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Abstract 
 
Xenon-127 was standardized by internal gas counting using three proportional counters in a 
differential arrangement to eliminate edge effects. The detection efficiency of the proportional 
counters was calculated by considering the cascade of events following the electron capture 
and associated gamma transitions. Activity per unit volume was measured with 0.7 % relative 
standard uncertainty. Gamma-ray spectrometry was performed and absolute photon emission 
intensities were derived. This study shows that 127Xe could be a surrogate for 133Xe for the 
calibration of remote radio-xenon monitoring stations.  
 

1. Introduction 
 
The yield of production of xenon isotopes by fission of uranium and plutonium is high and, 
because of their chemical inertia, these radionuclides are very good tracers of civil and 
military nuclear activities. Xenon isotopes are used to calibrate monitoring instruments of the 
Comprehensive Nuclear-Test-Ban Treaty Organization (CTBTO). Monitoring of radioactive 
noble gas mainly concerns 133Xe, 131mXe, 133mXe and 135Xe for the purpose of determining the 
nature of a nuclear event. However, these isotopes have short half-lives and so are not 
convenient for calibrating distant monitoring stations. Even though 127Xe is not the 
radionuclide of interest for this purpose, it can be conveniently used for the control of these 
devices, due to its rather long half-life (36.4 (1) d) compared to the other xenon isotopes. 
 

2. Decay scheme 
 

Xe-127 decays by electron capture to excited levels of 127I with a cascade of 5 main gamma 
ray emissions in the 57.6 to 375.0 keV energy range (Figure 1), together with the 
characteristic X-rays of iodine. Only three transitions lead to allowed electron-capture decays, 
namely to the 203, 375 and 618 keV states. Up-to-now, no other transition has been observed. 
The following comment can be found in (Gehrke and Helmer, 1977): “The electron-capture to 
the ground state is second forbidden for which the minimum log ft value is ~ 11 and thus the 
maximum intensity of the feeding branch is ~ 0.003 %”. The same comment can be applied 
for the electron-capture to the first excited state of 127I since this transition is third forbidden 
unique. 
Three measurements of relative γ-ray emission intensities and only one measurement of the 
absolute γ-ray emission intensities are available in the literature. The decay scheme of 127Xe is 
therefore poorly known and must be improved for the practical use of this radionuclide for 
calibration purposes. 
 



3. Standardization using triple gas counters 
 
In this study, 127Xe was standardized by internal gas counting using three proportional 
counters in a differential arrangement to eliminate end effects. A measurement using 4πγ 
detector can also be used (Vatin and Chauvenet, 1987) but we think that gas counting leads to 
more direct results. 
 

3.1 Source preparation  
  
The radioactive source was prepared from the neutron irradiation of an enriched 126Xe target. 
The measured sample was composed of xenon in nitrogen and contained 125I as a radioactive 
impurity. This impurity was removed by the use of a filter made of silver wool and the 
radioactive purity was checked by gamma-ray spectrometry. 
 

3.2 Measurement method 
The internal gas counting system developed at the LNE-LNHB was described previously 
(Lansiart et al., 1993). It is composed of three proportional detectors with different lengths, an 
electronic subassembly and a gas handling equipment. 
The detectors are identically constructed of stainless steel tubes of different lengths and their 
ends have guard rings which are in contact with the cathode. The counting gas is propane. 
Using these counters, three ideal detectors (without end effect) can be obtained by differential 
counting.  
The electronic subassembly contains three counting channels and each channel is equipped 
with an extended dead-time circuit. The corrections due to this dead-time are made according 
to the live-time method. Additionally, each channel is connected to a multichannel analyzer 
board from a personal computer. The experimental energy spectrum given by each detector is 
stored in order to obtain differential spectra. The energy threshold of the counters are adjusted 
at 200 eV. 
The gas handling equipment is used to sample the radioactive gas in a reference volume and 
mix it with the counting gas in the dilution volume. After homogenization, the mixture is 
transferred to the proportional counters.  
 

3.3 Detection efficiency 
 
The electronic re-arrangement following the electron capture and the gamma transitions both 
contribute to the detection efficiency of the proportional counter. The contribution of each 
process is evaluated hereafter. For the electron capture process, atomic rearrangements can 
lead to vacancies in various shells and thus, the detection efficiency is evaluated for each kind 
of vacancy, irrespective of the phenomenon creating this vacancy. 
 

Electron vacancy in the N shells 
 
The binding energy of the electrons of the N shell is ranging from 186 eV for the sub shell N1 
to 50 eV to the subshell N5. The fluorescence yield is negligible and thus, the higher energy 
Auger electron is N1-N5-X, at 136 eV, that is lower than the energy threshold of the counter. 
It can be concluded that the detection efficiency of the capture of N electrons is negligible, 
thus EfN = 0. 
 

Electron vacancy in the M shells 
 



The binding energies of the electrons of the M shell are in the 1.07-keV to 620-eV range for 
respectively M1 to M5. The fluorescence yields are from a few 10-4 to 10-3 (Mc Guire, 1972, 
1974) and thus the X-ray emission can be neglected. The energy of Auger electrons is in the 
899-eV to 233-eV energy range, respectively for M1-N2-N5 and M5-N1-X rearrangements. 
The Coster-Kronig electrons like M1-M2-N2 are of low energy (less than 20 eV), but the 
Auger rearrangement following the M2 vacancy will lead to detectable electrons. From this, 
we can assume that the detection efficiency of a vacancy in the M shell, EfM, is equal to 1. 
 

Electron vacancy in the L shells 
 
Two kinds of rearrangements can lead to non-detection: XLN emission and LLN Coster-
Kronig transitions with energy of the N electron lower than 200 eV. 
The fluorescence yields of L1, L2 and L3 transitions ωLi are respectively 0.043, 0.084 and 
0.086 (Puri et al., 1993). The fraction of emission of XLN radiation over the total XL emission, 
PXLiN is 0.186, 0.127 and 0.126 respectively for L1, L2 and L3 vacancies. The average energy 
of these XLN radiations is between 4.37 and 5.13 keV. The probability of detection of these 
radiations, PD, was calculated by Monte Carlo simulation using the PENELOPE code (Salvat 
et al., 2008). The simulation was done for a cylindrical counter containing a mixture of 
propane and nitrogen at a pressure of 300 hPa (the amount of xenon or iodine atoms being 
negligible). This allows the calculation of the energy spectrum absorbed in the gas. A main 
photoelectric peak is observed with a distribution of lower energy events due to photon 
interactions in the counter stainless-steel envelope. The integral of the spectrum over 200 eV, 
thus corresponding to detectable events, is PD = 2.8 %.  
Among the LLN Coster-Kronig transitions, the ones leading to the emission of N electrons 
with energy lower than 200 eV are the L1L2N1, L2L3N1, L2L3N2 and L2L3N3 transitions. 
The probabilities PL1L2N1 = 0.052 and PL2L3Nj = 0.068, are the relative probabilities of these 
transitions respectively over the total Coster-Kronig transitions L1L2 and L2L3 (Chen and 
Crasemann, 1979).  
With f12 = 0.18 and f23 = 0.154 being the Coster-Kronig yields, the detection efficiency of 
vacancy in the subshell Li is: 
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The probabilities of detection associated with subshells L1 to L3 are respectively EfL1=0.982, 
EfL2 = 0.980 and EfL3 = 0.989. 
 

Electron vacancy in the K shell 
 
The probability of detection of KX rays is negligible but the vacancies following the X-ray 
emission can be detected. 
The XKL2 and XKL3 emissions lead to vacancies in the L2 and L3 subshells and are thus 
respectively detected with the probabilities EfL2 and EfL3 previously calculated and the XKL1 
probability being negligible. The relative probabilities of XKL2 and XKL3 over the total XK 
emission are respectively PXKL2 = 0.290 and PXKL3 = 0.534. The XKM emissions lead to 
vacancies in the M shell, and thus are detected with a probability of 1. 



The XKN and XKO emissions are not detected. The relative probability of these emissions over 
the total XK emission is PXKN +PXK0 = 0.031. 
The detection efficiency of K Auger electrons can be considered to be 1. 
The K fluorescence yield is ωK = 0.882 and thus the total detection efficiency for a vacancy in 
the K shell is: 
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The detection efficiency of a vacancy in the K shell, EfK, is 0.962. 
The detection efficiencies associated with each subshell are resumed in Table 1. 
 

Detection efficiency of electron capture 
 
The electron capture to the 618 keV excited level of iodine, with a probability of 0.014 % is 
neglected. The probabilities of electron capture towards the 375 keV and 203 keV excited 
levels are presented in Table 2. 
 
The calculation of the detection efficiency of the electron capture is the sum of the detection 
efficiencies for each vacancy, weighed by the probability of capture to the respective shell. 
This gives the values for the detection efficiencies of capture Efec375 = 0.960 and 
Efec203 = 0.960. 
 

Detection efficiencies of the gamma transitions 
 
It can be assumed that, the gamma emissions are not detected but the conversion electrons are 
detected with a probability of 1. The detection efficiency associated with each gamma 
transition is thus just related to the conversion coefficients. 
The conversion coefficients, relative intensity and associated detection efficiencies of each of 
the gamma transitions are summarized in Table 3. The relative intensity is the ratio of the 
considered gamma transition divided by the sum of the gamma transitions from the parent 
level. 
 
The detection efficiency of the gamma transition from the 58 keV level is: Ef58 = 0.792 
The detection efficiency of the gamma transitions from the 203 keV level, Efγ203 is a 
combination of the efficiencies due to the transitions γ1, γ2 and γ4. 

442112203 ))1(( γγγγγγγ εεεε IIEf +−+=  
This gives Efγ203 = 0.162. 
The detection efficiency of the gamma transitions from the 375 keV level, Ef375, is a 
combination of the efficiencies of the gamma transitions from this excited level. 

55203333375 ))1(( γγγγγγ εεε IEfIEf +−+=  
 

This gives Efγ375 = 0.184 
 

Detection efficiency of each electron capture decay path 
 
The detection efficiency of each electron capture path is: 

3753753752 )1( γEfEfEfEf ececec −+=  

2032032033 )1( γEfEfEfEf ececec −+=  



This gives Efec2 = 0.967 and Efec3 = 0.967. 
The total detection efficiency is the sum of the global detection efficiency of each capture 
branch, weighed by the respective probabilities of each capture branch. 

2233 ecececectotal PEfPEfEf ⋅+⋅=  
As Pec3 = 0.527 and Pec2 = 0.473, this gives Eftotal = 0.967. 
 
The uncertainty of this detection efficiency can be calculated from the composition of the 
uncertainties on each parameter used in the calculation and on the probability of detection of 
the L X-rays calculated using the Monte Carlo program. This is a difficult task because most 
of the values used are from calculations and are correlated, but there is no information on the 
covariances, except the ones that can be derived from balance equation, e.g. when the sum of 
the parameters of concurrent phenomena is equal to 1. A way to simplify this evaluation is to 
only consider the parameters with the higher sensitivity coefficients and the higher 
uncertainties. As the probabilities of each electron capture decays are similar, and as the 
corresponding detection efficiencies are also similar, the uncertainties on the electron capture 
probabilities do not contribute to the global uncertainty on detection efficiency. It can also be 
observed that the detection efficiency of vacancies in K, L an M shells are similar and very 
high, but not the one for the N vacancies. The probability of N electron capture is 0.0065 (3). 
The influence of this parameter on the global detection efficiency is thus very small. The 
uncertainties of the gamma emission and of the conversion coefficients are the dominant 
components, because this influences the relative intensities of gamma photons, which are not 
detected, and conversion electrons, which are detected with a probability of 1. The dominant 
parameters are the conversion coefficients of γ2 (relative uncertainty of 0.7 %) and γ3 (relative 
uncertainty of 1.4 %). Because of the low intensity of γ2, the only significant contribution is 
from γ4, giving a relative uncertainty of 0.9 % to the detection efficiency of the 203 keV level. 
As the efficiency from γ4 is weighed by the non-detection probability of the electron capture 
to the 203-keV level, which is 0.032, the contribution to the global uncertainty is also 
negligible. 
Eventually, the uncertainty calculations on the probability of detection of LX rays have to be 
considered. As it is difficult to evaluate the uncertainty on a simulation, we vary this 
probability of detection by a conservative value of 10 %, but this does not change 
significantly the global detection efficiency of 127Xe. 
From this we can conclude that the calculation of the detection efficiency is quite robust.  
Given all these considerations, we adopted a conservative value of the relative standard 
uncertainty on the detection efficiency of 0.4 %.  
 

3.4 Results 
 
The activity per unit volume STP obtained by dividing the counting rate per unit volume STP 
by the calculated detection efficiency was: 452.1 (3.1) Bq.cm-3 at the reference date of 
29/12/2013, 12h00 UTC. The relative standard uncertainty components include the counting 
statistics (0.38 %), the counter volumes (0.23 %), the reference volume of the gas sample and 
its STP correction (0.3 %), the decay corrections to the reference date and the decay 
correction during the measurement (0.05 %), the counting uncertainty due to the discriminator 
threshold adjustments (0.15 %) and the uncertainty on the detection efficiency (0.4 %). This 
reference activity was used for the gamma-rays measurements. 

4 Photon emission intensities 
 



4.1 Experimental set-up and calibration 
 

Gamma-spectrometry measurements were performed using a 100 cm3 n-type high-purity 
germanium (HPGe) detector linked to analog electronics. Twenty radionuclides were used to 
establish the efficiency calibration, with point sources prepared from standard solutions, with 
activity per unit mass given with relative uncertainties lower than 0.5 %. The experimental 
data (energy, efficiency) were fitted using a log-log polynomial function. The efficiency 
calibration, for point sources at 10.2 cm from the detector window, is obtained over the 15 to 
1836 keV energy range with a relative combined standard uncertainty of 0.5 % for the high 
energy part, and of 1 to 2 % below 100 keV. Since this calibration was established for 
geometrical conditions different from the gas geometry, calculation of efficiency transfer 
factors was necessary, using the code ETNA (Piton et al., 2000). 
 

4.2 Gas sample preparation 
 

The sample of gas was conditioned in a cylindrical stainless steel container with external 
diameter and height equal to 5.4 cm. The bottom thickness was obtained owing to ultrasonic 
measurement and found to be 1.54 mm. The container volume was equal to 
(100.04 ± 0.88) cm3. The gas was sampled from the xenon standard source under controlled 
pressure and temperature conditions. Its activity A was derived from the activity per unit 
volume and the STP volume of the sample. Finally, the sample activity at the reference date 
was 12.580 (140) kBq. The container was installed on a specific support fitted onto the 
detector end cap, its bottom being then located at a distance of 6.83 cm from the detector 
window. 
 

4.3 Impurities checking 
 
Complementary measurements were performed using a 5 cm3 glass vial that allowed the X-
rays to exit from the container and to be registered in the detector. This measurement was also 
used to check the possible impurities of 125I and 129I. In their decay, both radionuclides emit 
low energy gamma-rays, respectively 35.49 keV and 39.58 keV, close to the K X-ray lines of 
iodine resulting from the 127Xe decay. In this measurement, the detection limit for both 
radionuclides relative to the 127Xe activity was 5.10-3.  
 

4.4 Spectrum processing 
 
The processing of the 127Xe spectrum is quite straightforward in the gamma energy range, and 
the relevant peak areas, S(E), were determined by Gaussian fit, after subtraction of a step-like 
function for the background (Ruellan et al., 1996). For each energy, E, the photon emission 
intensity, I(E), was calculated as: 
 

𝐼𝐼(𝐸𝐸) =
𝑆𝑆(𝐸𝐸) ∙ 𝐶𝐶𝐷𝐷 ∙ 𝐶𝐶𝑀𝑀 ∙ 𝐶𝐶𝐶𝐶(𝐸𝐸)
𝐴𝐴 ∙ 𝑡𝑡. 𝜀𝜀(𝐸𝐸) ∙ 𝐶𝐶𝐺𝐺(𝐸𝐸)

 

 
where A is the sample activity, t is the acquisition live-time, ε(E) is the full-energy peak 
efficiency for photons with energy E, emitted from a point source (reference conditions), CD 
is the decay correction factor, CM is the correction factor for the decay during measurement, 
CC(E) is the correction factor for coincidence summing (Ferreux et al., 2012), CG(E) is the 
correction factor for geometry transfer from the reference efficiency calibration to the 
measurement condition.  



 
4.5 Results 

 
Absolute photon emission intensities of 127Xe are derived and presented in Table 4. Six 
gamma-ray lines were measured with relative combined standard uncertainties ranging from 
1.3 to 7.7 %. Relative values are also given, the emission intensity of the 202 keV line being 
taken as reference with 100 % intensity. The K X-ray emission intensity values could also be 
derived in relative value: these were obtained from the glass vial measurement (see §3.3) and 
obtained using the 57.61 keV relative emission intensities as transfer value, the associated 
relative standard uncertainties being 2.3 %. Details of uncertainty components are given in 
Table 5. 
 

5 Discussion 
 
Comparison of the γ-ray emission intensities measurements published in the literature with 
this work can be found in Table 4. 
Data from (Collé and Kishore, 1974) were given as absolute intensity measurements. The 
efficiency calibration was performed using standard calibrated sources, but no activity 
measurement of the 127Xe source was given in the publication. For this reason we chose not to 
use these results for the absolute intensity of the 203-keV transition as a reference to evaluate 
the other γ-ray intensities. 
The data from (Gehrke and Helmer, 1977) and from this work are absolute intensity 
measurements. The efficiency calibration was performed using standard calibrated sources 
and an activity measurement of the 127Xe source is provided in each case. 
Consequently, only (Gehrke and Helmer, 1977) and this work were conserved to evaluate the 
absolute γ intensity of the 203 keV emission. The data are consistent. A weighted average 
using its internal uncertainty, with a reduced χ² of 1.4, gives: Iγ(203 keV) = 68.45 (45) %.  
The adopted energies of the 127I levels are from (Hashizume, 2011). Mixing ratios and multi-
polarities were evaluated with available literature and these parameters were used to calculate 
the internal conversion coefficients αK and αT with the BrIcc program (Kibédi et al., 2008). 
Consistency of the decay scheme is tested summing all the γ-rays falling to the ground state of 
127I. This sum is equal to: Σ Pγ+ce = 99.8 (14) %.  
From these absolute emission intensities, the following probabilities of electron-capture 
transitions were found:  

Pε(0,2) = 52.7 (15) %, Pε(0,3) = 47.3 (7) %, Pε(0,4) = 0.0142 (9) %. 
The resulting decay scheme is resumed in Figure 1. 
 

6 Conclusion 
 
We showed in this study that the standardization of 127Xe can be achieved using differential 
internal proportional counter measurements, with a relative combined standard uncertainty of 
0.7 %. The detection efficiency is not very dependent on the decay scheme and this allows the 
use of the activity of this standard for the determination of the gamma-ray emission 
intensities. The better knowledge of the absolute gamma emission intensity lead to the 
conclusion that activity measurements of 127Xe by gamma spectrometry can be made with 
relative combined standard uncertainties lower than 2 %. From this we can confirm that 127Xe 



can be useful in the quality control of remote radio-xenon monitoring stations, with the 
advantage of a much longer half-life than 133Xe or 131mXe.  
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Figure 1: 127Xe decay scheme 



  
Vacancy Detection efficiency, Efi 
K shell 0.9624 
L1 shell 0.982 
L2 shell 0.980 
L3 shell 0.989 
M shell 1 
N shell 0 

 
Table 1: Detection efficiencies for vacancies in each atomic shell 

 
 

Electron capture probability Towards 375 keV level Towards 203 keV level 
PK 0.834 0.8420 
PL1 0.104 0.098 
PL2 0.029 0.027 
PM 0.027 0.027 
PN 0.006 0.006 

 
Table 2: Electron capture probabilities 

 
 

Gamma transition αt Detection efficiency, εγi 
1 (1-0) 3.72 0.792 
2 (2-1) 0.471 0.321 
3 (3-2) 0.165 0.144 
4 (2-0) 0.113 0.104 
5 (3-0) 0.0199 0.020 

 
Table 3: Conversion coefficients and detection efficiencies of 127Xe gamma transitions 



 
 
 Absolute emission intensities Relative emission intensities 

E (keV) This work Collé and 
Kishore, 

1974 

Gehrke 
and 

Helmer, 
1977 

This work Forrest and 
Easterday, 

1958 

Geiger1, 
1967 

Collé and 
Kishore2, 

1974 

Gehrke 
and 

Helmer2, 
1977 

X Kα    83.4 (17) 
117 (7) 

   
X Kβ    20.35 (42)    

57 1.23 (7) 1.31 (8) 1.22 (7) 1.76 (10) 2.1 (2) 1.91 (9) 1.92 (12) 1.79 (10) 
145 4.33 (7) 4.24 (21) 4.29 (13) 6.20 (13) 6.4 (10) 6.06 (17) 6.23 (33) 6.28 (19) 
172 26.23 (44) 24.7 (1) 25.5 (8) 37.6 (8) 34.2 (17) 37.3 (10) 36.3 (16) 37.3 (12) 
203 69.8 (12) 68.1 (13) 68.3 (4) 100.0 100 100.0 100.0 100.0 
375 17.32 (28) 17.4 (1) 17.2 (5) 24.8 (5) 30.1 (12) 26.2 (8) 25.6 (15) 25.2 (7) 
618 0.0147 

(20) 
 0.014 (1) 0.0211 

(29) 
   0.0205 

(15) 
1. From relative electron data, calculated using the αK from BrIcc (see text) 
2. Relative data calculated from the absolute values 
 

Table 4: Comparison of the photon emission intensities measurements 
 
 

 
 Relative standard uncertainty 

(%) 
Source position 0.26 
Peak area (statistics) 0.06 (202 keV) to 7.6 (618 keV) 
Peak area determination 0.2 
Efficiency calibration 0.5 (E > 100 keV) to 2 
Correction for decay 0.05 
Correction for acquisition time  0.002 
Correction for coincidence summing 0.1 
Correction for efficiency transfer  0.5 to 5  
Combined standard uncertainty 1.4 to 12.3 

 
Table 5: Uncertainty budget on the absolute photon emission intensities 
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