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Radioactivity

« Radioactivity [Bg = decay/s] — random decay of unstable nuclel,
radionuclides, characterized by half — life, T,,,
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Sources of radioactivity in environment

O Naturally occuring radionuclides

Primordial — present on Earth since its Cosmogenic - result of the
formation, very long half-life (order of interaction between high-energy
thousands and millions of years) — still cosmic rays and atomic nuclei in the
present in all components of the Earth's atmosphere or on the
environment surface : 3H, "Be, 14C, 20Al...

40K — one of the most common
radioactive isotopes in nature
235,238y 232Th - gnd descendants of
their decay chains (**°Ra, ???Ra...)

O Artificial radionuclides (anthropogenic)
Result of energy production in nuclear power plants, result of nuclear

weapon testing and incidents in NPP(Chernobyl, Fukushima..): ®°Sr,
134,137Cs... Medicine: 1311, 2™Tc,18F, Industry: °*?Ir, °Co...



Sources of radioactivity in the environment
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Natural radioactivity in food
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RiChFALL — Radionuclides in children food and novel methods for low level activity
determination, Croatian Science Foundation project - (2020. — 2024.)
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- Low activity levels in children food and agricultural crop
“pt, Hrzz samples for most radionuclides are expected



RiChFALL — Radionuclides in children food and novel methods for low level activity
determination, Croatian Science Foundation project - (2020. — 2024.)
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Detectors for gamma radiation

1. Scintillation detector 2. Semiconductor detector

HPGe, Si, CZT

Nal, LaBr, CeBr, Csl, ...
= S —

Relatively low cost Bad peak resolution Superl-or.peak resol-utlon C-an. be (v-ery) EXP?HSIVE
Large sizes possible Internal contamination (LaBr) Low “limit of detection L|m|t¢-ad size ?055'“9
Fast signal processing Temperature instability Require cooling (HPGe)

Robust Fragile



Performance comparison for gamma spectrometric detectors
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Performance comparison for gamma spectrometric detectors

26 keV
662 keV 1332 keV
Y ¥ 59 keV ¢ # 1460 keV 1836 keV

Counts (logarithmic scale)

Energy (keV)

In radioecology important features : identification and quantification of
radionuclides — high resolution and low detection limits
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Gamma spectrometric measurements and analyses at RBI -
HPGe detectors:

- Reverse Electrode Coaxial Germanium detector (REGe)
(1.83 keV res na 1332 keV, 25.8% rel. eff. )

- 2 Extended Range Coaxial Ge Detectors (XtRa)
(1.71 keV res at 1332 keV, 35.5% and 60% rel. eff.)

- 3 Broad Energy Germanium Detectors (BEGe) —
(1.75 keV res na 1332 keV, 48%, 34% and 70 % rel. eff.)

Coupled with Genie™ 2000 software for aquisition and analyses
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High-purity germanium detectors (HPGe)
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High-purity germanium detectors (HPGe) for
environmental radioactivity measurements

Non-destructive method, simultaneous identification and
guantification of gamma emitters in sample

Challenges: low emission probability, low
gamma energies (high noise in spectrum),
sensitive to background radiation

Sample activity comparable to the
typical environmental activity

!

detection limits

!

Large quantities of samples required, long

measurement time...



Sample activity comparable to the typical environmental activity

Background radiation

/ N

Ambiental radiation Cosmic radiation
(terrestrial)

High energy cosmic rays —and
secondary radiation induced in
interactions with earth’s atmosphere
Mostly muons, neutrons

Nuclides in the material of the
detector or material surrounding
the detector (floors, walls...),
radon from the air...

Typical contributions to the BGD spectrum:
e 40% environment, 10% radon, 10% detector

e 40% muons



Supression of ambiental radiation
* Lead shielding arround the detector is a standard

- thick lead wall — attenuation of the great part of ambiental radiation

- usually coated with a thin tin layer (absorption of X-rays induced by interactions of cosmic rays with lead)
- copper layer (to absorb tin X-rays)

» Using the overpressure of the exhaust from a Dewar vessel with liquid nitrogen to displace radon
gas from the volume around the detector
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Cosmic radiation

hoton cosmic radiation

Particle cosmic radiation

Picture taken from Beckman, 2021

Muons (W)

!

¥ noisein HPGe spectrum

!

High detection limits

Lead shielding effective against ambient
radiation, but not against cosmic
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Supression of cosmic induced background

Muons Best solution: to place the detector deep underground
* Flux=1cm?min  m.w.e. (meters of water equivalent depth)
* High penetrating power 10 m.w.e. already efficient for suppresion of most neutrons

and about half of muons (60% reduction)
e E.g.specialized laboratories:
HADES, Belgium, 225 m underground (5000x);
s g 3 Monaco, IAEA-RML, 11 m underground
e ; Gran Sasso — bellow the mountain
e Often difficult and expensive to implement
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Supression of cosmic induced background

Alternative -
* VETO of coincident events in HPGe and surrounding
detector for u usually plastic scintillator



Supression of cosmic induced background

Alternative - active detection of muons
* VETO of coincident events in HPGe and surrounding
detector for u usually plastic scintillator
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Supression of cosmic induced background

Alternative -
* VETO of coincident events in HPGe and surrounding
detector for u usually plastic scintillator

* Tipically, the background signal can be reduced by 30% - 90%
» depends on passive shield quality
e comparable to underground laboratories

* implemention in increasing number of laboratories

e growing interest in environmental research
e Commercial versions available



Construction and implementation of the active shield in Laboratory for radioecology at RBI

Initial setup: Canberra BE5030P BEGe (HPGe)
detector, rel. eff. 48%, FWHM 1.80 @ 1332 keV
with Pb shield - Canberra model 777 (15 cm)

+

» 3 plastic scintillators + PMT (polyvinyl-
toulene plates, 70x70x5 cm?3, Saint-Gobain)
 CAEN DT5781 Quad Digital MCA
e each detected event (by HPGe and
scintillators) is associated with a time
coordinate
* Possibility for generation and analyses of
the spectra in post-production with
events of interest (coincident events)

aaaaaaaaaaaaaaa

oooooooooo
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Geometric optimisation of active shielding

3 geometrically identical plastic scintillator platers: Which is the optimal position for covering as
much of solid angle for the detection of muon path (seen from the HPGe detector) ?

* closest to the detector (lead shield)

* keeping in mind the cos?6 dependence of muon flux on the zenith angle 6
* Practical limitations — detector access, opening the lead shielding and sample

Carbon-epoxy window

—

\

Al housing of HPGe detector

|:| Scintillators - Sample
\| - Lead shield I:l HPGe

\ |:] Copper lining I:l Dewar wessel

= 1 directly on top of the shield (as close to the
detector as possible)

- Other 2 orthogonal (to the 15t and to eachother) —
they shouldn’t be on opposite sides (higher possibility
for redundant double vetoing of the same event) — 2
neighbourghing sides (which?)
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Geometric optimisation of active shielding

the muon flux is symmetric in the azimuthal angle at ground level

Laboratory is in a basement of the building on a slope - more ground on north

side than on the south:

Coincidence counts (cps)
o [ =) N w = w o ~ 0

angular dependence checked - system of two smaller PVT scintillator plates (30 x 10 x 5 cm)
mounted on a rig that can be rotated, scintillators always separated by distance of 1.5 m
Measurement of the coincident counts in both detectors - zenith angle

10° increment measurements
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muon flux at RBI laboratory is fairly
symmetrical, both in east-west and
north-south directions



Upgraded HPGe setup
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Optimisation of data acquisition parameters

Traditionally the use of MCA - integrated solution for 1 detector

CAEN DT5781 Quad Digital MCA - digital electronics features:

- waveform

- Timestamp (time coordinate of each recorded event - listmode)

- supports multiple detectors
- offline optimisation in post-production

around 20 parameters to be optimized —
main ones: gain, rise time and trigger threshold
using CoMPASS software by CAEN
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Optimisation of data acquisition parameters

e around 20 parameters to be optimized — main ones: gain, rise time and trigger threshold
using CoMPASS software by CAEN

signals originating from
environmental gamma radiation

f

w
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Muon signal

The cosmic muons lose on average about 2 MeV/cm while
traversing the plastic scintillator material - 5 cm thickness
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Optimisation of coincidence time window

4 Measuring time = 340 000 s

* width and the delay of the veto window | scimitor counts - 4.8 7

Coincidences: detection of the same
muon in both HPGe and scintillator
detector

Time differences between events detected

both in HPGe detector and any of the

scintillator detectors - calculated from the

timestamp data

The delay is due to the different signal
rise times in different detectors

HPGe counts = 2.0 e5
q Total coincidences = 1.2 5

104 5

Number of coincidences

104 4

103_-\: §

5 10 15
Time difference [pus]

20 25 30

Distribution of time differences between muon (any of
scintillators) and HPGe events
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Optimisation of coincidence time window

* width and the delay of the veto window ] sainieor cours = 4.3 7°
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Reduction of the cosmic background — vetoed signal

Comparison of original and muon suppressed background spectra

i i fuu Original spectrum .
103 - : : 0 Cosrmic veto spectrum Muon trace in both detectors:
] | | 0. e continuum part in the spectrum and
[ I =~ op . o
> : | 200 g annihilation peak at 511 keV
~ : : 300 1 E
LN I I ®
-~ [ I .
; 10°4) 4905 | : 2001 2
] | | 1004 ' .
o : | N % Reduction of event number - 50% to
E : : 0 : I 2“ I 4‘ " . = -
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[ I [ - a
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[ I [
| | | 0.2%
| | , -71 %
109 | | | Lower energy region — influenced by

Energy [keV] 2233200002 223
above 3 MeV in significant quantities

the annihilation 511 keV peak is mostly populated by events originated T ST

by muons — reduced by around 80%



Reduction of the cosmic background — vetoed signal

Reduction of event number - 50% to 70% in the region of interest

reduction or suppression factors : 2.4 for the 40—-2700 keV region and 4.8 for the
511 keV peak
Total count rate in this energy range decreased from 0.58 cps to 0.27 cps

The energy range of 40-2700 keV is chosen as of most interest for gamma
spectrometry for radioecological applications

detection limits (per ISO 11929) are lowered by more than 10% in 0-100 keV, 20% in
0.1-1.46 MeV and 50% in 1.46—2.5 MeV region



Reduction of the cosmic background — vetoed signal
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Lowering the detection limits

Consequently — reduction of detection limits for individual nuclides
Application — children food and agricultural crops

Gamma ray Setup Detection limit [Bq/kg]
[keV] Powder Potato (~120 g, Cauliflower (~70 g, Kale (~100 g,
milk(~120 g, 160 000 s) 200 000 s) 340 000 s)
257 000 s)
210pp @ 46,5 Original 5,06 5,87 8,76 5,24
J 2 J 0% § | Y
2148} @ 609 Original 1,26 0,82 1,75 0,65
§ 3% § 2 17% | Y
137Cs @ 661 Original 0,56 0,55 0,88 0,32
l -64% l -49% l_53% l e
228Ac @ 911 Original 2,25 1,50

-31%
J

2,31
l-lG%

-23%
J
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The characterized system was successfully transferred back to the Canberra
MCA - more suitable for routine measurements
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Conclusion

* reduction factor of 2.4, corresponding to the removal of 58 % of total background counts in the
range from 40 keV to 2700 keV

e in line with similar setups presented by other authors

* the efficiencies of commercial veto systems stated by the manufacturers vary between
10% and 35%

e system is quite modular and easily introduced into existing gamma spectrometry
systems

» detection limits (per ISO 11929) are lowered by more than 10% in 0—-100 keV, 20% in 0.1-1.46 MeV
and 50% in 1.46-2.5 MeV region

* custom made and fit for purpose for each specific laboratory

» detectability of the low activity radionuclides, lowering the decision thresholds

Bakrad, L., llievski, T., Markovié, N., Bosnar, D., Tucakovié, I.” Implementation and optimisation of cosmic veto system using
digital electronics in an environmental gamma-spectrometry laboratory, Radiation Measurements 178 (2024) 107302,
https://doi.org/10.1016/j.radmeas.2024.107302
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