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Abstract

The Cavezzo meteorite was recovered on January 4", 2020, just three days after the fall observed over Northern Italy
by the all-sky cameras of the Italian PRISMA fireball network. Two specimens, weighing 3.1 g (F1) and 52.2 g (F2),
were collected in the predicted strewn-field and the meteorite has been classified as an L5 anomalous chondrite. The
y-activity of F2 sample was measured at the Monte dei Cappuccini underground Research Station (Torino, Italy) with
a large-volume HPGe-Nal(Tl) spectrometer. Thanks to the high efficiency, selectivity and low background of the
spectrometer, we were able to detect many cosmogenic radioisotopes with activities even below 0.1 decay per minute
(dpm). The presence of nuclides with half-lives down to few days (*’Ca, 3*Mn and *¥V) undoubtedly confirmed the
recent fall of the sample. The very low activity of **Ti and %°Co was revealed with a particular coincidence between
the HPGe and Nal(T1) detectors. To obtain the detection efficiency, we have simulated the response of the detector
with the GEANT4 toolkit, once the spectrometer’s dead layer thickness was estimated using standards of known
activity. Moreover, the simulation of the Dhajala meteorite (H3/4 chondrite) measurement allowed us to verify that
the self-absorption of the sample is correctly taken into account and validate our simulations. In this contribution, we
focus on the coincidence optimization techniques and the detection efficiency computation.

Keywords: Meteorites, Cosmogenic radionuclides, y-ray spectrometry

1. Introduction the opportunity to reveal cosmogenic radioisotopes with
short half-lives (days or weeks), that otherwise cannot

A large number of stable and radioactive isotopes is be revealed in any other natural sample

produced in meteoroids by the interaction of cosmic rays

(CR) in the interplanetary space. When a meteoroid The activity of a cosmogenic radioisotope in a me-

enters the Earth’s atmosphere and a meteorite sample
is collected on the ground, the activity of such radionu-
clides can be measured. The production of these cosmo-
genic isotopes ends as soon as the meteorite falls, when
the CR flux irradiation ceases. Freshly-fallen meteorites
are of great interest in planetary science since they give
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teorite mainly depends on the primary galactic cosmic
rays (GCR) flux in space, roughly over few half-lives of
the isotope before the meteorite falls on the Earth. It
is therefore possible to study GCR flux intensity and
its variations over time through the measurement of
gamma-activity in meteoritic material. On the other
hand, cosmogenic isotopes concentration is an impor-
tant proxy of the solar activity, which is anticorrelated
to GCR flux (Beer et al., 2012).
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Freshly-fallen meteorites can be recovered thanks to
the observation of their atmospheric transit and the con-
sequent estimation of the strewn-field of survived frag-
ments. This is the operational principle of fireball net-
works, which usually deploy optical all-sky cameras
dedicated to the recovery of such samples. Thanks to the
dynamic and photometric analysis of the bright flight, it
is also possible to estimate the pre-atmospheric size of
the meteoroid and other relevant physical parameters. In
this context, the measurement of long-lived cosmogenic
radioisotope activity in meteorite samples provides an
independent estimation of the meteoroid size. In ad-
dition, this measurement allows to define the average
shielding conditions of the meteorite during its CR ex-
posure age.

On January 157, 2020, the PRISMA all-sky camera
network recorded a brilliant fireball in the skies of North-
ern Italy. Thanks to these observations, the expected
strewn-field was confined in an area of about 5 km? near
the municipality of Cavezzo, Modena (Gardiol et al.,
2021). Such analysis allowed to recover two meteorite
specimens in the predicted area just three days after the
event was observed. The analysis of geochemical, min-
eralogical and petrographic properties of both fragments
supported the classification of the Cavezzo meteorite as
an L5 anomalous chondrite (Pratesi et al., 2021), being
the first of this class. Similar observations about the
atmospheric path of fallen meteorites are available only
for 35 among all the officially classified meteorites (Co-
las et al., 2020; Gardiol et al., 2021). The analysis of
fresh-fallen meteorites, for which the pre-atmospheric
orbit has been determined, is of utmost importance in
planetary science, enabling for instance investigations
between particular meteorite groups and their source re-
gion in the Solar System.

To determine the activities of cosmogenic radionu-
clides in Cavezzo, we used a large-volume and high-
efficiency HPGe-Nal(T1) spectrometer located in the un-
derground Laboratory of Monte dei Cappuccini (Torino,
Italy). Such detectors allow for a non-destructive and
highly selective measurement of the y-activity of the
counted sample. Several meteorites have been measured
in this facility (see e.g. Taricco et al., 2008; Colombetti
etal., 2008, 2013; Taricco et al., 2016). In particular, the
activity of **Ti measured in 22 meteorites fallen to Earth
in the last 250 years, has been used to probe the GCR
flux and solar activity long-term modulation (Asvestari
et al., 2017; Mancuso et al., 2018, 2019).

The measurement of the main mass of the Cavezzo
meteorite indicated the presence of fifteen cosmogenic
isotopes with half-life down to few days. In this paper,
we focus on the methods developed to identify radioiso-
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Figure 1: The bigger (larger) recovered specimen (F2) of the Cavezzo
meteorite. An evident fusion crust is visible on most of the surface.
This specimen also presents a less pronounced secondary fusion crust
that may be related to fragmentation during its atmospheric transit. A
small portion of the surface does not show any fusion features probably
because of the impact on the ground (Gardiol et al., 2021).

topes with low gamma-activity and numerical simula-
tions to estimate the spectrometer detection efficiency.
Section 2 gives a brief review of the Cavezzo meteorite
recovery, chemical analysis and classification. In Sect.
3 we describe the instrumental setup, while Sect. 4
presents the measured spectrum and the counting rates
of identified cosmogenic radioisotopes. Section 5 de-
scribes the optimization technique for the coincidence
between the HPGe and the Nal(TI) detector signals, used
to reveal the faint activity of **Ti and *°Co. In Sect.
6 we describe numerical simulation implemented with
GEANT4 for the estimation of the dead layer thickness
and the detection efficiency of the HPGe spectrometer.
We draw our conclusions in Sect. 7.

2. Cavezzo meteorite: recovery and classification

The PRISMA network, born in 2016, was conceived
to achieve systematic surveillance of the Italian skies to
monitor fireballs and bolides (Gardiol et al., 2016; Gar-
diol, 2019) and is a partner of the FRIPON collaboration
(Colas et al., 2020). To date, the network deploys almost
70 stations, including operating ones and those in the



installation phase, distributed all over the country. Each
station is equipped with an all-sky camera operated at
30 Hz to capture the passage of bright meteors (Gardiol,
2019).

On January 1% 2020 at 18:26:53 UT, eight PRISMA
stations detected a brilliant fireball over Northern Italy.
The analysis of these observations pointed out that a
meteorite residue was most likely to have survived the
atmospheric transit and to be found on the ground. Anal-
ysis of the light-curve profile also suggested that the me-
teoroid body underwent fragmentation at about 30 km
height from the ground, so that smaller samples could
be expected along the final part of its trajectory. Three
days after the bolide was observed, two meteorite spec-
imens were found in the territory of the municipality of
Cavezzo (Modena province) at coordinates 44°49'43" 7
N 10°5819”.5 E, within the predicted area of fall. Spec-
imen n.1 (F1) weighs 3.1 g while specimen n.2 (F2), the
largest one, weighs 52.2 g. A picture of the biggest
samples (F2) is shown in Fig 1. More details about
Cavezzo search and recovery and fireball data analysis
are reported in Gardiol et al. (2021).

The analysis for classification and characterization of
the two samples of the Cavezzo meteorite has been car-
ried out at the Department for Earth Science of the
Firenze University (Pratesi et al., 2021). The texture,
crystal chemistry, and modal mineralogy of specimen
F2 are typical of an ordinary L chondrite. However,
specimen F1 shows different lithological and geochemi-
cal characteristics, oxygen isotopic composition and rare
element patterns. F1 sample also presents anomalous
texture, structure, and modal mineralogy compared to
typical L chondrites. Because of these discrepancies,
the Cavezzo meteorite has been classified as an anoma-
lous LS ordinary chondrite.

3. Experimental setup

The y-activity of the F2 sample was measured at the
Monte dei Cappuccini underground Research Station
in Torino with a large-volume, high-efficiency HPGe-
Nal(T1) spectrometer, named GEM90 (Taricco et al.).
This systems consists of a hyperpure germanium (HPGe)
crystal (2kg, 95% relative efficiency, resolution ~ 2 keV)
operating in coincidence with an umbrella of Nal(TI)
scintillator (55 kg). Figure 2 shows the F2 specimen
located on the top of the Ge crystal, surrounded by the
Nal(T1) annulus. A passive Pb-Cd-Cu shield surrounds
the spectrometer and nitrogen is continuously flushed
inside this cavity to minimize the contribution of the
ambient radon and its decay products, to prevent humid-
ity and avoid condensation on the cold parts (including

Figure 2: GEM90 HPGe detector surrounded by the Nal(T1) annulus.
The F2 specimen is placed on the top of the germanium crystal. The
six photomultiplier tubes on the top of the Nal annulus are also visible.

electronics). The natural shielding of the rock under
which the laboratory is located (70 meter water equiva-
lent) provides a cosmic u rate 30 times less than at the
surface level, thus considerably reducing the background
counts.

The GEM90 multi-parametric acquisition system al-
lows for the independent recording of HPGe and Nal(T1)
signals which are stored together with their timestamps
(Colombetti et al., 2008; Colombetti, 2009), allowing
to perform coincidence between Ge and Nal events by
post-processing these data (see Sect. 5).

4. Gamma-activity measurement

The 7y-activity measurement of F2 specimen of
Cavezzo took place about three weeks after the sample
was recovered and lasted ~ 45 days. The counted y-
ray spectrum in normal mode (HPGe alone) is shown in
Fig. 3. Several peaks are visible, both related to natural
(black) and cosmogenic (red) radioisotopes. Thanks to
the high selectivity and low background of the system,
and to the coincidence between the two detectors, we
were able to measure the activity of fifteen cosmogenic
radionuclides, down to values lower than 0.1 decay per
minute (dpm). All the other peaks that are visible in the
spectrum are due to the y decay of naturally occurring
radioisotopes in both the sample and the surrounding
environment, such as 23U, 23>Th and their daughters
along the decay chain in secular equilibrium (e.g. 2'?Pb,
2l4Bj, 226Rq, 214pp, 228 Ac and 28T1). The most intense
photo-peak, at the energy of ~ 1461 keV'!, is due to the

VAll energy levels, transition energies and branching ratios are
retrieved from the Nuclear Structure and Decay Data database (www.
nndc.bnl.gov/nudat3)
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Figure 3: The Cavezzo meteorite y-ray spectrum in normal mode (HPGe alone, ~ 45 days counting time). Some peaks are highlighted and
associated with the related cosmogenic (red) or natural occurring (black) radionuclide.

Nuclide Decay mode Half-life E, [keV] BR [%] Counts per day [cpd]
4Ca B~(100%) 454d 1297.09 67 137 + 71
2Mn €(70.6%) - B*(29.4%) 56d 1434.09 100 50 + 42
By €(50.1%) - B*(49.9%) 16.0d 983.53 99.98 51+7

1312.11 98.2 35+8
Sicy €(100%) 27.7d 320.08 9.91 25+6
"Be €(100%) 53.2d 477.60 10.44 31+3
BCo €(85.1%) - B*(14.9%) 70.9d 810.76 99.45 13+2
%Co €(80.3%) - B*(19.7%) 77.2d 856.77 99.94 15+2
1238.29 66.5 7+2
468¢ B7(100%) 83.8d 889.28 99.98 21 +2
1120.55 ~100 8+2
SCo €(100%) 271.4d 122.06 85.6 28+3
34Mn €(100%) 312.20d 834.85 99.98 195+3
22Na €(9.6%) - 8*(90.4%) 26y 1274.54 99.94 130 +2
60Co* B~(100%) 53y 1173.23 99.85 1.52 + 0.36
1332.49 99.98 1.54 + 0.44
44Ty €(100%) 592y 1157.02* 99.9 44+08
261 €(18.3%) - B~(81.7%) 717 ky 1129.67 2.5 3+1
1808.65 99.8 64.6 + 0.9
0K €(10.7%) - B~(89.3%) 1248 My 1460.82 10.66 327 +4

Table 1: Activity of cosmogenic radionuclides measured in the Cavezzo meteorite, reported to the date of fall. (*) Measured with the coincidence
technique. (%) Gamma emitted by its short-lived daughter *4Sc.



decay of K.

Table 1 lists all the detected cosmogenic isotopes,
together with the relevant decay information and the
measured count per day (cpd) corrected by the decay
factor, that is reporting the measured activity to the date
of fall. Short-lived radionuclides with half-lives up to
few days, such as 47Ca, 52Mn and 48V, are detected, thus
undoubtedly confirming the recent fall of the meteorite
and its link with the New Year’s Eve fireball.

The measured activities of >*Mn, 22Na, 26A1 and YK
are determined within an uncertainty of about 1%, while
most of the other radionuclides were counted on less
intense photo-peaks thus resulting in a relative error of
the order of 15%.

On the other hand, 4’ Ca and 2Mn activities have been
estimated with a fairly high uncertainty, since their half-
life is as short as 5 days so that they were halved already
4 times at the start of the measure. We determined the
activity of these radionuclides on the partial acquisition
of 17 days because the two peaks were totally submerged
by the background after this period. Particular attention
must be paid to the detection of >>Mn. The two other
major lines of the >Mn decay (744.23 and 935.54 keV),
with a branching ratio (BR) greater than 90%, were never
detected in any partial spectrum. Two photo-peaks are
indeed visible close to these energies, but their counts
can be fully explained by the activities of naturally oc-
curring radioisotopes 2>*"'Pa and 2'*Bi 2. The >Mn line
at 1434.09 keV indeed suffers from background interfer-
ence of 2*"Pa at 1434.14 keV (BR = 0.00973%), but the
subtraction of the two peak integrals results in a small
positive residue which could be possibly attributable to
2Mn decay. Concerning 4’Ca, we determined its ac-
tivity with a relative error of approximately 50% and
no background peaks were expected in the neighboring
channels of the spectrum.

The peaks of *Ti and ®°Co are not visible at all in
the normal HPGe spectrum shown in Fig. 3. Therefore,
we exploited the higher selectivity of our spectrometer
provided by the coincidence between HPGe and Nal(T1)
detectors, as described in details in the following section.

5. Coincidence optimization for **Ti and *’Co detec-
tion

The GEM90 acquisitions on HPGe and Nal(TI) scin-
tillator are independently recorded by the digital acqui-
sition chain of the detector (Colombetti et al., 2008;

2Line of 23*MPa at 742.81 keV (BR = 0.11%) and 2!*Bj at 934.06
keV (BR = 3.09%)
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Figure 4: Surface representation of the two-dimensional Ge-Nal spec-
trum. White circles highlight the two regions of higher counts due to
the coincidence between the annihilation y’s and the 1809 keV line of
26

AL

Colombetti, 2009), allowing us to obtain independent
spectra for the two detectors. Figure 4 plots the two-
dimensional spectrum, that is the number of events
recorded in the HPGe detector in coincidence with events
on the Nal scintillator, as a function of their energies.
For instance, the sharp vertical lines at 1275 and 1809
keV represent the major y’s of the 2’Na and 2°Al decays
detected on the HPGe in coincidence with the annihila-
tion radiation detected on the Nal scintillator, with two
regions of higher counts in correspondence of 511 and
1022 keV, as highlighted by the white circles in Fig. 4
for 26Al. Oblique lines originates from partial energy
depositions on both detectors. The most intense one
starts from an energy of ~ 1461 keV on both axes and is
due to the major line of K.

By the integration of the two-dimensional spectrum
on the whole Nal energy range, one can obtain again the
normal spectrum shown in Fig.3. On the other hand,
integrating over limited ranges allows to compute coin-
cidence spectra.

Coincidence between HPGe and Nal detectors was
needed to measure **Ti and ®°Co activities, since it pro-
vides a substantial reduction of the background level and
allows to perform event selection.

*Ti has a half-life of Ty/;=59.2 + 0.6 yr (Ahmad
et al., 1998; Taricco et al.) and decays by electron cap-
ture (100%) into **Sc. Relaxation to the ground state
corresponds to the emission of two ys of ~ 78 keV
(96.4%) and ~ 68 keV (93%) or a single y of ~ 146
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Figure 5: Ge total spectrum (panel a) and corresponding Ge coinci-
dence spectrum obtained using both 511 and 1022 keV windows (panel
b) in the energy range of 1148-1163 keV. Red and green dashed lines
represent 214Bi peak at 1155.21 keV and **Sc peak at 1157.02 keV,
respectively. The Levemberg-Marquardt parametric fit for the 214Bi
peak in the normal spectrum (red curve) and for the **Sc peak in the
coincidence spectrum (green curve) are also shown.

keV energy (0.092%). These low-energy peaks lie in a
spectral region with high background level and cannot
be accurately revealed. Therefore, to measure the ac-
tivity of *Ti we can rely on the decay of its short-lived
daughter **Sc (T}/2 ~ 4 h) which is in secular equilib-
rium with its parent. **Sc turns into **Ca by 8* decay
(94%) emitting a 1157.02 keV y (99.9%).

Unfortunately, the y line of *Sc at 1157.02 keV suf-
fers from the interference of an intense peak at 1155.21
keV, only ~ 2 keV away, originated by the 8~ decay of the
natural occurring 2'#Bi radioisotope. Figure 5a shows
the normal Ge spectrum in the **Sc—>!*Bi peak region.
It is evident that the signal from **Sc is totally submerged
by 2'*Bi counts (red curve) and a confident estimation of
44Ti activity is not achievable on this spectrum. To over-
come this issue, we can exploit the difference between
the decay of **Sc (8* decay) and 2'*Bi (8~ decay). The
positron emitted by the 8* decay of **Sc annihilates with
one electron within the sample to produce two collinear
vs of 511 keV energy simultaneously to the emission of
the 1157.02 keV y. Therefore, we can perform event se-
lection by using the coincidence between the 1157 keV
v revealed in the Ge detector and the 511 and 1022 keV
annihilation y’s detected by Nal(T1) scintillator.

To obtain the coincidence spectrum, it is crucial to de-
termine the optimal energy windows for Nal(T1) signals,

which must be as wide as several tens of keV due to the
poor resolution of such scintillators. Furthermore, the
choice of the 511 keV window is particularly tricky due
to a 609.32 keV (45.44%) vy emitted by 2'*Bi (simulta-
neously to the 1155.21 keV ), that must not be included
in the 511 keV window (Taricco et al., 2007; Colombetti
et al., 2008).

To optimize the choice of the coincidence windows for
the detection of **Ti, we applied the approach introduced
in Gardiol et al. (2017). In particular, we consider the
whole ensemble of all possible coincidence windows
(for both 511 and 1022 keV), parametrized through their
centre ¢ and their half-width w. Then, we extract the
coincidence Ge spectrum for each (¢, w) and compute the
4Ti and >'“Bi counting rates through a double peak-fit
(Simonits et al., 2003; Colombetti et al., 2008). The final
coincidence window is chosen according to a particular
figure of merit, looking for a simultaneous minimization
of 2'*Bi interference and maximization of **Ti signal-
to-noise ratio.

This optimization algorithm is performed indepen-
dently for both 511 and 1022 keV windows. Figure 5b
shows the sum of the coincidence spectra obtained in
these two cases. It is evident that the 2'*Bi interference
is strongly reduced and the **Ti peak (green curve) is
well visible above background level, which has been re-
duced by a factor more than 20 with respect to the normal
spectrum. Finally, in order to correct for the count loss
due to the application of the coincidence windows, the
4Ti activity measured in the coincidence spectrum is
normalized to the C /N ratio of the 26 Al peak at 1808.65
keV (Taricco et al.), which is the ratio between the peak
counts in the coincidence (C) and normal (N) spectra.
This enables us to estimate the **Ti counting rate of
4.4 + 0.8 cpd.

A similar approach is applied to measure the faint
activity of ®Co. This radionuclide decays through the
B~ channel by emitting two y’s at 1173.23 keV (y, BR
= 99.85%) and 1332.49 keV (y2, BR = 99.98%) from
the de-excitation of the daughter ®*Ni. The coincidence
spectra are built in two cases: the y; peak detected on
the HPGe in coincidence with the y, peak detected on
the Nal(T1) scintillator and vice versa.

Figure 6 shows the results of the coincidence window
optimization for 9°Co detection. The peaks related to y;
and 1y, are not visible in the Ge total spectrum (panels
a and c) but become visible in the coincidence spectra
thanks to the significant reduction of the background
level (panels b and d). By selecting the optimized win-
dows, the normalized counts of the y; peak is equal to
1.52+0.36 cpd, while for the y, line we have 1.54 +0.44
cpd. In this case, the counts of both peaks are normal-



80 1173 keV (Ge) cginc, 1173 keV (Ge) + 1332 keV (Nal)
: @ proorrre "o ]
70 £ ' E r '
h 6L a
1 | L T
0 IR ]

counts / bin
S
T

N
T

%
o

counts / bin

N
o

|

1. g I
1170 1172 1174 1176
keV Ge

ol

w
o

‘ H
1170 1172 1174 1176
keV Ge

1332 keV (Ge) cginc. 1332 keV (Ge) + 1173 keV (Nal)
L T T I T LI T
' (© [ ! (d) 1

©
o

~
o
T
o
T
1

o
o

counts / bin
o
o
counts / bin
S
e

e [la.n [ il
L_—L‘U'_._A :LJ Uﬁ_u_l—‘ !

| P il B T
?328 1330 1332 1334 1336
keV Ge

N
o
N

L1
3?328 1330 1332 1334 1336
keV Ge

Figure 6: Coincidence window optimization for ®*Co detection. (a)
Ge normal spectra in the energy ranges centered at 1173.23 keV (panel
a) and 1332.49 keV (panel c). Panel b shows the coincidence spectrum
between the detection of the 1173.23 keV peak on the Ge crystal and
the 1332.49 keV peak on the Nal scintillator. Vice versa for panel d.
A fit of the peaks is also shown (red curves). Red dashed lines are
in correspondence of the 1173.23 and 1332.49 keV peaks of ©°Co. A
two-channel binning is performed in this case over both spectra.

ized to their C/N ratio, which are estimated from a
coincidence analysis performed on the measurement of
the activity of our ®Co standard (see Sect. 6). The
measured counts of the two peaks are consistent, as a
countercheck of the accuracy of our coincidence opti-
mization method and count loss normalization, even in
this challenging experimental conditions. In fact, these
two %°Co lines have very similar BRs (see Table 1) and
the detector efficiency does not vary significantly over
this energy range.

6. Detection efficiency simulations with GEANT4

In order to deduce the activity of a radionuclide from
the y spectrum, it is necessary to estimate the detection
efficiency. For this purpose, we used the Monte Carlo
simulation toolkit Geant4> (Agostinelli et al., 2003; Al-
lison et al., 2006, 2016), useful to simulate the passage
of particles through the matter and developed by the
Geant collaboration at CERN. It provides an extended
library of virtual classes, to be implemented for the spe-
cific case study, allowing for a custom modelling of the
experiment to be simulated. Thanks to this approach,
Geant4 is currently used in several research areas, in-
cluding high energy, nuclear and accelerator physics, as
well as studies in medical and space science.

3Geant4 version 10.2 patch-2 (geant4.web.cern.ch)

Standard | Energy [keV] cpm
1129.67 0.40 £ 0.01
2641 1808.65 8.86 +0.02
1808.65 - 511" | 0.26 + 0.01
2938.32 0.051 + 0.002
40K 1460.82 74.05 + 0.07
1460.82 - 511* | 0.59 £ 0.03
1173.23 1314 + 9
80Co 1332.49 1207 + 13
2505.69 66 £ 2

Table 2: Results of the measurements of the 26A1, 40K and ®0Co
standards. The counts per minute (cpm) of each considered peak are
shown with their uncertainties. We also report the result on single-
escape peaks of the main lines of 2°Al and “OK (*).

Energy [keV] | measured cpd | simulated cpd
1129.67 15.1 £0.7 16.0 £ 0.8
1808.65 4343 + 0.6 450 + 4

1808.65 - 511 11.5+0.6 132 +0.8
2938.32 1.6 £0.1 1.3+0.2

Table 3: Comparison between measured and simulated cpd of 2°Al
peaks with their uncertainties for the Dhajala meteorite.

To estimate the detection efficiency, we need to deter-
mine the actual dead layer (DL) thickness of the HPGe
detector. In fact, as a consequence of years of usage and
thermal cycles of the apparatus, it can increase, thus en-
larging the insensitive volume of the Ge crystal. There-
fore, we deduced the actual DL thickness by comparing
simulation results with measurements of 20Al, “°K, and
0Co standards. Table 2 summarizes the results of such
measurements. We simulated these activities by increas-
ing the DL thickness from its nominal value (0.7 mm,
provided by the constructor) up to 5 mm, with a step
of 0.3 mm. The result of such procedure for the ®Co
standard is shown in Fig. 7. For each peak, the DL
thickness is estimated as the intersection of the simu-
lated values (red curve) with the experimental results
(black horizontal line).

The results of such procedure are shown in Fig.8 for
26 A1 (blue), 49K (orange), and 0Co (green) standards.
Our best estimate is the weighted mean of all these val-
ues, i.e. 3.29 + 0.06 mm (red horizontal line in Fig.8).

It should be emphasized that the obtained DL thick-
ness could not correspond with the actual thickness of
the outer contact layer of the Ge crystal. On the contrary,
it must be addressed as an equivalent dead layer thick-
ness, which takes into account also possible inaccuracies
in the modelling of the HPGe geometry and allows for a
fine-tuning of the simulation. For example, the end and
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hole bullet radius of the Ge crystal are given by their
nominal values but their size is not precisely known, af-
fecting the active volume determination. Furthermore,
the simulation accounts for the energy deposition within
the active volume, but the charge collection process is
not modelled. The detection efficiency can be lowered
by an incomplete charge collection at the contact layers,
especially in the low-field regions at the edges of the Ge
crystal.

The estimated DL is then used to simulate the mea-
surement of the Dhajala meteorite, an H3/4 chondrite
fallen on 1976 in India (Graham, 1978). This also al-
lows us to verify that the self-absorption of the sample is
correctly taken into account in the simulation. The me-
teorite specimen was counted at our laboratory (Taricco
et al., 2008). It has a volume of 245 cm?, a mass of 706
g (p =2.88 g cm™>) and a roughly squared form, which

Figure 9: Snapshot of the Geant4 simulation of Cavezzo activity. The
meteorite is placed over the end cap window of the HPGe detector.

was modelled as a parallelepiped of sides 7.0/6.5/5.4 cm.
Its composition was obtained from Gupta et al. (1978)
and normalized to 100% neglecting elements under 1%
of mass fraction. The 2°Al activity of our sample was
measured to be 52.3 + 0.22 dpm kg~!. The Dhajala
spectrum was simulated 100 times.

Table 3 shows the comparison between measured and
simulated counts of the 20 Al peaks with their uncertain-
ties, which result to be overall in agreement, except for
the 1808.65 keV peak where however the discrepancy is
small (3% ).

Finally, the detection efficiency for each radionuclide
of interest is obtained by simulating the measurement of
the Cavezzo meteorite. Figure 9 shows a snapshot of
the activity simulation of Cavezzo, with the meteorite
placed above the end cap window of the HPGe detec-
tor. The meteorite, having a roughly cubic form, was
modelled as a cube of 2.5 cm sides. For each of the
revealed radioisotopes, we simulated one million decays
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for 100 times. We calculated the net counts as the mean
of the 100 runs and, finally, we deduced the detection
efficiency (14). An example of such simulation for the
122 keV peak of 3’Co is shown in Fig.10. The blue
histogram, which is fitted with a gaussian distribution
(black curve), represents the statistics of the peak inte-
gral counts. The mean value is shown by the vertical red
line, corresponding to an efficiency value of n4 = 4.299
+ 0.002 %.

7. Conclusions

Cavezzo is an L5 anomalous chondrite felt on January
157 2020 in Northern Italy and is the first meteorite re-
covered by the Italian PRISMA all-sky camera network.

The vy-activity measurement of such meteorite re-
vealed the presence of cosmogenic radionuclides with
half-lives down to few days, thus confirming the recent
fall of the sample, and we were able to measure activi-
ties below 0.1 dpm, by virtue of the high efficiency and
high selectivity of our y-ray spectrometer at the Monte
dei Cappuccini underground Research Station in Torino
(Italy).

The measurement of the faint activities of **Ti and
0Co has been performed thanks to the coincidence op-
timization between the HPGe and the Nal(TI) detectors.
The optimization of the coincidence window allowed
to almost completely remove the interfering signal due

to the natural occurring >'#Bi, thus enabling us to esti-
mate a “*Ti counting rate of 4.4 + 0.8 cpd. By applying
a similar approach, we were able to reduce the back-
ground level and to detect the 1173 and 1332 keV peaks
of ©°Co, which normalized counts turned out to be equal
to 1.52 + 0.36 cpd and 1.54 + 0.44 cpd, respectively. In
general, this optimization technique is useful whenever
the coincidence between any pair of events can be used
to detect the presence of a given radionuclide.

We estimated the detection efficiency of our spec-
trometer thanks to Monte Carlo simulations with the
GEANTH4 toolkit. The detector equivalent DL thickness
was estimated by simulating the activity of three differ-
ent standards by varying its value from 0.7 mm (nominal
value) up to 5 mm. The comparison between measured
and simulated activities allowed as to obtain an estima-
tion of such parameter as 3.29 + 0.06 mm.

We simulated the measurement of the Dhajala mete-
orite (H3/4 chondrite fallen on 1976 in India) to ver-
ify the correct modelling of the self-absorption of the
sample. The overall agreement between measured and
simulated counts for the main peaks of 2°Al provided
the validation of simulation. A small but still significant
bias, of about 3%, was found only for the 1808.65 keV
line of the Dhajala spectrum. This may be attributable
to the fact that, at present time, we are not considering
the uncertainty contribution due to the indetermination
of our estimate of the DL thickness. This can lead to
an underestimation of the error associated to final values
of decay efficiency given by our simulation, and will be
addressed in future work.

Finally, the detection efficiency for each radioisotope
has been evaluated by performing Monte Carlo simula-
tions of the Cavezzo measurement with the GEANT4
toolkit. The activity of all cosmogenic radionuclides
measured Cavezzo will be discussed in a forthcoming
publication.
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