
In: Radioactive Waste: Sources, Types and Management ISBN 978-1-62100-188-1
Editors: Satoshi Yuan and Wenxu Hidaka, pp. © 2011 Nova Science Publishers, Inc.

Chapter 1

DMNR: A NEW CONCEPT FOR REAL-TIME

ONLINE MONITORING OF SHORT AND MEDIUM

TERM RADIOACTIVE WASTE

Paolo Finocchiaro
Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali

del Sud, Catania, ITALY

ABSTRACT

One of the main topics in decommissioning and storage of radioactive waste is its
monitoring in the short, medium and long term. Whereas for the long term waste the
geological disposal is foreseen, or better the use of new “cleaner” reactors, the short and
medium term waste is currently packed into drums and either kept inside the production
site or transported to dedicated storage sites. In any case special care must be devoted to
the prompt detection of possible leaks due to structural weakness or accident.

Whichever the topological arrangement or the physical structure of the drums, the
goal would be measuring the radioactivity around each single drum. This could be done
by means of ordinary geiger-Muller counters, but the cost of such a solution would be
prohibitive. Therefore, what is usually done is a periodic check by operators (or robots)
plus some overall monitoring in fixed locations inside the repository itself.

Detector Mesh for Nuclear Repositories is a project for a prototype demonstrator of
the online monitoring of short-medium term radioactive waste, currently under
development at INFN-LNS Catania. Such a system is planned to be distributed, fine-
grained, robust, reliable, and based on low-cost components.

With the main purpose of counting gamma radiation, a new kind of mini-detector
was implemented that behaves like a scintillating geiger-Muller counter. It has to be
replicated in shape of a grid around each single waste drum. This system could also open
new perspectives on the modality of waste packaging and storage. What was proposed is
cheap scintillating detectors, readout by means of SiPM photosensors capable of
detecting the tiny light signals of few photons. This way one can easily place grids of 5-
10 radiation sensors around each waste drum, and record continuously the measured
activity in order to know its instant rate and also its history.

In order to build such a system one needs to perform a characterization of the
photosensors to be employed, and this was done for several families of SiPM in terms of
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gain, photon resolution, overall efficiency, noise, cross-talk. The cross talk evaluation, in
particular, is crucial in order to determine the lowest threshold attainable. This is why a
simple yet powerful analytical method was developed to measure it.

Front-end electronics and an FPGA-based counting system were developed, in order
to handle the data flow coming from the field sensors. Such a system also deals with the
redundant data transmission toward a console with a graphical user interface and a data
storage system. The redundant transmission is to be done simultaneously on differential
cables and wireless, using powerful low-cost units.

A robotic arm is being developed for remote ad-hoc inspection, both visual and by
using high resolution radiation detectors; other operations around the waste drums should
also be possible using the same robotic arm.

Test results with radioactive sources showed very encouraging performance in terms
of sensitivity, therefore a small demonstrator system will be placed around real
radioactive waste drums quite soon.

1. INTRODUCTION

The term radioactive waste (or shortly radwaste) indicates waste containing radioactive
material. It is usually produced as a residue of nuclear processes, such as nuclear fission, even
though industrial processes and medical applications may also produce radioactive waste.
Contrary to chemical waste dangerousness, radioactivity decreases with time, therefore one
could in principle seal and isolate the waste for some time until its radioactivity poses no
relevant risk. Unfortunately “some time” can range from a few hours to years for medical and
industrial radwaste, and up to tens of thousands of years for high-level waste from nuclear
fission reactors and nuclear weapons decommissioning [1].

As to radwaste disposal, the IAEA classification of Radioactive Waste [2] defines:

• high level waste (HLW);
• low and intermediate level waste (LILW);
• waste that can be cleared from nuclear regulatory control.

LILW is further separated into short lived and long lived waste according to the typical
decay time of its radioactivity. Operational waste from nuclear power plants typically falls
into the category of short lived LILW if it cannot be cleared from nuclear regulatory control.
Spent fuel would be HLW if declared as waste, whereas most of the currently produced
radwaste belongs is LILW.

The main approaches pursued so far to manage radwaste are segregation and storage for
short-lived wastes, near-surface disposal for low and some intermediate level wastes, deep
“geological” burial or transmutation for the long-lived high-level wastes.

A summary of the amounts of radioactive wastes and management approaches for most
developed countries is presented and reviewed periodically as part of the IAEA Joint
Convention on Safety of Spent Fuel Management and on the Safety of Radioactive Waste
Management. In particular, during the meeting held in Vienna on May 2009, all of the
representatives “recognized that safety of spent fuel and radioactive waste management is a
crucial and difficult topic, and that there are considerable areas for improvement”, and
“recommended that the safety of spent fuel and radioactive waste management be taken into



DMNR 3

account from the very beginning”. This means that so far there is no final decision worldwide
concerning the disposal of radwaste, and that there is room for R&D, improvement and
innovation.

Decommissioning radioactive facilities produces different categories of radioactive
waste. How much waste is generated in each category depends on the timing of dismantling
operations. Postponing it may reduce the amounts of intermediate level waste (ILW) and
increase amounts of low level waste (LLW) and other waste that can be cleared from
regulatory control. This will influence disposal arrangements and costs. Recently several
countries have introduced the category of very low level waste (VLLW), that allows to
strongly reduce the cost of LLW disposal. However, disposal facilities do not exist
everywhere and therefore, if no appropriate disposal facilities for the amounts and categories
of waste are available, there are two possibilities:

• maintain the installation in safe enclosure mode or
• dismantle the installation, condition the waste and place it into suitable temporary

storage sites [3].

Countries without waste disposal sites apply long term safe enclosure policies for the
shutdown of their nuclear facilities. Even countries with some waste disposal options may not
have disposal options for all kinds of decommissioning waste. Materials (or equipment)
removed from a decommissioned nuclear installation typically fall into one of the following
four classes, even though with differences from country to country:

• materials that are to be stored (or disposed of) under controlled and monitored
conditions;

• materials that can be released for a specific restricted use outside the nuclear industry
(e.g. as the foundation for an airport runway);

• materials authorized for reuse within the nuclear industry;
• materials that can be cleared for unrestricted reuse or disposal [3].

In the following it will be briefly described the typical kinds of radioactive waste, their
radioactivity and the rough effect of shielding, the advantages of a continuous monitoring;
then the proposed solution will be described in detail.

2. THE RADIOACTIVE WASTE

The radioactivity of nuclear waste decreases with time, as every radioactive species
decays following the well known exponential law of Eq.1

! 

N(t) = N0e
"
t
# (1)

where N(t) is the population at the time t, N0 is the radioisotope population at a chosen initial
time, ! is the “decay constant” characteristic of each nuclear species. If we imagine to count
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the number of nuclei of a given radioisotope at the time t=0, and then to count it again after a
time !, we will find that its population is reduced by a factor

! 

N(")
N0

=
1
e
# 0.37 (2)

Therefore the decay constant !  is the time needed to reduce the population of the given
radioisotope to 1/e (37%) of the initial value. Quite frequently people make use of the “half-
life” T1/2 that is the time needed to reduce the initial population to 50%. From Eq.1 it follows
that the two constants are bound by the relation

! 

T1
2

= " # ln2
(3)

The new nuclear species produced by a radioactive decay can be, in its turn, radioactive
as well and undergo further decay governed by a different decay constant. This gives rise to
the so called “decay chains”. I do not go into the mathematical details of the combined decay
processes, however the overall conclusions are that:

• The longer the half-life the smaller the radioactivity will be, and vice versa.
• The observed decay rate behavior in radioactive materials is dominated by the

longest half-life of its radioactive components.
• Eventually all radioactive waste decays into non-radioactive elements, but this can

take seconds for some species and up to million years for others.

For instance, some radioactive elements such as 239Pu in “spent” fuel will remain
hazardous to living creatures for hundreds of thousands of years. Conversely other short-lived
radioisotopes, such as 131I which has an 8-day half-life, will be very active and dangerous
initially, but with a quickly decreasing hazardousness in matter of weeks or months. Type and
energy of the ionizing radiation emitted by the decay of each radioisotope represent important
factors to determine how dangerous it is. On top of this, the chemical properties of the
radioisotope, and of its possible “parents” and/or “children” along the decay chain, are
additional elements playing a relevant role in the effective hazardousness.

The main sources of radwaste are typically by-products of:

• Nuclear fuel cycle, including mining, enrichment, reprocessing, decommissioning.
• Nuclear weapons decommissioning.
• Legacy radwaste, that is radioactive waste produced decades ago and stored or

disposed of in several locations.
• Medical diagnostics and treatment.
• Industrial applications, like high-energy gamma radiography and oil well logging by

means of neutron emitters.
• Processing naturally radioactive material, like 40K that is contained in water and all

the minerals containing natural Potassium; remarkably, even oil, gas and coal contain
radioactive elements.
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The main radioactivity types are alpha, beta and gamma, also called “ionising radiation”.
In addition we can list nuclear fission and neutron emission.

• Alpha decay, typically occurring in heavy elements, consists in the emission of an
4He nucleus, also called “alpha particle”, with a given kinetic energy. Due to its mass
and electric charge it is not penetrating and is typically stopped within few
micrometers of matter.

• The beta decay can be positive or negative, depending on whether a positron (e+,
positive electron) or an electron (e-) is emitted. In both cases an additional neutral
particle is emitted, neutrino or antineutrino, which shares the available kinetic energy
with the beta particle. For this reason the beta energy of a given decaying species is
variable from 0 to a maximum value. The beta radiation is typically stopped within
few millimeters in matter or few centimeters in air, whereas the neutrinos basically
do not interact at all.

• The gamma decay consists in the emission of a high-energy quantum of
electromagnetic radiation (also called “gamma photon”) by a nucleus in an excited
state. The well defined excitation energy value is imparted to this gamma photon,
that is very penetrating. Depending on the energy, stopping gamma rays can require
from centimeters to meters of high-density materials (e.g. lead). X rays, also
produced in radioactive decays, are simply lower-energy gamma rays.

• Nuclear fission is the process where a heavy nucleus splits into two fragments,
generally releasing at the same time a few neutrons. The two fragments are typically
radioactive according to one or more of the previous decay modes and, being quite
heavy, are stopped immediately in matter. Conversely, the neutrons carry no electric
charge and as a consequence they are highly penetrating and do not produce direct
ionization. However, in order to lose kinetic energy thay have to collide directly with
nuclei, hence they will produce indirect ionization even at relevant distance from
their production point. In order to stop neutrons one needs special materials and
geometries.

All the listed types of radiation are emitted by the radwaste, in absolute and relative
amounts that depend on the particular composition. This is why each kind of waste might
need to be embedded in a suitable matrix, then surrounded by some shielding envelope and
finally inserted into some sort of mechanical assembly (typically a drum). Figure 1 shows a
simple sketch of the radiation types and their penetration level in ordinary radwaste.

According to the recommendations of IAEA, storage is an option that has to be
considered in any waste management strategy [4]. Proper storage should be available at all
stages in waste processing for isolation and environmental protection, and to facilitate
retrieval for subsequent steps. This is particularly important for LILW, which may be stored
to allow its radioactivity to decrease to levels that permit authorized discharge or reuse. This
is the case, for instance, with waste abundant in radionuclides of very short half-life (few
hundred days). Thus, when designing storage sites, sufficient additional capacity should be
foreseen as a reserve capacity for waste generated in any incidents or in the event that the
waste cannot be transferred off the site because, for example, a disposal facility is not
available.
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Figure 1. Sketch of the radiation types, and their typical penetration level, in ordinary radwaste.

An important point to be considered is the possibility that significant volumes of liquid
waste be generated, in which case one should foresee special collecting tanks instead of
drums. Such tanks should be made of chemically resistant material and surrounded by
secondary containment vessels, to prevent the spread of contamination in the event of any
leakage, and by adequate shielding layers.

3. CURRENT MONITORING METHODS

The stored waste packages should be kept at the same integrity level as when received,
until retrieved for further treatment, conditioning or disposal. IAEA again recommends that
the design of the facility should permit radiation monitoring and inspection, including visual
or other examination of the waste packages, to obtain early indications of any physical
deterioration or signs of leakage [4]. Radiation monitoring and visual inspection is expected
to be performed whenever the waste is handled or moved (placed into storage, retrieved or
transported off the site), in order to protect workers handling the waste, to help preventing the
accidental spread of contamination and to provide an additional check of the record keeping
system. Therefore the basic operations to be routinely performed are [5]:

• Monitoring at source and in the environment.
• Monitoring the status of the containment for the radioactive waste in the storage

location.
• Monitoring changes in the characteristics of the radioactive waste, in particular if

storage is continued for extended periods, by means of inspection and regular
analysis.

The monitoring procedures officially employed at the moment mostly everywhere are
based on some preliminary characterization of the waste during the packaging phase, and then
on visual inspection and dose counting during its transport to the storage place. Periodical
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checks by means of handheld radiation detectors are scheduled, ambient radiation monitors
are installed in predefined locations inside the storage site, and environmental monitors are
installed outside. Ambient monitors usually feature several alarms, set at appropriate levels,
to ensure the detection, location and assessment of any leakage from the containment. These
monitors, however, only provide a rough overall indication, whereas localized leaks could go
undetected still being extremely dangerous for an operator who moves near the leaking
package for routine operations.

The characterization process, hopefully to be performed for all steps in radioactive waste
management, should include the measurement of physical and chemical parameters, the
identification of radionuclides and the measurement of activity content. This would allow to
keep track of the history of the radioactive waste packages through the stages of conditioning,
storage and disposal, and to maintain logbooks for the future. Not all of these measurements
are suitable to be realistically performed at all the stages, however. In several cases the
packages can be periodically checked by moving them to a characterization station, still
inside the storage site, even though this displacement procedure can in itself produce
additional risks of accidents.

The results of all these measurements must be recorded and retained and retrievable for
an appropriate period of time, along with all the relevant details on radioactive waste, on
waste packages, and on the contents of waste stores. At any time during storage it should be
possible to determine from the records the type, activity and characteristics of the waste
stored in each specified location [5].

Even though there exist rules, recommendations and laws regulating the management of
radwaste, there is a worldwide diffuse distrust toward it. From a scientific standpoint the
situation, at least for the short and medium term waste, is clear because the most relevant part
of the problem is the radioactivity that is well known and handled. However, the
technological implementation of the solution generates distrust, and quite often fears, that can
be sometimes justified and sometimes not. By surfing the web with the help of a search
engine one can immediately realize that the problem is not settled at all.

In the general conception of the population the words “nuclear” or “radioactivity”
immediately engender fears somehow connected with terrible weapons and the end of world
war two. Unfortunately the spread of psychological (or real) fears is much faster than the slow
persuasion by means of the development of knowledge and awareness.

Figure 2. A cartoon illustrating the question posed by radwaste monitoring information: to know or not
to know?
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A possible way out, in my opinion, could be represented by the information: in other
words, if the data concerning the radwaste monitoring could be measured in real time and
somehow made available online, this could represent a double achievement. On the one hand
the diffusion of information could provide a contribute to the overall knowledge of the
general public thus attenuating the fears; on the other hand it would prevent possible
accidents to go undetected (or worse, possible data manipulation aimed at hiding the real
danger connected with radwaste). The back face of this medal is that the data could also be
misused to spread false alarms and fears.

The question, jokingly posed in Figure 2, is therefore: to know or not to know?

4. REAL-TIME MONITORING AND DATA AVAILABILITY

From a technical point of view a real-time monitoring of radwaste packages was already
possible years ago, even though with some limitations. As it was said in the previous section,
ambient radiation monitors are typically installed in several locations inside the storage sites.
What one should do is replicating these systems in form of a mesh of detectors (i.e. geiger
counters) to be deployed all over the storage site around the packages and interconnected with
an overall transmission and control system. This could work in principle but posing a set of
operational issues, first of all the cost. The main features one would require to the radiation
sensors of such a system are:

• A mesh of detectors to be installed onto standard platforms hosting radwaste drums.
• Radiation hardness in order to withstand the expected radiation doses for nominally

10-100 years.
• Mechanical robustness and flexibility, so that one can easily modify their shape

without the need of fabricating different models for each different arrangement.
• Low intrinsic efficiency, in order to cope with the high and very high activity

reasonably expected near a leaking package, without being saturated.
• Linear sensor shape and size of the order of 1-2 meters, in order to “watch” at least

one full dimension of a drum (height or circumference).
• Possibility to freely choose at design stage the sensor geometrical efficiency, by

simply choosing a different length or width of the standard sensor.
• High sensitivity, required to detect radiation depositing only a small amount of

energy.
• Reliability.
• Possible position sensitivity, which could improve the leak detection features.
• Ease of handling and parts replacement.
• Low cost.

Moreover, the system should feature a robot, or robotic arm, providing remote visual
inspection of the drums and capable of high resolution radioactivity measurements by means
of a more sophisticated and specialized radiation detector. The robot should also be able to
replace failing sensors and/or electronic modules and batteries.
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As for the acquired data, the system should exploit some redundancy on the transmission
from the sensors to the control station, possibly making use of batteries to make up for power
failures and to keep the monitoring in operation also during possible displacements of the
platforms.

Under these conditions it could be possible to achieve a real-time three-dimensional
radioactivity map, capable of monitoring the expected decrease of radioactivity over time on a
drum-by-drum basis. Alarm levels and leak detection would be an additional benefit of such a
configuration.

Downstream from the hardware and the data acquisition software, the system should
feature a high-level software for graphical user interface (GUI) and a powerful database
engine for archiving/retrieval of all the information related to the waste packages. For
instance the history of monitored counting rates could be integrated in the database with the
data needed for waste characterization and for a national inventory of waste; moreover, the
records from the control processes for treatment, packaging and conditioning could also be
included, as well as the audit records for individual containers and packages. Accidents or
non-compliances with the specifications for waste packages, and the respective consequent
actions, should also be stored along with the monitoring records [4].

The database, which should be safely redundant (i.e. duplicated or triplicated in different
physical locations and protected against power failures), could then be interrogated at any
moment in order to extract and analyze data under many different correlation conditions. This
would constitute a powerful analysis tool for the detection of anomalous behavior, leaks,
damage, wrong operations, procedural defects or human mistakes. Finally, it could to a large
extent automate the production of the periodical reports to be submitted to the regulatory
bodies in compliance with the conditions of authorization.

5. THE PROPOSED SYSTEM: DMNR

A step further in this waste monitoring concept, I believe, comes with the Detector Mesh
for Nuclear Repositories (DMNR) project, currently under development at INFN-LNS
Catania with the goal of constructing a proof-of-principle prototype demonstrator of the
online monitoring of short-medium term radioactive waste [6],[7].

As shown in Figure 1 the main radioactivity coming out of a waste package is typically
gamma, even though in some cases one could have to deal with neutrons from fission. This is
why the focus was placed on the development of a new kind of mini-detector that behaves
like a cheap and simple scintillating geiger counter. The system is based on arrays of
scintillating optical fibers readout by means of SiPM photosensors capable of detecting the
tiny light signals of few photons. Simulations showed that even employing a thin fiber, this
sensor can detect gamma rays. Moreover, it was also proved that the same detection principle,
coupled to a neutron converter like 6LiF, could be usefully exploited to detect thermal
neutrons.

For the first prototype round fibers (1mm diameter) and square sensitive area SiPM
(1mm x 1mm, produced by SensL) were chosen, because the round fiber does not have any
preferential orientation with respect to the incident radiation, whereas a square SiPM is better
tolerant to slight misalignments with the fiber.



Paolo Finocchiaro10

Some front-end electronics and an FPGA-based counter set were also developed, in order
to handle the counting rate data flow coming from the fiber sensors. Such a system also deals
with the redundant data transmission toward a console with a graphical user interface and a
data storage system. The redundant transmission is done simultaneously on differential cables
and wireless, using powerful low-cost and low-consumption units also powered by
rechargeable batteries.

A robotic arm is currently being finalized for remote ad-hoc inspection, both visual and
by using high resolution radiation detectors; additional operations around the waste drums
will likely be possible using the same robotic arm. An overall sketch of the DMNR system is
shown in Figure 3.

It is worth to be noted that, due to the system modularity, the possible configurations
range from a complete monitoring system to a sort of small “black box” to be used as a
mobile monitoring system during displacements or transportation of radwaste.

Figure 3. Overall sketch of the DMNR monitoring system.

Table 1. Features of the DMNR system versus the general
requirements listed in section 4

mesh of detectors on platforms yes
radiation hardness !>10 years close to a drum with 10–100 mGy/h

robustness and flexibility
yes, plastic scintillators; SiPM not damaged by ambient light
exposure

low intrinsic efficiency yes, 1mm thick round plastic fibers
linear sensor shape, 1-2m long yes
geometrical efficiency can be chosen
by length or thickness

yes, fibers can be freely cut from spool

high sensitivity yes, SiPM can detect down to single photons
reliability yes, simple system
possible position sensitivity yes, by crossing fibers
ease of handling yes, only plastic cases
low cost yes (for mass production)
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The global features of the DMNR system as compared to the general requirements listed
in the previous section, are reported in Table 1.

6. THE BASIC SENSOR UNIT

6.1. The Scintillating Fiber

Based on the previously listed general constraints, and considering other overall safety
and redundancy requirements and concepts, a possible detector unit principle and an ensuing
overall setup of the system were sketched.

 

Figure 4. A scintillating fiber. On the right it is shown inside a black sheath acting as first mechanical
protection and ambient light shield.

Table 2. Properties of the scintillating fibers currently
employed in the DMNR project

Fiber type BCF-20
Core material Polystyrene
Cladding material Acrylic
No. of H atoms per cc (core) 4.82 x 1022

No. of C atoms per cc (core) 4.85 x 1022

No. of electrons per cc (core) 3.4 x 1023

Core refractive index 1.60
Cladding refractive index 1.49
Density 1.05
Numerical aperture 0.58
Cladding thickness, round fibers 3% of fiber diameter
Cladding thickness, square fibers 4% of fiber size
Trapping efficiency, round fibers 3.44% minimum, at each end
Trapping efficiency, square fibers 4.4% minimum, at each end
Emission color Green
Wavelength of emission peak (nm) 492
Decay time (ns) 2.7
1/e attenuation length (m) >3.5
Light yield (photons/MeV) ~8000
Operating temperature -20°C to +50°C
Vacuum compatible Yes
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The idea is to employ tiny plastic scintillators that are poorly sensitive to gamma
radiation and, if used in reduced size, would be yet less efficient. For the prototype system it
was decided to use plastic scintillating fibers (Figure 4), because they have the further
advantage of coming in a predefined shape that is also suitable for immediate geometric
modifications: one can cut them to a desired length and arrange them around the source at
will, even flexing or looping them. The main properties of the fibers currently being
employed are listed in Table 2.

Each detector consists of a scintillating optical fiber, 1-2 m long and 1 mm diameter,
which can be arranged around each drum in longitudinal and/or ring geometry (Figure 5). If
both geometries are adopted, the most likely leak position can be determined by combining
the increased activity measured by a longitudinal and a ring fiber.

Figure 5. A possible arrangement of the fibers around a radwaste drum (left), and a sketch of the sensor
working principle (right).

Each fiber can intercept radiation coming off the drum wall, mostly gamma rays, so that
the energy released inside its active volume is converted into scintillation light, that
propagates to both ends of the fiber itself. The scintillation efficiency of the fibers is about
8000 photons/MeV. Considering that (i) the expected gamma rays from nuclear waste have
energy below 2 MeV; (ii) the average energy (excluding zeroes) released in a 1 mm thick
fiber is roughly around 100 keV or higher, as resulting from GEANT numerical simulations
and shown in Figure 6; (iii) at least 6% of the produced scintillation light is conveyed to each
fiber end [8]; (iv) the photon detection efficiency, PDE, of a photodetector can be assumed of
the order of !20% in the emission wavelength range of the fiber (as shown below); as a
consequence the number of photons to be detected can be as low as few units, too low to be
managed by ordinary photomultiplier tubes. Moreover, photomultipliers would also pose
additional issues like cost, non-ruggedness, fragility, high-voltage power supply, damage
from accidental exposure to ambient light. Therefore one needs a rugged photodetector to be
coupled to each fiber end, with a sensitivity down to the single photon and capable of fast
timing, in order to select events in strict coincidence between the two fiber sides. When a
pulse is detected on both sensors within few nanoseconds, it is recognized as an ionising
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event and can then be counted and recorded to compute the overall activity. The coincidence
between the two fiber ends is required in order to reduce the spurious background counts due
to dark noise of the photosensors.

Figure 6. Average energy deposited in a 1mm diameter plastic fiber as a function of the incident gamma
ray energy, as resulting from numerical simulations performed with GEANT Monte Carlo code. The
line joining the simulated points was drawn as a guide for the eye.

 

Figure 7. Detection probability as a function of the impact position, for the individual photosensors and
combined, respectively for a 2.5m long fiber (lefthand plot) and for a 1m long fiber (righthand plot).
The average deposited energy was assumed 100keV (Figure 6), the detection threshold on each
photosensor was assumed 4 photons. Under these conditions one can see that the expected sensor
response is flat for the 1m fiber, and its non-uniformity for the 2.5m fiber is not dramatic (20%).

Figure 7 shows a rough calculation of the detection probability as a function of the
impact position for a gamma ray depositing 100 keV onto a fiber, using the parameters
indicated above in (i-iv). Assuming a Poisson distribution for the scintillation photons, and a
detection threshold of 4 photons on each fiber end, the plots report the individual detection
probabilities at each end (P1 and P2, dotted lines) and the coincidence probability for two
fibers 2.5m and 1m long.
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As to the radiation hardness, Acosta et al. [9] measured a 0.75 reduction factor of the
light transmission efficiency after irradiation with a 95kGy dose of gamma rays from a 60Co
source. In the proximity of a radwaste drum one can reach a dose rate of the order of 10-
100mGy/h [10], that corresponds to a time span around 100-1000 years. From this point of
view fibers made from glass scintillator, rather than plastic, would be still harder. However,
the long decay time of their scintillation light (!3ms) represents a limitation for pulse
counting activity measurement.

Using plastic scintillating fibers fast neutrons, beta and gamma rays can be detected,
whereas other high-energy charged particles, even though detectable with high efficiency,
never reach the fibers in a radiation waste environment. In order to make them sensitive also
to thermal neutrons, such fibers could be suitably doped or covered with some material that is
able to convert low energy neutrons (E < 1eV) into higher energy radiation, such as 6LiF.
Further details on this technique, that go beyond the scope of the present subject, can be
found in ref.[11].

6.2. The Silicon Photomultiplier

In order to detect the scintillation photons produced by the fibers, the choice fell on the
recently born silicon photomultiplier, somewhere named SiPM, GAPD, SPM or MPPC,
depending on the manufacturer. In the following it will be denoted as SiPM. This device
consists of an array of identical photodiode cells, operated slightly above their breakdown
voltage in the geiger avalanche regime, with output terminals connected together. This way
the common output signal is the analog sum of those from many independent identical cells,
and the SiPM operates as a quasi-digital photon counter (Figure 8). Its peculiarity is the
sensitivity to single photons (see Refs. [12] and [13] and the references therein).

Figure 8. Sketch of the SiPM operating principle: the output is a charge signal directly proportional to
the number of elementary cells fired. The picture on the righthand side represents a close-up view of a
prototype SiPM, produced by ST Microelectronics, featuring 10x10 cells on a 0.5mm x 0.5mm area.
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With these two choices, scintillating fiber and SiPM, one should be able to meet the
efficiency and sensitivity issues. Unfortunately the SiPM is affected by intrinsic dark noise, in
the form of counts due to a single cell randomly triggered for thermal reasons and not
distinguishable from true photons. Moreover, it is also affected by cross-talk: whenever a cell
is triggered, the electrons in the avalanche can themselves generate a few visible photons
[12], and these photons have a finite probability to reach adjacent cells and trigger them.
Therefore, in order to reduce (or suppress) the spurious counts, it was decided: (i) to employ
two SiPMs, one at each end of the fiber, operated in coincidence; (ii) to set a suitable
detection threshold on each SiPM equivalent at least to 4 triggered cells.

Figure 9. Snapshot of a persistence plot on a digital scope, showing a collection of dark count signals
from a prototype SiPM not affected by cross-talk (the same non-commercial device shown in Figure 8,
produced by ST Microelectronics).

Figure 10. Snapshot of a persistence plot for another SiPM clearly affected by cross-talk. It is
immediately evident the need of two sensors, one at each fiber end, with suitable thresholds in order to
reduce the spurious counts.
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Figure 9 shows a persistence plot, made using a digital scope, with a collection of dark
count signals in a non-commercial prototype SiPM not affected by cross-talk (the same
device shown in Figure 8, produced by ST Microelectronics). Clearly visible are the random
noise signals involving two cells. In Figure 10 the same plot is shown for another SiPM
clearly affected by cross-talk. From the figure it is immediately evident the need of two
sensors, one at each fiber end, with suitable thresholds in order to reduce the spurious counts.

Figure 11 shows again the same kind of plot, but this time with the SiPM illuminated by
light pulses produced by a fast pulsed laser. Several bands are visible, each one corresponding
to a discrete number of photons detected.

Figure 11. Snapshot of a persistence plot with the SiPM illuminated by light pulses produced by a fast
pulsed laser. Several bands are visible, each one corresponding to a discrete number of photons
detected.

The ideal charge output of a SiPM should approximate digital information, i.e., a signal
which is an integer multiple of the elementary cell output, depending on the number of
detected photons. This, of course, only holds in the ideal case because of several reasons:

• Small differences between individual cells may result in fluctuations of the output
signal.

• Electrical noise, uncorrelated dark counts, afterpulses, and crosstalk can perturb the
output signal shape.

• A photon interacting with a cell while it is recharging gives rise to a smaller signal.
• A photon interacting in a boundary region between cells or at the wrong depth may

give rise to a smaller signal.

For all of the aforementioned reasons, what one expects as a SiPM charge spectrum when
it is illuminated with a low-intensity time-coherent light pulse is an overall Poisson
distribution modulated with gaussian peaks related to integer numbers of detected photons.
And this is actually what one finds, as shown in Figure 12 and Figure 13 where each peak
corresponds to an integer number of cells fired (i.e. photons detected).
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Figure 12. Charge spectrum of a SiPM (ST Microelectronics, 100 cells) illuminated with low-intensity
light pulses produced by a fast pulsed laser. An ORTEC FTA810B linear amplifier was employed.

Figure 13. The charge spectrum of Figure 12, under the same conditions, but using a linear amplifier
developed at LNS. The already excellent photon resolving power visible in Figure 12 is further
improved.

As mentioned earlier, the distribution of the charge signals from the SiPM, when
illuminated with low-intensity laser pulses, is a Poisson one that in principle should be
discrete. However, due to the mentioned effects, each single value is smeared in a gaussian

fashion and its width increases with the order n of the peak, following Eq.4, where "1 is the

width of the first gaussian (n=1).

! 

" 2(n) = n"1
2

(4)

The spectrum shape is then expected to be the convolution of a Poisson distribution with
several equally spaced gaussian peaks, as in Eq.5.
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A is a normalization constant, equal to the integral of the measured spectrum.
µ is the average value of the Poisson distribution.

c(n) represents the x-coordinate of the centroid of the nth peak.
Additional details about the fit procedure and slight deviations from this behavior can be

found in ref.[12].
The SiPM gain is defined as the number of elementary electrons created in response to

the interaction of one photon. Since each cell of the device operates in geiger mode, the
interaction of one photon produces an electron-hole pair, followed by an avalanche
multiplication. The avalanche multiplication factor is the gain, and it obviously depends on
the bias voltage. Within the operating range the gain is expected to grow linearly with the bias
voltage ([14],[15]). In order to evaluate the gain for each bias value, one has to measure the
spacing between peaks in terms of QDC (charge-to-digital converter) channels, and then to
scale it by the known QDC yield in terms of charge/channel and by the known gain of the
employed amplifier.

The dark noise figure is characteristic of each SiPM model, as it depends on the
manufacturer (different technologies), on the geometry of the elementary cell, on the
geometrical arrangement of the cells, on their number and overall size. In order to make a
reasonable comparison between the noise figure of several different SiPM models, the dark
count rate as a function of the counter threshold level was explored: a given value of the
threshold will prevent all pulses with lower amplitude from being counted. What one expects,
when reporting the data onto a plot, is a stepwise descending line that corresponds to
progressively removing from the counts the lower order peaks of the spectra of Figure 12 and
Figure 13. For each device tested (and for each bias value) the x-axis of the plot was
normalized to the position of the 1–photon peak, and the y-axis to the maximum count rate of
the device itself. This way all the data could be plotted on the same graph, with the number of
fired cells on the x-axis and relative counting rate on the y-axis. On Figure 14 this graph is
shown for the SiPM models/bias values listed in Table 3. The horizontal segments shown in
the lower left part of the plot indicate the statistical dark counting rate expected at 2–photon
level in case of no cross talk; the arrows are a guide to the eye for comparing these values to
the corresponding observed ones.

Table 3. Main features of the SiPM photosensors tested
with respect to their dark noise.

SiPM producer size (mm2) n. of cells bias voltage (V)
SensL 1x1 400 31
SensL 1x1 400 32
Hamamatsu 1x1 100 69.4
Hamamatsu 3x3 14400 72.5
ST Microelectronics 0.5x0.5 100 32.5
FBK IRST 1x1 100 31.5
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Figure 14. Dark counting rate as a function of the threshold, expressed in number of equivalent photons
or fired cells, for the SiPM sensors of Table 3. Each data series was normalized to its own maximum
value. The horizontal segments on the left indicate the counting rate expected at 2–photon level in case
of no cross talk; the arrows are a guide to the eye for comparing these values to the corresponding
observed ones.

By making use of the properties of the Poisson distribution one can easily derive the
cross-talk features of the tested devices. Indeed one can observe the overall counting rate,

assume it comes from purely statistical behavior and then call µmicro the probability of

occurrence of a dark count per unit time (1ns, for instance). This holds in the hypothesis of
micro uniformity over time: there is no correlation between dark counts, and therefore one
can easily calculate the expected poissonian probability of observing more than one count in a
given time interval. Conversely, by analyzing the spectrum as in Figure 13 one can directly
measure the probability of having more than one count in the same time interval (the time
interval is the duration of the integration signal on the data acquisition electronics). In this
second case one is observing a macroscopic Poisson distribution: the pulses come uniformly
distributed over time, but every now and then there might be some burst of two or more

correlated pulses. µmacro is the average probability of a dark count per unit time in this

second case. Once known the µmicro and µmacro values, it is straightforward to obtain the

probability of cross-talk by computing the difference between the observed probability of
multiple counts and the expected one (Eq.6).

! 

P(µmacro;k >1)" P(µmicro;k >1) = Pcrosstalk (6)

Indeed what we here called cross-talk should be more correctly called “correlated noise”,
therefore including also afterpulses; however, in this framework afterpulses play a minor role
than cross-talk. Figure 15 shows the three terms of Eq.6 for the devices/conditions listed in
Table 3. Notice that the non-commercial SiPM prototype produced by ST Microelectronics
shows no cross-talk, as expected, due to a technological process of opto-insulation around
each elementary cell which prevents secondary photons from reaching neighboring cells.
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Figure 15. The three terms of Eq.6 for the devices/conditions listed in Table 3: observed probability of
multiple dark counting (blue), expected probability of random multiple dark counting (green), cross-
talk probability (red).

Another issue which has to be addressed is photon detection efficiency (PDE) of the
photosensors. The typical method employed makes use of a Xenon lamp and a set of
diffraction gratings and wavelength selection grids, in order to produce monochromatic light.
This light is then sent into an integrating sphere, that is a hollow sphere coated with high-
reflectivity white material that guarantees a perfectly randomized distribution of the photons.
On the surface of the sphere one places a reference photosensor (namely a calibrated
photodiode) and the sensor under measurement (Figure 16). Knowing the geometrical
characteristics of the two sensors, one can determine the photon flux impinging on the
reference sensor and rescale it to the other one. Therefore people used to measure the
photocurrent on the SiPM, scale it down by the known gain and obtain the PDE.
Unfortunately this method is not suitable for silicon photomultipliers: the avalanche
multiplication also multiplies the correlated noise in an unpredictable mode. This is why the
manufacturers report on their datasheets PDE values which explicitly include the cross-talk
and afterpulses. How to measure the photocurrent getting rid of the correlated noise? Taking
advantage of the single photon sensitivity of the SiPM we devised a single photon counting
method. Instead of measuring a current we count pulses, making sure to keep the photon flux
so low that the probability of having more than one photon impinging on the sensor at the
same time is negligible [16], [17]. The method can be summarized into the following steps:

• The counter threshold is set on the 1-photon plateau (0.5-0.75 ph on Figure 14).
• The SiPM and the reference photodiode watch into an integrating sphere (Figure 16).
• The monochromatic light intensity is kept low (no 2-photon events on the SiPM).
• The digital pulse to the counter is long enough to miss afterpulses.
• Pulses are counted with and without light, signal counts are obtained by subtraction.
• The deadtime correction is applied.
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Figure 16. Sketch of the equipment used for the measurement of the Photon Detection Efficiency of the
SiPM.

In Figure 17 we show a sample plot with the result of PDE measurements done with this
method on two of the SiPM sensors listed in Table 3. The difference in the measured behavior
can be accounted for by the better fill-factor, i.e. geometrical efficiency, of the Hamamatsu
sensor (78% versus 36%) and by its known better efficiency below 450nm.

At the moment at LNS several families of SiPM are being characterized with respect to
gain, photon resolution, PDE, noise, cross-talk.

The mechanical arrangement of the SiPM with respect to the fiber in the aforementioned
radwaste monitoring environment is crucial: one needs to devise a solution that is at the same
time simple, robust and cheap (Table 1). With the aim of proving that this could be done, not
claiming it as a final solution, the opto-mechanical holder shown in Figure 18 was designed.
The basic sensor unit is then assembled by installing two SiPM sensors at the ends of a fiber
using the coupler and the mechanical support structure of Figure 19. The plastic tube
containing fiber and shield, shown on the left in Figure 19, can be chosen either rigid or
flexible according to the longitudinal or circular arrangement near a waste drum. Remarkably,
most of the mechanical parts of the sensor assembly (Figure 19), including the hooks to push-
clip them onto the platform, are off-the-shelf cheap materials easily available at any hardware
store.

Figure 17. Sample plot of Photon Detection Efficiency measured at several wavelengths for two of the
sensors of Table 3. The lines are only meant to guide the eye.
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Figure 18. Mechanical coupler between fiber and SiPM. From left to right, top to bottom: coupling
scheme; overall setup from the backside; the closed coupler box; the fiber inserted into the coupler and
the SiPM soldered onto its electronic mini-board; front view of the light coming from the fiber, as seen
by the SiPM. The black tubular sheath of Figure 4 was not yet installed here.

Figure 19. Exploded view of the prototype opto-mechanical coupler between fiber and SiPM, and of the
overall mechanical support structure for the sensor unit.

6.3. Front-End Electronics

Despite the physical amplification due to the avalanche multiplication, the output signal
of a SiPM is generally small. If we consider that the typical gain is around 105–106, the 1-
photon signal on an oscilloscope with 50# termination would result in an amplitude around
0.1mV. The first tests were done using a commercial high-level linear amplifier, namely
ORTEC FTA810B, featuring a linear gain around 200 with a bandwidth of 350MHz. After
such an amplification the same signal would be seen on the oscilloscope with an amplitude of
a few 10mV. Extensive measurements were done using this amplifier, and a sample high-
quality charge spectrum is shown in Figure 12. It was then decided to design a dedicated
amplifier, that was developed at LNS in discrete components SMD technology, featuring a
linear gain around 200 and a bandwith of 2GHz. A sample charge spectrum, taken under the
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same conditions as those of Figure 12, is shown in Figure 13. The 3" photon resolving power
in this configuration is actually astounding, about 116 versus 18 for the previous amplifier.

Employing this amplifier allowed a much more comfortable handling of the analog to
digital electronics, without recourse to a dedicated ASIC (Application Specific Integrated
Circuit). In particular a discrimination circuit was developed, in order to generate a digital
output pulse whenever an input pulse overcomes a predefined threshold value, along with a
fast digital coincidence circuit that only generates a digital output pulse when its two digital
inputs are true.

Each of the two SiPM outputs from a fiber is fed to an amplifier, whose output goes into
a discriminator. The outputs of the two discriminators are combined by the coincidence unit,
that will thus produce an output pulse only when a predefined amount of light is detected at
both fiber ends.

Figure 20 shows a sketch of the front-end electronics architecture for one fiber. The
output signal shape and type (analog or digital and polarity) are represented near each
component. It is worth to remark that a single FPGA can handle several fibers at once.

Figure 20. Scheme of the front-end electronics for one fiber. The output signal shape and type
(analog/digital and polarity) are represented near each component. It is worth to remark that a single
FPGA will handle several fibers at once.

6.4. Response to Gamma Radiation

In order to confirm the expectation about the fiber sensitivity to gamma rays, some tests,
simulations and precision measurements were perfomed. The first test concerned the rough
sensitivity, and it was done by simply placing a low-activity 60Co laboratory source in contact
with a sensor unit at three different positions, respectively denoted left, middle, right (60Co
emits two gamma rays with energy of 1.333 and 1.173 MeV). By recording on an event-by-
event basis the time difference between the arrival of the two light pulses at the two SiPM
sensors, a histogram was built whose x–coordinate is proportional to the coordinate along the
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fiber of the radiation interaction point [18]. Figure 21 shows the plots obtained in the three
cases, which prove that indeed gamma rays from the source were being detected.

Figure 21. Proof of gamma sensitivity of the fiber+SiPM sensor unit. A 60Co source was placed in three
positions along the fiber, and the corresponding position histograms were built by recording the time
difference between the arrival of the two light pulses at the two SiPM sensors.

Afterwards simulations were performed using the GEANT code, which included the fiber
material and geometry, the poissonian production of the scintillation photons, the properties
of the SiPM. Not being able to estimate the real properties of the optical contact between the
fiber and the SiPM face, it was assumed it contributed in a systematical way. In other words,
one expected to find a proportionality between the simulated and the measured data, with a
scaling coefficient independent of the gamma source type.

Due to the weakness of the available gamma sources, it was required to perform precision
measurements with the source placed at small distances from the fiber itself. This was done
by means of a micrometric translation stage holding the source. The measurements were done
using 60Co (1.333 and 1.173 MeV) and 137Cs (0.662 MeV) sources. Figure 22 reports the
results of simulations and measurements; the simulated data points were rescaled by a unique
systematical constant, to account for the unknown effect of the optical contact, of the
effective light yield of the particular fiber (in the simulation the nominal value was used), and
of the SiPM detection efficiency [19].

Figure 22. Efficiency of the fiber sensor to gamma radiation, as a function of the source distance, for
two different sources: 60Co and 137Cs. Open squares: simulation; full circles: measured data; line:
calculation assuming a 1/r dependence.
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Moreover, by assuming a point–like source and an infinite fiber length, one can easily
calculate the fiber solid angle as seen from the source, either by solving a simple integral or
even by elementary geometrical considerations. The geometrical efficiency thus resulting, i.e.
the ratio between the fiber solid angle and the 4$  total solid angle, is d/2$r where d is the
fiber diameter and r is the distance from the source. Two curves proportional to 1/r were
reported on the same plot (Figure 22) after normalization to the first data point of each series.
The conclusion, as can be easily verified on the plot, is that both the simulation and the 1/r
behavior reproduce pretty well the measured data.

7. COUNTING, READOUT AND USER INTERFACE

An FPGA-based counting unit was developed which was programmed to implement a set
of logic coincidence circuits, with a corresponding set of counters, and to handle the data and
control communications with the main console. FPGA (Field Programmable Gate Array,
Figure 23) is a programmable component that allows to build complex custom logic circuits
by means of software programming [20]. Its main advantages with respect to an ASIC
(Application Specific Integrated Circuit) are:

• Speed of prototyping, as one does not need to physically build any electronics, and
every elementary component is programmed.

• Protection of the investment on software against the obsolescence of the hardware.
• Low cost.
• Use of a standard hardware description language (VHDL), which can be migrated

across different FPGA models and manufacturers.

Figure 23. The prototype data acquisition and control unit based on FPGA, implemented on an Altera
Cyclone II FPGA development board.

The system chosen for the test implementation was an Altera Cyclone II FPGA
development board [21]. Each FPGA unit in the DMNR scheme (Figure 24), is meant to
handle one platform with all of its fibers, even though this is not a limitation due to the
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hardware but rather a choice to keep a better modularity. Indeed each platform is planned to
be self-consistent, e.g. hosting on-board all of its sensors and related electronics.

Figure 24. General scheme of the monitoring data acquision and transmission. Inside the storage site
there is a redundant transmission path over a Local Area Network and wireless (ZigBee). From there, a
connection to the Wide Area Network provides access to/from the web control authorities, other
organizations, private citizens.

Figure 25. The output data stream from each FPGA is made of frames. Each frame, related to a fiber,
has a start word, followed by the FPGA identifier and channel pinning down the fiber; then follow the
number of registered counts and the counting time interval. The last word is a global time stamp.

Each coincidence circuit looks after one fiber: whenever a digital signal is produced by
one of the two discriminators, the coincidence circuit waits a predefined time window
(typically 50ns) for the possible companion signal coming from the other side of the fiber. If
this is the case, a digital counter dedicated to that fiber is incremented by one unit. After a
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predefined counting time interval, the content of all the counters is sent to the console (Figure
25) along two redundand physical paths: a wired connection and a wireless one. Actually an
alternative solution was also implemented where the coincidence units are realized in
hardware, with the FPGA only taking care of the counters and controls. The choice between
the two solutions will be a tradeoff between cost and performance: software coincidence units
will require faster and more expensive FPGA’s, whereas employing cheaper FPGA’s will
require additional external coincidence hardware.

The basic features of the developed counting and readout prototype are listed below:

• The counting rate is measured on a fiber by fiber basis.
• Two readout policies are exploited at the same time: periodic and on-request.
• The counters are 32-bit deep, therefore in the hypothesis of a 1MHz counting rate a

counter could be operating up to 1.2 hours before each readout. However, periodic
readout intervals of seconds or minutes are automatically foreseen.

• The maximum input count rate is about 50MHz (in the current version).
• Scalability and modularity.

As already said, the coincidence between the signals from the two ends of a fiber is
needed to reject spurious (and noise) counts. Moreover, as the fiber length is of the order of 1-
2m and the speed of light inside the fiber is 20cm/ns, the two signals must be overlapping
within %10ns. A 20ns duration for the coincidence window should be enough, but for the
moment it was chosen to set 50ns to stay on the safe side. However, this duration can be
programmed in the range 20–100ns. Any signal pair falling outside the coincidence window
is disregarded as it does not represent a valid count.

The data transmission protocols implemented so far are UART RS232/RS422 (or RS485
multidrop), being the migration from one to another easily achieved via software. A standard
industrial bus and protocol will be advisable for a real implementation (ProfiBus, ProfiNet,
CanBus, Ethernet, etc.). As for the wireless transmission the activity is currently focused on
the implementation on ZigBee modules, which are rather cheap, easily programmed and have
a very low power consumption [22].

Once the data reach the console, on the one hand they are passed on to a storage process,
on the other hand they undergo an online analysis which allows to set up an interactive
synoptic table useful to the operators. The storage process, still under development, will
consist in the creation of a double copy logfile, one local and one remote. Moreover, it will
feed a suitable database that will be concurrently accessible by many processes at the same
time to retrieve and correlate hystorical data. The database, under well defined constraints,
will be browsable via web by the properly authorized subjects and entities.

As to the online analysis a test data structure was developed just to show the potentiality
of the application. Figure 26 illustrates the hierarchical data structure for a repository in the
DMNR architecture. Remarkable is that this structure can be dynamically modified and/or
rearranged, e.g. by redefining the number of fibers for certain drums, or the number of drums
in a platform. The top level is represented by the plant, which means that within the same
architecture one can handle many storage plants. Inside each plant there will be several
sectors, each one related for instance to a specific region of the repository, or related to a
different class of waste, or to a different storage setup. Inside each sector one can have several
groups, again exploiting possible physical or logical classifications. Finally, each group is
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made of platforms, made of drums made of fibers. The fiber is the lowest logical structure in
the hierarchy.

Figure 26. The hierarchy structure for a repository in the DMNR architecture. Remarkable is that this
structure can be dynamically modified and/or rearranged, e.g. by redefining the number of fibers for
certain drums, or the number of drums in a platform, etc.

The online monitor keeps checking the counting rate fiber by fiber, and on operator
request can open a dedicated window to display data at several levels of detail (Figure 27).
The instant counting rate of each fiber is displayed in both numerical and graphical fashion,
along with additional information concerning the deviation from the previous running
average. Moreover, there is a set of alarm levels, with corresponding thresholds, which can be
programmed in terms of sigma units. In the tests with sources 3, 4 and 5 sigma units were
adopted, respectively corresponding to a random deviation probability of 2.7&10-3, 6&10-5,
6&10-7. Every now and then there can be transient deviations, due to statistical fluctuations or
operations like displacements of drums, triggering temporary alarms. In case of a persistent
alarm the amplitude of the deviation is an indication of the severity, and it means there was a
relevant change in some condition like a new geometrical arrangement of some drum or a real
accident like a leak. Every alarm is automatically back-propagated through the hierarchy, i.e.
each unit in alarm will also set an alarm in its upper level unit (Figure 26).

An additional feature currently being studied is the determination of the absolute position
of the anomaly causing the alarm, based on crossed information from several different fibers.

The high level software, running under Microsoft Windows operating system, was
developed using the Object Oriented Programming Language C#. The graphical user interface
was developed in Windows Presentation Foundation (WPF) and Silverlight, that simplifies
the implementation of special graphical functions, animations, 3D drawings.
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Figure 27. Screen snapshot of the main control panel of the prototype DMNR graphical user interface.

Extending the proposed data architecture with the use of a suitable database will allow to
easily meet many of the IAEA specifications concerning quality assurance, as listed in ref.[4].
Quality records could be established and maintained for each waste package, based on
information to be automatically retrieved and assembled into periodical reports. The results of
such reviews could be archived and available online for a long time, even longer than the
formal requirements, also allowing to be easily used for long term statistical analysis.
Moreover, the availability of the whole history of a waste package may be important for
demonstrating the compliance of the waste package with the specifications, also ensuring the
traceability of its characteristics from the collection to the processing and storage.

Examples of the information that can be stored on a drum by drum basis are:

• The initial drum characterization data at production time, along with the key process
parameters during its pretreatment, treatment and conditioning.

• The calibration records for equipment and systems for process control.
• The characterization of the waste form and the associated container (e.g. material

certificates for the container and its lid and welds or seals, including quality control
tests and their records).

• The values of significant monitoring parameters, together with a history of the
counting rates, occurred displacements, storage locations.



Paolo Finocchiaro30

The data could be easily combined into graphs and histograms, and eventually included
into the periodical reports. In addition one could easily aggregate and compare data in order
to produce reports for several drums together from a uniform process batch (groups) as well
as for parts of a repository (sectors) or for entire repositories (plants).

8. MECHANICAL ARRANGEMENT: PLATFORM

AND ROBOTIC ARM

8.1. The Platform

In order to test the effective mechanical properties (overall size, load capacity,
mechanical stability, etc.) of a platform it was decided to design and construct a prototype
holding up to four waste drums (Figure 28). This preliminary version still lacks alignment
structures that should guarantee the self-alignment when stacking them, as well as the
electrical connection to a ground based power supply socket and data network. The current
version hosts eight fibers: four straight ones are located on the inside edge of the four vertical
struts (and can be spotted in Figure 28 right), and four circular ones below the phantom
drums. The fiber sensors are clamped to the structure by simply pushing them into hook clips
preinstalled on the platform. The electronics could be hosted at the center of the base frame or
fixed to the side of a strut. Other geometries are currently under study.

The platforms are foreseen to be loaded, unloaded, placed and displaced by hooking and
lifting them with an overhead travelling crane, equipped with suitable sensors and a motion
control system in order to guarantee the required mechanical precision. We remark that the
drums shown in Figure 28 are just hollow cylindrical phantoms, whereas the real drums
should be surmounted by some handle to allow hooking them individually with the crane as
well.

 

Figure 28. The prototype platform developed at INFN-LNS to test the effective mechanical properties
(overall size, load capacity, mechanical stability, etc.). It hosts eight fibers: four straight ones are
located on the inside edge of the four pillars, and four circular ones below the phantom drums. The
electronics could be hosted at the center of the base frame or fixed to the side of a strut. Other
geometries are currently under study.

The basic features of the final platform should be:
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• The fiber-based radiation sensors with the related electronics and battery should be
hosted on-board and, if possible, easily accessible and replaceable.

• The platform should have some additional sensors like an inclinometer and a
thermometer.

• It should have a modular structure, with possibility of stacking at least three units.
• Robust electro-mechanical spring connectors should be available for self-alignment

and power/data connection chaining.
• The data transmission system should be redundant, i.e. connected via cable and low-

consumption wireless modules.
• Each single drum must be equipped with tags, barcode and/or RFID, suitably

installed in predefined positions on its external surface.
• The platform should provide for robot operations like remote visual inspection and

handling, RFID and barcode identification, analysis with specialized radiation
detectors.

Figure 29 shows a pictorial view of a possible arrangement of platforms inside a waste
repository, while the overhead travelling crane is lowering a robotic arm for drum inspection.

Figure 29. Pictorial view of a possible arrangement of platforms inside a waste repository. Visible is the
overhead travelling crane while lowering a robotic arm for drum inspection.

8.2. The Robotic Arm

In such an environment a system for remote inspection becomes a must-have, and then
one has to think about a robot system. In most cases a robot will prevent human operators to
be unnecessarily exposed to radiation doses that, even though low, would contravene the
ALARA1 principle. Moreover, an inspection procedure by robot allows a higher degree of
automation and repeatability, and facilitates archiving the inspection steps and the results.

                                                            
1 Acronym for "As Low As Reasonably Achievable." It means making every reasonable effort to maintain

exposures to ionizing radiation as far below the dose limits as practical. Be consistent with the purpose for
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A cart or even a walking robot is not advisable, essentially for space constraints due to
two main reasons: (i) the free room inside a storage site is limited because of cost-
effectiveness; (ii) a drum arrangement as tight as possible acts as a self-shield for radiation,
thus screening most of the radiation coming from the inner drums. Therefore a viable solution
is a robotic arm carried by the overhead travelling crane, which can be positioned over the
destination platform and then lowered down to the required height. The navigation technique
will likely be based on 3D site maps generated by means of CAD files, and will make use of
active or passive landmarks. Such an arm can be made simple, reasonably cheap, reliable, and
can be easily integrated into preexisting structures and equipment. It must be slim but
extensible up to about one meter, and should be able to bear a video camera and, when
needed, a lightweight radiation detector.

Figure 30 shows a 3D sketch of the robotic arm prototype currently under construction. It
features five degrees of freedom: vertical sliding, arm and forearm rotation in the vertical
plane, up-down and left-right rotation of the end effector. The end effector will bear a
compact color video camera and an additional 1kg payload, which is reasonably destined to a
small radiation detector and an RFID reader. The support electronics, along with the arm-
control computer, will be hosted on the body of the system where it does not exert any
relevant torque. In order to stabilize the whole structure with respect to the platform to be
inspected, a small electromagnet is available on the arm front, which clamps to the metal
frame of the platform itself, along with a tiny video camera quite helpful during the docking
phase (Figure 31).

Figure 30. Pictorial view of the robotic arm currently under construction. It features five degrees of
freedom: vertical sliding, arm and forearm rotation in the vertical plane, up-down and left-right rotation
of the end effector.

                                                                                                                                                              
which the licensed activity is undertaken, taking into account the state of technology, the economics of
improvements in relation to state of technology, the economics of improvements in relation to benefits to the
public health and safety, and other societal and socioeconomic considerations. These means are in relation to
utilization of nuclear energy and licensed materials in the public interest. http://hps.org/publicinformation/
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As to the radiation detector the best solution would be a germanium semiconductor
detector, due to its superlative energy resolution which allows to separate and identify even
finely spaced gamma levels in the energy spectrum. Unfortunately such a detector is rather
bulky and requires operation at liquid Nitrogen temperature. The best candidate then becomes
a scintillator crystal with an associated photodetector. So far the best crystal was believed to
be CsI(Tl), but quite recently LaBr3(Ce) has proved to be the closest one can get to a
germanium detector performance. The choice will be a tradeoff between the needed
performance, the price and the weight: CsI(Tl) is cheap, has quite a reasonable energy
resolution and density of 4.5 g/cm3, whereas LaBr3(Ce) is quite expensive, has a superior
resolution and density of 5 g/cm3. Moreover, CsI(Tl) is easily handled whereas LaBr3(Ce) is
highly hygroscopic and must be incapsulated into an air-tight aluminum can. Whichever the
choice, a 100 cm3 scintillator crystal (%0.5 kg) should provide a reasonable detection
efficiency.

Figure 31. Three-dimensional representation of the robotic arm while being docked to a platform girder
by means of its electromagnetic clamp. In the upper right inset a close-up of the magnetic clamp is
shown, along with a tiny videocamera helpful during the docking phase.

Figure 32. Three-dimensional representation of an alternative version of the robotic arm, where the
in/out extension is accomplished by means of telescopic shafts. The end effector still features two
degrees of freedom.



Paolo Finocchiaro34

Having a video camera on the end effector will allow a thorough visual inspection of the
drums, including the barcode reading. Additional features could be a LED illumination of the
field of view, digital filtering and analysis of the images, a video-driven counting scan of the
drum surface by means of the camera and the gamma detector.

A possible alternative to the swinging arm geometry exploits an in/out extension
accomplished by means of telescopic shafts, with the end effector still featuring the same two
degrees of freedom (Figure 32). Such a solution, however, is less flexible and requires more
leeway between adjacent platform rows. Another alternative under examination is a snake-
like arm, even though it is rather complex and so far quite expensive (Figure 33).

Figure 33. A possible snake-like solution for the robotic arm, even though so far it would be quite
expensive.

9. BENCH TESTS WITH PROTOTYPES

In order to start performing realistic bench-tests a simple prototype was set up employing
three fibers arranged in horizontal coils as in Figure 34. The gamma source used was actually
a set of four sources: 137Cs, 152Eu and two 60Co sources, with a global activity of 2.7MBq and
covering the energy range %0.1÷1.5 MeV. This multisource was put in a box and placed into
different positions with respect to the three fibers, as schematically depicted in Figure 35, by
means of the toy robot shown in Figure 34. The monitoring system was displaying online
data, properly switching into alarm condition whenever the corresponding thresholds were
crossed. Moreover, it recorded the data stream onto a logfile for later analysis. By analyzing
the logged data the plot shown in Figure 35 was built, where the effect of displacing the
source is immediately evident. The time bin for the plot was chosen as 8s, in order to reduce
the larger error bars due to the rather low counting rate; however, the actual time bin for
counting and data recording was 1s.

The baseline count rate of each fiber without source is different, basically because of the
electronic threshold. The system is quite sensitive to counting rate variations, as was
immediately understood by displacing the source box around the fibers. Remarkable is the
fact that the higher the counting rate, the smaller the relative error will be: this translates
immediately into an increased sensitivity. As an example, if one assumes that a fiber in a real
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waste storage environment is counting 10kHz and uses a 1s time bin, the sigma error bar (that
is the square root of the counts) will be 100Hz or equivalently 1%, according to the Poisson
statistics. In such a case the alarm thresholds at 3, 4 and 5 sigma units will correspond to 3%,
4% and 5% deviations, with the related tiny probabilities of false alarm reported in section 7.
If the condition persists (i.e. the overall statistics increases while integrating the counts over
longer and longer time intervals) this will certify that there is an alarm, due to a real increase
of radioactivity, to an altered geometry like a displaced or removed drum, to a malfunctioning
of the sensor or of the electronics. In any case, the monitor system will be accomplishing its
duty.

Figure 34. Setup of a preliminary test done with three horizontally coiled fibers and a gamma source.

Figure 35. Counting rate versus time for the three fibers of the test done with the setup of Figure 34.
The position of the source with respect to the fibers is graphically represented.
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A step further with realistic bench-tests was the construction of a second prototype,
shown on the lefthand side of Figure 36. The phantom drum was made from an empty big
plastic bottle 40 cm high, painted yellow and placed at the center of an array of five fibers.
The fibers with their sensors, hosted by the mechanical structures shown in Figure 18 and
Figure 19, were arranged three vertical and two horizontal. In Figure 37 counting rate versus
time is reported for a short test where the same multisource mentioned in the previous section
was placed at the position marked with a red “X” in Figure 36 left. In Figure 36 right a
sample 3D image is shown, roughly representing activity levels around the drum, obtained by
combining the horizontal and vertical information from the log data shown in Figure 37. This
proves that a geometry with crossed fibers can actually provide position information.

Gaining position information could be quite useful under several cases, for instance with
liquid waste or in the occurrence of a leak caused by corrosion and gas pressure buildup
inside a drum. Indeed the chemical composition and behaviour of the solidified waste are not
generally predefined and known. This might happen, for instance, due to radiolysis taking
place and producing hydrogen gas on the one side and possibly some corrosive compound on
the other. Actually, the terms of such a process are not fully understood, and rough estimates
of the time scale are of the order of tens of thousands years. It is clear, however, that too
many variables are not under control. It is well known, for instance, that the eventuality of
steel embrittlement by hydrogen incorporation during the corrosion process cannot be
excluded [23]. Other gases could be produced by radiolysis or decomposition of organic
material, and anaerobic corrosion and swelling (e.g. of resins, bitumen) might occur [24]. Due
to the above reasons an intermittent leakage type cannot be excluded, as well as a steady one,
but the proposed monitoring system should be able to detect both.

Figure 36. The prototype minidrum with two horizontal and three vertical fibers. The red “X” indicates
the position where the gamma source was placed. The graph on the right side represents the 3D rough
activity levels obtained by combining the horizontal and vertical information from the log data shown
in Figure 37.
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Figure 37. Counting rate versus time for the test done with the five fibers of the minidrum setup shown
in Figure 36. H and V stand for Horizontal and Vertical.

10. OPEN ISSUES

Obviously the proposed system is not a final one at all, and still many issues are open.
First of all is the radiation hardness of the SiPM photosensor: even though the fiber can
allegedly stand the expected radiation field for a long time, the same does not apply to the
silicon detectors. Recent tests on a family of commercial SiPM sensors have shown that their
noise figure degrades considerably after 240 Gy irradiation with 60Co gamma ray source [25].
However, still in ref. [25] a new promising family of SiPM prototypes was tested with
encouraging performance in terms of radiation hardness, and this is a clear sign that many
improvements are to be expected in the short term. Moreover, the tiny SiPM sensors could be
rather easily shielded with a reasonably thick lead cap, thus strongly reducing the damage.

Another issue, still bound to the photosensors, is their thermal stability fluctuations along
with their overall stability over a long time span. Tests of these features are currently under
way. A radical solution to these problems, if needed, would contemplate some non-dramatic
additional electronics.

A nice feature to demand to the system would be the possibility of performing an even
rough count-rate vs dose calibration, thus allowing more solid assessments and comparisons
with different environments.

An important issue that is already being faced concerns the Monte Carlo simulation of
complex geometries for the arrangement of the waste drums in a storage site, in order to be
able to estimate the expected activity and corresponding sensitivity levels in a realistic storage
environment. This will allow to choose a feasible configuration for the fiber arrays, in terms
of number of fibers per drum (or per platform) and their placement.
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Still to be studied are the questions concerning the need of additional sensor types to be
installed on the platforms and/or on the drums, as for instance to monitor their mechanical
stability and the temperature in their vicinity.

As for the robot or robotic arm, in the present version it will basically perform only
inspection tasks. However, it would be advisable to develop a more sophisticated version,
capable of additional periodical maintenance operations like replacement of batteries,
electronic modules, sensors, or also more critical operations involving actions on the drums
themselves.

The next step in testing the DMNR system will consist in developing a two-drum sensor
array and to install it in a convenient location inside a real storage site around real radwaste
drums. Such a step, indeed, is foreseen to be performed quite soon.

11. CONCLUSION

The experience acquired so far in developing and testing the simple prototypes, along
with the related software and hardware, represents a good starting point toward a real study of
a technologically advanced monitoring of the short and medium term radioactive waste.
Indeed, if no treatment or conditioning facility is readily available, it might be necessary to
store LILW for long periods. Also, the need could arise for a long period of storage before
disposal. In such cases the DMNR system could ensure the integrity of the waste products,
whereas its combination with a suitable database system, as well as the tagging and labelling
of waste packages, could guarantee a high-quality identification, maintainance and
preservation of the information about the history of each waste package.

In particular one could make sure that important variables do not change unfavourably
with respect to the values established when the original safety assessment was carried out,
while at the same time strongly reducing the need for direct inspections and measurements to
be performed by operators and increasing the frequency and quality of the information
records. A facility operated under such conditions could be much more easily assessed as to
the safety requirements, contributing to a modern, transparent and responsible handling of the
radwaste and to an improved public awareness of the risks and the benefits of the nuclear
technology.
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