
Eur. Phys. J. Plus         (2020) 135:468 
https://doi.org/10.1140/epjp/s13360-020-00487-5

Regular Art icle

Lesson learned from the recovery of an orphan source
inside a maritime cargo: analysis of the nuclear
instrumentations used, and measures realized
during the operations

A. Malizia1,2,a , R. Perna3,4, R. Melmeluzzi3,4, P. Di Marcello3,4, A. Chierici2,5,
F. d’Errico2,5, S. Febrini3,4

1 Department of Biomedicine and Prevention, University of Rome Tor Vergata, Via di Montpellier 1,
00133 Rome, Italy

2 International Master Courses in Protection Against CBRNe Events, University of Rome Tor Vergata, Via
del Politecnico 1, 00133 Rome, Italy

3 Italian Firefighters, Italian Ministry of Interior, Piazza del Viminale, 1, 00184 Rome, Italy
4 Atomic Laboratory, Italian Firefighters, Scuole Centrali Antincendi - Vigili del Fuoco, Piazza Scilla,

2, 00178 Rome, Italy
5 Department of Civil and Industrial Engineering, University of Pisa, Largo Lucio Lazzarino 2, 56124 Pisa,

Italy

Received: 3 March 2020 / Accepted: 23 May 2020
© Società Italiana di Fisica and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract In this paper, the authors analyze the case study of the recovery of an orphan source
of 60Co inside a maritime cargo full of metal wastes in the Italian Harbor of Genova carried
out by the Italian Fire Fighters. Orphan radioactive sources or Radiological Dispersal Devices
are a critical security issue in large geographical areas, and they result in a safety concern
for people who may become accidentally exposed to ionizing radiation. The abandonment
of orphan sources can usually be related to three factors: human errors, cost reasons (in order
to avoid the payment of disposal procedures), or malevolent purposes (like the production
of dirty bombs). The present data concern the nuclear safety measures implemented during
the recovery event and the pool of procedures carried out in order to reduce the risks for the
involved harbor operators. Following data collection and analysis, an important lesson about
the management of such events and scenarios can be learned.

1 Introduction

The risks related to the illegal transportation and introduction of radioactive and nuclear (RN)
materials is still an unsolved problem despite all the technical and political actions taken after
September 11, 2001 [20]. The illegal introduction of RN materials can also provoke serious
economic consequences which may involve a large fraction of the national emergency system
[34]. While several actions have been taken into consideration at a political, managerial and
technological level [16, 17, 25], a comprehensive cooperation between the relevant authorities
is still missing; moreover, the existing reluctance of the shippers and harbor operators to

a e-mail: malizia@ing.uniroma2.it (corresponding author)

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjp/s13360-020-00487-5&domain=pdf
http://orcid.org/0000-0002-4123-1716
mailto:malizia@ing.uniroma2.it


  468 Page 2 of 12 Eur. Phys. J. Plus         (2020) 135:468 

implement effective inspection regimens (which may delay the shipments) could cause a RN
emergency situation [20].

Orphan sources have damaged the health of people when abandoned in scrap yards or in
foundries [5, 27, 38], resulting in a strong impact on the environment and the economy of the
involved countries. The motivations behind these actions can be unpremeditated (an accident
or a human error), intentional (in order to avoid the payment of disposal costs and relying on
the shielding capability of the metals surrounding the source) or malevolent (a clandestine
importation of orphan sources to create dirty bombs). Since the detection through radiation
portal monitoring systems can be very difficult, it is not uncommon to come across a scenario
[12, 13, 32] like the one occurred in the Italian Harbor of Genova, where an orphan source
of Cobalt-60 (60Co) was found in a maritime cargo full of metal wastes. In order to reduce
the risk connected to such events, it is of primary importance to improve the effectiveness
of the emergency response system. The scientific community is already studying innovative
measuring systems to prevent the illegal introduction through harbors of RN materials hidden
inside cargo containers [10, 11].

Among all the possible parameters, the nuclear instrumentation used to perform the mea-
surements of the radioactive levels is a key aspect to be considered; a review of the main
nuclear instruments that can be used for radioactive detection and identification can be found
at [18]. The review describes the detection technologies which are commonly used in several
application fields, like in nondestructive or passive methods and medical imaging [1, 2, 8, 9],
and in the detection and identification systems for emergencies [7, 15, 19, 35, 37] moreover,
instruments have been classified based on the different kinds of detectable ionizing radiation
of interest, like neutrons [6, 21, 22, 24, 31, 39], charged particles and X or gamma photons
[4, 26, 33, 36].

In this paper, the authors analyzed the nuclear instrumentation used to identify and, subse-
quently recover, an orphan source of 60Co hidden inside a maritime cargo located in the port
of Genova: all the procedures carried out to safely recover the involved radioactive source
were studied and summarized in order to design operative guidelines which could constitute
an important lesson about the management of these particular emergency scenarios.

2 Identification of a 60CO source inside a maritime cargo

The maritime cargo container considered in this work came from the Middle East, and it
contained copper material destined to an Italian foundry. Once arrived in Genova Harbor, the
cargo was checked by the Italian Fire Fighters in accordance with the standard procedures
which are usually carried out during the management of all the cargo containing metals. In
particular, the cargo was carefully monitored because a cargo full of explosive was previously
sequestered in the harbor of Gioia Tauro; therefore, the risk of finding triggering devices in
other cargos was considered relatively high. Once the Fire Fighters detected the high level
of the emitted radiation, an alarm was sent; then, the cargo was placed in an isolated area of
the Genova harbor in order to be carefully monitored and to carry out the source recovery
procedures described in the current paper.

2.1 Nuclear Instruments description and configuration

The purpose of the operations carried out during the recovery scenario in Genova harbor
was to confirm both the position and the activity of the 60Co source hidden inside the cargo
container, and to verify the possible presence of other RN sources.
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The instruments which were used during the detection procedures were all commercial
instruments with an uncertainty in a range of 10–15%. A HDS-100 G/GN detector [28, 29]
and two PDR77 detectors equipped with an IM263 radiometer and two GM (Geiger–Müller)
DT616 probes [14]. The HDS-100G/GN detector is specifically designed to search for and
identify RN materials during radiological threats scenarios (such as illicit trafficking and
Radiological Dispersal Devices or RDDs); it features both a CsI(Tl) scintillator and a plain
silicon diode as sensitive elements: the scintillator allows to perform spectrometry and low
gamma dose rate measurement, while the diode is commonly used during high gamma
dose rate measurements. Moreover, the HDS-100G/GN detector is equipped with a LiI (Eu)
scintillator, which allows it to carry out neutron measurements if needed. The nominal energy
range of the response is between 30 keV and 3 MeV for gamma-rays and X-rays, and between
0.025 eV and 15 MeV for neutrons; the dose rate measuring range is between 0.01 µSv/h
and 100 µSv/h.

The PDR-77 detector does not have the ability to detect neutrons, but it is a more rugged
detection system which hosts different probes for the measurement of alpha and beta particles,
and of X-rays and gamma-rays. The alpha probe responds to alpha particles above 3 MeV,
while the X-rays probe features channels for different energy ranges: The 17 keV channel
has lower and upper thresholds of 12.5 keV and 21.5 keV, respectively; the 60 keV channel
has limits between 50 and 70 keV; the “PEAK ALIGN” channel has, instead, thresholds of
70 keV and 95 keV.

During the intervention in Genova harbor, two beta/gamma probes of the PDR77 detector
have been used (DT616). Beta/gamma probes are energy compensated in order to provide a
tissue equivalent dose–response, which starts to drop at energies below 100 keV. The probe
can be operated in two different configurations based on the status of the window covering
the detection area: when the window is opened, the detector includes the contribution of
beta particles to the measured dose rate, otherwise, the contribution from beta particles is
neglected. In 2010 (at the time of the intervention in the port of Genova), the HDS-100
G/GN was the only instrument of the Italian Fire Fighters able to transmit data through wi-fi
communication; during such event, it had to exclude the presence of other radionuclides
rather than detecting a 60Co source. Regarding the DT616 probes, they are very flexible
instruments and allow to assess the dose value in a very short time frame; each probe features
two GM tubes, one specific for the detection of low dose rates and one for the detection of
higher dose rates [14]. In order to recognize in nearly real-time the highest value of the dose
rate detected on the field, the IM263 radiometer was configured with a throughput rate of
1 SPs (samples per second) in order to give a near-instantaneous readout of the dose rate
magnitude.

All instruments were calibrated in response to a 137Cs radioactive source. Before their
use in Genova, a preliminary evaluation of the overestimation errors caused by exposure to
high energy gamma-rays emitted from 60Co was also performed. The instruments were then
mounted in a custom tool case and assembled with a data transmission system and a power
supply (Fig. 1a). The white label on the tool case indicates the position of the PDR77 probe
number 1.

During the calibration measurements, the readout difference between the two GM DT616
probes was used to estimate the required sideward movement of the tool case. Once the
readout from the 2 GM DT616 probes was not significantly different, the tool case was
moved vertically (Fig. 1b) to find the point of maximum irradiation. Figure 2 shows the
position of the tool case on the crane.

Specific instrumentation from Mirion to Canberra was selected in order to allow the
operators to control the devices and receive data by a safe distance.
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(a) (b)

Fig. 1 a Scheme of Custom tool case final configuration. b Picture of the tool case final

Fig. 2 Tool case placed on the crane for the measurements

Besides the HDS-100 G/GN and PDR77 detectors, several FH40 Digital Survey Meters
[40] (Thermofisher) were distributed to the operators working in the radioactive area in order
to constantly monitor the dose level and to trigger an alarm in response to an exceeded dose
threshold. The FH40 is a wide range digital Geiger counter suitable for nearly all measurement
tasks arising in radiation protection: through the optional plug and play probes, it allows us
to perform an alpha, beta, neutron and gamma measurements. The dose rate measuring range
of the FH40 is between 10 nSv/h and 1 Sv/h within an energy range of 30 keV to 4.4 MeV,
while the dose measuring range goes from 100 nSv to 10 Sv. The operators, located in the
control room of the operational area, were able to monitor the measured values from all the
instruments involved in the recovery procedures, and at the same time, they were able to
communicate directly with the CBRNe first responders deployed on the field.
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Fig. 3 Dose rate values measured around the maritime cargo

Some of the operators were positioned on a fire ladder, and they were equipped with a
Rados TLD dosimeter RDS-30 (Mirion), a Dose Rate Meter 6150AD—AD60 (Automess)
[3] and a FH40 featuring a wireless data transmission system to check in real-time the
dose rate. The RDS-30 Radiation Survey Meter is a gamma radiation detector that has been
designed for applications involving abnormal radiation levels. The detectable radiations are
gamma and X-rays from 48 keV to 1.3 MeV, and the dose rate measuring range goes from
0.01 µSv/h to 100 mSv/h. The AD60 consists of a GM counting tube to measure photon
radiation (gamma and X-radiation), and it provides both analog (0.1 µSv/h—10 mSv/h) and
digital (0.01 µSv/h—9.99 mSv/h) display modes. The RDS-30 was used to let the operators
to directly visualize the cumulated dose and, thanks to its “Time to Dose” function, to estimate
the time that could be spent in the area within certain exposition values before reaching the
alarm dose threshold value. The AD60 was mounted on a telescopic stick and used to monitor
the dose rate values during the phase of the maritime cargo approach.

2.2 Measurements

In order to recover the radioactive source hidden inside the cargo container, a campaign of
measurement was specifically designed. First of all, measurements were taken at different
spots in order to study the variation of the intensity exposition rate generated by the 60Co
source. To perform such measurements, a FH40 detector, positioned at 120 cm from the
ground level, was used. The second set of measurements was carried out using the AD60
mounted on the telescopic rod to place the probe in contact with the left wall of the maritime
cargo. By moving along the walls of the cargo, the maximum dose rate value measured was
700 mSv/h at the center of the wall, at 60 cm from the ground (Fig. 3). This value decreased
by ten orders of magnitude by moving the probe 2 meters away from the wall itself.

Since the fluence rate was non-homogeneously attenuated by the material inside the cargo
(and by the cargo itself, the values of the dose rate measured on the three sides of the maritime
cargo were affected as well. Variations related to the distance from the cargo and the ground
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Fig. 4 Iso-dose rate graphs

Fig. 5 Iso-dose rate graph on the cargo side of the left wall

level were also found. Nevertheless, iso-dose rate graphs of 2, 6 and 25 µSv/h were drawn
to identify and design an approach plan and operations aimed to manage the cargo and, at
the same time, to reduce the risks for the operators involved in the procedures (Fig. 4). The
measured values increased when the instruments were placed close to the left corners of the
cargo; however, the situation was different when the dose rate measurement was carried out
on the left side of the cargo container (Fig. 5 and Table 1), showing a dose rate of 6 µSv/h.

A spectrometric analysis was performed with an ORTEC Detective-EX®-100T [30], and
it confirmed the presence of 60Co (Fig. 6a–d). A EX®-100T detection system allowed also
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Table 1 Dose rate values
measured at different distances

Distance from the left wall of the cargo
(m)

Measured values (µSv/h)

70 8.7

60 11.9

50 17.1

40 26.7

30 47.5

20 107

15 190

10 428

8 668

6 1188

5 1711

4 2674

3 4755

2 10,698

1 42,794

to perform high-resolution gamma spectroscopy with confirmatory neutron detection. Such
operation was executed on three sidewalls of the maritime cargo, which had a higher level of
shielding (front, back, and right sides), in order to avoid saturation of the instruments. The
purpose of these measurements was to exclude the presence of other radionuclides rather
than 60Co.

3 The network of nuclear instrumentation for constant monitoring during the recovery
of a 60CO source inside a maritime cargo: design and fundamental measurements

The maritime cargo was placed inside a “C shaped” structure created with 9 shielding cargos
(Fig. 7a). The “C shaped” construction was necessary to guarantee an additional shielding
layer for radio-protection purposes. Since a large fraction of the radiation was attenuated by
the copper in the cargo, it was not possible to completely characterize the source; therefore,
an extra safety layer was required. During the construction of the “C shaped” structure, the
operators were protected by water-filled cargos used to shield the contaminated cargo. The
first two cargo levels formed a unique welded structure fixed with concrete material, which
guaranteed a shielding height of up to 5 meters from ground level. The third level of cargos
was, instead, placed on the previous block: a housing of 10 cm height was created in order
to insert the probes of the instruments inside of it (Fig. 7b). The instruments had to work
correctly inside the “C shaped” structure, and they had to check constantly if the dose rate
exceeded 700 mSv/h. Therefore, it was of primary importance that the instrumentation used
did not reach signal saturation; in order for the instruments to not become blind, only gamma
measurements were performed during the recovery operation.

The measurements near the “C shaped” structure were performed using 3 PDR77 detectors
equipped with IM263 radiometers and GM DT616 probes, as shown in Fig. 7c. In order to limit
the attenuation of the transmitted data caused by the concrete and to directly operate the IM263
radiometers (for the operations of re-set, change of battery or eventual substitutions) with no
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(a) (b)

(c) (d)

Fig. 6 a Back part of the maritime cargo. b Right wall of the maritime cargo. c The left wall of the maritime
cargo. d The left wall of the maritime cargo (Spectra detail)

risk to the operators, a scaffolding was placed between the 2nd and 3rd level of the shielding
cargos. The area outside of the “C shaped” structure was also monitored with dedicated
instrumentation to check the value of background radiation (which was expected to be higher
than the natural level during the recovery operation). The instrumentation used consisted in
GF145 probes with RA141C radiometers (featuring an upper limit in the measurable dose
rate of 10 mSv/h), which were placed on the edges of the “C shaped” structure (Fig. 7d);
such instruments were only interrogated in case of need during the operations. In order to
exclude other risks, a small hole was created in the contaminated maritime cargo, in order to
insert a video-camera to transmit real-time images. In fact, it was necessary to verify that no
potential triggering devices, which could provoke a potential explosion during the operation
(“Dirty Bomb” scenario1), were hidden inside the cargo. The hole was used also to collect a
sample of air inside the cargo to verify the possible contamination of the material kept inside
the container and caused by the radionuclide present.

The dose-rate was measured before starting the recovery operation (Fig. 8a), then the
material was removed from the contaminated cargo using an unmanned vehicle with a large
nipper to open the roof wall and collect the contents (Fig. 8b). During the recovery, the
nipper extracted all the copper skins; then, the material extracted was checked with a PDR77
detector equipped with an IM263 radiometer and a GM DT616 probe to find the source;
during the operation, the radioactive contamination was also monitored by means of a FH40
radiometer equipped with a Thermo probe Fhz732 (Fig. 8c). During the recovery operation,
measurements were performed with a TRP2 robot from Otomelara S.p.A. and dose rate
values over 150 µGy/h were measured in the copper skin containing the 60Co source; the

1 This action was planned and realized with the help of the Bomb Squad of the Italian Police State.
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(a)

(b)

(c) (d)

Fig. 7 a Position of contaminated cargo. b Position of instruments for the “C shape” control area. c Position
of the probe inside the “C shape” area. d Position of the instruments for the control out of “C shape” area

high dose rate values recorded triggered an immediate alert in the control room. However, the
operations were safely conducted, and the recovery of the source was completed by sealing
it inside a lead container and transported away. The measured dose-rate decreased to a safe
level after the sealing. (Figure 8d).

4 Conclusion

The recovery of a 60Co source from the harbor of Genova (Italy) was one of the most
important radioactive emergencies handled by the Italian Fire Fighters during recent years.
Such a scenario constitutes a fundamental case study to learn about the main operations which
must be carried out in order to safely measure, identify and rescue an orphan source in an
unconventional situation. The operation was divided into three critical phases. During phase
1, the maritime cargo and the surrounding area were monitored to evaluate the risks related
to the recovery operation and to design a functional shielding to surround the contaminated
cargo. During this phase, the calibration, use, and analysis of the measurements coming
from the instrumentation have been fundamental to generate a background radiation map
and understand the nature of the radioactive source. During phase 2, a shield with a “C
shaped” geometry was built starting from 9 cargo containers to protect the operators during
the recovery of the material in the cargo and set a network of instruments to control the
level of radiation once the cargo was open. Finally, in phase 3, the source was identified
and sealed safely in a lead container. The complexities of this operation have been several,
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(a) (b)

(c) (d)

Fig. 8 a Measures before the recovery operations. b Nipper to open the cargo roof and remove the material.
c Robot during the operations on the cargo material. d Recovery and sealing of the 60Co source and sealing
in a lead container

and they can mainly be summarized in the following way: handling the source in a confined
environment with difficult access using unmanned vehicles; monitoring the level of radiation
in the different phases using instrumentation and completing the intervention; minimizing
the dose delivered to the operators. The operators that have worked close to the contaminated
maritime cargo were Fire Fighters, professionally exposed to class A from the Italian Atomic
Lab of the Italian Fire Brigades Emergency Direction. All goals were successfully achieved
and the intervention was safely completed. Moreover, given the reference limits for exposed
workers and the limits for general population [23], the firefighters and the staff present during
the operations did not absorb a dangerous level radioactive dose.

Acknowledgements The acknowledgments for these data are for the Italian Ministry of Interior the Atomic
Laboratory of the Italian Firefighters, the Firefighters Commands of Roma ad Genova and the Bomb Squads
of the Italian Police State Department. A thanks to Ing. Michele Mazzaro (Italian Fire Fighters - Qualified
Expert of 3 level for the first phase of operation), Ing. Luca Rosiello (Italian Fire Fighters - Qualified Expert of
3 level for the first phase of operation), Ing. Alessandro Segatori (Italian Fire Fighters – Logistic coordinator
of the operation and responsible for the “C shape” building), Ing. Marco Frezza (Italian Fire Fighters, Main
Coordinator of all the operation mentioned in this paper) and Ing. Giuseppe Paduano (Italian Fire Fighters,
manager of Atomic Laboratory). The authors want to thank also the University of Pisa and the University of
Rome Tor Vergata for the support in this work.

123



Eur. Phys. J. Plus         (2020) 135:468 Page 11 of 12   468 

References

1. S. Agosteo, Overview of novel techniques for radiation protection and dosimetry. Radiat. Meas. 45(10),
1171–1177 (2010)

2. S. Agosteo, P.G. Fallica, A. Fazzi, M.V. Introini, A. Pola, G. Valvo, A pixelated silicon telescope for solid
state microdosimetry. Radiat. Meas. 43, 585–589 (2008)

3. Automess (2019). https://www.automess.de/6150AD_E.htm
4. M.M. Bourne, C. Mussi, E.C. Miller, S.D. Clarke, S.A. Pozzi, A. Gueorguiev, Characterization of the

CLYC detector for neutron and photon detection. Nucl. Instrum. Methods Phys. Res. Sect. A Accel
Spectrom. Detect. Assoc. Equip. 736, 124–127 (2014)

5. M. Braeckeveldt et al., The belgian approach and status on the radiological surveillance of radioactive
substances in metal scrap and non-radioactive waste and the financing of orphan sources. in Proceedings
of the 11th International Conference on Environmental Remediation and Radioactive Waste Management
ICEM2007 (2007)

6. R.D. Breukers, C.M. Bartle, A. Edgar, Transparent lithium loaded plastic scintillators for thermal neutron
detection. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrom. Detect. Assoc. Equip. 701, 58–61
(2013)

7. F. Campi, A.A. Porta, Sensitivity tests and risk evaluation for steelworks portal systems. Radiat. Meas.
39(2005), 161–173 (2005)

8. S.G. Cappello, C. Pace, A. Parlato, S. Rizzo, E. Tomarchio, Gamma-ray irradiation tests of CMOS sensors
used in imaging techniques. Nucl. Technol. Radiat. Prot. 29(suppl), 14–19 (2014)

9. F. d’Errico, A. Di Fulvio, M. Maryañski, S. Selici, M. Torrigiani, Optical readout of superheated emulsions.
Radiat. Meas. 43, 432–436 (2008)

10. F. d’Errico, F. Felici, A. Chierici, R. Zagarella, Detection of special nuclear material with a transportable
active interrogation system. Eur. Phys. J. Plus 133, 451 (2018)

11. F. d’Errico, G. Felici, R. Zagarella, A novel and transportable active interrogation system for special
nuclear material interdiction. in: Enhancing CBRNE Safety & Security: Proceedings of the SICC 2017
Conference, ed. by A. Malizia, M. D’Arienzo. (Springer, Cham, 2018b)

12. R. Downes, C. Hobbs, D. Salisbury, Combating nuclear smuggling? Exploring drivers and challenges
to detecting nuclear and radiological materials at maritime facilities. Nonprolif. Rev. 26(1–2), 83–104
(2019). https://doi.org/10.1080/10736700.2019.1610256

13. K.E. Duftschmid, Over the border—the problems of uncontrolled radioactive materials crossing national
borders. J. Radiol. Prot. 22, 31–43 (2002)

14. A.J. Eastburg, Assessing the dose after a radiological dispersal device (RDD) attack using a military Radiac
Instrument. Master of Science in the School of Mechanical Engineering, Georgia Institute of Technology
(2010). https://smartech.gatech.edu/bitstream/handle/1853/39604/eastburg_amy_j_201005_mast.pdf

15. E. Fanchini, Performance of an RPM based on Gd-lined plastic scintillator for neutron and gamma
detection. IEEE Trans. Nucl. Sci. 63(1), 392–399 (2016)

16. G.M. Gaukler, R. Cannaday, S.S. Chirayath, Y. Ding, Detecting nuclear materials smuggling: using
radiography to improve container inspection policies. Ann. Oper. Res. 187(1), 65–87 (2011)

17. G.M. Gaukler, C. Li, Y. Ding, S.S. Chirayath, Detecting nuclear materials smuggling: performance eval-
uation of container inspection policies. Risk Anal. 32(3), 531–554 (2012)

18. M. Giot et al., Nuclear instrumentation and measurement: a review based on the ANIMMA conferences.
EPJ Nucl. Sci. Technol. 3, 33 (2017)

19. K.A. Guzmán-García, H.R. Vega-Carrillo, E. Gallego, J.A. González, R. Méndez Villafañe, A. Lorente, S.
Ibañez-Fernández, Performance of 10B + ZnS(Ag) neutron detectors in RPM for the detection of special
nuclear materials. Radiat. Meas. 107, 58–66 (2017)

20. B.S. Henderson, Analysis of the Frequency and Detectability of Objects Resembling Nuclear/Radiological
Threats in Commercial Cargo. (2019). Physics.soc-ph. arXiv:1901.03753

21. J. Heyse, M. Anastasiou, R. Eykens, A. Moens, A.J.M. Plompen, P. Schillebeeckx, R. Wynants, Devel-
opment of a secondary neutron fluence standard at GELINA. in Proceedings of the 3rd International
Conference ANIMMA (2013), pp. 1–3

22. J.P. Hudelot, J. Lecerf, Y. Garnier, G. Ritter, O. Guéton, A.C. Colombier, F. Rodiac, C. Domergue,
A complete dosimetry experimental program in support of the core characterization and of the power
calibration of the CABRI reactor. in Proceedings of the 4th International Conference ANIMMA (2015),
pp. 1–8

23. ICRP, 2007 Recommendations of the International Commission on Radiological Protection (Users Edi-
tion). ICRP Publication 103 (Users Edition). Ann. ICRP 37 (2007), pp. 2–4

24. C. Jammes, P. Filliatre, B. Geslot, T. Domenech, S. Normand, Assessment of the high temperature fission
chamber technology for the French fast reactor program. IEEE Trans. Nucl. Sci. 59, 1351 (2012)

123

https://www.automess.de/6150AD_E.htm
https://doi.org/10.1080/10736700.2019.1610256
https://smartech.gatech.edu/bitstream/handle/1853/39604/eastburg_amy_j_201005_mast.pdf
http://arxiv.org/abs/1901.03753


  468 Page 12 of 12 Eur. Phys. J. Plus         (2020) 135:468 

25. J.I. Katz, G.S. Blanpied, K.N. Borozdin, C. Morris, X-Radiography of Cargo Containers (2007).
Physics.soc-ph. arXiv:0708.2546

26. C.C. Lawrence, M. Febbraro, M. Flaska, S.A. Pozzi, F.D. Becchetti, Warhead verification as inverse
problem: applications of neutron spectrum unfolding from organic-scintillator measurement. J. Appl.
Phys. 120(6), 064501 (2016)

27. J.O. Lubenau, A Historical Overview of Orphan Sources and Radioactivity in Scrap Metals. Japan Health
Physics Society, Tokyo (Japan); 1 v; May 2000; [3 p.]; IRPA-10: 10. in International congress of the
International Radiation Protection Association; Hiroshima (Japan) (2000), pp. 14–19

28. Mirion, (2018). https://www.radpro-int.com/tld-1/tld-cards-whole-body/
29. Mirion, (2019). https://mirion.s3.amazonaws.com/cms4_mirion/files/pdf/spec-sheets/hds-handheld-

search-and-isotope-identification-device.pdf?1523553912
30. Ortec, (2019). https://www.ortec-online.com/-/media/ametekortec/manuals/detective-exdx-100t-mnl.pdf
31. S. Pomp, Tutorial on neutron physics in dosimetry. Radiat. Meas. 45(10), 1090–1095 (2010)
32. S. Pesente et al., Securing the metal recycling chain for the steel industry by detecting orphan radioactive

sources in scrap metal. AIP Conf. Proc. 1265, 387 (2010). https://doi.org/10.1063/1.3480208
33. P.B. Rose, A.S. Erickson, M. Mayer, J. Nattress, I. Jovanovic, Uncovering special nuclear materials by

low-energy nuclear reaction imaging. Sci. Rep. 2016(6), 24388 (2016)
34. H. Rosoff, D. Von Winterfeldt, A risk and economic analysis of dirty bomb attacks on the ports of Los

Angeles and long beach. Risk Anal. 27(3), 533–546 (2007)
35. I. Sakari et al., European Reference Network for Critical Infrastructure Protection: Novel detection tech-

nologies for nuclear security. JRC112304, EUR 29270 EN, ISBN 978-92-79-87925-8, ISSN 1831-9424
(2018). https://doi.org/10.2760/703301

36. B. Seitz, Position sensitive photon detectors for nuclear physics, particle physics and healthcare appli-
cations. 2012, JINST, 7:C01031. The International Conference On Position Sensitive Detectors, 12–16
September 2011, Aberystwyth, U.K (2012)

37. L. Sihver, N. Yasuda, Causes and radiological consequences of the chernobyl and fukushima nuclear
accidents. J. Nucl. Radiat. Sci. 4(2), 020914 (2018)

38. G. Takoudis, S. Xanthos, A. Clouvas, C. Potiriadis, Determining minimum alarma ctivities of orphan
sources in scrap loads; Monte Carlo simulations, validated with measurements. Nucl. Instrum. Methods
Phys. Res. A614, 57–67 (2010)

39. R.J. Tanner, L.G. Hager, J.S. Eakins, The response of the PHE neutron personal dosemeter in terms of
the proposed ICRU personal dose equivalent. Radiat. Prot. Dosim. 180(1–4), 17–20 (2018)

40. Thermofisher, (2019). https://www.thermofisher.com/order/catalog/product/4254002#/4254002

123

http://arxiv.org/abs/0708.2546
https://www.radpro-int.com/tld-1/tld-cards-whole-body/
https://mirion.s3.amazonaws.com/cms4_mirion/files/pdf/spec-sheets/hds-handheld-search-and-isotope-identification-device.pdf%3f1523553912
https://www.ortec-online.com/-/media/ametekortec/manuals/detective-exdx-100t-mnl.pdf
https://doi.org/10.1063/1.3480208
https://doi.org/10.2760/703301
https://www.thermofisher.com/order/catalog/product/4254002#/4254002

	Lesson learned from the recovery of an orphan source inside a maritime cargo: analysis of the nuclear instrumentations used, and measures realized during the operations
	Abstract
	1 Introduction
	2 Identification of a 60CO source inside a maritime cargo
	2.1 Nuclear Instruments description and configuration
	2.2 Measurements

	3 The network of nuclear instrumentation for constant monitoring during the recovery of a 60CO source inside a maritime cargo: design and fundamental measurements
	4 Conclusion
	Acknowledgements
	References




