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Combining different methods, all based on the measurement of the specific activity of a
large number of samples from two different batches of uranium oxides, both enriched to
nearly 100% U, a new determination of the half-life of 233U was made. The activities of
the samples were determined by o counting techniques: low geometry, liquid scintillation,
and 47 -proportional counting. The uranium content of the samples was determined by mass
spectrometric isotope dilution techniques and by controlled potential coulometry. The half-
life was measured as (1.5925+0.0040) x10° yr. The uncertainty quoted is the over-all uncer-
tainty at the 99.7% confidence level, taking into account both statistical and systematic
effects. This result is in close agreement with the value published recently by Jaffey et al.
and with the new recommended value, evaluated by Lemmel.

[RADIOACTIVITY %U; measured Ty/,. ]

I. INTRODUCTION

In this paper we present a new measurement of
the half-life of 23°U which is important for several
reasons. For example, it plays an important role
in the evaluation of some fission constants since
its value can influence the final evaluated values
of the constants.!”> Furthermore, *U may be
used to spike uranium samples of low specific
activity for the purpose of quantitative analysis,?
and here also an accurate knowledge of the half-
life is essential since the amount of the spike
material is determined by a counting.

Unfortunately, the spread of the published values
is many times larger than that expected from the
accuracies claimed. Hanna ef al. (Ref. 1, 1969)
estimated from the published data a best value of
(1.593£0.024) X 10° yr. However, this value was
based on six results published between 1952 and
1967,*° all determined by a counting techniques,
giving a mean value of (1.617+0.008) X 10° yr,
and two results in 1967-1968 giving a mean of
(1.554 £ 0.003) X 10° yr.'* ' One of the latter
two results was obtained by a counting, the other
by calorimetric techniques, and therefore the
difference of 4% between the two mean values can-
not be attributed solely to the apparent systematic
discrepancy between half-life values obtained by
a counting and by calorimetry, 2» 10 12

In an attempt to resolve the problem, a careful
new determination has been carried out recently
at Argonne National Laboratory.'® These mea-
surements gave a value of (1.5911 +0.0015)X 10°
yr, where the quoted uncertainty is only statistical
(standard error of the mean). A measurement at
Atomic Energy of Canada, Ltd., giving a value
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of (1.583+0.007)X 10° yr has also been reported. 1
A compilation of the values reported up to 1974
has been given elsewhere.'® Recently, Lemmel
(Ref. 2, 1975) recommended the value of (1.5900
+0.0020)x 10° yr, where the uncertainty quoted

is the standard error of the mean. This value
was evaluated from all available data, including
the result presented in this paper.

Here we report a new determination made at the
Central Bureau for Nuclear Measurements. Dif-
ferent methods were applied using two materials:
one with (99.762 +0.004) at.% 233U [CBNM (Central
Bureau for Nuclear Measurements) reference
number 161], the other on loan from Oak Ridge
National Laboratory, with (99.9986 +0.0002) at.%
2337 (CBNM reference number 278).

II. PRINCIPLE OF THE MEASUREMENTS

The basis of the measurements is the equation

for radioactive decay:
dN
“a M

where X is the decay constant of the isotope under
investigation, here ?**U, and N is the number of
atoms of this isotope present in the sample. This
number N can be determined by adding to the sam-
ple a known number of atoms of another uranium
isotope, e.g., 2%°U, and making an accurate mea-
surement of the ratio 2*3U to this added (spike)
isotope by mass spectrometry. It can also be de-
duced from a determination of the total uranium
content of the sample by element assay (e.g.
chemical techniques) and subsequent isotope
analysis by mass spectrometry. The 233U activity
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dN/dt of the sample can be obtained by a mea-
surement of the total a activity of the sample and
by applying a correction for the contribution to
the count rate from all other radionuclides: other
uranium isotopes, daughter products, and radio-
nuclidic impurities.

To achieve a final accuracy of 0.2 to 0.3% on the
half-life, the main quantities N and dN/d¢ should
be determined with accuracies of about 0.05%.
We used two independent methods for each deter-
mination in order to detect and to eliminate, as
far as possible, any systematic effects.

IIl. MEASUREMENT PROCEDURE

Nine series of measurements were performed
between 1969 and 1974. For the first five series
of measurements liquid samples were prepared
by dissolving the uranium oxide in nitric acid and
by diluting to concentrations of about 1 mg ura-
nium, per ml of 1 M nitric acid. Accurately
weighed aliquots of these solutions were distribu-
ted for the uranium determinations (Sec. IV) by
isotope dilution mass spectrometry, by controlled
potential coulometry, and for the activity mea-
surements using a low-geometry counter, a liquid
scintillation counter, and a 47 proportional counter
(Sec. V). Sampling and dilution problems for such
measurements have been described earlier. '
Further aliquots were used for the mass spec-
trometric measurement of the isotopic composi-
tion of the uranium and for the determination of
the contribution of other radionuclides to the total
activity by y-ray spectrometry (Sec. VI).

For the other series of measurements, solid
samples were prepared by electrospraying'™ '8
of an acetate solution onto platinum coated quartz
plates, the active area of the samples being about
20 cm? and the uranium amount varying between
2 and 15 mg. The activity was measured in a
low-geometry counter and the layers were then
completely dissolved in nitric acid and aliquots
were distributed for liquid scintillation, isotope
dilution mass spectrometry, coulometry, and
v-ray spectrometry. A further thin electro-
sprayed source of about 8 ug U/cm? was used
for a-ray spectrometry.

In earlier work on 2**U,'° it was observed that
changes in the uranium isotopic composition
during the preparation of the acetate solution
and the electrospraying were smaller than 0.05%.
But, since one can expect a nearly complete
separation of the thorium from the uranium
parent (e.g., the ?*Th grown from the 23%U)
during the preparation of the acetate solution,
it is necessary to determine the thorium content
both for the dissolved uranium oxide and for the

electrosprayed layers. That such a separation
happens is shown on the 440 keV y-ray peak of
213Bj, in secular equilibrium with 2*Th, in Fig.

1, spectrum 2, and spectrum 3. Both spectra
were measured, atthe same time, on the same
original uranium material; spectrum 2 on the dis-
solved uranium oxide and spectrum 3 on one of
the dissolved electrosprayed layers.

IV. DETERMINATION OF THE 23U CONTENT

For the determination of the 23*U content of the
samples, two independent methods have been ap-
plied.

The mass spectrometric isotope dilution tech-
nique®- 2! was used for all the samples. The
measurements were performed on thermal ion-
ization mass spectrometers using the National
Bureau of Standards (NBS) 950a U,0, reference
material as spike. This material is certified to
contain, after a standarized ignition, (99.94
+£0.02)% stoichiometric U,0,. In a high preci-
sion mass spectrometric ratio measurement
the 233U content of the sample was compared
directly to the main isotope of the spike mate-
rial: (99.2745+0.0008)% 2*U. The precision
of the ratio measurements was generally better
than +0.05%. From calibration procedures of
ratio measurements by means of the National
Bureau of Standards suite of isotopic standards
covering isotope ratios in the range 100/1 to 1/1,
systematic errors were carefully determined and
corrected for. The maximum systematic uncer-
tainty associated with these corrections was esti-
mated as +0.05%. By progressing in the careful
standardizing of the samples for isotope ratio
measurements with respect to concentration,
chemical purity, acidity, and size of the sam-
ples loaded into the mass spectrometer, the over-
all accuracy of the measurements could be im-
proved from +0.3% in 1969 to +0.12% for the more
recent determinations.

For samples where at least about 10 mg of ma-
terial was available, controlled potential cou-
lometry®*23 was applied for the uranium content
determinations. Using these uranium content
values and the isotopic composition of the sam-
ples, the 233U content was calculated. With the
limited amounts of material available only 10 mg
uranium aliquots could be used for each measure-
ment and the precision obtained was +0.05%. The
over-all uncertainty was +0.2% for the measure-
ments on the solutions and +0.3% for the layers
where the systematic uncertainty was somewhat
greater, due to the fact that even less than 10 mg
was available for coulometry.
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V. DETERMINATION OF THE ACTIVITY

Three different methods were used for the de-
termination of the a activity of the samples. Two
of them have been developed to a high degree of
accuracy: a counting under defined low-geometry
solid angle,?*'2° and liquid scintillation @ coun-
ting. 2527 For the actual measurements the preci-
sion of both methods was generally of the same
order as the counting statistics of about +0.05%.
The accuracy of the methods was estimated, from
comparisons of several methods for a counting,
to be £0.1% or even better.?52® A third method,
using a 47 proportional counter, was appreciably
less accurate than both other methods, mainly
because of the uncertainty on the correction for
self-absorption; nevertheless it has been applied
in about half of the determinations.

VI. DETERMINATION OF THE ISOTOPIC COMPOSITION
AND CONTRIBUTION OF OTHER NUCLIDES TO THE
TOTAL COUNT RATE

Mass spectrometric isotope analysis was per-
formed several times on both materials used.
The uncertainty on the measured ratio 23U to
total uranium was less than +0.05%. From the
isotopic composition of both materials (99.762
and 99.9986 at.% 23U, respectively), it was
obvious that the contribution of the other long-
lived uranium isotopes to the a-count rate was
extremely small. Any contribution of short-lived
nucldies, e.g., #%U and its daughter products,
the 2*°Th decay chain, and the daughter products
of 23U, the 22°Th decay chain, can only be de-
termined with sufficient accuracy by a- or y-ray
spectrometry. Originally, we tried to determine
this contribution by a@-ray spectrometry, using
solid state detectors. Because of pileup effects
and bad counting statistics the results were
rather inaccurate. The ratio of the y activity
of the ?28Th and 22°Th daughter products to that
of the respective uranium parents being orders
of magnitude higher than the respective a activity
ratios, one could expect a better accuracy from
Y-ray spectrometry, and, finally, we applied
this technique using calibrated NaI(T1) and Ge(Li)
detectors. If the time elapsed since the separa-
tion is known, or determined experimentally from
a measurement of the >**Th grown from the #3U,
the 232U content can be determined with a good ac-
curacy from the ingrowth of ?2®Th. For example,
the 0.3 ppm ?*2U in material 161 was determined
from the count rate in the 583 keV y-ray peak of
20871, in secular equilibrium with 2?Th (See Fig.
1, spectrum 1). The contribution of 2*2U plus

daughter products and ?**Th plus daughter products

to the a-count rate was, respectively: material
161, (0.20+0.04)%; material 278, (0.10+0.01)%

(1972); material 278, (0.17+0.01)% (1973); ma-
terial 278, (0.08 £0.01)% (1974, electrosprayed

layers).

VII. RESULTS

The results of the measurements are given in
Table I. Combining, for the nine series of mea-
surements, the different methods of uranium de-
terminations and activity measurements, 36 in-
dividual results were obtained. The uncertainties
quoted for the individual results were obtained by
taking three times the standard error plus the
linear sum of the systematic uncertainties. The
mean of the 36 results, obtained by weighting
these results with the squared reciprocals of their
uncertainties, is (1.5925+0.0007) X 10° yr. The
quoted deviation is the weighted standard error
of the mean. The ratio of the internal to the
external consistency, that for 36 observations
should be equal to (1+0.12),%° is 0.92 and does
thereby not differ significantly from unity; hence,
the mode of weighting used is acceptable. Since
the 36 individual results were obtained from a
considerably greater number of measurements,

material 161; 6 yratter
separation (0.3ppm 232y)

material 278 ; 4.5 yrafter

separation (€ 1ppb 232y)

material 278 ; 4.5 yr atter

2t separation, 1.3 yrafter electrospraying

439.7 keV
from 213gi

20r 21y 's per

100 decays of 213,
(in decay chain of
18k 233, 2297y,
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86y 's per
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FIG. 1. 28Th, ?2Th, and *2U determination by y-ray
spectrometry using a Ge(Li) detector.
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TABLE I (Continued)
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?:Q Ef TABLE II. Constants used in the calculation of the
<o 15 N half-life.
H H & o
3 g ¢ o 233 a
% 2 g = Atomic weight of “°U=233.039654 +0.000011
- - . Avogadro’s number = 6.022 0943+ 0.0000063°
8 e One year =365.242 days
Tk
T 4 2 Reference 31.
R R 99 1Y 2 5 b Reference 32.
oo oo oo oo 3 §
T
TE
Ee 58 88 8E ‘g‘ § both for the uranium determinations and for the
S oo oo oo Cn-" © activity measurements, we adopted, at the 99.7%
8 g‘ confidence level, a student ¢ factor of 3. By taking
O3 three times the standard error of the mean value
“ oD

and the linear sum of the systematic uncertainties
of the most accurate determinations, the over-all
uncertainty at the 99.7% confidence level was esti-
mated to be £0.25%. It should be noted that the
mean value deduced from the weighted means of
the series, given in the last column of Table I,
agrees fully with the mean of the individual re-
sults. The final result of our measurements is
thus

1.5944
1.5939
1.5913
1.5908
1.5908
1.5926
1.5876
1.5894

0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.05

T1/2(233U) =(1.5925 + 0.0040) X 10° yr.
The constants used in the calculation of the half-
life are given in Table II.
VIII. CONCLUSIONS

This result is in close agreement with the value
of (1.5911+ 0.0015) X10° yr published recently by

Liquid scintillation counting.
47 proportional counting.

33 53 33 33 )

s Jaffey et al. (Ref. 13, 1974). The quoted uncer-

3% tainty on the latter value is the standard error

©e of the mean. The result was obtained from a large
~ w - " number of observations and one can adopt a ¢ factor
2 3 s 32 of 3. No information about possible systematic un-

certainties is given, but from similar work of the
same investigators®® one can estimate that prob-
ably they will not be larger than +0.1%. Thereby,
the over-all uncertainty should be comparable to
™ - ) - that quoted for our value. From the agreement
between the two values, completely independent
from each other, one can conclude that the sys-

.5 . tematic uncertainties probably were a bit over-
2 2 % g estimated. The over-all uncertainty on the mean
g o g o @ g of both values, 1.5918 X 10° yr, probably will not
§ 8 be larger than + 0.2%. This mean value is in good
Edn agreement with the value of (1.593 + 0.024) X 10° yr
o o 5 g g recommended by Hanna ef al. (Ref. 1, 1969), but
N & g T g its uncertainty is about 8 times lower. This mean
§ % Z’ is also in excellent agreement with the new recom-
© § S mended value of (1.5900+ 0.0020) X 10° yr evaluated
L3 L3 g y by Lemmel (Ref. 2, 1975) from all available data,
o 9 887 including the Argonne National Laboratory and
~— ~— < o o

Central Bureau for Nuclear Measurements results.
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