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RADIOCHEMICAL STUDIES ON THE ISOTOPE PLUTONIUM-241

INTRODUCTION

A large number of plutonium isotopes have been prepared and
studied during the course of the Manhattan project and subsequent opera-
tions. Plutonium isotopes from mass 232 to 243 have been characterized
and their radiations measured. Of these isotopes, the group of mass 238
to 242 are of particular importance due to their production in appreciable
quantities by neutron irradiation of uranium in chain-reacting piles. The
investigation of plutonium-238, -239, and -240 has been intensively pur-
sued, however relatively little work has been reported on plutonium-241.
Since this isotope is the third most abundant in pile produced plutonium,
its study with regard to its production and radioactive characteristics is

highly desirable.

A knowledge of the isotopic composition of pile produced plutonium
is of importance to pile operation, the determination of the specific activ-
ity of pile produced plutonium, and the determination of effective pile
cross sections. Furthermore, since the isotopes of americium and curium
grow into irradiated uranium through the decay of plutonium-241, the
abundance of the heavy transuranics may be predicted from plutonium-241
contents and a knowledge of the half-life. In connnection with a program
involving isotopic abundances and analysis, the present investigation was
initiated to obtain analytical methods for the determination of plutonium-241

and to determine its occurrence in plutonium produced in the Hanford Piles.
SUMMARY

A method for the determination of small amounts of americium in
plutonium was developed. The half-life of plutonium-241 was measured
by following the growth of its americium daughter into a plutonium sample

of known isotopic content and found to be 14.2 + 1 years. The production ,\
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of plutonium-241 in the piles was studied as a function of neutron exposure
and isotope content by similar techniques and the results correlated with

other pertinent data.

EXPERIMENTAL APPROACH

Two previous studies of isotope production in the pile have been
made which deal with plutonium-241. Larrick(l) studied, from a theoreti-
cal standpoint, the build-up of the various isotopes as a function of the
several operating parameters of the pile. Using the best nuclear data
available to him in 1949, he calculated the amount of the isotopes produced
in the range from zero to 600 MWD/T (megawatt days per ton of uranium).
In view of the considerable uncertainty in the values of the nuclear and pile
constants used in the calculation, experimental verification was highly

desirable.

The Argonne National Liaboratories have made a nurhber of deter-
minations of plutonium-241 contents in plutonium by mass spectrographic
and beta counting techniques. (2,3) In one report the production of this
isotope as a function of pile exposure was studied. The isotopic ratios
which were determined by these methods were confirmed by this investi-
gation. The exposure values cited in this report, however, were uncertain

in a high degree.

The beta half-life of plutonium-241 has been variously reported as
10, 14. 2, and 13.0 years. The earliest estimate was the 10 year figure
quoted by Seaborg(4) in 1948. A later determination was made at the
University of California Radiation Laboratories by following americium
growth into a plutonium sample of known isotopic content. The value
found was 14.2 £ 1 years. ©) Very recently, Mackenzie, Lounsbury, and
Boyd have reported a value of 13.0 + 0. 2 years, (6) determined by following
americium growth into a sample of plutonium which had been analyzed for
plutonium-241 by mass spectrographic techniques. The americium deter-

minations were made by alpha energy analysis.
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Since the half-life of plutonium-241 enters into the calculation of its
abundance in the method developed in this report, it was desirable to deter-
mine this value independently in order to permit the choice of one of the

two most recent measurements.

The experimental approach to the determination of the half-life and
abundance of plutonium-241 was based on measurement of the growth of the
isotope americium-241, which results from the decay of plutonium-241.
The mathematical expression of this method may be readily derived from
the classical laws of radioactive decay. If N, is the initial number of
atoms of Plutonium-241] present at the start of a decay period, and A is
the decay constant of the isotope, then the number of atoms remaining

after time t is given by the equation

N = Noe_M

If the half-life of the daughter activity, in this case americium-241, is very
much larger than that of the parent, then the decay of the daughter may be
neglected over several half-lives of the parent and the number of atoms of
daughter formed will be equal to the difference between N, and N.
Rearranging:

at

Nam® N (1-e ™)

It follows that if the amount of americium grown into a sample of known
N0 is determined after a time t, the decay constant and hence the half-life
may be calculated. Similarly if the half-life is known, the equation may
be solved for N0 and a determination of the amount of americium grown
into a separated sample in a known time suffices to determine the amount

of parent plutonium-241 present.

The above éxpressions‘are in terms of the number of atoms of
isotopes. In the actual investigations, the quantities of each isotope pres-

ent were invariably determined by measurements of their activity with
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standard counting equipment. The number of atoms giving rise to a given

activity in terms of disintegrations per unit time, is given by
N =A/x

where A is the activity in d/m/gm and N is the number of atoms. In the
case of the isotopically pure americium 241 which results from the decay
of plutonium-241, X has an unambiguous value. Plutonium, however, is a
mixture of isotopes of differing half-lives and the decay constant for a
mixture is consequently dependent on the exact isotopic composition of the
particular sample. For this re/ason, it was necessary to carry out com-
plete isotopic analyses of éach plutonium sample studied before calculation

of the percentage abundance of the 241 isotope.

The present investigation depended throughout on sensitive and
accurate americium analyses. The methods previously developed were
examined and found to be in general inadequate for the purposes contem-
plated. Accordingly, a new method for the quantitative separation of

americium and plutonium was developed and used throughout the work.

ANALYTICAL METHODS

A number of analytical methods were used in the various investi-
gations reported. In addition to the usual counting techniques for the
determination of alpha activity, a precipitation method developed previously
was used for the standardization of americium solutions. Pulse analysis
techniques were also used for the determination of americium and the
determination of plutdnium-238 isotopic content, A fission counting method

was used for the determination of plutonium-240.

The methods and techniques of precise radiometric assay are too
well known to require detailed discussion. An excellent discussion of the
problems of sample preparation for this type of measurement has been
given by Huffard and Scott. O The counting instrument used throughout

this work was of the '"alpha proportional' type described by Simpson. (8)
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An americium method devised by Miller(g) and modified by the
author(lo) was used for the preparation and standardization of americium
solutions for the development of the americium method reported later.
Miller's method is based on the selective oxidation of plutonium to the
hexavalent state and the subsequent precipitation of trivalent americium
with cerium fluoride carrier. Ceric salts are the oxidant in this proce-
dure. The mixture to be analyzed for americium is treated for 15 minutes
at 85 C with ceric sulfate. Americium is not oxidized under these condi-
tions. The small quantity of ceric ion that is reduced to the trivalent
state during the oxidation is then precipitated by the addition of hydrofluoric
acid to the sample. Isomorphous americium trifluoride is co-precipitated,
or "carried", on the cerium precipitate and is subsequently centrifuged
out of solution. The precipitate is washed repeatedly with nitric and hydro-
fluoric acid to remove hexavalent plutonium and then dissolved with zir-
conyl ion. The cerium and americium are reprecipitated with excess
hydrofluoric acid, centrifuged, and washed as before. The second precip-
itation serves to free the americium from the traces of plutonyl ion
adsorbed or occluded by the galatinous fluoride of cerium. Finally, the
washed precipitate is slurried and transferred to a platinum disc for alpha

counting. A schematic outline of the procedure is shown in Figure 1.

This method has been widely applied to a number of different ana-
lytical systems and is capable of excellent results with the most careful
attention to details. The accuracy of the method has been stated to be
100% and the precision of a single determination + 4. 6% at the 95% confi-

dence limits.

For the actual americium determination reported in this paper, a
new solvent extraction method was developed and used. This technique
depends on the separation of americium and plutonium by a series of
extractions of the chelate compounds of these two elements which are
formed with thenoyltrifluoroacetone (TTA)(H) under carefully controlled
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pH. Plutonium is first reduced to the tri- or tetravalent state with hydro-
xylamine. The pH is adjusted to about 4. 8 with an acetic acid - acetate
buffer and the mixture extracted with a solution of TTA in benzene. Amer-
icium is separated from plutonium by an aqueous extraction of the organic
solution with 0.5 M nitric acid, the plutonium remaining in the organic
phase. An aliquot of the final aqueous phase is then mounted for alpha_
counting in the usual manner. A schematic diagram of the analysis is

shown in Figure 2.

The accuracy of this method relative to the cerium fluoride tech-
nique has been determined to be 100. 9% and the precision of a single deter-

mination has been found to be £ 2. 6% at the 95% confidence limits.

The characteristic alpha energies of the various isotopes of plu-
tonium and americium may be made the basis of an analytical method for
americium in plutonium or for the determination of plutonium-238 in pure
plutonium. Americium-241 and plutonium-238 have alpha particle energies
of 5.48 and 5.49 mev respectively, while plutonium-239 and 240 have alpha
energies of 5.15 and 5.16 mev. (12) These two pairs may be separated by

suitable pulse analysis instruments and their relative activities measured.

In the equipment used in this investigation, the alpha particles
from a thin source were allowed to expend their full energy in a total
ionization chamber, producing a pulse whose magnitude was proportional
to the energy of the alpha particle. The output of the chamber and associ-
ated preamplifier was fed to a stable pulse height discriminator circuit of
the type described by Fairstein(ls) and analyzed in terms of their height.
The entire range of pulse heights was scanned and the counting rate dis-
played as a function of pulse height, and consequently of alpha energy.

The resulting spectrum was analyzed for either americium or plutonium-
238 and the activity ratios computed from this data. A block diagram of

the equipment is shown in Figure 3.
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A typical scan of counting rate as a function of alpha energy for a
mixture of plutonium isotopes is shown in Figure 4. The plutonium-239
and 240 are not resolved by the instrument, however the plutonium-238
peak may be clearly distinguished. In the determination of activity ratios
from such scans, the ratio of peak heights was taken equal to the ratio of

activities of the species in question,

A second spectrum is shown in Figure 5 and indicates the applica-
tion of the instrument to the determination of americium and plutonium in
their mixtures. 'The activity ratio of americium to plutonium is again
calculated directly from peak-height ratios after a small correction of the

americium peak for the plutonium-238 contribution.

The precision and sensitivity of the pulse analysis technique were
not sufficient for the determination of americium in the solutions investi-
gated, however the method served as a semi-quantitative method for a

number of confirmatory analyses, especially valuable in separations studies.

A knowledge of the plutonium-240 content of the plutonium samples
used in this study was necessary for the calculation of the specific activity
of the plutonium. The analysis for the 240 isotope was based on the high
spontaneous fission rate of this isotope in comparison with the other iso-
topes present. The spo'ntaneous fission rate of plutonium-240 has recently
been determined to be 1. 51 x 106 fissions/gram /hour, (14) while the rate
for plutonium-239 is only 36 f/g/hr. (15) The spontaneous fission rate of
plutonium-238 is comparable to that of plutonium-240, being 5 x 106
f/g/hr, (16) however the low abundance of this isotope in the material
studied made its contribution small. In principle, the spontaneous fission
rate of a plutonium sample was measured in a specially designed counter
capable of counting a few fission events per hour in the presence of 109
alpha disintegrations per minute. From the measured spontaneous fission
rate of the sample and its weight, the plutonium-240 content could be cal-

culated. In actual practice, it proved to be convenient to '""weigh' the
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sample by irradiating it with thermal neutrons and measuring the induced
fission rate due to plutonium-239. The equipment was standardized with
a plutonium sample of known isotopic composition and an empirical equa-
tion developed relating plutonium-240 content in weight per cent to the

experimental ratio of induced to spontaneous fission rate. (17)

The uncertainties in the per cent of plutonium-240 measured by
this method amount to about 1% in most cases. This results in an uncer-

tainty of about 0.1% in the specific activity calculated from such data.

Plutonium-241 was determined by measurement of the amount of
americium grown into purified plutonium samples in a known length of
time through the decay of plutonium-241. The fundamental decay equation
has been given in the section on experimental approach. The conversion
of this equation to one in terms of measured activities is given in detail
by the author. (18) The form of the equation used to calculate Pu-241 from
measured activities is:

239 (c/m)Am 1 1 Ty hm
24] (c¢/m)Pu R (l-e

wt % Pu-241 =

)

where
Tl/Z Am = half-life of americium-241

Ti/2
(c/m)Am = observed americium counting rate

Pu = half-life of plutonium-239

(c/m) Pu = observed plutonium counting rate

K = ratio specific activity Pu-239 to specific activity of plutonium
studied

) = decay constant of Pu-241
t = time elapsed since last separation of Pu from Am

The plutonitum activity of the sample was determined by a direct measure-
ment of total alpha activity, from which the experimental americium activ-
ity was subtracted. The specific activity term was calculated from the

measured isotope ratios.
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EXPERIMENTAL PART

TTA Method for the Determination of Americium

The reaction between a metal ion of charge + n and the chelating

agent thenoyltrifluoroacetone (TTA) may be written as

+

M™ + nTTA —»> M(TTA) +nH'
e n

for the simplest case of complete chelation and no side reactions. The

equilibrium constant for this reaction is

[M(TTA), ] B
! [TT4] "

In the presence of an organic phase in which the unchelated metal ion is

K =

insoluble and the chelated ion very soluble, the chelate will distribute it-
self between the organic and aqueous phase with a distribution constant D,
the ratio of the concentration of the chelate in the organic phase to that in
the aqueous phase. If this distribution constant is very large, as is the
case for the TTA-metal compounds, the metal chelate will occur to an
appreciable extent only in the organic solution. If the organic phase is a
non-polar solvent such as benzene, the metal ion is almost insoluble in the
organic and likewise will occur to an appreciable extent only in the aqueous

phase. Under these conditions, the term

M (TTA),

M+I‘l

may be replaced by a distribution constant for the metal, d, defined as the
ratio of the metal concentration in the organic phase to that in the aqueous.

The equilibrium constant for the two-phase system then becomes

[TTA] "
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Rearranging, the metal distribution constant may be expressed as

d=K [TTA" - ——

[67]

It follows from these considerations that the distribution constant for the
metal is proportional to the nth power of the TTA concentration and in-
versely proportional to the nth power of the hydrogen ion concentration.

If the equilibrium constant for two metals, K, are sufficiently different
from one another, it may be seen from the form of the distribution constant
equation that the possibility for separation exists by extraction into an
organic phase at controlled pH. A series of experiments were accordingly

carried out to establish the feasibility of this approach for the quantitative

separation of americium and plutonium.

In order to uncover reaction rate effects which might be of impor-
tance in further studies, a series of measurements were made of the rate
of extraction of americium by a benzene solution of TTA. A standard
solution of pure americium-241 was prepared by dilution in 2 N I—INO3 and
known amounts taken for extraction. The pH was adjusted to about 5 with
NaOH and the resulting sample diluted to 1. 0 ml. The aqueous solution
was then contacted for various lengths of time with 1. 0 ml of a 0. 5 M solu-
tion of TTA in benzene. The extractions were carried out in test tubes
held just outside the radius of rotation of an electrically driven bar magnet.
A small stainless steel strip in the test tubes served as an agitator. After
extraction the phases were allowed to separate and an aliquot of the organic
phase taken for analysis. The total amount of americium found in the
organic layer was calculated and compared to the total amount present in

the system. The results are shown in Table 1.
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TABLE 1

The Extraction of Americium as a Function of Time
pH 5. 0.5 M TTA in Benzene

Extraction time, Am in organic Am, total, Am extracted
minutes counts/min counts /min %o
2 1317 1291 101
2 1272 1291 98
5 1250 1291 97
5 1304 1291 101
10 1288 1291 100
10 1307 1291 101
15 1344 1291 103
15 1250 1291 97

From these results it was concluded that the extraction of americium under
these conditions is very rapid. In order to provide a sizeable margin of safety
with respect to extraction time, all subsequent extractions were carried out

for fifteen minutes.

The extraction behavior of americium as a function of pH was studied
by taking known amounts of the americium standard and adjusting the pH to
the desired value by the addition of NaOH. The adjusted solution was then
diluted to 1. 0 ml and the pH measured with a carefully standardized Beckman
Model G pH meter, using micro electrodes. The solution was then con-
tacted for fifteen minutes with 1. 0 ml of 0.5 M TTA in benzene. At the end
of the extraction, the phases were allowed to separate and an aliquot of
the organic phase taken for analysis. Above pH 3. 8 the pH was found to
change during extraction and 50 pl of a 2 N sodium acetate solution were
added before dilution to act as a buffer. The results of these experiments

are shown in Table 2 and Figure 6.
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TABLE I1

The Extraction of Americium as a Function of pH

0.5 M TTA in Benzene. 15 min extraction

Am in organic Am taken " Am extracted

pH counts /min counts/min %o
3.01 295 1316 22
3.23 599 1316 46
3.39 943 1316 72
3.57 1169 1316 89
3.64 1139 1316 87
3.66 1204 1316 92
3.79 1240 1316 95
4.16 1321 1316 100
4.46 1311 1316 100
5,00 1319 1316 100

These data are in good agreement with the results of Werner(lg) and with

the shape of the theoretical curve for a trivalent metal.

Since the extraction of arnéricium is critically dependent on the pH
of the aqueous system, an acetic acid-acetate buffer system was investi-
gated for application to these systems. The buffer system was generated

by the direct addition of sodium acetate to nitric acid solutions.

A series of determinations of the pH of aqueous systems resulting
from the addition of sodium acetate to nitric acid were made. Various mol
ratios of acetate to acid were made up at three dilutions and the pH of the

solution measured. The resulting 'titration curves' are shown in Figure 7.

A comparison of these data with Figure 6 indicates that the proper
pH for quantitative extraction of americium may be obtained by the direct
addition of sodium acetate to nitric acid solutions of americium in a ratio
of two moles of acetate per mole of acid. Such addition is a convenient

and accurate way of adjusting the pH before extraction.
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The behavior of plutonium in TTA extractions has been studied by a

number of workers(zo’ 21).

While several experiments were carried out to
check the published data, no systematic investigation of the extraction of
plutonium was undertaken. The success of the method as developed and

the large body of experience collected in its application amply substantiate
previous results. These data which were drawn from several sources, are
summarized graphically in Figure 8, and have been computed from the pub-

lished data to apply to the present conditions.

A consideration of the information of Figure 8 indicates that all the

" plutonium species would be expected to extract at a pH sufficiently high to
extract americium. Several factors, however, tend to decrease the amount
of each species actually found to extract into benzene-TTA solution at pH

of about 5. Plutonium III is markedly unstable at high pH values, and is

(22), Plutonium VI is likewise

slowly oxidized to the tetravalent state
unstable in the presence of easily oxidized organics and so will occur to a
smaller extent in the absence of a holding oxidant. Finally, plutonium IV

(23)

All of these factors tend to decrease the amount of plutonium extracted

polymerizes rapidly at pH above 2 to yield an unextractable species

with americium.

In spite of these effects the majority of the plutonium in most
samples is extracted into the organic phase with americium. Final sepa-
ration must be accomplished, therefore, by "back-extracting" americium
into a second aqueous phase under conditions such that plutonium will
remain in the organic layer. A consideration of the extraction curves for
plutonium indicates that 0.5 M nitric acid fulfills this requirement in the
absence of plutonyl ion. The behavior of plutonyl ion in the analytical
scheme was investigated by carrying out the analysis on a standard solu-
tion of americium and plutonium known to contain about 40% of the total
plutonium as plutonium VI. The analysis was carried out (1) with no treat-
ment of the sample before extraction, (2) with the addition of sodium dichro-

mate as a holding oxidant for the plutonyl ion, and (3) with the addition of
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hydroxylamine to reduce the plutonium to the tetravalent and trivalent states

before extraction. The results are summarized in Table 3.

TABLE III

The Behavior of Plutonium VI in the Americium Analysis

0.5 M TTA in Benzene. pH 4.8. Extraction 15 min

Activity found Am taken Am Recovery
Sample treatment  counts/min counts/min %
None 1856 1364 136
1809 1364 133
5001 0.1 N 5031 1753 2871
! Na,Cr,0 4436 1753 253
271

| 50pl 5.0 M 2198 2196 100
NHZOH 2192 2196 100

It is seen that the expected interference due to plutonyl ion may be effec-
tively eliminated by the addition of hydroxylamine to the sample before

extraction.
The method adopted was as follows:

1. Pipet the desired aliquot of the sample to be analysed for ameri-
cium into a test tube and rinse the pipet twice with 2 N sodium
acetate. Add 50 ul of 5 M hydroxylamine to the solution. Dilute

to about 1. 0 ml with distilled water.

2. Pipet 100 pl of 0.5 M TTA in benzene into the test tube and extract

for fifteen minutes.

3. Transfer 500 pl of the organic layer to a second test tube contain-
ing 500 pl of 0. 5 N nitric acid. Rinse the pipet with about 500 pl

of fresh TTA - benzene solution and extract for fifteen minutes.

4. Remove an aliquot of the 0. 5 M nitric acid containing the ameri-

cium and mount on a platinum disc for counting.
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The extent of separation of americium from plutonium was deter-
mined in several ways. A direct determination of plutonium in americium
separated by the above procedure was made by alpha energy analysis. No
indication of plutonium contamination was observed. More sensitive experi-
ments carried out by analysis of the final aqueous solution for plutonium
indicated less than 0. 001% of the plutonium is recovered with the americium.

The value quoted is the detection limit of the procedure used.

The precision and accuracy of the method were established in a
series of determination on a standard mixture of americium and plutonium
whose composition had been carefully measured by the cerium flouride
and alpha energy analysis methods. A total of 22 americium analyses were

made on two such standards. The results are shown in Table 4.

TABLE 1V

Precision and Accuracy of the TTA Method for Americium
0.5 M TTA in Benzene, pH 4.8, Extracted 15 min

Am found Am taken Recovery

Standard counts/min counts/min Yo
A 27541 27303 100. 9
27913 " 102. 2
6 27663 1 101. 3
9.672 x 10 27029 " 99.0
c¢/m/ml Pu 27045 " 99.1

]

2.730 x 108 27990 ! 102.5
¢/m/ml Am 26924 ' 98.6
27793 " 101. 8
26840 " 98.3
27529 " 100. 8

S — |
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TABLE 1V (contd.)

Am found Am taken Recovery

Standard counts /min counts/min %o
B 2264 2239 101.1
2261 " 101. 0
n 2280 " 101. 8
3.03x10 2290 i 102. 3
c¢/m/ml Pu 2216 i 101. 6
1119 x 106 2242 :: 100.1
¢/m/ml Am 2227 99.4
2223 " 99.3
2250 i 100.5
2254 i 100. 7
2272 " 101. 5
2265 i 101. 2

The accuracy of the method was found to be 100. 7 %. The precision
of the method, based on 22 determinations was found to be + 2.6% for a

single determination at the 95% confidence limits.

The Determination of the Beta Half-life of Pu-241

The growth of americium into a carefully purified sample of plutonium
was measured as a function of time, in order to establish the rate of growth

from which the half-life of plutonium-241 can be calculated.

- The plutonium sample used in this experiment was supplied by the
University of California Radiation Laboratories and designated by them as
CA-6 plutonium. Its isotopic composition was determined by mass spec-
trographic analysis. The results of this analysis, which was carried out

(24)

on August 28, 1952, are shown in Table 5 The precision values given

are average deviations.
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TABLE V

Mass Spectrographic Analysis of CA-6 Plutonium

Precision
Abundance (average deviation)
Isotope mol % mol %
Pu-239 30. 39 0.2
Pu-240 49, 39 0.4
Pu-241 13. 46 0.1
Pu-242 6. 75 0.1

The sample was purified from americium by a solvent extraction
procedure using TTA as an extractant. The separation procedure is sum-
marized in Figure 9. An aliquot of the plutonium solution as received was
transferred to a test tube and diluted to 1. 0 ml with 1 N nitric acid. The
plutonium was reduced by treating the sample with 150 pl of 5 M hydrox-
ylamine for 15 minutes at 85 C. The reduced solution was then treated with
sodium nitrite to destroy excess reducing agent and to oxidize the plutonium
to the tetravalent state. Americium is not oxidized by this treatment and
remains in the trivalent state. The solution was then contacted for 15
minutes with 1. 0 ml of 0. 5 M TTA in benzene and the plutonium extracted
almost quantitatively into the organic phase. The organic layer was then
extracted with three successive 1. 0 ml portions of 0.5 N nitric acid to
remove any traces of americium which might have been carried into the
organic phase with plutonium. This procedure has been shown to quanti-
tatively remove americium. Finally, the plutonium was extracted into an
aqueous phase 2 N in sulfuric acid and 1 M in hydroxylamine. This aqueous
solution was washed repeatedly with benzene to remove traces of organic
matter and then diluted 10 ml with 1 N nitric acid. The resulting solution
was 0.9 M in HNOB, 0.1 M in HZSO4, 0.05 M in NHZOH and 0. 05 M in HCI.
The total activity of the solution immediately after separation was deter-
mined to be 7. 94 x 10% ¢/min/100 pl.
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At several times after purification of the plutonium, 100 pl aliquots
of the sample were taken for americium analysis. The determinations were
made by the TTA method described previously. Each determination was
made in octuplicate. In order to establish the recovery of americium, an
additional determination was made with 100 nl aliquots of the plutonium solu-
tion under study plus 25 !l aliquots of a pure americium solution of known
activity. The recovery of the added americium activity was 100% within
the precision of the determination. The counting instruments were care-
fully standardized against known sources before each determination. The

results of the americium analyses are shown in Table 6.

TABLE VI

Determination of Americium Grown into Separated Plutonium

Total plutonium = 7940 c¢/min

Determination Time since separation Am found Average Am
no. days ¢/min c/min

1 0. 01 0. 0.0

2 10. 8 24. 26. 8

NOJIJODNWER®O OFUINWN G W

R PH OO S DU VU

e
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TABLE VI (contd. )

Determination Time since separation Am found Average Am
no. days c/min c/min

3 27,9 73. 77.8
7.
80.
79.
79.
76.
76.
78.

4 53.9 137.
139.
138.
136.
140.
139.
137.
138.

138. 6

OCOEOHUNMDHUMOO DOgHONO

These results are shown graphically in Figure 10. The data are seen to
follow the straight line relationship expected for growth times short with
respect to the half-life of the parent isotope. The slope of the line is

2.63 + 0 21 counts per minute per day.

The half-life of plutonium-241 was calculated from the measured
slope, the total plutonium counts per minute in the aliquot taken for analy-

sis, and the isotopic composition of the plutonium according to the equation

_ _ Sp. Act. Am - % Pu-241 - c/mPu - In 2
T, Pu-24l = 55=Fet. Pu 00 dAm/dt 365.25
2

where:

Sp. Act. Am = Specific activity Am-241 in d/min/p mole

Sp. Act. Pu = Specific activity Pu in d/min/p mole
% Pu-241 = mole percent Pu-241 in plutonium
c¢/m Pu = counts/minute plutonium in aliquots

dAm/dt slope of Am growth curve in counts /minute/day.
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Since an appreciable length of time elapsed between the mass spectrographic
analysis and the half-life experiments, it was necessary to correct the plu-
tonium-241 analysis for decay. A half-life of 13. 0 years was used to calcu-
late this decay. A consideration of the form of the correction shows that
a1l0% error in the half-life assumed for this calculation introduced only a
0.4% error in the half-life calculated from the experimental data. The
first experimental half-life was then used to recalculate the decay correc-
tion and a final value recomputed from the data. In this manner, errors
from the assumed half-life were reduced to negligible proportions. The
contribution to the specific activity"of the plutonium due to the isotope
plutonium-238 was determined by pulse analysis of the plutonium and found
to be 29. 3 + 2%.

The half-life for the beta decay of plutonium-241 calculated from

the experimental data was found to be 14.2 £ 1. 0 years.

The Determination of the Abundance of Plutonium-241 in Pile Produced

Plutonium

A number of sample of pile produced plutonium with various irradi-
ation histories were analyzed for their plutonium-241 content by deter-
mining the amount of americium grown into them in a known length of time.
The plutonium samples were selected from routinely processed material
which had been irradiated to exposure values of from 55 to 700 MWD/T
(megawatt days per ton of uranium). An attempt was made to choose
samples from the later part of a large batch of similar material in order
to reduce isotopic contamination due to process hold-up and recycled plu-
tonium to a minimum. The samples were received as plutonium nitrate

solutions and contained no americium initially.

After a known period of decay, which varied from 100 days to several
years, aliquots of the samples were taken for americium analysis by the
TTA method described previously. The plutonium concentration of samples
was measured directly. The experimental data is shown in Table 7. All

analyses were made in quadruplicate.
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TABLE VII

HW-28711

Sample
no.

MWD
——

Time since separation,
Days

Am found
counts/min

Pu+ Am
counts/min

1

55

212

287

281

358

417

410

448

542

774

1108

1108

895

577

430

760

479
475
475
472

1747
1730
1730
1713

5878
6002
5817
5968

25417
2615
2589
2599

4126
4065
4059
4081

1699
1697
1746
1715

3576
3566
3677
3748

1455
1488
1494
1458

430, 064

428, 340

1,195, 690

622,930

629, 869

311, 330

868, 032

194,638
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TABLE VII (contd. )

Sample MWD Time since separation, Am found Pu+ Am
no. T Days counts/min  counts/min

9 525 655 12216 1, 350, 820
12140
12447
12222

10 572 348 2957 625, 040
2987
3119
3048

11 605 557 5714 674,900
5705
5911
5681

12 726 266 4479 734, 919
4462
4475
4467

13 600 107 ' 955 491, 276
978
990
1014

14 600 107 1091 513, 419
1084
1100
1088

15 600 106 1027 501, 315
1015
992
987

16 600 107 1125 526, 083
1126
1124
1133
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The isotopic composition of each of the plutonium samples was
measured; Pu-238 by alpha energy analysis, 240 by fission
counting, and 239 by difference methods. These methods have been dis-
cussed in the section on analytical methods. The final isotopic composi-
tion of the samples and the "R" factor (ratio of the specific activity of pure
Pu-239 to the specific activity of the samples) are given in Table 8. These
data were taken from the report by Kinderman et al(25).

TABLE VIII

Isotopic Composition of Plutonium Samples

Sample Pu-239 Pu-239 Pu-240 Pu-241

no. wt % wt % wt % wt % R
1 0.0020 99. 068 0.904 0. 026 0.9720
2 0. 0033 98.18 1. 78 0. 040 0.9475
3 0. 0041 97. 75 2.17 0. 075 0.9366
4 0.0042 97.62 2. 31 0. 063 0.9329
5 0. 0051 97. 095 2.778 0.122 0.9208
6 0. 0055 96.67 3.16 0.158 0. 9115
7 0. 0061 96. 319 3.44 0.159 0.9044
8 0. 0056 96. 571 3.26 0.168 0. 9096
9 0. 0073 95. 80 3.96 0.237 0. 8911

10 0. 0039 95. 54 4. 22 0.235 0. 8856
11 0. 0081 95. 30 4.43 0. 264 0.8799

12 0. 0010 94. 36 5. 24 0. 394 0. 8591

13 0. 0084 95.11 4,56 0. 323 0.8771

14 0. 0084 95. 01 4, 65 0. 332 0. 8751

15 0. 0086 94. 92 4.176 0. 313 0.8724

16 0. 0084 94. 93 4,173 0.334 0.8737

The abundances of plutonium-241 shown in the above table were
calculated from the data of Tables 7 and 8 by means of the equation given
in the section on analytical methods. In practice, approximate values for
the plutonium-241 concentration were first calculated from the experimental
data and "R’ values neglecting the very small contribution of this isotope.
The approximate plutonium-241 contents were then used to calculate a more
accurate "R value. Final values for the plutonium-241 abundance were
then calculated again.
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The weight percent of plutonium-241 in pile produced plutonium as
a function of the total neutron irradiation in megawatt days per ton of uranium
is shown in Figure 11. The exposure values were taken from process rec-

ords in all cases and are estimated to be uncertain to about 10%.

DISCUSSION

The americium procedure developed for this problem offers a num-
ber of advantages over previous methods which recommend its future appli-
cation. The solvent extraction procedure has been found to require only
about thirty minutes for a determination, in comparison with the two to
three hours required for the modified cerium fluoride method. Since
americium frequently occurs in systems containing large amounts of fission
products, operator exposure to intense beta and gamma radiation is appreci-
ably reduced in the TTA method. The solvent extraction procedure does not
require a carrier for americium, thus avoiding two analytical difficulties
inherent in previous methods. The contamination of the precipitated ameri-
cium with adsorbed plutonium in the cerium fluoride method has been men-
tioned. A second effect associated with the presence of relatively large
amounts of inert carrier is the loss in counting rate due to self-absorption
of the alpha particles in the body of precipitate. Both of these effects are
avoided in a solvent extraction type of procedure in which the final sample

is mounted in a carrier-free condition.

Two previous determinations of the distribution of americium into
TTA-benzene solutions as a function of pH have been carried out by Werner
and Perlman(zs) and by Moore(27)° The comparison of the data from these
sources with the data of this paper is shown in Figure 12. Agreement
between the various sources is within the experimental error of the investi-

gations.

The determination of the half-life of plutonium-241 reported here

was intended largely as a survey experiment to suggest the use of one of




L/dMIN ut aansodxsy o1td

HW-28711

00L 009 006 00% 00€ 007 001 0
_\\\‘ O
. @)
_-o©
1°0
\
O\Q
\ 20 ﬁ
. =]
_ o © o &
% w®
£'0 &
o
=S
o) %0
G0

9ansodxy jOo uol}oung ® Se [$Z2-nd JO UOTIONPOIg

1T HYNDIg




HW-28111

-39-

NS'¥

ud

00'¥ 06°¢

98Z-"INYO ‘@a00N T 'dJ -—

9G1-TdDN ‘aeuasm ‘g T ——-

jaoday STY} jo ®led ——

001

eled Jo uostaeduwo)

Hd jo uorjound ® S® WNIOTIAWY JO UOTIOBIIXI

21 H4NDIA

poyoenIXd %




-40- HW-28711

the several published values. The value found is subject to considerable
uncertainty due to the precision of the measurements. On the basis of the
results given in the experimental part of this paper, a value of 14. 2 years
was chosen for use in the plutonium-241 production studies.

Since exposure data are not available generally for the large number
of plutonium samples for which isotope ratios have been determined by other
workers, the relation between plutoninm-240 and -241 is a better basis of
comparison. The comparison of the data of this report with the theoretical
predictions of Larrick are shown in Figure 13. Larrick's curve is con-
sistently lower in plutonium-241 for the same amount of plutonium-240.

This is very probably due to the choice of a 26, 000 barn value for the total
absorption cross section of the heavier isotope, leading to a large burn-out
during the course of irradiation. More recent estimates of this cross
section are in the neighborhood of 1500 barns(zg), which value would bring

the predicted curve in close agreement with the experimental data.

The very satisfactory agreement between the measurements of this
report and the mass spectrographic and beta counting determinations of
isotope ratios is illustrated in Figure 14. The mass spectrographic
measurements were made on Pu from irradiated uranium and on irradi-
ated plutonium itself(zg)., No significant difference is evident. The beta
counting determinations were made by the direct measurement of the beta
activity of a purified plutonium sample(so), the activity being assumed to
be entirely from plutonium-241. No explanation for the consistently higher
results for plutonium-241 can be readily adduced. Agreement with the mass

spectrographic and americium growth data is good in any case.

As an aid in the prediction of the production of plutonium-241 as a
function of exposure or plutonium-240 production, two algebraic expressions

were developed from the experimental data. These relations are:
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3.708 x 1072 (MWD/T)
+7.984 x 1077 (MWD/T)

(1) Pu-241 Wt %

(2)  Pu-241 Wt % = 0. 01468 (Pu-240 Wt %)

These equations are of the form expected on theoretical grounds and closely

represent the experimental data of this report.
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