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Abstract. This short conference contribution presents a review of some recent advances in radionuclide metrol-
ogy at the UK’s National Physical Laboratory (NPL). Particular examples include the development of novel
methodologies which allow new levels of precision and measurement limits for (i) the activity and isotopic
identification of radioactive gases as a proxy for real-time nuclear reactor criticality monitoring; (ii) precise
ground state radioactive decay half-life determinations required for the primary standardization of pre-clinical
radiopharmaceuticals and (iii) the development of a novel gamma-ray digitial coincidence counting infrastruc-
ture using CeBr3 fast-timing scintillation detectors. These projects generate and use precision nuclear physics
data and also contribute to external studies related to specific aspects of nuclear structure physics research,
including studies of nuclear pairing modes, stellar nucleosynthesis, angular momentum generation in nuclear
fission and extremes of nuclear collectivity. This contribution presents a review of recent advances in radionu-
clide metrology at the UK’s National Physical Laboratory (NPL), together with future aims and aspirations.

1 Introduction

The development and application of radionuclide stan-
dards for the science of precision measurement (metrol-
ogy) has underpinned nuclear physics research since its
inception [1]. The current frontier of radionuclide mea-
surement relies on ongoing developments in radiation de-
tection and digital signal processing combined with ever
more precise nuclear decay data evaluations. The science
of nuclear metrology contributes to a myriad of scientific
disciplines enabling direct societal benefits from nuclear
physics research [2] applied to key themes in the Energy
& Environmental, Life Sciences & Health and Security &
Resilience sectors.

The NPL Nuclear Metrology Group (NMG) under-
take studies of complex nuclear decays which allow the
realisation of primary and secondary radionuclide stan-
dards that are traceable to the SI unit of the becquerel
(Bq) [2]. The realisation of these Bq standards has a
wide range of high-impact outcomes, in particular regard-
ing relevant measurements and calibration sources which
can be used across the nuclear energy, environmental sci-
ence, nuclear medicine and radiation security sectors. Re-
cent highlights from NPL’s Nuclear Metrology research
portfolio include the determination of novel methodolo-
gies to provide high levels of precision and lower mea-
surement limits for (i) radioactive gas activity concentra-
tions (which can be as a proxy for real-time nuclear reactor
criticality monitoring) [3–6]; (ii) the precision nuclear de-
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cay half-life determination required for primary standard-
ization of pre-clinical radiopharmaceuticals, in particular
radium and radio-terbium isotopes [7–10]; and (iii) the
ongoing development of novel coincidence measurement
systems which exploit digital signal processing develop-
ments for example to provide high-precision sub-nano-
second half-life measurements of excited nuclear states.
In particular the NMG has developed a state-of-the-art γ-
ray coincidence spectrometer based on LaBr3(Ce) scin-
tillation detectors, known as the National Nuclear Ar-
ray (NaNA) [11–13] which has also allowed collaboration
with the wider nuclear structure and astrophysics reseach
communities. The NPL NaNA detectors and infrastruc-
tre have contributed to a range of collaborative studies at
leading international laboratories to address research ques-
tions related to: (i) nuclear isomeric decay and the spec-
troscopy of exotic nuclei as part of the FATIMA-DESPEC
collaboration [15–19]; (ii) nucleosynthesis studies includ-
ing carbon burning as part of the STELLA collaboration
at the IJC Orsay France [20, 21]; (iii) measurement of
extremes of quadrupole deformation close to the valence
maximum and single particle stucture in neutron-rich fis-
sion fragments using the NuBALL array at the IJC Facil-
ity Orsay, France [22, 23].; and (iv) for radioactive-beam
resonance strength measurements linked to nuclear astro-
physics studies at the TRIUMF laboratory [24]. Other re-
cent collaborative nuclear structure physics measurements
with aspects linked to NPL activity standards and data
studies has included the detailed spectroscopy of the ther-
agnostic quartet member nucleus 152Tb at the ILL Greno-
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ble facility using both high-resolution γ − γ [25] and
electron-γ coincidence studies [26] and the related preci-
sion spectroscopic study at the IFIN-HH facility, Romania
to determine the B(E3) (octupole) strength in 150Gd fol-
lowing the decay of 150Tb [27].

The following short conference paper presents recent
characterisation and development results from two key
pieces of NPL radionuclide measurement infrastructure,
namely the electron-γ (PIPSBox) coincidence set-up for
radioactive gas measurements and an upgrade to the NaNA
digitial gamma-ray coincidence infrastructure, known as
NaNA plus, consisting of 20 CeBr3 detectors for precision
nuclear spectroscopy and nuclear decay data studies.

2 Gaseous Radionuclide Metrology.

In collaboration with the UK AWE, the NPL nuclear
metrology group has developed a novel electron-γ coin-
cidence detection system for spectroscopic identification
of radioactive gas species. The system allows digital
coincidence detection between beta particles or discrete-
energy internal conversion electrons and characteristic X-
rays or discrete-energy gamma rays, which allow isotopi-
cally pure identification of decays from radioactive gases.
The basic coincidence detection system developed for use
at NPL is shown in Figure 1. It comprises a hyper-pure
germanium (HPGe) detector system, for photon detection
of characteristic decay γ rays and Kα and Kβ X rays, and
a silicon detector (PIPSBox) for discrete-energy internal
conversion electron lines and continuous-energy β parti-
cles [28].

The system was designed to distinguish between mul-
tiple radioactive gas species, therefore HPGe was selected
for the photon detection due to its superior energy reso-
lution. The HPGe detector used at NPL, known as Odin,
is an ORTEC coaxial detector of diameter 93.2 mm and
length 31.9 mm. The NPL-based system contained an
ORTEC 120-6 pre-amplifier [28]. The electron-detection
signal (from either internal conversion electrons or beta
particles) was supplied by from the PIPSBox, compris-
ing two silicon wafers with carbon fibre windows, each
with a cross-sectional area of 1200 mm2 and a thickness of
500 µm. These were positioned either side of a 10.6 mL
gas volume housed within aluminium casing. Two 1/16
inch aluminium pipes with 1/8 inch VCR fittings lead into
the gas volume, allowing for continuous gas flow through
the detector region. For higher-activity gases, a gaseous
dilution system can be added to the set up to reduce signal
pile up by reducing the activity in the detection cell vol-
ume. The silicon detector output signals from the PIPS-
Box were connected to a CAEN A1422 preamplifier. The
signals from both detectors were processed by a CAEN
DT5780 MCA digitiser with a sampling rate of 500 MHz.
The digitiser also supplied the voltage for the PIPSBox.
For both PIPSBox and HPGe, the digitiser was set to trape-
zoidal rise times of 12 µs and flat tops of 1 µs and 1.6 µs re-
spectively to prioritise spectroscopy, which will have lim-
ited the count rate. Similar detection systems developed by
the same collaboration are described in references [3–6].

Figure 1. PIPSBox - HPGe system for gaseous radionuclide
measurement at NPL. The (radiaoctive) gas input and output
lines into/out of the PIPSBox can be observed in the upper part
of the photograph,

A deadtime of 25 µs was applied in data processing
to reflect combined electronic limitations intrinsic to the
devices. In the initial tests of the device, using a mixed
131m,133Xe calibration gas, since the digitiser used only had
two independent channels, only one detector signal was
taken from the two available PIPSBox silicon wafers. A
CAEN A311 6 dB attenuator was used on the data cable to
reduce signal size and to make it compatible with the digi-
tiser; this also helped reduce the noise associated with the
PIPSBox signal. The HPGe system was unshielded and
therefore open to gamma-ray emissions from room back-
ground.

Figure 2. Singles and PIPSBox gated gamma-ray spectra show-
ing the radiaoctive decays from 131m,133Xe calibration gas using
the NPL HPGe-PIPSBox system.
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Table 1. Table showing example gamma-ray energy signatures
from typical fission fragments identified in NPL coincidence set

up. Data values are taken from NNDC [29].

Parent nucleus T 1
2

(Ground State) Signature Eγ (keV)
87Kr 76.3(5) mins 403, 845, 2555
88Kr 2.825(19) hours 196, 835, 1530

133Xe 5.2475(5) days 79.6, 81.0
135Xe 9.14(2) hours 250, 608
138Xe 14.14(7) mins 258, 434, 1768, 2016
138Cs 32.5(2) mins 463, 872, 1436, 2640

Figure 2 shows the effect of PIPSBox gating using this
system with data taken from a standardised 131m,133Xe ra-
dioactive gas mixuture tested at the NPL. The effect of
placing a ±1 µs coincidence gate between events in the
PIPSBox and the HPGe detector is dramatic in removing
the room background lines, with only characteristic X-rays
folliwng internal conversion decay and the 81 keV gamma
decay indicative of the 133Xe decay to 133Cs clearly iden-
tifiable in the gated spectrum.

A similar PIPSBox-HPGe coincidence system was
setup at the AWE laboratories and used to measure air-
borne fission fragments and their daughter decays follow-
ing the spontaneous fission of a 244Cm source. In this con-
figuration, the system consisted of 2 HPGe detectors and
1 silicon detector in the PIPSBox. Table 1 lists some of
the main airborne secondary fission fragment decay data
observed in the AWE-based 244Cm measurement.

Figure 3 shows an example of data taken from this
system looking at airborne fission fragments from a 244Cm
source, measured at the AWE laboratories. The γ-ray sin-
gles spectra are dominated by discrete line transions asso-
ciated with decays from the primordial, naturally occuring
radioactive material (NORM) background decay chains
headed by 238U and 232Th and also from 40K (1461 keV).
The addition of the β− coincidence clearly pick out de-
cays from neutron-rich fission fragments emitted from the
curium source, including discrete lines indicating decays
from 87,88Kr, 135,8Xe and 138Cs. The gas input to the PIPS-
Box was closed from the start of the AWE 244Cm mea-
surements and Figure 3 shows the effect of the shorter
decay half-lives for 138Xe (T 1

2
=14.14(7) mins) and 138Cs

(T 1
2
=32.5(2) mins), compared to 133,135Xe (T 1

2
= 5.2475(5)

days and 9.14(2) hours respectively).

3 Upgrade to The National Nuclear Array
(NaNA)

The nuclear metrology group at NPL have developed the
National Nuclear Array (NaNA) gamma-ray fast-timing
digital coincidence system which has been exploited in the
determination of absolute source activity and gamma-ray
full-energy-peak efficiency determination [11–13]. The
original NaNA design consisted of twelve 1.5 inch diame-
ter by 2.0 inch long cerium-doped lanthanum tribromide
(LaBr3(Ce)) scintillation detectors, instrumented with a
Hamamatsu R7997 photomultiplier. These were based on
the FATIMA detector modules described in reference [14].

Figure 3. Airborne Curium-244 fission products identififed us-
ing the HPGe-PIPSBox system at AWE laboratories. Note that
only lines associated with the decays of 133,135Xe are present
in the longer decay time period, with the shorter lived species
of 87Kr, 138Xe and 138Cs having predominantly already decayed
away.

The digital processing was performed using CAEN 1 GHz
8 channel digitizers. The original NaNA infrastructure
demonstrated a precise methodology for the primary stan-
dardisation of 60Co activity using gamma-ray singles to
coincidence intensity ratios [13]. The same original NaNA
detectors also enabled NPL participation in a number of
collaborative research projects across the wider interna-
tional nuclear structure physics research community in-
cluding experimental campaigns as part of the DESPEC
at GSI/FAIR Phase-0, Germany [15–19], STELLA at IJC
Lab Orsay [20, 21], NuBALL at IJC Lab, France [22, 23],
and the DRAGON separator at the TRIUMF laboratory,
Canada [24] collaborations.

Figure 4. Photograph of the NaNA-plus at the National Physical
Laboratory. The central ring is the source holder position.
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The NaNA has recently been upgraded to a new set-
up comprising twenty independent 1.0 inch diameter by 2
inch length CeBr3 scintillation detectors in a more com-
pact and better defined solid angle geometric configura-
tion. The CeBr3 scintillator crystals are coupled to Hama-
matsu R13089 PMTs with built-in voltage dividers and are
connected to a Caen V1751 multichannel 1 GHz digitiser.
Figure 4 presents a photograph of the upgraded CeBr3-
based NaNA with the central source holder position iden-
tified. The modular configuration for NaNA-plus is aided
by the design of the detector holding frame which is 3-D
printed and allows a range of angle and distance positions
for the individual detectors to be placed in.
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Figure 5. Coincidence gates on a 152Eu source measurement
showing the timing capabilies of the NaNA plus array for sub-
nanosecond timing capabilities The insets show the time differ-
ences between (upper) all gamma-ray coincidence events ; (cen-
tre) the 1408 and 122 keV transitions which gate across the yrast
Iπ = 2+ state in 152Sm which has an evaluated value for its half-
life of 1.403(11) ns ; and (lower panel) the 344 and 779 keV
transitions which span across the yrast Iπ = 2+ state in 152Gd
which has an evaluated half-life of 32.0(27) ps.

The basic spectral and timing performance for the up-
graded NaNA configuration are demonstrated by the spec-
tra shown in Figure 5 which shows the gamma-ray gated
and total coincidence spectra measured using a standard
152Eu point source, placed in the centre of the upgraded
NaNA. The measured energy resolutions for the 122 and
1408 keV transitions from the 152Eu source in the up-
graded NaNA were approximately 16% (19 keV FWHM)
and 3.5% (49 keV FWHM) respectively. The timing prop-
erties are highlighted by the γ-ray energy coincidence-
gated time differences (∆T ) between the 1408 keV dis-
crete energy gamma ray (for the decay into 152Sm) and
122 keV transition and also for the time difference between
the 779 keV and 344 keV transitions which are populated

in the competing source decay branch to excited states in
152Gd. Both the 1408 keV and 779 keV gates directly feed
into the yrast Iπ=2+ states in 152Sm (122 keV) and 152Gd
(344 keV) respectively. The insets show the Eγ1−Eγ2−∆T
gates which provide the measured time difference distribu-
tions between the gated coincident transitions. The central
panel in Figure 5 shows the exponential slope expected
for the T 1

2
=1.403(11) ns half-life for the Iπ = 2+ state in

152Sm which is selected using the 1408 keV and 121 keV
gamma-ray energy combination [29].

4 Summary

This short conference paper has presented updates on ex-
perimental infrastructure based at the UK’s National Phys-
ical Laboratory, specifically exploiting novel digital data
acquisition techniques to allow more precise measure-
ments of radionuclide decays, primarily using coincidence
gamma-ray spectroscopy. The developments have allowed
precise measurements for both airborne radioactive ma-
terials, as a signature for fission and also application in
provision of state of the art nuclear decay data measure-
ments and radionuclide standardisations using gamma co-
incidence spectrometry.
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