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Abstract

-E.Maugeri' - Y. Dai' - R. Dressler’ - U. Koster?

We report on a new measurement of the half-life of “*Ar by following its decay over a time period of more than 13 years using
y-ray spectrometry. The obtained value of (39.5 +3.6) y confirms the only other, previously measured value of (33 +2) y.
However, since partial outgassing of the accumulated Ar from the sample cannot be excluded, this value should be understood
as a lower limit. The sample has now been stored in a gas-tight quartz ampoule to enable further measurements excluding

the outgas effect in order to confirm our finding.
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Introduction

“2Ar is produced in the geosphere by bombardment of
rocks with cosmic rays and in the Earth atmosphere via
the “°Ar(a; 2p) reaction as well as by double neutron cap-
ture on “’Ar [17]. Part of the currently present “*Ar in the
atmosphere can probably also originate from nuclear bomb
tests during the years from 1945-1962 [5]. The content of
“2Ar in natural Ar poses a significant background problem
in experiments seeking to measure the half-life of neutrino-
less double-beta decay [2, 17]. Especially the daughter
decay of **K is a dominant background in experiments like
GERDA (https://www.mpi-hd.mpg.de/gerda/) and LEG-
END (https://legend-exp.org/) that are using liquid argon
as veto. The concentration of **Ar in atmospheric argon is
not well determined, there are several, partly contradictory
measurements [1—4, 6]. To assess the situation, especially
if long-term experiments are planned, the decay rate of “*Ar
is important in addition to knowing its production routes
and rates. However, data on the half-lives of longer-lived
radionuclides are often insufficient and/or uncertain [10],
and this is unfortunately also true for **Ar.

An early estimate is given by Katcoff [11] in 1952 as
a lower limit of 3.5 years and by Stoenner et al. in 1960
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[15] as~30 y. The currently adopted value of Nuclear
Data Sheets [8] is (32.9+1.1) y, which is based on only
one measurement performed also by Stoenner et al. in 1965
[16]. In the mentioned work, the half-lives of Y Ar, PAr,
and **Ar were determined simultaneously by applying p-
and y-spectrometry to measure the activity, as well as mass
spectrometry to deduce the number of atoms. The half-life of
3TAr (t,,=(35.14+£0.05) d [16]) was determined following
the decay, while for *Ar and **Ar the formula ¢,, = N-In2/A
was used (here N denotes the number of atoms in the sam-
ple, whereas A is its activity), and the half-lives were cal-
culated relatively to the *’Ar half-life. The advantage of
this approach was that for the latter two only the isotope
and activity ratios had to be determined and no absolute
measurements were required. Note that, in contrast to the
3% uncertainty reported in [16], the authors additionally
took into account possible systematic errors in mass spec-
trometry, sample transfer and counter efficiency measure-
ments, leading finally to an estimated uncertainty of 6%,
thus a value of (33 +2) y will be adopted here. In view of
the above mentioned importance of the isotope and the fact
that there is only one experimental determination so far, a
new measurement of the half-life of **Ar is highly desirable.

@ Springer


http://orcid.org/0000-0001-5643-7701
https://www.mpi-hd.mpg.de/gerda/
https://legend-exp.org/
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-023-09308-2&domain=pdf

Journal of Radioanalytical and Nuclear Chemistry

Experimental
Sample description

Besides the production routes described above, an alterna-
tive possibility for producing *?Ar is spallation induced by
high-energy protons or neutrons on targets with higher mass.
For the envisaged half-life determination, Ti samples were
available which had been irradiated together with five other
samples for two years in the target of the SINQ facility at
PSI in the frame of the STIP IV program [9]. The initial aim
of the irradiation of these special specimens was the produc-
tion of exotic radionuclides for scientific research purposes
in nuclear astrophysics (for instance ®Fe, *Mn, °Ni pro-
duced by proton and neutron irradiation in Cu) as well as
for the development of new radiopharmaceuticals (e.g. **Ti
produced by proton and neutron irradiation in Ti). Figure 1
shows a photo of these 6 specimens irradiated in STIP IV,
with the sample used for the present half-life determina-
tion of “Ar being No. 4 (dimensions 1 mm X 3 mm X 6 mm).
The irradiation was performed from April 29th, 2004 until
December 22nd, 2005. During a total of 17 months of oper-
ation, the entire SINQ target received a proton charge of
10.87 Ah with an average proton energy of 575 MeV [9].
After a cooling time of 5 years, the specimens were removed
from the target assembly in spring 2010.

Y-ray measurements

Three different high purity single-crystal Ge (HPGe) detec-
tors were used for the measurements: The initial measure-
ment was performed on 16.03.2010 with a coaxial P-type
HPGe detector (detector 1: EGPC 12, Canberra) with a crys-
tal of 47 mm diameter and 54 mm thickness (FWHM at 122,
0.96 and at 1332, 1.96 keV). The intermediate measurement
was performed on 09.12.2022 using a coaxial N-type HPGe
detector (detector 2: EGNC 15, EURISYS) with a crystal
of 49 mm diameter and 45 mm thickness (FWHM at 122,
0.82 keV and at 1332, 1.85 keV). The so far last measure-
ments were performed in July 2023 using a broad energy Ge
detector (detector 3: BEGe 2825, Mirion Tech.—Canberra)

Fig. 1 Photo of the six samples (1—4: Ti; 5 and 6: Cu) before irra-
diation inside the SINQ target at PSI in the frame of the STIP IV
material investigation program. Sample No. 4 served for the half-life
determination of *?Ar
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with a crystal of 61 mm diameter and 26 mm thickness
(FWHM at 122, 0.60 keV and at 1332, 1.68 keV). The
GENIE2000 (Mirion Tech.—Canberra) software was used
for the data acquisition and analysis. The energy calibrations
were performed using a standard '>?Eu calibration source.

Half-life determination approach

Besides the above mentioned method, which exploits
the equation ¢, =N-In2/A, e.g. applied in [16], a decay
rate measurement following the change of the activity in
a sample can also be considered suitable, if the targeted
half-life is reasonable small and provided that a sample
being stable over a time period of several years is avail-
able. Since the decay product of **Ar is *’K with a half-
life of #,,,=(12.355+0.007) h [8], the system is in secular
equilibrium after a comparably short time after production
and thus, the radioactive decay of 4ZAr can be followed
by measuring the intensity of the *’K y line at 1525 keV.
Some other isotopes with well-determined half-lives are
present in the sample and are used as internal reference
for the half-life determination of *’?Ar. These are *’Na
(t,,=(2.6019+0.0006) y [12]) with a characteristic y line
at 1275 keV, ®Co (t,,,=(5.2714 +0.0006) y [12]) with two
characteristic y lines at 1173 keV (intensity 99.85% +0.03%)
and at 1332 keV (intensity 99.9826 +0.0006%), and **Ti
(t,,=(59.1+0.3) y [12]) that is in secular equilibrium with
its daughter **Sc (¢,,,=(4.0421 +0.0025) h [12]). The latter
emits a y line at 1157 keV (intensity 99.90 +0.42%) and,
weaker, at 1499 keV (intensity 0.908 +0.015%). Because
of the high activity of the sample resulting in a dose rate on
contact of about 1 mSv/h, all measurements were performed
at reasonably large distances of around 1 m to keep the
counting dead time well below 10%. Consequently, no reli-
able full energy peak efficiency (FEPE) calibrations could
be performed with certified sources available at PSI. Thus,
the **Ar half-life was deduced by comparing the count rate
ratios of the “’K y line and the vy lines of reference nuclides
between the initial measurement in 2010 and the follow-up
measurements till 2023.

A general characteristics of HPGe detectors is the pro-
nounced power-law behavior for the FEPE above 500 keV
(see Fig. 2 for measured FEPE of detector 3). Thus the FEPE
can be expressed in this region as

e(E)=ax Ef (1)

where ¢ is the value of the FEPE at the energy E, the pre-
exponential parameter a and the exponential coefficient
p depends on the particular dimensions of the Ge single-
crystal as well as on the used measurement geometry. The
pre-exponential parameter o will affect all FEPE in the same
manner thus the FEPE value at the energy of the *’K y line
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Fig.2 Measured full energy peak efficiency of detector 3. The blue
data points represent measured values (uncertainties are smaller as
the symbol size). In addition, the general power law behavior of the
FEPE for higher photon energies is plotted as green line

at 1525 keV is used as normalization point. The power
coefficient f is calculated using the peak areas P; and P,
of the two prominent ®°Co y lines at E;=1173 keV and
E,=1332keV by
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with its uncertainty uf

5 uP, 2 uP, 2 1 2
(7)) p(Ee) o
where uP; and uP, denotes the uncertainties of P, and P,,
respectively.

Therefore, the change in the FEPE for all energies of the
used v lines can be accounted using a relative FEPE transfer
with respect to the FEPE of the *’K v line at 1525 keV in the
very same measurement.

This approach allows the determination of the half-life
without detailed knowledge of the absolute FEPE by solely
using the peak area ratios of two corresponding y lines. The
uncertainty budget in our measurements is dominated by
the uncertainties of the relative FEPE transfer and in minor
extent by the counting statistics.

Results and discussion

The first y-ray measurement of sample No. 4 was per-
formed on 16.03.2010 using detector 1. This measure-
ment was performed with the original aim to get a rough
overview on the amounts of the main produced isotopes,
in particular of **Ti, in order to evaluate the feasibility
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Fig.3 Part of the y-ray spectrum of sample No. 4 over the relevant
energy region performed with detector 1 and detector 3. The magni-
fied inset of the 1525 keV “’K y line demonstrates the different line-
shapes of the HPGe detectors used in the measurement of 2010 and
2023, respectively

of the production route for medically applicable purposes
and to obtain enough sample material for the development
of a prototype **Ti/**Sc generator system. The later on
envisaged usage of such samples for the half-life determi-
nation of “*Ar was not in the focus at that time. After the
measurement, the samples had been stored in the storage
of the PSI Hotlab for 13 years. A second measurement
was performed on 09.12.2022 using detector 2 after the
sample was retrieved from the dry storage. The so far last
measurements were performed in July 2023 using detec-
tor 3. In Fig. 3, the y-ray spectra of initial measurements
at 16.03.2010 and the last follow-up measurements at
01.07.2023 are shown.

Besides the isotope of interest, **Ar, detected using the
v line of its short-lived daughter “*K, **Ti and its short-
lived daughter **Sc were identified as the main reaction
products. Additionally, 22Na, “Sc, 3*Mn and >""%°Co were
detected. The origin of these isotopes is either a by-prod-
uct from spallation of Ti or a cross-contamination from
spallation of Cu samples — irradiated and stored together
with the Ti-samples, or some higher mass impurities con-
tained in the Ti samples respectively.

In Table 1, the peak areas of the 22Na vy line at 1275 keV,
the */Sc y lines at 1157 keV and 1499 keV (attributed to
4T1), and the **K vy line at 1525 keV (attributed to 2Ar)
are summarized for all measurements. The results of the
performance check of the here used method reproducing
the well-known half-lives of 2*Na, **Ti, °°Co are summa-
rized in Table 2.

The “*Ar half-life can be calculated using the equation
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Table 1 Peak areas of the used reference isotope and the 1525 keV vy lines of sample No. 4, measured on 16.03.2010, 01.07.2023, and
25.07.2023, respectively, as well as the deduced values of the “*Ar half-life

Reference isotope and used vy line

2Na 0Co 0o i HTi LAr

1275 keV 1173 keV 1332 keV 1157 keV 1499 keV 1525 keV
Peak areas 16.03.2010 70,770 +298 32,860+239 29,390+ 194 605,600+ 815 4317 +81 22,690 + 160
Relative FEPE 1.172+0.016 1.262+0.025 1.127+0.012 1.277+0.027 1.0149+0.0013 1
Peak areas 09.12.2022 30,620 +204 78,210 + 948 69,520 + 727 6,731,000+£4990 46,480 + 545 225,400 + 946
Relative FEPE 1.183+0.027 1.278+0.042  1.134+0.019 1.295+0.045 1.0157+0.0021 1
Deduced *?Ar half-life 32.0+3.3 36.07+0.48  36.069+0.063 35.68+0.13  38.64+0.13
Peak areas 01.07.2023 26,470+372 72,030+383 63,490+ 340 6,843,000+£2665 48,270 +251 231,800 +497
Relative FEPE 1.197+0.013 1.300+0.020 1.1446+0.0092 1.319+0.022 1.0168+0.0010 1
Deduced “Ar half-life 36.6+3.4 4778+0.22  47.777 +0.094 40.948 +0.081 38.6021+0.0042
Peak areas 25.07.2023 82,110+597 222,700+662 197,600+605  21,660,000+4701 152,700 +432 734,400 + 873
Relative FEPE 1.1856 +0.0071 1.283+0.011 1.1365+0.0051 1.300+0.012 1.01593+0.00057 1
Deduced “?Ar half-life in years 37.6+2.8 48.861+0.076 48.861+0.032 38.816+0.023 37.9940+0.0013

Table 2 Performance check of
the used method

Isotope vy line adopted half-life Reference isotope

Na T 0Co Overall mean
22Na (2.657+£0.027)y  (225+0.23)y (2.44+0.13)y
1274.6 keV —2.1% -13% —6.3%

(2.6019 +0.0006) y

“Ty (520+2.7)y (720+£53)y  (63.8+4.5)y
1157.0 keV —12% +22% +7.9%
(59.1+£0.3)y

0co (5.127+0.032) y (5.189+0.064) y (5.168+0.025) y
1173.3 keV —2.7% —1.6% —2.0%

(5.2714+0.0006) y

Given are the deduced half-lives and their uncertainties of 2*Na, 44Ti, and “Co using the respective two
other isotopes together with the relative deviation in percent from the adopted half-life values, which are
quoted in the column heads (all taken from [12]). In addition the overall means are presented, for which the
data of all obtained y-ray spectra are used

;[ Dy
Aarji = A+ Lin <A> “

Ay @0/ a0

Aarjdecay constant “Ar deduced from the j-th reference
isotope and in the i-th follow-up measurement
Adecay constant of the j-th used reference isotope
Attime between initial and i-th follow-up measurement
P; peak area of the j-th y lines in the i-th measurement
¢; relative FEPE of the j-th y lines in the i-th measurement
w; relative FEPE corrected peak area of the j-th y lines

in the i-th measurement according to:

Py
w;; =

&ji

Herein the indices j and i refer to the isotopes and measure-
ments, respectively. Especially, j=0 refers to the y line of “?K
and ;=0 to the initial measurement on 16.03.2010. In total
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M =5 different y lines in N=3 follow-up measurement were
used.

The overall mean of all deduced.*?Ar half-life values was
calculated using the following formula Eq. (5)

&)

The combined standard uncertainty vl ,, with a coverage
factor k=1 consists of two parts, an intrinsic uncertainty
vA;, representing the standard error of the used data and an
extrinsic uncertainty v/, deduced by Gaussian error propa-
gation of Eq. (5) as
DAL, = 0h + G

Q)
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Table 3 Uncertainty budget for the overall mean of the *?Ar half-life

Type of uncertainty Absolute Relative Partial
uncertainty uncertainty  contri-
(%) bution
(%)
Extrinsic
22Na, #Ti, %°Co half-life 0.048 y 0.12 0.018
0Co branching 0.074y 0.19 0.043
FEPE transfer initial meas 12y 29 10
FEPE transfer follow-up meas 2.3y 5.8 40
Peak areas initial meas 14y 3.6 15
Peak areas follow-up meas 1.0y 2.7 8.6
Tailing of peak areas initial 12y 3 11
meas
Intrinsic
Statistical variations l4y 34 14
Total 3.6y 9.1 100

This ensures a conservative estimate of the combined
uncertainty that does not more than 41% exceed the true
value.

Using these formulas the overall mean “*Ar of the half-
life is deduced to be #,,, =(39.5+3.6) y. The detailed uncer-
tainty budget is given in Table 3.

Our experimentally determined value is consistent with
the value reported in [16]. However, the determination pre-
sented here faces a few challenges.

e The six samples had not been individually sealed in air-
tight vessels, but were stored together in an aluminum
box in the dry storage of the Hotlab at PSI till December
2022. Therefore, it cannot be ruled out that part of the
Ar has outgassed during the storage period. This, in turn,
would result in a shorter half-life value than the true half-
life.

e Three different detectors have been used for the meas-
urements, which showed clear differences in the energy
dependence of the full energy peak efficiency.

e Since only an overview measurement was planned in
2010, too little attention was paid to the detector perfor-
mance, which caused a peak shape that was not ideal (see
inset of Fig. 3). Due to the appearing low-energy tailing,
the peaks had to be fitted manually using the interactive
peak fit tool. The resulting uncertainty was estimated to
additional 3%.

In particular, a possible outgassing could lead to uncon-
trolled losses, which would result in an apparently acceler-
ated decay.

No literature values are available for room temperature
diffusion of argon in titanium metal. However, an indirect
estimate can be made via the diffusion coefficients of other

impurity atoms in titanium. It has been shown that diffusivity
is inversely related to the atomic/ionic radius of the diffusing
species [13]. Extrapolating the Arrhenius plots of potassium
(diffusing as K* with 138 pm effective ion radius) and cal-
cium (diffusing as Ca** with 100 pm ion radius) [7] to 500°C
leads to diffusivities of ~3x 1072 m%s and ~4 x 10723 m%/s
respectively. Argon (diffusing as neutral Ar® with 200 pm
van der Waals radius) would have even much lower diffusivi-
ties. Assuming a diffusivity of 3 x 102! m%/s the solution of
Fick’s second law for a 1 mm thick foil leads to only 0.25%
diffusion release after 13 years. The extrapolated diffusion
release of argon at room temperature is still far lower, i.e.
diffusional release from Ti metal is not expected to affect the
measurement significantly. However, the diffusion data from
literature were obtained by radiotracer measurements of Ti
foils irradiated at low dose. The high dose irradiation of our
sample could have led to significant radiation damage and/
or radiation-enhanced oxidation of the surface layer of the
Ti sample. Either could affect the diffusivity in an unpredict-
able manner. Therefore, the preliminary half-life value given
here has to be understood as a lower limit of the true half-
life. Notwithstanding these shortcomings of the here present
result, this is consistent with the in [16] reported half-life
and consequently can be considered as a valuable indica-
tion that the reported value is correct. Indirectly, this also
increases the confidence in the accuracy of the half-life for
39 Ar, which had been determined by the same authors in the
same experiment. There is only one earlier half-life deter-
mination of *Ar (265 +30) y by Zeldes et al. [18], which is
in perfect agreement with the value reported in [16], albeit
with a factor of 10 higher uncertainty. Our implicit confir-
mation is of special importance, because **Ar is considered
as one of the rare possible tools for nuclear dating of envi-
ronmental samples from the period of early industrialization
(100-1000 years) [18], similar to **Si described in [18].

Conclusions and outlook

To definitively exclude any further Ar release, we sealed the
sample in a quartz ampoule (Fig. 4) and will repeat y-ray
measurements during the next decades. The data analysis
and evaluation should then also include peak area ratios

Fig.4 Photo of sample No. 4 (irradiated Ti), sealed in a quartz
ampoule

@ Springer
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obtained using by analyzing all possible peak areas of >*Na,
471, and ®°Co v lines.

An additional advantage would be that the peak shapes
of the relevant peaks in the measured spectra are then well
under control.
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