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ABSTRACT

We have deduced the 49.55- and 113.6-keV y-ray emission probabilities in the decay of
238U from the intensity balance of o and v transitions feeding and depopulating the levels
of 2Th. The deduced value of the 49.55-keV y-ray emission probability is in good
agreement with most of the data available in the literature. A precision of 1.4% has been
obtained, which is significantly better compared to the earlier values. The 113.6 y-ray
emission probability of this work is in excellent agreement with one of the literature
values, however, the precision of 14% remains comparable to the earlier one. This work
highlights the need to remeasure the emission probability of the 49.55-keV y ray to obtain
a high-confidence measurement, given that there is significant spread in the current data
by as much as 10%. From this work, we also recommend to remeasure the energy of the
49.55-keV y ray for improved reconciliation between the deduced and directly measured
data.

Keywords: 228U decay; Gamma-ray emission probability; Alpha emission probabilit

1. Introduction
Gamma-ray emission probability, P,, is widely used in nuclear research, nuclear engineering,
medical, and metrology applications. Different measurement techniques and methods have
been used to obtain P, data, i.e. directly or from other types of measured quantities such as
X-ray, annihilation radiation, B, o, etc. [1-7]. In recent decades, the development and use of
microcalorimeter detectors [8,9] opens up the possibility of faster analysis of actinide
isotopes for environmental, nuclear reactor, and nuclear safeguards applications. To
implement this technique, better P, data are needed in the 50-208 keV energy range, ideally
to a precision of about 1%. Most of these data were measured or deduced using a variety of
techniques and methods. However, P, data for low-energy y rays are often poorly known due
to the higher background, and the presence of nearby X-rays, doublets, etc. in the spectrum.
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The microcalorimeter detectors offer better energy resolution and detection efficiency
compared to the HPGe detectors in the low-energy regime. A new measurement-campaign
is needed to remeasure some of these y-ray emission probabilities and for that an in-depth
analysis and assessment of the available data are required to guide future measurement
campaigns.

In this work, we have analyzed available a-particle and y-ray data associated with the decay
of 238U. These data are reviewed and the most recent a-particle data [10] have been used to
deduce new y-ray emission probabilities. The status of these data are presented along with
the priority of measurements to resolve the differences.
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Figure 1. 2%Th levels populated in the decay of 28U [11]. Alpha particle energy (E,) in keV
and emission probability (I, in the text P,) per 100 decay of 28U feeding the ground state,
first, and second excited states at 0.0-, 49.55- and 163.05-keV, respectively, in Z4Th are
shown.

2. y-ray emission probability from direct and a measurements

The isotope 28U, half-life (4.468 + 0.006)x10° years [11], decays to #*Th by o-particle
emission with an a-decay branching of 100%. There are three o-particle groups of energies
4198.1-, 4149.4-, and 4037.8-keV feeding the ground state, first, and second excited states,
respectively, in 2*Th, as shown in Fig. 1. The first and second excited states are depopulated
by 49.55- and 113.5-keV vy-rays, respectively. In the 1980s and 1990s, the P, of these y rays
was measured by relative and absolute methods. Alpha particle data of 238U decay were
measured earlier in the 1950s. The simple level scheme of 24Th allows for the deduction of
y-ray emission probabilities from the reported o-particle intensities.

So far, only two articles report the directly measured emission probability, P,, for 49.55- and
113.5-keV y-rays [12, 13]. In 1984, Roy et al. [12] reported the P,(49.55) and P,(113.5) from
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a relative measurement, where three known P, from #4Th B decay and #*U o decay were
used as reference. One was the P,(63.29) in 2*Th B decay and the other two were P,(53.20)
and P,(120.90) following 2**U a. decay. From their work, authors report the P,(113.5) for the
first time, which is about 6 times weaker compared to the P, (49.55). In 1990, Komura et al.
[13], measured P, for the 49.55 y ray based on an absolute method, where uranium oxide
(UsOg) of known activity was used and the y-ray spectrometry was performed using a well-
characterized germanium detector — a LEPS (Low Energy Photon Spectrometer).

Over the decades, the P, data were also deduced using measured o emission probabilities.
For example, the data available in the Table of Radioactive Isotopes [5] and in the Table of
Radionuclides [14] were deduced using the o data reported in Refs. [15] and [16],
respectively. Recently, Pomme et al. [10] performed a high-resolution a-decay measurement
and reported P, with improved precision. In this work, we have used their data to deduce the

P,(49.55) and P,(113.5) from the intensity balance of P, feeding the first and second excited
states of 2Th and depopulatmg y-ray transition mtensmes as follows:

ak = Z([ + ICEL)Out Z(I},] + ICE])ln

or
Poe = Xie1 Li(1 + CCout — YT, 1,,(1 + CCy)in, (1)

where Py is the o intensity feeding the k™ level, k =1, 2, ..., p; l,iand lcgi are the y-ray
branching ratios, and conversion electron (CE) intensities, respectively, of the i" y ray
depopulating the k' level; while I,;and lcg; are the same for the j* v ray, but populating the
k" level. The conversion coefficient (CC) is the ratio of the conversion electron intensity
over the y-ray intensity, i.e. Ice/l,. The first and second terms on the right hand side in
Equation (1) represent the total depopulation and population intensities, respectively,
associated with the k' level. Rearranging the terms of Equation (1), we get

_ P ok
NR = Yy Li(L+CCout— X7 1;(1+CC;)in 2

Here we define ‘NR " as a multiplication factor to obtain y-ray emission probability, P,, from
the following relation
P,y = NR X1, 3

The input data used to deduce the P, of 49.55- and 113.5-keV v rays are listed in Table 1.
Note that each of the excited levels in 2#Th, as can be seen in Fig. 1, depopulated by only
one y ray — so the branching ratio, i, I,,;, is 1.



Table 1. P,, I, branching, and conversion coefficient (CC) for E2 multipolarity data are
listed in columns 2, 3, and 4, respectively.

Energy (keV) Ea %P, [10] I, branching CC[17]
or Ey for E2
4038 22.92+£0.10
4149 0.068 + 0.010
49.55 + 0.06 1 322+5
113.5+0.1 1 6.49+0.10

Substituting the data of Table 1 into Equations (2) and (3), we arrive at the following deduced
y-ray emission probabilities for the 49.55- and 113.4-keV vy rays: P,(49.55)=0.071 + 0.001
and P,(113.5)=0.0091 + 0.0013. Note that the second term in the denominator of Equation
(2) is zero, since there are no y rays populating the second excited state of 2Th. We present
all pertinent data from this work and the literature in Table 2.

Table 2. y-ray emission probability, P,, of the 49.55 and 113.5 keV 1y rays in 238U « decay.
Relative uncertainties are listed in columns 4 and 6.

Ref. (year) (type) Method %Py (49.55) %AP, Py (113.5) %AP,
(49.55) (113.5)

[5] (1986) using Pq, [15] 0.070 + 17 | 0.024 +0.008 33
(deduced) 0.012
[12] (1984) relative 0.064 + 125 | 0.0102 + 15
(experiment) measurement 0.008 0.0015
[13] (1990) absolute 0.059 + 3.4
(experiment) measurement 0.002
[14] (2006) using P.. [16] 0.0697 + 3.7 0.0174 + 27
(deduced) 0.0026 0.0047
This work using Po. [10] 0.071 £ 14 0.0091 + 14
(deduced) 0.001 0.0013

3. Discussions

a) Py of 49.55 keV

As can be seen from Table 2, the deduced P,(49.55) values from the P, of Refs. [10, 15, 16]
are about 0.07. From the relative measurement, a value of 0.064 + 0.008 was obtained [12],
and 0.059 + 0.002 was reported from the absolute measurement [13]. As mentioned earlier,
in the relative method, reference P, data of 2**U and ?*Th were used. These reference P, data
of 2%*U and 2**Th were checked for any variations compared to the current values. Minor
changes were found but the influence of those changes was insignificant. So, the data from
the relative measurement remain the same. The precision of P,(49.55) has improved over the
decades as can be seen from the data in column 4 of Table 2, where the most precise result
with a 1.4% level of uncertainty is obtained from this work due to the better P, measurements
reported in Ref. [10].



The P,(49.55) data in Table 2 are inconsistent, y?=7.3 > y%i=2.37, where 0.059 + 0.002 can
be identified as an outlier by Peirce’s criterion [18]. Without this value the data set becomes
consistent and the weighted average yields 0.071 + 0.001, which is the same as that of the
current work. The unweighted average of all data is 0.067 + 0.002. Either of these two values
can be accepted as a reasonable estimation of accuracy based on the available data, while
P,(49.55)=0.064 + 0.006, from the relative measurement [12], is recommended in the latest
evaluation [11]. This latter value closely represents the arithmetic mean and standard
deviation of three data points, these are the data from relative measurement, absolute
measurement, and one from the deduced values using P.

While the 1.4% precision of P,(49.55) can be considered within the desired level of accuracy,
the estimated accuracy from the weighted, unweighted, or other methods differ by as much
as 10%. Note that to deduce the P,(49.55) using the P, conversion coefficient data are
needed. The calculation of CC involves many parameters including the y-ray energy. The y-
ray energy of 49.55 + 0.06 keV was measured in 1973 [19] using a Si(Li) detector with a 1-
mm Be window. Earlier this energy was estimated to be ~45 keV from conversion-electron
energy measurements [20], where an uncertainty of 5 keV was attributed. For the 113.6 keVV
v ray, we find that P,(113.6) = 0.0102 + 0.0015 [12] is in excellent agreement with P,(113.6)
= 0.0091 + 0.0013 of this work. However, our result P,(49.55) = 0.071 + 0.001 compares
less favorably with P,(49.55) = 0.064 + 0.008 [12] and in disagreement with P,(49.55) =
0.059 #+ 0.002 [13]. Furthermore, if the true y-ray energy is slightly different compared to
the reported value of 49.55 keV, this may have a significant impact on the corresponding CC
value that may lead to different overall emission probabilities. For example, one would get
a CC value of 350 for a 48.70 keV electric quadrupole (E2) y transition, which would yield
P,(48.70)=0.065. In this scenario, the estimated accuracy would have been in excellent
agreement with all the measured and deduced P,(49.55) values. It would thus be very useful
to also remeasure the y-ray energy, in addition to a new measurement of the y-emission
probability for this transition.

b) P, of 113.5 keV

The P,=0.0091 + 0.0013 for the 113.5-keV y ray from this work is almost the same with the
value measured by relative method [10] and all together the four data points in column 5 of
Table 2 represent a consistent set, mainly due to poor precision. The weighted average of all
data is 0.0101 + 0.0014. The precision remains 14% at best because it is determined from a
weak o-decay branch with higher associated uncertainty. For 28U isotope analysis in the
sample, it would be a less useful y ray due to its weak intensity.

4. Conclusions

In this work, we deduced y-ray emission probabilities of P,(49.55)=0.071 + 0.001 and
P,(113.5)=0.0091 + 0.0013 for the 49.55- and 113.5-keV 1y rays, respectively. The deduced
value of P,(49.55) in this work is in good agreement with all the published data other than
Ref. [12]. A precision of 1.4% was obtained for the 49.55 keV y-ray emission probability,
which is within the desired level of accuracy for actinide isotope analysis in the sample. The
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P,(113.5) value deduced in this work is also in good agreement with all of the literature data.
However, the precision of P,(113.5) is poor and remains around 14% at best, owing to the
weaker y-ray intensity resulting from the weaker a-decay branch feeding the level.

Among the P,(49.55) values, 0.059 + 0.002 was identified as an outlier by Peirce’s criterion.
Without this value, the weighted average of all other data is 0.071 + 0.001. The unweighted
average of all data is 0.067 + 0.002. Any of these two values can be considered as a good
estimated accuracy, while the measured value of 0.064 £ 0.006 appears to be another option
which has been recommended in Ref. [11]. This latter value closely represents the arithmetic
mean and standard deviation of three data points: from relative method, absolute method,
and one of the deduced values. For P,(113.5), all the four data points are consistent and the
weighted average is 0.0101 + 0.0014. While the estimated accuracy is robust, the poor
precision would not be useful to use this datum for 238U analysis in the sample.

Based on the investigation and new data from this work, we recommend to remeasure the
P,(49.55) emission probability and its transition energy to provide a high-confidence
measurement with improved accuracy, especially considering the up to 10% spread in the
estimated accuracy from the available data.
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