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177Lu decays through low-energy p- and y-emissions in addition to conversion and Auger electrons. To support
the use of this radiopharmaceutical in Switzerland, a 1”’Lu solution was standardised using the -y coincidence
technique, as well as the TDCR method. The solution had no 7’™Lu impurity. Primary coincidence measure-
ments, with plastic scintillators for beta detection, were carried out using both analogue and digital electronics.

7714 TDCR measurements using only defocusing were also made. Monte Carlo calculations were used to compute the
detection efficiency. The coincidence measurements with both analogue and digital electronics are compatible
within one standard uncertainty, but they are lower than (and discrepant with) the TDCR measurements. An
ampoule of this solution was submitted to the BIPM as a contribution to the Systeme International de Référence.

1. Introduction

We recently reported on the activity standardisation of 1®Tb (Ned-
jadi et al., 2020). Here we turn our attention to its matching alternative
for targeted radionuclide therapy: }”’Lu. Both these rare-earth nuclides
have close half-lives and beta energies, though 7’Lu emits less con-
version and Auger electrons (Lehenberger et al., 2011; Champion et al.,
2016). 177Lu ground state beta transitions to the ground state and three
excited states of 17”Hf. Energies and emission probabilities of the quanta
released in the decay of this nuclide have been recently reviewed (Kel-
lett, 2016).

This work presents the measurements made at IRA-METAS, the
designated national metrology institute in Switzerland, to develop a
primary activity standard for this radionuclide. Many activity stand-
ardisations of this nuclide have been performed (Capogni et al., 2012;
Dias et al., 2010; Dryak et al., 2016; Kossert et al., 2012; Rezende et al.,
2012; Schotzig et al., 2001; Simpson et al., 2012; Zimmerman et al.,
2012). The -y coincidence measurements used so far for this nuclide
involved either a proportional counter or liquid scintillation for
B-detection (Zimmerman et al., 2012). Our coincidence counting
standardisation of ”’Lu brought to bear plastic scintillation for
B-detection. Pulse processing and data acquisition were carried out with
both analogue and digital electronics. Back-up measurements with the
TDCR method were also carried out. Double and triple coincidence
detection efficiencies were computed using Monte Carlo simulations
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with the Geant4 code coupled with the radioactivity and atomic relax-
ation modules (Allison et al., 2006, 2016).

An aliquot of the 77Lu solution we standardised was dispatched to
the International Bureau of Weights and Measures (BIPM) as part of a
contribution to the Systeme International de Référence.

2. Material and methods

The measurements described below were carried out in two steps.

2.1. V7L solution and dilutions

177Lu was provided by ITM GmbH. A 2 mL solution was received in
an Eppendorf vial, with a nominal activity of 1 GBq on the date of de-
livery. The solution consisted of 0.1 mol L™} HCl solvent with a Lu®*-ion
concentration of 20 pg g~!. The density of the solution was 1.000(7) g
em™3,

An aliquot of 0.65 g from this solution was diluted by a factor of
about 40 to prepare a master solution (M177Lu4). Two 3 g aliquots were
dispensed into 5 mL IER (Institut d’Electrochimie et de Radiochimie)
ampoules for activity measurements in our reference ionisation chamber
(CIR). Two BIPM ampoules were each filled with 3.6 mL of this solution,
one of which was dispatched to the BIPM in Paris after both had been
measured in our CIR. Two 3 g aliquots were also transferred into two ISO
ampoules for CIR and primary measurements.
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A 1.2 g aliquot of the M177Lu4 solution was diluted by a factor of
about 14 to prepare the M177Lu5 solution. The latter was dispensed into
two [ER ampoules (3 mL each), in order to check the dilution factor at
the CIR, and into three ISO ampoules (3 mL each) for primary
standardization.

The latter gravimetric dilution factor was first corroborated by ion-
isation chamber measurements, and later by primary measurements.

2.2. Sources

2.2.1. Plastic scintillation sources

A pycnometer with about 3 g of the diluted M177Lu5 solution was
used to deposit weighed drops (~ 70 and 80 mg) of }”’Lu onto two
plastic scintillators — which had been ultrasonically cleaned earlier — for
4np(PS)-y coincidence measurements. This solution had an activity
concentration of about 400 kBq/g when preparing the sources. These
UPS-923A plastic scintillators consist of pairs of machined cylindrical
pieces which fit into each other to form a single 25 mm height and 25
mm diameter cylinder, inside which there is a centred cylindrical cavity
(3 mm x 12 mm) housing the radioactive deposit (Nedjadi et al., 2012).
No Ludox was used. After drying, the plastic pairs were bonded together
with optical grease.

Two other plastic scintillator sources of the same geometry were also
prepared with aliquots (~ 17 and 34 mg) from the M177Lu4 (master)
solution. Its activity concentration was about 1 MBq/g when the sources
were prepared. In this case, drops of Ludox colloidal silica (Sigma-
Aldrich GmbH) with a concentration of 0.03% wt were added to the
depositions in order to homogenise the crystallisation process during
drying.

2.2.2. Liquid scintillation sources

Aliquots of the M177Lu5 solution were transferred gravimetrically
into two sandblasted glass vials using a pycnometer weighed with a
Mettler balance traceable to a primary mass standard. These 20 mL low-
potassium high-performance borosilicate vials were prefilled with 14.5
mL Ultima Gold cocktail, and topped up with variable volumes of ul-
trapure water to achieve a 6.5% aqueous fraction, which was found to be
necessary for the stability of samples over extended periods (Nedjadi
et al., 2016). Each sample was agitated for 2 min with a vortex shaker,
and then centrifuged at 15 revolutions per second for 150 s to settle
down the liquid on the cap and walls.

Aliquots taken from M177Lu4 were also used to produce two other
liquid scintillation sources, using the same procedures described above.

2.2.3. Gamma spectrometry sources

Aliquots of the M177Lu4 and M177Lu5 solutions were used to pre-
pare 20 mL polyethylene vials for HPGe gamma spectrometry. This is
one of the geometries for which our HPGe detector underwent a thor-
ough efficiency calibration (Talip et al., 2021). Two M177Lu5 aliquots
of about 50 and 75 mg were deposited into two vials pre-filled with
about 19.6 mL of lutetium chloride carrier. The samples were then
homogenised with a vortex shaker before centrifugation to settle down
the matter adhering to the upper parts of the vials. These liquid samples
had an activity of about 5 and 7 kBq, respectively, at the start of the
impurity measurements.

Two samples were also prepared from the M177Lu4 solution using
the same procedure, except that in this case both aliquots had about 35
mg mass and about 14 kBq at the start of their assay.

2.3. Methods

2.3.1. 4znp(PS)- 4ny(Nal) coincidence counting

Beta-channel detection consists of a UPS-923A plastic scintillator
optically coupled to a selected low-noise one-inch diameter photo-
multiplier tube. The light-tight thin capsule that encloses this beta de-
tector rests vertically at the bottom of the well of a 120 mm x 120 mm
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Nal(T1) gamma ray detector. A source sitting at the bottom of the well
interacts with the gamma detector within 99.1% of the full solid angle.
This setup is housed at the bottom of a 50-cm-diameter 5-cm-thick cy-
lindrical lead shielding covered with an armour-plated sliding square 6
cm-thick.

Signals were shaped with analogue electronics in both channels. The
pulses from the amplifiers were injected into Canberra 2037A single-
channel analysers with pulse lockout logic that minimises out-of-
channel event deadtime. An in-house digital coincidence selector was
used to impose variable non-extending deadtimes and set the coinci-
dence window. A non-extending deadtime of 29 us was enforced, as a
safeguard against PMT afterpulses or scintillator phosphorescence. A
resolving time of 1.0 ps was set to let in all coincidences.

The efficiency was varied by low-level discrimination with the beta
single-channel analyser. The counting times ranged from 3 to 10 min per
efficiency point, depending on the gamma setting and discrimination
level, so that the relative standard deviations of the counting rates were
all lower than 0.1%. Each of the four sources from the diluted and the
mother solutions were measured at three gamma settings.

Digital measurements were also carried out with this system. The
beta detector pulses had rise-times in the 5-40 ns range while those from
the Nal-well detector were in the 500-600 ns range. Pulses from the beta
and gamma detectors were fed into the desktop CAEN DT5725 digitizer,
which operates with 8-channels, 14-bit resolution and 250 MS/s sam-
pling rate. Digital Pulse Processing for Pulse Height Analysis (DPP-PHA)
algorithms, with the COMPASS software, shape the discretised pulses to
access their time and energy information. The timestamps of the pulses
are obtained through the zero-crossing of RC-CR? signals; the input
risetimes were set at 48 and 544 ns for the beta and gamma channels
respectively, whilst their trigger holdoff values were set at 96 and 1200
ns, in that order. The energy information was obtained by a simple
configuration of trapezoidal pulse processing adapted to the count-rate,
with flat top, pole-zero adjusted pulses that are as short as possible to
reduce pile-up. The time and energy information was then recorded in
list-mode files for off-line analysis. In-house software written in Fortran
analyses these records using the pulse-mixing method (Bouchard and
Chauvenet, 1999). These measurements were just exploratory as the
correct functioning of the digitizer and its software have not been fully
validated yet.

2.3.2. 4np(PS)-y(CeBr3) coincidence counting

A variation of the set up described in the previous section utilises the
same beta detector whilst the gamma detector is substituted for a 51 mm
x 51 mm CeBr3 gamma detector. This setup is housed at the bottom of
the same lead shielding described above. The four plastic scintillator
sources were measured with this system using the DT5725 digitizer.

2.3.3. TDCR counting

This technique was implemented with our TDCR system (Nedjadi
et al., 2015) using a MAC3-module (Bouchard and Cassette, 2000) with
variable resolving time. The TDCR electronic system was adjusted for an
optimal response for 177Lu. The thresholds were set at the valleys of the
single-electron responses of the three PMTs. The resolving time was set
at 80 ns, and the deadtime at 90 ps. Sources were measured by voltage
defocusing varying from 560 to 340 V in 40 V decrements.

2.3.4. Ionisation chamber

The four IER ampoules, two filled with the M177Lu4 solution and
two with the M177Lu5 solution and the two BIPM ampoules, filled with
the M177Lu4 solution, were measured twice within a week after their
preparation. Before each measurement, the ampoule was centrifuged to
ensure optimal efficiency and reproducibility. A typical measurement
cycle corresponds to the time needed to collect the charge produced by
the ionisation in the chamber, and load a given capacitor up to 0.1 V six
times. The final ionisation current is given by the mean and its standard
deviation obtained from 20 consecutive readings of the current. A
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measurement sequence starts with a background measurement using a
small 503 pF capacitor. A typical background value is 0.057(2) pA. Two
reference '¥’Cs sources were measured with a larger capacitor (30090
pF) after which the Lutetium ampoules from the M177Lu4 solution were
measured with the same capacitor. These measurements were repeated a
few days later with a 10040 pF capacitor. For the M177Lu5 dilution, all
the ampoules were measured twice with a lower capacitor of 1018 pF.
Finally, another background measurement was performed with the
small capacitor to complete the sequence. The results were used to
calculate a CIR calibration factor for 17’Lu. The ratio of the measured
currents for the mother and diluted solutions can be compared with the
gravimetric dilution factor.

2.3.5. HPGe gamma spectrometry

Spectrometric measurements were carried out with an n-type coaxial
HPGe detector calibrated with an efficiency curve obtained using
reference sources traceable to international standards. More details
about the detector set-up, geometry and the efficiency calibration can be
found in (Talip et al., 2021). Three polyethylene vials, two filled with
aliquots of the diluted M177Lu5 solution and one from the M177Lu4
solution, were measured to assess gamma-emitting impurities. They
were measured sequentially for 40, 113 and 146 live hours respectively,
within a two-week window.

3. Results
3.1. Gamma spectrometry

No impurity was observed within the detection limits in the gamma
spectra acquired in the three separate measurements. In particular, there
was no trace of the ”7™Lu isomeric state. No impurity correction was
thus required in all the primary and secondary measurements.

3.2. Primary standardisations

3.2.1. 4zp(LS)-4ny(Nal) coincidence counting

The 177Lu -spectrum is presented in Fig. 1. Typically, the p-channel
detection efficiency (ep) was varied from a maximum of 90% down to
around 55%. Count-rates in this channel ranged between 15 and 20
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keps. The beta-background count-rate was 0.3-1.5 cps.

Fig. 2 presents the gamma-ray spectrum. The two most intense
gamma emissions at 112.95 and 208.37 keV, respectively, are well
separated. There is a well-defined X-ray peak at about 55.8 keV, which is
a conflation of several close X-ray emissions. The measurements were
made with three-gamma channel settings: a discrimination threshold at
36 keV (before the X-ray peak), a second one at 157 keV (before the
208.37 keV gamma emission), and a window around the 112.95 keV
peak. The y-detection efficiencies for these three situations were around
15%, 9% and 5% correspondingly. These relatively small efficiencies
somewhat mirror the low intensity low-energy gamma emissions of this
radionuclide.

Fig. 3 shows characteristic efficiency extrapolations at these three
gamma regimes. The green diamonds represent the threshold before the
second gamma peak, while the blue triangles are for the threshold before
the first gamma peak. The red circles depict a window including the first
gamma peak. All the fits are linear fits. There is a slight departure from
linearity at high efficiencies, which is due to self-absorption in the
source. This source was prepared without adding a crystallising agent
that produces homogeneous crystals during the drying process. Fig. 4
presents analogous efficiency extrapolations for a source from M177Lu4
where Ludox was added on top of the gravimetric deposition. Here the
maximum efficiency is lower than when no Ludox was used but the
linearity is maintained throughout the efficiency range. Sets of residuals
of the linear fits for a M177Lu4 source are shown, for illustration, in
Fig. 5. The relative deviations from linearity range between - 0.3% and
0.3%.

Using sources without Ludox yielded higher efficiencies at the cost of
non-linearity while sources with Ludox produced linear efficiency pro-
files at the expense of the maximum efficiency. The different morphol-
ogies of the dried sources explain this difference. For sources dried
without Ludox, one sees fine salt crystallites at the centre of the drying
drop and much larger crystallites at the periphery. This leads to a
minimal self-absorption of the Auger electrons in the centre and a strong
one at the periphery. On the other hand, for sources dried with Ludox,
there is a homogeneous crystallisation across the radius of the drying
drop, with a prevalence of average crystallites centred around Ludox
seeds.

As a matter of fact, we do not use the linear fits shown in Figs. 3 and 4

700x10° 5 ' — . — — — -
: -
1 41B(PS)-41ry(Nal-well) £
600 E
500 P. Scint. UPS923A E
PR PMT Hama. R1924A 3
5 E E
S 400 g
© =} £
1] &
2 =t £
© ] E
£ 300 E
o & £
b E 5
200 é ;
1004  177Lu220603 3
] . oy . . . :
500 1000 1500 2000 2500 3000
Channel

Fig. 1. 17Lu beta singles spectrum obtained with UPS923A plastic scintillator and a 26 mm diameter photomultiplier tube.
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Fig. 2. 77Lu gamma spectrum obtained with a Nal(T1) well-detector.
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Fig. 3. 774 4nB(PS)-4ny(Nal) efficiency extrapolation curves for a plastic source where no Ludox is used. Green diamonds stand for the threshold before the second
gamma peak; blue triangles represent a threshold before the first gamma peak, while red circles designate a window including the first gamma peak. The solid lines
are linear fits. Horizontal uncertainty bars are standard uncertainties on (1-eg)/ep, while vertical ones are standard uncertainties on pg-p,/pe.

to determine the radioactive concentration. What we do, instead, is a
Monte Carlo fit that takes the uncertainties of both e; and pgp,/p. into
account (Nedjadi et al., 2012). Ten thousand fits are performed by
varying stochastically (1-eg)/ep and pgp,/p. within their distributions
assumed to be Gaussian. The average of the intercept distribution is then
taken to be the actual intercept while the standard deviation of the
distribution is estimated to be the intercept uncertainty.

Table 1 compiles the intercepts found for the four sources from the
two solutions measured in the three gamma settings. The activities of the
M177Lu5 solution are scaled by the gravimetric dilution factor. The
degrees of freedom of the twelve efficiency extrapolations range from 31
to 38. The uncertainties listed are the standard deviations of the inter-
cept distributions, as described above. The intercepts for the gamma

window have the largest uncertainties, because of the poor gamma
detection efficiency. The intercepts of each source for all gamma settings
are compatible within 0.02% to 0.6%. The arithmetic mean activities of
the two sources from the M177Lu5 agree within 0.3% whereas the
equivalent values for the two sources from the M177Lu4 are compatible
within 0.5%. The mean M177Lu4 activity concentration differs by
0.34% from the corresponding quantity for M177Lu5 scaled by the
gravimetric dilution factor. Combining the extrapolated activities of the
four sources measured in the three gamma settings yields an arithmetic
average of 5862.76 kBq g'! at the date of reference.

Analytic balances give dilution factors with very small relative
standard uncertainty, which provides a stringent test of the internal
coherence of standardisations. The ratio of the activity concentration of
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Fig. 5. Residuals of the 4nf(LS)-4ny(Nal) efficiency extrapolation lines for a source with Ludox at three gamma settings.

the M177Lu4 solution divided by the unscaled value of the M177Lu5
solution predicted by these coincidence measurements agrees with the
gravimetric dilution factor within 0.04%.

Table 2 lays out the uncertainty budget estimated for this coinci-
dence measurement. The background component is AB,/Rymin Where
AB, is the maximum deviation of the y-background rate during the
campaign, while Ry, is the minimum y-count-rate measured at the
three gamma settings. The half-life uncertainty designates the maximum
value of the propagation of the half-life uncertainty to the decay
correction factors; the last measurement was used to estimate it. The
deadtime uncertainty is estimated as At x pg, where At is the uncer-
tainty of the deadtime while pg is an average beta count-rate for the
campaign. The resolving time uncertainty was assumed to be u;r-(pacc/
Pemax) Where ucg is the relative standard uncertainty of the resolving
time, pacc is the accidental coincidence count-rate, while pemax is the

biggest measured true coincidence count-rate. The weighing uncertainty
refers to that of the lightest source of the whole set used. The counting
statistics is a typical standard deviation of the mean of pgep,/p.. The
efficiency extrapolation uncertainty was taken to be the median value of
the relative standard deviations of the intercept distributions of all the
measurements. Reproducibility, i.e. the relative standard deviation of
twelve efficiency-extrapolated activities obtained with four sources
from two dilutions, and three gamma settings, was found to be the
largest contribution to the uncertainty budget. The combined uncer-
tainty obtained from the quadratic sum of type-A and type-B un-
certainties is 0.41% (k = 1).

Turning now to the measurement with this same system but using
digital electronics, Fig. 6 displays typical efficiency profiles obtained
using the 5725 digitizer and processing the list-mode output with the
pulse mixing method. The efficiency functions show a distinct non-
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Table 1
4np(PS)- 4my extrapolated intercepts (in kBq/g) for '7’Lu. Uncertainties are
given with k = 1.

Source y-setting Intercept
177Lu220602 LLD 46 keV 5841.9 + 159
LLD 154 keV 5849.9 £+ 17.0
Win 113 keV 5866.3 + 19.0
177Lu220603 LLD 43 keV 5867.1 = 9.8
LLD 156 keV 5868.1 + 16.5
Win 113 keV 5874.0 = 15.9
M177Lu5 average 5861.2 + 5.1
177Lu220701 LLD 40 keV 5861.3 +16.5
LLD 154 keV 5883.6 & 20.8
Win 113 keV 5895.2 + 20.6
177Lu220702 LLD 41 keV 5839.3 + 14.5
LLD 154 keV 5837.8 £19.5
Win 113 keV 5868.7 +19.8
M177Lu4 average 5864.3 + 9.5
Table 2
4nB(PS)- 41y coincidence uncertainty budget. Uncertainties are given
with k = 1.
Uncertainty item uin %
Background 0.03
Half-life 0.06
Deadtime 0.13
Resolving time 0.03
Timing 0.002
Weighing 0.08
Dilution factor 0.01
Counting statistics 0.10
Efficiency extrapolation 0.25
Sources and gamma settings 0.30
Combined type-A & B uncertainties 0.41

linearity that is absent in the analogue electronics case. This difference is
not understood and is being investigated.

Table 3 lists the intercepts obtained for the four sources in various
gamma settings. All the intercepts were obtained using the Monte Carlo
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fitting method. The M177Lu5 activities are normalised with the gravi-
metric dilution factor. The degrees of freedom are 65 for all the effi-
ciency extrapolations. The uncertainties listed are just the standard
deviations of the intercepts. The intercepts of each source for all gamma
settings agree within 0.1% to 1.5%. The arithmetic mean activities of the
two sources from the M177Lu5 agree within 0.65% whereas the corre-
sponding activities for the two M177Lu4 sources match within 0.45%.
The mean M177Lu4 and M177Lu5 activity concentrations agree within
0.03%. Putting together the extrapolated activities obtained with digital
electronics yields an arithmetic mean of 5842.63 kBq g™! at the date of
reference, which differs by 0.34% from that found using analogue
electronics.

3.2.2. 4np(PS)-y(CeBrs) coincidence counting

A typical CeBrs gamma spectrum for 17’Lu using CAEN DT5725
digital pulse processing and data acquisition is shown in Fig. 7. The
B-spectrum produced by the UPS923A plastic scintillator is akin to the
one presented in Fig. 1.

An example of efficiency extrapolations using the pulse mixing
method is shown in Fig. 8. The p-channel detection efficiency (ep) was

Table 3
Digital 4np(PS)-4ny and extrapolated intercepts (in kBq/g) for '”’Lu. Un-
certainties are given with k = 1.

Source y-setting Intercept
177Lu220602 LLD 40 keV 5853.9 + 3.4
LLD 84.4 keV 5885.2 £ 5.9
LLD 157 keV 5839.6 £ 5.5
Win 113 keV 5862.4 + 2.3
177Lu220603 LLD 40 keV 5816.2 + 4.8
LLD 84.4 keV 5827.7 £ 8.6
LLD 157 keV 5778.3 £ 8.2
Win 113 keV 5866.3 + 2.6
M177Lu5 average 5841.2 + 11.9
177Lu220701 LLD 40 keV 5807.9 £ 9.5
LLD 157 keV 5817.0 +£17.7
Win 113 keV 5863.7 £ 4.1
177Lu220702 LLD 41 keV 5836.7 £ 6.7
LLD 157 keV 5844.0 +£13.0
Win 113 keV 5888.1 + 3.6
M177Lu4 average 5842.9 + 12.1
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Fig. 6. '77Lu 4np(PS)-4ny(Nal) efficiency extrapolation curves for a plastic source prepared using Ludox obtained with the CAEN DT5725 digitizer. Green stars stand
for the threshold before the X-ray peak, blue diamonds represent a threshold before the first gamma peak, red dots depict the threshold before the second gamma
peak, while black squares designate a window including the first gamma peak. The various lines are non-linear fits.
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Fig. 7. 77Lu gamma spectrum obtained with a CeBrs-detector.

varied from a maximum of 73% down to around 45% to have data
covering at least twice the extrapolation gap. A tentative dead time of 15
ps was used for these computations. Here also a marked departure from
linearity is observed. No measurement with this system was made with
analogue electronics for comparison, but it seems reasonable to assume
that it stems from the CAEN digital pulse processing.

Table 4 reports the intercepts obtained for the four sources from the
two solutions measured in many gamma settings. All the efficiency ex-
trapolations involve 65 degrees of freedom. The tabulated uncertainties
involve only the standard deviations of the intercepts. They are larger
than in 47p(PS)-4ny coincidence counting because the extrapolation gap
is larger. The intercepts for different gamma settings cohere within
0.05% to 0.8%. The mean activities of the two M177Lu5 sources are
consistent within 0.2%, while those for the two M177Lu4 sources match
within 0.4%. The average M177Lu4 activity concentration deviates by

0.3% from that of the M177Lu5 solution normalised by the gravimetric
dilution factor. Pooling the extrapolated activities of the four sources
measured digitally in the various gamma settings gives an arithmetic
average of 5861.69 kBq g ! at the date of reference. This value deviates
by 0.02% from the activity concentration obtained with 4ap(PS)-4ny
coincidence counting with analogue electronics.

3.2.3. TDCR method

The efficiencies and activities were computed with an in-house code
that takes the PMTs asymmetry and the micelle effect into account
(Nedjadi et al., 2017). This program calculates the efficiencies with the
stochastic method with the sampled energies (at least a million) of the
beta particles or the conversion, Auger and photoelectrons produced in
the vial delivered by Geant 4 Monte Carlo simulations including the
Radioactivity and Atomic relaxation modules. Nuclear and atomic data
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Fig. 8. 77Lu 4np(PS)-y(CeBrs) efficiency extrapolation curves for a plastic source prepared using Ludox obtained with the CAEN DT5725 digitizer. Green diamonds
represent the threshold before the X-ray peak, blue triangles stand for a threshold before the first gamma peak, red dots show the threshold before the second gamma
peak, while black squares denote the window including the first gamma peak. The different lines are non-linear fits.
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Table 4
Digital 4mp(PS)-y(CeBrs) extrapolated intercepts (in kBq/g) for ”’Lu. Un-
certainties are given with k = 1.

Source y-setting Intercept
177Lu220602 LLD 41 keV 5863.0 £ 31.7
LLD 85 keV 5837.0 £ 67.7
LLD 155 keV 5845.5 + 30.0
Win 113 keV 5867.1 £+ 64.4
177Lu220603 LLD 41 keV 5821.2 + 30.4
LLD 85 keV 5867.1 £71.8
LLD 155 keV 5858.5 £ 15.3
Win 113 keV 5826.4 + 62.9
M177Lu5 average 5848.2 + 6.5
177Lu220701 LLD 42 keV 5827.6 + 22.9
LLD 156 keV 5867.3 £ 187.4
Win 113 keV 5864.4 £ 25.0
177Lu220702 LLD 42 keV 5852.4 +16.5
LLD 156 keV 5895.5 £ 65.3
Win 113 keV 5886.5 £ 17.1
M177Lu4 average 5865.6 + 9.9

used are from DDEP and ENSDF databases.

For illustration, Fig. 9 displays the variation of the double detection
efficiency and that of the activity concentration with the experimental
TDCR, for a sandblasted glass scintillation sample from the M177Lu4
solution. The ESTAR stopping powers were used for computing the
ionisation quenching function. The detection efficiency typically varies
in a narrow range between 0.974 and 0.980. For this sample, the values
of T/AB, T/BC, and T/AC were 0.9936, 0.9926 and 0.9938 respectively,
at the optimum focusing voltage of 560 V.

Table 5 reports the activity concentrations predicted by the mea-
surements and the model. A kB value of 0.0075 cm MeV* was used. The
impact of the ionisation quenching factor kB on the activities was found
to be moderate. The relative difference between using 0.0075 and 0.012
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Table 5
TDCR 77Lu activities (in kBq/g) for solutions M177Lu4 and
M177Lu5. Uncertainties are given with k = 1.

Source Activity conc.
177Lu220621 5913.021 + 26.026
177Lu220622 5963.462 + 17.320
M177Lu5 average 5938.24 + 25.22
177Lu220711 5991.930 + 14.096
177Lu220712 6013.613 + 11.227

M177Lu4 average 6002.71 + 10.84

measurements deviate from the gravimetric dilution factor by 1.1%.

The full uncertainty budget is spelt out in Table 6. For the back-
ground contribution, one thousand sets of correlated random Gaussian
background coincidence counting rates were generated for each count-
ing point. The simulated rates have mean values, standard deviations of
the means and covariance matrices in agreement with the measured
background rates. Corresponding net counting rates were generated by
subtracting the Monte Carlo background rates from the measured gross
counting rates. The 10° defocusing data sets were then fed into the code
that computes the efficiencies and activities. The standard deviation of
the distribution of the activities thus obtained was taken as the propa-
gation of the background uncertainty on the activity.

The half-life contribution was computed conservatively as the
propagation of the half-life uncertainty to the decay correction factors
for the latter measurements. The uncertainties of the intensities of the
three main beta branches, 79.44(28) %, 11.52(7) %, and 9.01(29) %

Table 6
TDCR uncertainty budget. Uncertainties are given with k = 1.

Uncertainty item Value in %

cm MeV! for kB is about 0.15% for these defocusing measurements. Background 0.002
Each listed activity is the average of seven counting points. The average Half life 0.063
ivity of the two sources from M177Lu5 normalised by the dilution Decay scheme 0023
activity o . . Yy kB and Q(E) 0.074
factor deviates from the corresponding average of M177Lu4 by 1.1%, Weighing 0.15
which is rather large for this technique. Combining the activity con- Dilution factor 0.013
centrations of the two solutions gives an arithmetic mean of 5970.50 Impurity
kBq g™ at the date of reference. Ezgf;g;gc :;;?:ncs 8'232
The ratio of the activity concentration of the M177Lu4 solution Combined typg_ A & B uncertainties 0.74
divided by that of the M177Lu5 solution predicted by these TDCR
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Fig. 9. Variation of the double detection efficiency and the activity concentration with the experimental TDCR for a M177Lu4 sample measured by defocusing

between 560 and 340 V in 40 V steps.
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(Kellett, 2016), were propagated to get the decay scheme uncertainty.
The activities of one sample were calculated using beta intensity sets in
which the intensities of these branches took their maximal and minimal
values while keeping the sum constant. The decay scheme uncertainty
was then estimated as the relative standard deviation of the resulting
activities assuming a rectangular distribution.

Since both kB and the stopping power correlate through their
involvement in the Birks formula, one cannot propagate their un-
certainties separately. With regard to the propagation of the un-
certainties of the ionisation quenching function and parameter, the
procedure used was as follows. Separate sets of 2x10° uniform deviates
of kB lying between 0.0075 and 0.0120 cm/MeV were randomly
generated, assuming a rectangular distribution, and then coupled with
five ionisation quenching functions to compute altogether 10* activities.
Four of these ionisation quenching functions are obtained from the
ESTAR stopping powers (Berger, 1993), and those of (Giimiis and
Kabadayi, 2010; Tan and Xia, 2012), whereas the fifth is that of (Grau
Malonda and Grau Carles, 1999). The relative standard deviation of the
10* activities thus generated is about 0.1%.

The counting statistics contribution was estimated using one thou-
sand sets of correlated random Gaussian net coincidence counting rates
generated for each of the counting points of a defocusing measurement.
These sets of Monte Carlo simulated rates were computed in such a way
as to reproduce the corresponding experimental moments and covari-
ance matrices. These rates were then fed into the code that calculates the
efficiencies and activities. The ESTAR stopping powers were used and kB
was fixed at 0.0075 cm/MeV. The standard deviation of the distribution
of the activities thus generated was assumed to be the propagation of the
rates’ pdfs on the activity.

The last and main component is that of reproducibility, computed
here as the relative standard deviation of four activities obtained with
the four sources from two solutions. The combined relative standard
uncertainty obtained from the quadratic sum of these contributions is

pA/g

15.25
15.20
15.15
15.10

15.05 % } ¢ [

15.00

—»—

1485

4d DOBOE TWFNILLTIN
4d0060€ TVPNILLTIN
4d DFOOT TWPNILLTIN
40d0+00T VPN ILLTIN
4d DBOOE EWPNILLTIN

e

4d DBOOE tWHNILLTIN

Applied Radiation and Isotopes 200 (2023) 110986

0.74%.

3.3. Reference ionisation chamber measurements

The measurements of the currents produced in the reference ion-
isation chamber by the M177Lu4 solution in the IER, ISO and BIPM
ampoules are shown in Fig. 10. Good agreement is found between the
measurements of each ampoule type. The average normalised current is
15.053(5) pA/g for IER ampoules, 15.237(6) pA/g for ISO ampoules and
14.974(6) pA/g for BIPM ampoules. The differences between these
values are explained by the different geometry of the ampoule types,
their glass wall thicknesses and their filling level.

Using these currents and the activity concentration obtained from
the primary measurements, a calibration factor, called equivalent ac-
tivity A, can be calculated for the CIR for each ampoule type. It was
determined that A IER = 293.71(130) (0.44%) MBq, A BIPM = 295.21
(131) (0.44%) MBq and A, ISO = 290.24(129) (0.44%) MBq.

For the second dilution M177Lu5, with ampoule types IER and ISO, a
good agreement is also found between the measurements and the
average normalised current is 1.0550(15) pA/g and 1.0670(17) pA/g
respectively. Using these values and the one obtained for the dilution
M177Lu4, one can calculate a dilution factor of 14.270(21) from IER
ampoules and 14.280(24) from ISO ampoules. These two values are well
compatible and are in good agreement with the gravimetric dilution
factor 14.262(2) within the uncertainties.

4. Discussion

The activity concentration determined by 4nf-4my coincidence
measurements using plastic scintillators for beta detection and analogue
electronics presented an excellent internal consistency. The activity
ratio of the M177Lu4 solution over that of the M177Lu5 solution agreed
within 0.04%.
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Fig. 10. Current values measured with the CIR in pA/g for each of the three ampoule types (IER in circles, BIPM in triangles, and ISO in diamonds). Each ampoule is
measured two times. The largest uncertainties for the two first measurements stem from the propagation of the half-life uncertainty. They were measured five days

before the reference date compared to 1 day for the other measurements.
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This activity concentration agreed well with those predicted by 4xnp-
4y or 4nf-y coincidence measurements using digital electronics, though
the proper functioning of the digitizer and its software are yet to be fully
validated and the extrapolation functions exhibited an unexplained non-
linear behaviour, which is being examined.

However, the 4np-4ny measurement with analogue electronics pre-
dicts an activity concentration that is 1.8% smaller than that determined
using the TDCR method. Using allowed form factors instead of first-
forbidden form factors for the Geant4 beta spectra of the first
forbidden transitions, as did (Kossert et al., 2012), does not significantly
change this discrepancy. It must also be noted that these limited TDCR
measurements did not show the robust internal consistency they usually
have. Furthermore, this discrepancy is all the more surprising because
for 151Tb, which has a similar decay scheme to that of 1”’Lu, there was a
very good agreement between the 4nB(PS)-4ny coincidence technique
and the TDCR method.

One year after the measurements, a colleague suggested that the
source of the discrepancy may be some pure beta emitting or electron
capture impurity. To investigate this possibility, two samples from the
fully decayed M177Lu4 solution were prepared using the same pro-
cedure discussed in section 2.2.2, and then measured for 40 h each on
the Wallac 1220 Quantulus™ spectrometer. No long-lived impurity was
found. There might have been some short-lived pure beta emitting im-
purity at the time of the standardisation, but we did not check for such
impurities at the time. However, with regard to long-lived impurities
such as tritium, no such evidence was found.

In any case, similar discrepancies between the coincidence counting
with solid sources and liquid scintillation measurements were reported
in the international comparison for the activity measurement of 1”"Lu,
the IRMM obtained a deviation of 3.3% between its coincidence mea-
surement with a proportional counter and its CIEMAT-NIST measure-
ment, while the NPL found 0.8% for this difference (Zimmerman et al.,
2012). Note however that the PTB reported a very close agreement be-
tween these determinations (0.03%).

An ampoule of the M177Lu4 solution was sent to the BIPM as a
submission to the Systeme International de Référence. The activity con-
centration complementing the contribution was calculated as the
average of the analogue plastic coincidence counting activity de-
terminations, i.e. the mean of twelve efficiency-extrapolated activities
obtained with four sources, from two dilutions, with degrees of freedom
ranging from 31 to 38. It was estimated to be 5862.76 kBq g, with a
total relative standard uncertainty of 0.41%. The digital -y coincidence
determinations were not included in this mean, notwithstanding their
agreement with their analogue counterparts, because the operation of
our DT5725 digitizer and its software are yet to be fully validated. We
did not include the TDCR result in the average because it did not display
its expected robust internal coherence.

5. Conclusion

To back up the use of 77Lu for targeted radionuclide therapy, a so-
lution of this nuclide provided by ITM GmbH was standardised using
coincidence counting, with plastic scintillation in the beta channel, as
well as the TDCR method. The solution had no detectable trace of 77™Lu
or other gamma-emitting impurity.

The 4np(PS)-4ny coincidence measurements showed high beta
detection efficiencies but relatively low efficiencies in the gamma
channel, in part because of the low-intensity low-energy gamma emis-
sions of 177Lu. Linear efficiency functions were found for all the gamma
settings, though for sources prepared with Ludox a slight departure from
linearity was observed at small inefficiencies. These coincidence-
counting measurements were found to be self-consistent and mutually
compatible.

The 4np(PS)-4ny and 4nB(PS)-y coincidence measurements with
digital electronics showed a satisfactory internal coherence and agreed
with each other. The analogue and digital coincidence counting activity
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concentrations agreed within standard uncertainties. However, the -y
coincidence measurements were found to be 1.8% lower than the TDCR
determination.

An ampoule of the standardised solution was dispatched to the BIPM
as a submission to the Systeme International de Référence.
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