. The possible neutron
absorptions and decays causing buildup of plutonium isotopes and other trans-
uranic isotopes is shown in Figure 1.(]) The isotope Pu-236 is also produced
to a small extent.

The various amounts of plutonium isotopes produced by these reactions
are dependent on the cross-sections involved; and the effective cross-sections
are determined by the neutron spectra. Therefore, the plutonium isctopic
composition at discharge is determined by the burnup history and fuel
parameters and the beginning plutonium isotopic composition of the fuel.
2






As the plutonium is recycled the relative isotopic production trends
will continue. The trend consists of a reduction in Pu-239 fraction, little
change in the fraction of Pu-240 and Pu-241 and an increase in the fraction
of the other isotopes.

Only Pu-239 and Pu-241 are fissile.
plutonium (Pu-239 + Pu-241) decreases with each recycle.

The relative fraction of fissile
Because of this,
a greater amount of plutonium must be added to a given core for each re-

cycle to achieve the same burnup. This means that eventually it becomes
uneconomical to recycle the plutonium. At this point the plutonium is
either discarded or used in LMFBR'S. Our estimate is that plutonium will

not be recycled beyond four times.

RADIATION AND SHIELDING CHARACTERISTICS OF PLUTONIUM ISOTOPES

In order to estimate reasonably conservative isotopic compositions
it is necessary to consider the shielding problems associated with the
The neutron and gamma yields for the different pluto-

)

different isotopes.
nium isotopes are shown in Tables 2 and 3.(2

TABLE 2. Neutron Yields From «,n Reactions and Spontaneous Fission

n/sec gram of Py

tsotove | pu0, [ owr, | v | et | gyl SPEptaneos
Pu-236 ] ; - - - 3.7x10%
Pu-238 1.34x10% | 2.04x108 | 1.49x10% | 4.38x107 | 2.7x10% 2.62x10°
Pu-239 | 38 6.35x103 | 37.3 1.36x10° | 76 .03

Pu-240 1.45x10%|2.35x10% | 137.8 5.02x10° | 2.9x102 1.02x103
Pu-241 - - - - . -
Pu-242 | 2.3 |2.83x10% | - - 4.2 1.7x103
an-241 | 2.68x103[4.08x10° | 2.98x10° | 8.76x10% | 5.46x10° -

(a) Estimated from Reference 13.

(b) i rgugh estimate indicates an approximate doubling of (a,n) yields compared
o Pul,.
2
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TABLE 3.

gammas/100 disintegrations

Gamma Spectra and Yields

Energy Range ' . Fissfon

(Hev) Pu-238  Pu-239  Pu-240  Pu-241  Pu-242  Am-24)  U-237  Pu-236 U-232 Th-228 Ra-228  Pb-21208)  51-21208)  speceral®)
0.01 - 0.07 15.25  6.65 13.24 3.6-4 13.27 93.14 80.71  3.1-3 30.2 25.0 c.0 0.0 1.5 1.4-3
0.07 - 0.12 8.2-3(8) 683 1.2.2 173 0.0 0.047 S6.6 1.22 0.0 1.6 0.0 33.7 0.0 2.8-3
0.12 - 0.21 1.0-3 4.9-3 1.2-3 1.6-4 0.0 5.9-3 25.0 6.6-5  8.2-2 0.30 0.0 0.24 0.0 '8.3-3
0.21 - 0.4 0.0 2.88-3 0.0 0.0 0.0 1.7-3 2.4 0.0 7.2-3  0.29 4.2 50.6 4.6 9.1-3
0.4 -0.6 0.0 1.23-3 0.0 0.0 0.0 9.0-5 0.0 2.8-4 0.0 0.0 0.0 - 0.16 « 40.3 1.6-2
0.6 -0.9 5.5.5 9.4-5  1.8-5 0.0 0.0 1.0-3 0.0 2.4-4 0.0 0.0 0.0 0.0 o3 2.7-2
0.9 -1.2 8.0-7 0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 4,7-2
1.2 -1.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.23 T 6.1-2
1.6 -2.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 9.9-2
2.0 -2.5 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.2-1
2.5 -3.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0. 0.0 0.0 0.0 36.0 1.9-1
3.0 - 3.5 0.0 0.0 " 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 T 1.6-1
3.5 -4.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 . 0.0 1.7-1
4.0 -5.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 8.6-2
5.0 - 6.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.0-2
6.0 -7.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.1-2

0.0 -

' (2) Includes genmas from Po-216 and Rn-220 .

(b) Includes gammas from Po-212 and T1-208 _

(c) Spectra normalized to 1.0, yields equal to 14,98 MeV/fission

{d)

which includes prompt and fissfon product gammas.
Read as 8.2 x 1073






The major contributors to the dose rate in a given plutonium isotopic com-
position will depend on the shielding, geometry, and age since reprocessing.
The half-lives of the plutonium isotopes and the daughters which contribute
to the shielding problem are shown in Table 4.

TABLE 4. Half-Lives of Plutonium and Daughters Which Contribute
Significantly To Radiation Exposure(11)

Radiocactive Spontaneous
Daughters Parents Decay Half-Life Fission Half-Life
Pu-236 - 2.85 yr 3.5 x 10% yr
Pu-238 - 86.4 yr 4.9 x 1010 yr
Pu-239 - 24390 yr 5.5 x 102 yr
Pu-240 - 6580 yr 1.38 x 10" yr
Pu-241 - 13.2 yr -
Pu-242 - 3.79 x 10° yr 7.1 x 1010 yr
An-241 Pu-241 458 yr 2.0 x 1014 yr
U-237 Pu-241 6.75 day -
U-232 Pu-236 72 yr 8 x 10'3 yr
Th-228 U-232 1.91 yr -
Ra-224 Th-228 3.64 day -
Rn-220 Ra-224 55.3 sec -
Po-216 Rn-220 0.145 sec -
Pb-212 Po-216 10.64 hr -
Bi-212 Pb-212 60.6 min )
Pg-212 Bi-212 0.304 u sec
T1-208 Bi-212 3.10 min -

Since each isotope has a different activity, the radiation source
strength is determined by the isotopic composition. However, each isotope
has a different gamma and x-ray spectra, and the isotope responsible for
most of the dose rate can change depending on the shield thickness and
geometry. In conditions of no shielding or very thin shields 1ike hood
gloves, the major contributors to the dose rate are those isotopes pro-
ducing the most low energy gammas and x-rays. For this reason a geometry
of plutonium with 1ittle self-shielding may produce a much greater dose
rate then an equivalent amount of plutonium in a small dense source.






Several isotopes, notably Pu-236 and Pu-241 decay to daughters which contri-
bute a significant dose rate. For this reason the time after reprocessing
can change the relative contribution of the plutonium isotopes to the dose
rate.

Most of the preceding discussion applies only to the gamma source.
Because the neutron spectra from the different isotopes are essentially
the same for shielding purposes, the geometry and shield thickness has
lTittle effect on the relative contribution to the dose rate by the
different isotopes. Therefore, the dominate plutonium isotope from a
neutron shielding standpoint is determined solely by the isotopes activity
and density compared to the other plutonium isotopes.

The neutron and gamma radiation characteristics for each isotope are
discussed below:

Pu-236

Typically recycle plutonium is expected to contain less then 0.1
ppm Pu-236. This isotope does not contribute significantly to neutron
dose rates and the gamma dose rate is small compared to that from other
isotopes. However because of decay daughters, the gamma dose rate will
buildup with time. The decay scheme is shown in Figure 2. Equili-
brium conditions will be reached in about 18 years. The major shield-
ing problem is a 2.6 MeV gamma from T1-208. Because of the high
energy of this gamma ray, this isotope can contribute significantly
to the dose rate under conditions of thick shields and several years
time since reprocessing.

Pu-238

The amount of Pu-238 varies from about 1% to about 5% of the
plutonium. This isotope, because of its abundance and relatively short
half-1ife, is a major contributor to the dose rate. The gammas are
mostly Tow energy and can be shielded by thin shields. However, there
are enough high energy gammas to dominate the gamma dose rate if the
shields are of the proper thickness.






The Pu-238 can also be the major contributor to the neutron dose
rate. This is especially true in compounds with a potential for (o,n)
reactions. The spontaneous fission half-life is also relatively short.

Pu-239

Pu-239 generally contributes less to the dose rate on a per atom
basis then any of the others. The half-life for Pu-239 is much longer
then for the other isotopes except a-decay of Pu-242. Only when Pu-239
makes up essentially all of the plutonium is it a major contributor to
the dose rate. The Pu-239 can make up a significant portion of the
gamma dose rates through thin lead shields. The Pu-239 can be more
important if the dose rate due to induced fissions caused by neutron
multiplication is significant. Since the Pu-239 and the Pu-241 are
the only fissile isotopes, the neutron multiplication will depend on
the amount of these isotopes.

Pu-240

Pu-240 may be about 25% of the plutonium. The gamma dose rate is
mostly from low energy gammas and even thin shields reduce the contri-
bution to insignificance.

This isotope can contribute about half of the neutron dose rate.
This is due to both spontaneous fission and (a,n) neutrons,

Pu-241

Pu-241 may be about 17% of the plutonium. This isotope contributes
primarily to the gamma dose rate through its daughters U-237 and Am-241.
The decay scheme is shown in Figure 2. These isotopes are major con-
tributors to the gamma dose rate for most shielding situations. The
U-237 builds in to equilibrium within a month and the Am-241 builds in to
significant levels in about a year after reprocessing.

Pu-241 contributes very little to the neutron dose rate. The Am-
241 can contribute a small amount to the neutron dose rate through
(ayn) reactions. Pu-241 is also fissile and may contribute to the
induced fission neutron dose rate.

Pu-242
Pu-242 may be about 15% of the plutonium. This isotope contri-
butes insignificantly to the gamma dose rate.
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Pu-242 does contribute significantly to the neutron dose rate.
This is mostly from spontaneous fission although some (a,n) neutrons
can also be present.

From the foregoing discussion of the individual plutonium isotopes we
can conclude that all the isotopes can contribute significantly to dose rates
for differing conditions. However, in most instances in fabrication and re-
processing steps for plutonium recycle, the major contributors are Pu-238
and Pu-241 for the gamma dose rate and Pu-238, Pu-240 and Pu-242 for the
neutron dose rate. Under conditions of thick shielding and long storage
time, Pu-236 daughters may contribute a significant amount to the gamma dose
rate. The proportions of the dose rate from these isotopes will vary depend-
ing on what shielding is employed and the specific isotopic composition.

Therefore in order to choose conservative isotopic compositions for
recycle plutonium we would generally choose the composition with the least
Pu-239 and the most Pu-238 and Pu-241. Generally the compositions with the
most Pu-238 and Pu-241 would also have the most Pu-240 and Pu-242. However,
in those cases where induced fissions are important we may want to choose
a composition with the most Pu-239 and Pu-241 in order to assure conservatism.

REPORTED PLUTONIUM ISOTOPIC COMPOSITIONS FOR U0,_AND PU-UO, FUELS

2
We have investigated several references for the isotopic composition

of recycle plutonium. The mean isotopic composition and the range of values
found for each isotope is shown in Table 5.

TABLE 5. Mean Isotopic Compositions From Plutonium Recycle

Equilibrium

Uranium First Pu Second Pu Third Pu

Cycle Recycle Recycle Recycle
Pu-236 (.08 ppm 0.06 ppm 0.06 ppm -
Pu-238 1.9 ¢+ .6 2.3t1.0 3.4 £1.5 4.3 + 0.7
Pu-239 57.8 £ 3.4 46.9 + 9.2 38.2 +8.8 29.0 + 2.0
Pu-240 23.7 + 2.3 28.0 £+4.0 30.3 ¢+ 3.3 29.8 £ 2.8
Pu-241 12.2 £ 2.1 16.0 + 4.0 16.2 + 8.2 18.8 £ 2.8
Pu-242 4.2 + 1.1 10.0 + 5.0 11.7 ¢+ 3.7 19.2 + 0.8






From this table we averaged the values for our recommendation in Table 1.
In order to get the fourth plutonium recycle results in Table 1 we ex~
trapolated the results for the first three recycles. Also, we show in
Table 6 the predicted average plutonium isotopic composition for 1975,
1980, 1985.(3) The various isotopic compositions from the individual
references are shown in Tables 7, 8, 9, and 10. From these tables we can
observe that there is a large variation in plutonium isotopic composition
between the different sources.

TABLE 6. Average Composition of Plutonium Available for Recyc]e(3)

Year 236Pu 238Pu 239Pu 240Pu 241Pu 242PLI
1975 0.000006 1.0 64 22 10 3
1980 0.0000007 1.5 58 24 1M 5
1985 0.0000007 1.7 54 25 A 12 7

This variation in results from the different references is explained
mostly by the burnup assumed. During exposure of the fuel in a reactor core,
the production of plutonium is not constant with time. Initially when most
of the power is produced from U-235 fissions, only a small amount of plutonium
is produced. As the U-235 is burned out and more power is produced from
Pu-239 the effective production rate for the Pu-238, Pu-240, Pu-241 and Pu-242
isotopes increases relative to Pu-239. Therefore, the production rate of
these isotopes is greatest just before the fuel is discharged. In the cases
where fuel burnup and enrichment was given by the references used for this
report, the burnup was about 27,000 MWD/MT for BWRs and 33,000 MWD/MTM
for PWRs with 2.7% enrichment for BWRs to 3.3% enrichment for PWRs.

The isotopic compositions are generally based on average core burnups.
Some portions of the fuel may achieve higher burnups and therefore higher
proportions of Pu-238, Pu-241 and Pu-242. Likewise other portions of the
core will achieve lower burnup. Therefore the plutonium isotopics given
can only be considered as approximate averages of the actual plutonium
isotopic composition.






TABLE 7. Plutonium Isotopic Compositions Discharged From The Uranium Cycle

0l

Piutonium Composition

from First Uranium

Cycle, wt% Plutonium Composition from Equilibrium Uranium Cycle, wt%

(9)(a) (3) (3) (5) (6) (6) (n (8) (10)PWR ( (10)BWR a) (15)PWR LISA)BNRT

Pu-236 - 0.004 ppm([0.07 ppm| - A - - - - 8.8-06 - -
Pu-238 1 0.6 1.6 2.5 2 2.5 1.9 1.9 1.5 1.3 1.5 1.5 1.3¢
Pu-239 70 69 56 57 61 55.5 57.9 59.2 58.0 61.3 54.5 55. 55.1
Pu-240 17 20 26 L 23 24 ‘ 23.6 24.7 24.0 22.8 P 21.4 21.6 23.9 26.0
Pu-241 10 8 11 ‘ 11 10 13.5 11.0 1.1 13.6 12.7 12.5 14.3 12.7
Pu-242 2 2 5 l 5.2 3 4.9 4.4 3.8 : 4.3 3.4 .4 9 5.3 4.8

a. These numbers refer to the references.
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TABLE 9. Plutonium Isotopic Composition Discharged From The
Second Plutonium Recycle

Plutonium Composition, wt%

(9) (3) (5) (7) {15)PWR (15)BWR
Pu-236 - 0.06 ppm - - - -
Pu-238 4 1.9 4.2 4.9 2.9 2.8
Pu-239 47 47 34 29.4 32.2 33.7
Pu-240 28 27 30 33.5 30.1 32.4
Pu-241 13 13 16 17.4 19.4 17.7
Pu-242 8 M 15 14.9 15.4 13.5

Other reasons for the differences observed in Tables 7-10 include dif-
ferences in cross-sectional data and sophistication of techniques. The older
results especially may be incorrect because of new cross-sectional data made
available since they were calculated.

A comparison of our average isotopic composition in Table 1 and two
other references is shown in Table 11. These two references did not present
the 238Pu wt%, therefore the comparison is made as a function of the ratio
of the amount of a given plutonium isotope to that of 239Pu. The results
from references 15 and 16 differ from the Table 1 averages, however, the
range of values in Tables 6 and 7 includes the values for the 1st and 2nd
plutonium recycles from references 15 and 16 in Table 11. The third and
fourth recycle values from Table 1 differ from those values given in refer-
ences 15 and 16 because of the way in which the plutonium is recycled. The
recycle plutonium given in Table 1 has been segregated. Segregation
means that the plutonium from the first plutonium recycle is recycled separa-
tely from other plutonium into the second recycle and similarly into the
third and fourth recycle. In references 15 and 16, the plutonium from
each recycle step is mixed with plutonium from the rest of the UO2 fueled

2 .
core. This reduces the amounts of “40Pu, 24]Pu, and 242Pu relative to 239Pu.
The conservative approach for shielding analysis is to assume the plutonium

is segregated.
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TABLE 10. Plutonium Isotopic Compositions From The
Third Plutonium Recycle

Plutonjum Composition, wt%

(5) (15)PHR (16)BWR.
Pu-236 - - -
Pu-238 5 3.7 3.6
Pu-239 31 27.0 27.8
Pu-240 27 28.3 32.5
Pu-241 16 21.5 18.7
Pu-242 20 19.4 18.4

13
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It would be difficult to include references 15 and 16 results in the
averages because no 238Pu values are given. The 238Pu cannot be ignored in

the shielding analysis.
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Figure 2
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