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1. Final publishable summary report

1.1. Executive summary

The first X-rays imaging systems were developed more than 100 years ago, but the technology used to produce X-
rays has changed very little since then; despite being a mature technology whose technological advancements are
currently limited by its physical features to upgrades especially in software components, design and form factors,
X-rays instrumentation has experienced a lot of research and developmental activity. Research is pushed
forward by manufacturers and final end-users, yearning to overcome the huge downsides carried by
conventional technologies, mainly due to their most critical component: the electron source. Medical
diagnostics devices, archaeometric characterizations, fluorescence spectrometry, security, quality control in various
industrial fields (electronics, aerospace, mechanics, food, etc), are only some of the main sectors demanding a
breakthrough in X-Ray devices, in terms of reliability, cost effectiveness and performances.

Heat generation, power consumption, out-gassing, thermal inertia, thermal drift, slow response times and above
all high maintenance costs due to relatively short life cycles of the electronic sources (heated filaments) are major
drawbacks in the state of the art of X-Rays tubes.

That's why some of the mostly renowned research centres in Nanotechnology and Field Emission propetties of
nanomaterials collected the requirements pointed out by the SMEs proposers of this project and envisaged a
solution that represents a potential breakthrough for this sector: this project, indeed, will realise an innovative and
well beyond the state of the art portable X-Ray generator based on carbon nanotubes (CNT) field emitters as a
source of electrons.

NANORAY is an innovative device capable to generate X-rays by means of a novel concept of cold cathode,
based on carbon nanotubes selectively grown upon ad-hoc synthesized nanostructures (such as vertically oriented
nanotubes on metallic tips, selected deposition of CNTs on predetermined areas and array of oriented bundles).

Its performances can be wrapped up by mentioning some of the most relevant features:

1) A reduced focal spot (down to 0.1 mm, well below the actual state of art for commercial X-Ray tubes;
2) A very low power consumption (due to the use of a field-emission based cathode);

3) A pulsed x-ray radiation with programmable width and repetition;

4) A long life-time

Moreovert, the system is portable, with an overall weight of less than 5 kg (including power supply), allowing the
use of X-rays in places like ambulances or in field security surveys. In addition to portability and easiness to use,
the system provides higher image resolution with respect to the state of the art of X-rays devices thanks to the
smaller focal spot, and it represents a cost effective solution for everyone is facing the economic issues related to
the maintenance of thermionic cathodes.

Therefore, instead of using thermionic emission from a hot filament to eject the required electrons, NANORAY
proposes the implementation of field emission based cold cathode, using as electron source suitable

architectures/array of carbon nanotubes. The use of nanotube field-emitters in X-ray source design not only
prolongs the lifetime of such sources, but also -by reducing the size of the source tube and the power supply
required to drive it- lead to portable X-ray diagnostic systems for in the field use. Furthermore, since electrons can
be easily produced at room temperature by quantum mechanical field emission phenomena it does not require
much electrical energy as the conventional thermionic tungsten filament tube does. Another important feature of
field emission based cathodes that has been exploited by NANORAY is the focalization both of the electron
beam and of the X-Ray beam. An innovative solution has been achieved through the use of polycapillary optics,

allowing a wider freedom of parameters in the design of the X-Ray source for specific applications.



1.2. Summary description of project context and objectives

Two levels of quantifiable targets can be considered for NANORAY: 1) Technical and 2) Economic:

» Technical targets: NANORAY system will be basically a CN'T based microfocus x-ray tube, using a field
emission cold cathode with one focusing electrode. For x-ray generation, field-emitted electrons will be
accelerated by the anode voltage to bombard on the target (Cu, Al will be in particular investigated as
possible materials). The cold cathode will be closed in a glass device, with suitable feed trough pins, under
medium-high vacuum conditions (10-5 - 10-6 Torr).

NANORAY will be mainly based on the following systems/components with high and innovative technological
content:

®  Cold cathode for electronic beam generation based on the Field Emission (FE) properties of CNTs.
Although the concept of cold-cathode x-ray tubes has been investigated in the past using materials including
diamond and carbon nanotubes CNTs, development has been hindered by the lack of cathodes that can deliver
stable currents comparable to the values used in conventional x-ray tubes (~10-50 mA for fixed anode and 50-
500 mA for rotating anode tubes). By optimization of the CNT films morphology and their adhesion to the
substrate, the possibility of large and stable emission current from CNT cathodes has been recently demonstrated
and two of the RTD performers (UNITOR and ENE) already realized and tested successfully proof-of-concepts
of X-Ray tubes based on a simple diode configuration. The CVD deposition of CNT's will be optimized in order
to achieve:
- An adequate adhesion of CNT's on substrate
- Accuracy and reliability in the deposition running
with the aim to achieve a stable emitted current (with density values comparable or better than of conventional
thermionic X-Ray tubes) and a longer life-time.

= Triode configuration with a focusing electrode able to reduced and control the X-Ray spot NANORAY

will be based on a cathode using a triode-type configuration that, on the base of the preliminary
simulation carried out by the proposers and of literature data, could guarantee the achievement of:
= X-Ray flux comparable to that from the conventional x-ray tubes
= A focal spot of 0.3 mm

=  The tuning of X-Ray intensity trough the control of the anodic current and anodic voltage

®  The possibility to achieve very high frequency pulsed x-ray radiation with programmable width
and repetition.

NANORAY

Focal spot (diameter)

0.1 -0.3 mm

Inherent filtration

At least 1 mm with Al or Be

Operating Voltage 10 - 50 kV (tunable)
Anodic Current 0.1-1.0mA

Power consumption 2-30W

Exposition time 003-3s

Power supply 220/230/240 V, 50/60 Hz
Cooling NOT REQUIRED
Length 5-10cm

Diameter 1-2cm

Weight 0.8-1kg

NANORAY target specifications list.




The design will be defined on the base of simulated data, taking into account some different and possible

geometries for the electron emitting sources (CNT deposited on metallic tips, CNT deposited on array, uniform

layers of CNT-containing composite, etc). A key step for the achievement of the expected values will be the

optimization of the grid between anode and cathode, acting as focusing electrode.

Electrons

Anode

Glass enclosure

X-Rays

NANORAY scheme

= Focusing X-Ray system based on polycapillary lens

Overall, focalization stages based on the use of polycapillary lenses will be designed and tested in order to achieve

a further reduction of the spot size and a better uniformity of the intensity across the spot area. The design will be
made by means of "PolyCAD", a CAD tool specifically realized by the RTD performer ENE for X-ray photon
tracing in polycapillary optics.

In our opinion, the use of polycapillary lens placed in front of a nanotube X-ray source is not only

recommendable but it should represent a "must" for future X-Ray system. Micro-polycapillary lenses, now at the

5th generation, may improve the efficiency of the system by increasing the X-ray spot density on the sample while

polycapillary semi-lens allows to obtain parallel X-ray spot with uniform intensity on all its area.

The target of NANORAY project is to achieve a focal spot size of 0.3 mm with uniform intensity.
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The electronic control system, which will be able to control in real time the grid voltage in order
to maximize both the emitted current and the beam focalization. It will be based on a feedback
controlled system, which gauges the emitted current and adjust the value of the grid voltage
accordingly, to keep the generated current as high and steady as possible.

The portable high voltage generator, integrated in the tube's chassis and able to supply the
required accelerating voltage, to deliver to the electrons the necessary energy to hit the target and
generate the X-ray radiation. This generator will be designed by Labor with the following
requirements:

Power supply: 220 V/50 Hz power mains and 9V rechargeable battery

Dimensions less than: 50 mm/50mm/50mm (Width, Length, Depth)

Voltage: 10-50 kVp

Current: 0.1-1 mA (depending on the geometry of the triode configuration)

In summary, the main expected results that will be pursued by the project are:

v' Portable X-rays generator, based on FE cold cathode, electronically controlled by the management unit in

order to optimize its performances.

v" Application of the research results obtained on CNTs production (CNTs selectively grown upon suitable

nanomaterials) to the realization of a stable and reliable cathode with an industrial process



V" Definition of the process for the realization of the cathode: synthesis of CNTs by means of Microwave
plasma assisted chemical vapor deposition (MWPCVD), Hot Filament Chemical Vapor Deposition
(HFCVD), Thermal Chemical Vapor Deposition

v Deployment of a portable power supply, for the generation of the high voltage necessary for the
electronic beam acceleration

v" Deployment of the electronic control system of the grid

v" Deployment of the X-Ray focusing system based on polycapillary lenses

v" Electromagnetic simulation for the optimization of both the grid design and the overall arrangement of
the cathode - anode - grid in the tube's structure

v" Implementation of the technical solutions for the process steps needed for product finishing: sealing,
electrical connections, electrical safety and radiation shielding

v Complete pre-industrial production process definition

V" Realization of prototypes, forced ageing tests and validation in real conditions (month 24) X-rays

generation with at least 90 % efficiency.

v" Configurations amenable for mass production.

v’ Product specifications consistent with the application to medical imaging, archacometric surveys,
integrated circuit inspection, security checks and so on.

In order to decrease the focal spot size, increase and make more uniform the X radiation density in the focal spot

position, NANORAY tubes will be equipped with additional focalization systems based on the use of ad-

hoc designed polycapillary lens based systems.

Polycapillary lenses allow the increase the X radiation density in the focal spot position. Moreover, polycapillary
semi-lenses allow to obtain quasi parallel X-ray beams from divergent sources or convergent beams from quasi-
parallel sources. Focalization stages based on the use of polycapillary lenses will be designed and tested in order to
achieve a further reduction of the spot size and a better uniformity of the intensity across the spot area. The
design will be made by means of "PolyCAD", a CAD tool specifically realized by the RTD performer ENE, in
collaboration with LNF- (National Laboratory of Frascati - Italy's National Institute of Nuclear Physics) for X-ray
photon tracing in polycapillary optics.
The project target is to achieve a focal spot of 0.3 mm in diameter, with an uniform distribution of X-Ray
intensity, that would represent an exceptional value for a commercial product. Overall, it appears reasonable the
possibility to decrease such dimension down to 0.1 mm. With respect to the existing commercial X-Ray systems
based on thermionic emission, and compared to the state of the art of field emission based devices, NANORAY
claims the following innovations:
— An electron source with improved characteristics (in particular a much lower energy spread of the emitted
electrons, as well as the possibility of working at room temperature without any cooling requirement);
— A focal spot decreased down to 0.3 mm or less;
— A very low power consumption, thus allowing one to realize a 'true' portable system for measurements on
field ;
— A very high beam stability;
—  The possibility to have an output current voltage controllable;
—  Generation of pulsed X-ray radiation at higher frequencies (# 1 kHz) with programmable width and
repetition rate;
— Anincreased life-time (especially in case of working in pulsed conditions).
In the framework of field-emission based systems, the main forecasted advancements of NANORAY, both in the

knowledge and in technology, can be summarized as follows:



- Improve the adhesion of CNT emitters on the substrate, by exploiting different methodology of substrate
surface treatments and catalysts preparation, on the basis of already acquired wide experience by some of the
RTD;

- Improve the possibility of achieving selected growth of CNT on patterned substrate, by exploiting different 3D
morphologies (edge shape, thickness, etc.) of the selected and pre-treated areas where the selected grown is
desired;

- Optimize and control the morphology and assembling of CNT emitters, as a function of the specific
requirements of the project and on the basis of skills and know-hows of RTD performers involved in

the project;

- Use of an innovative focalization methodology, based on the use of polycapillary lenses, that will can easily
address specific technological requitements: in patticular, in order to evaluate the focusing/homogenizing system
parameters, a specific modelling software (PolyCAD) will be used. This original X-Ray optics CAD has been
recently developed by one of the RTD performers.

Finally, we can notice that further advantages in the application of this new technology can be summarised as

follows, when exploring for comparison the traditional techniques for X-rays generation:

V' fast response time (exposition to X-rays): 25-50% quicker

V' drastic reduction in size and weight of X-ray device: 80% thinner and 75% lighter

v a drastic reduction of maintenance costs, due to the lower costs for the substitution of the cathode with
respect to thermionic technology.

v improvement of the focal spot characteristics (highly fine spot), that turns into a better definition of the

generated image.

1.3. Project S&T results and foreground

In the following table, the results expected to be produced by the project are reported, as described in the DoW.

N of Description
result
1 CNTs synthesis process
2 Focalization system
3 Mechanical and electronic design
4 NANORAY prototype

The process for substrate preparation and selective growth of CNTs on specific surfaces has been studied and
defined by UNITOR and IOFFE, who owns pre-existing knowledge in the field.

The focalization system has been designed and implemented by ENE and, up to date, constitutes one of the main
innovations introduced by NANORAY.

The design of the device, including the dimensioning of each subsystem, the choice of the components and
accessories have been produced with the contribution of the RTD performers LABOR and IOFFE. The design
guidelines and component selection for the power supply system (light, portable and powered by rechargeable
batteries) as well as for the electronic control system for the management of the grid voltage, will be acquired by
the Russian company NTIL.

The prototype of NANORAY device has been realised and assembled with the contribution of all the RTD

performers.



We must remember that the main scientific and technological achievements of NANORAY project can be

identified to be the following:

CATHODE MANUFACTURING AND TESTING: The optimisation of the CNTs synthesis process by Tor
Vergata University led to the possibility of performing several tests on variously shaped cathodes: among them,
planar cathodes, both patterned and unpatterned, and tip cathodes, namely cathodes realised by direct

deposition of the Carbon nanotubes on a filament.

FIELD TESTING WITH REAL APPILICATIONS: Several different tests sessions with Nanoray device
have been performed from month 16 on, in order to observe and deduce the sources’ performances and the
field emission properties of the cathodes, also assessing the tube’s best configuration for maximising the X-

ray flux and achieving the target focal spot (0.3 mm)

PERFORMANCE ASSESSMENT AND VALIDATION OF THE TECHNOLOGY: The tests performed
with the support of the X-ray Lab at INFN led to the realisation of a deep performance assessment by which
the Consortium determined not only the best cathode for the X-rays generation, but also outlined the tube’s

best configuration for realising a portable device which is also compact and easily adaptable to specific

sectors’ instruments for X-ray applications

FINAL DESIGN OF THE TUBE: The organisation of the laboratory tests on Nanoray tube was planned as
the crucial activity for the period; this justified the extensive laboratory sessions performed in the second year

of the project.

The external apparatus to be coupled to Nanoray prototype presented, at first, several difficulties in setting
up the correct configuration for the voltage generators in order to reduce noise and any potentially occurring
short-circuit among the components. In this sense, the experimental setup implied a series of working
activities aimed at eliminating any potential problem affecting the X-ray generation and detection.

As foreseen by the project workplan, the final system was tested until the end of the project.

However, the SMEs decided that some more efforts should be put in the technology validation phase,
consisting in the validation of the cold cathodes’ emission and X-rays focalisation, in parallel with the design
of the best internal configuration allowing for competitive performances of the tube respect to traditional
ones. The deviation from the workplan then led to the realisation of a valve-like tube which is
optimised, has been estimated under production costs, and is duly working since it fulfils the requirements
on the spot and on the portability features representing the main achievements of the project.

No pre-industrial NANORAY device has been realised, but the CAD designs and performances have been
assessed, showing that, with a due time for refinement, the device can be industrialised and commercialised in

the next future.

The deviation from the workplan then led to the realisation of a valve-like tube which is optimised, has

been estimated under production costs, and is duly working since it fulfils the requirements on the spot and on

the portability features representing the main achievements of the project.

Let us now go into detail in the description of the single work packages’ expected results. Before this, however,
we briefly show the final NANORAY results in the table with the tube’s parameters below.



PARAMETER

Electron beam focal spot size on the

anode

X-ray beam diameter
Operating Voltages

Anodic Current
Power consumption
Cooling

Length estimated
Diameter estimated
Weight

X-Ray flux

Focus distance

Focus size

Time/position stability

Photon Energy

Life time

VALUE
3.0 mm

~ 300 um

anode 12kV (tunable), focalisers around 1kV (tunable),
extraction grid around 1.5kV (tunable), cathode @
ground

0.1 — 1.0 mA, best results with 100uA

max 15 W of the final tube prototype

NOT REQUIRED

<7 cm for the final tube prototype

<3 cm for the final tube prototype

<1kg for the final tube prototype

photon counting: about 5000 ph/s, with 32 Aluminium
plates (total thickness of 1 mm)

21 mm considering the anode, on which the electron
beams are focalised, and the plate which is placed outside
the tube

estimated focus size on the anode: 3.0 mm, with reverse
measurements (&nzfe method)

Nanocyl carbon nanotubes demonstrated high stability in
cutrent for each experimental test (duration 6-8 hours)
Copper 8keV

commercially available nanotubes can work propetly for
about 1 month continuously without being damaged and

stop their emission.

NANORAY final achievements in terms of performances.

1.3.1.

Optimisation of the synthesis process

The first step of the work was dedicated to the investigation of the performance of different carbon nanotubes
(CNTs) based cathodes. Starting from the consolidated experience in growing CNTs on selected-area substrates,
initially a large number of experiments were carried out in order to optimize the best growth conditions of CNT's
on differently patterned substrates. At this aim three different apparatuses were tested: the Hot Filament Chemical
Vapour Deposition (HF-CVD) chamber, the Micro Wave Plasma Enhanced Chemical Vapour Deposition (MW-
PECVD) chamber and the Thermal Chemical Vapour Deposition (T-CVD) chamber.

The CNTs synthesis procedure on shaped cathodes were preliminarily investigated by performing CNT growth on
substrates with different kinds of catalyst patterns. Highly doped silicon slides were used as substrates for CNT's
deposition. We can observe the homogeneity and density of the carbon nanotubes deposits which are both
characterized by a good vertical alignment of the tubes with respect to the substrate. Additional investigations
about synthesis experimental conditions were performed aiming to produce homogeneous and well-adherent

CNT's deposits on the micrometric patterns.



Multiwall CNT's deposits.

The optimized process for the CNTSs' synthesis can be hereby reassumed: we have optimized the CNTs' growth
on a Silicon substrate, but we have found that this cannot represent the most suitable cathode for a future
automation of the process, which is one of the desired features for Nanoray system. Even if the study on the
deposition and the growth of nanotubes on a substrate stands at a research level still, we believe that CNTs
deposition on tip-cathodes stands as the most suitable technique realized for NANORAY project, which is,
furthermore, the easiest method to be made an automatic and low-cost process.

It would be necessary, in alternative, to research and develop other deposition techniques, using more stable resins
to both vacuum and heat, and to further develop the attachment operation of CNTs to the filaments; this is
obviously not a simple task, which exactly goes in the direction of the actual research performed by the scientific
community on CNTs. From an experimental point of view, and especially in the case of a device that will be
brought to the market holding well-determined technical features, it is far more crucial to evaluate the tube's
emitted current respect to the current density.

However, since the question of measuring densities of current values still proves ambiguous, we can notice that
there exists a very famous article - among the field emission researching community- that clearly explains which is
the basic error in estimating the current density that may occur to those performing the research. To the aim of

Nanoray project, thus, we have agreed on taking into account the observed current values, especially when using
tip-cathodes, whose emitting surface value would be of difficult, and surely imprecise, estimation.

1.3.2. Field emission

The field emission functional properties were studied by means of a custom-designed apparatus. The
characterization set-up is constituted of a plan to plan geometry in which the anode-cathode distance can be
changed during the measurements. All the cathodes have been investigated in a diode configuration and it has
been demonstrated that the reduction of the pattern dimensions and the optimization of the growth conditions
allow to increase the maximum emitted current. Starting from these preliminary results, we have performed field
emission measurements on other patterned CNTs cathodes, in particular by using square lithography of the
substrate in which the dimensions and number of the emission areas has been varied.

Usually, the parameter of merit for device applications is the integral current density, i. e., the total current emitted
divided by the entire cathode area, but the integral current density depends upon cathode area. As a consequence,
a very high current density is obtained only from a very small cathode area. At the same time, the potential for
high emission currents has always been an attractive feature of field emitters, although the evaluation of the
emission sites is still a widely discussed problem.
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For this reason, with the aim of obtaining realistic experimental parameters useful for the application of the CNTSs
cathodes as electron sources in the X-ray tube prototype, for all the samples we have reported and discussed the
behaviour of current intensity respect to the applied voltage. The second step of the work was focused on the
study and characterizations of cathodes made of commercial CNTs. The sample was prepared by drop casting a
dispersion of the tubes in CH3OH. The deposit is characterized by entangled bundles of CNTSs horizontally
aligned on the substrate.

The field emission behaviour of the pristine deposit is evidenced. It showed a good relation between the applied
voltage and the current recorded as evaluated in the Fowler-Nordheim theory. Currently we are investigating protocols
to functionalize the commercial CNTs by decorating them with nanometric crystals of diamond.

For what concerns the cathodes' life cycle it is necessary to distinguish two cases:

1) CNT-based cathodes (both Single-wall and Multi-wall nanotubes) which have been fully produced in our
laboratories, and

2) tip-cathodes which have been assembled in laboratory using Nanocyl's Carbon nanotubes.

For the first type of cathodes, it is technically very difficult to provide an estimation of their duration in time and
resistance to stress conditions, for the synthesis process proves different at any cathode production; since this
process is not performed at an industrial scale and allows no reproducibility of the experimental conditions under
which the cathode is realized, each single cathode holds different life cycles and emission properties.

Furthermore, the experimental conditions for the activation of the deposited CNTs are extremely different in
voltage and vacuum respect to the ones setup for their bare production in laboratory.

For safety purposes, the tests on these cathodes will be performed for 6-8 hours continuously in order to obtain
the required measurements of current and X-ray flux. However (as will be evident from D9 reporting the tests
details), different tests sessions on the same cathodes have been performed for more than a month with petiodic
on-off modality, and this grants that the laboratory produced cathodes can sustain the vacuum and thermal
conditions inside the tube for at least 1 month without damage.

In the second case - cathodes realized by Nanocyl - the same estimation must be related to the CNTSs' emission
properties and to the technique used for their synthesis, which strongly affects the quality of performances. When
tested in Nanoray tube, these cathodes have been observed to behave better than the previous ones produced in

lab for current stability conditions and number of emitted X-rays. We can then estimate that these cathodes can

11



resist twice the time of the previous ones without appreciable modifications of their performances in field

emission.

1.3.3. Cathode manufacturing and testing

The first step of the work was dedicated to the investigation of the performance of different carbon nanotubes
(CNTs) based cathodes. Starting from the consolidated experience in growing CNTs on selected-area substrates,
initially a large number of experiments were carried out in order to optimize the best growth conditions of CNT's
on differently patterned substrates. At this aim three different apparatuses were tested: the Hot Filament Chemical
Vapour Deposition (HF-CVD) chamber, the Micro Wave Plasma Enhanced Chemical Vapour Deposition (MW-
PECVD) chamber and the Thermal Chemical Vapour Deposition (T-CVD) chamber.

The CNTs synthesis procedure on shaped cathodes were preliminarily investigated by performing CNT growth on
substrates with different kinds of catalyst patterns. Highly doped silicon slides were used as substrates for CNT's
deposition.

CNT's deposition by combined CVD techniques was also carried out on triode configuration substrate: in this case
we observed CNTs homogeneously cover the micrometric patterns. All deposits are characterized by dense and
well packed CNTs bundles. In particular in the case of nanometric patterns, the CNTs growth takes place in all
the catalyst spots. Moreover the deposits are characterized by a good alignment of the nanotubes.

The optimisation of the CNTs synthesis process by Tor Vergata University led to the possibility of performing
several tests on variously shaped cathodes: among them, planar cathodes, both patterned and unpatterned, and tip

cathodes, namely cathodes realised by direct deposition of the Carbon nanotubes on a filament.

1.3.4. Mechanical Specifications

The main objective of this task was to provide a framework for discussing the requirements of the different

materials to be used in the mechanical design of the NANORAY prototype. The main topics discussed are

herewith summarized:

® Normative framework

= X-Ray shielding: High-energy-electromagnetic radiation poses a great health hazard to those who must work
around scanners, test and measurement instruments, fluoroscopes and X-ray machines, collimators, and other
equipment. The recommended quantity for shielding design calculations for x rays is air kerma (K), defined as
the sum of the initial kinetic energies of all the charged particles liberated by uncharged particles per unit mass
of air, measured at a point in air (ICRU, 1998). The unit of air kenna isjoule per kilogram, with the special
name gray (Gy). However, many radiation instruments in Europe are currently designed and calibrated to
measure the quantity exposure (ICRU1998), using the previous special name roentgen (R). The recommended
radiation protection quantity for the limitation of exposure to people from sources of ionizing radiation is
effective dose (E), defined as the sum of the weighted equivalent doses to specific organs or tissues (i.e., each
equivalent dose is weighted by the corresponding tissue weighting factor for the organ or tissue wt (NCRP,
1993).

®  Vacuum compatibility: Materials used inside a vacuum process have to comply with the following technical
requirements:

®  Mechanical Properties

®  The material must be capable of being machined and fabricated.

® It must have adequate strength at maximum and minimum temperatures, and must retain properties over the
expected temperature range.

®  Thermal Properties
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*  The material's vapour pressure must remain low at the highest temperature.

® Thermal expansion of adjacent materials must be taken into account, especially at joints.

=  Gas Loading

= Materials must not be porous.

=  Materials must be free of cracks to avoid entrapment of cleaning solvents which can become a source of virtual
leaks.

=  Surface and bulk desorption rates must be acceptable at extremes of temperature and radiation.

= High Voltage insulation

For each of these topics a brief overview of requirements, advantages and drawbacks, is presented in the delivered
documents. Further, following these general guidelines, several materials have been chosen for both metal and

non-metal components.

1.3.5. Electronic Specifications

This task has been devoted to the identification of the preliminary configuration of the power supply unit and of
the electronic control system of the grid, able to real time adjust the extracting voltage in order to keep at a
constant level the electronic flux from the cathode to the transmission target.

The initial specifications from the power supply unit are:

o  Anode - Cathode Voltage (in order to accelerate electrons emitted by CNT's): 30 kV.

o It must be integrated in the system's chassis.

o It must be powered both by standard 9V rechargeable batteries and by 220/50 Hz power mains.

For the Alpha prototype, an external power supply unit will be used, while the final prototype will have it
integrated in the tube casing.

As for the electronic control system design, the preliminary sketch of the architecture has been proposed (D5),
amenable to adjustments following to the results of the first battery of tests with the Alpha Prototype. In the
following we describe how the design of the power supply units has been performed according to the tests on the

alpha prototype mainly performed during the second year of NANORAY.

1.3.6. Power Supply System Design

Since Nanoray system is a portable device, the power supply unit is based on a battery. Thanks to a preliminary
session of experimental tests, it was possible to define some details about the power supply unit of Nanoray
system. Just to summarize some of specifications about the tube, the figure below shows the basic concept of the
preliminary x-ray tube, based on the triode configuration: it has a cathode composed by carbon nanotubes,
electron extraction metal grid, and anode made of copper. Empirical rules told us that working in an efficient way
at 8keV needs a 30KV differential voltage between cathode and anode. X-ray generation mainly depends on the
spot size and intensity of the electron beam that impact on active anode, and so is also directly correlated with the
power supply unit: the electronic current that flows in the anode must be sustained by the DC/HVDC convertet.
So the maximum intensity of the electron current flowing inside the tube is directly correlated to the current
characteristics of the DC-HVDC converter unit. This is the reason because the final choice about which is the
correct DC/HVDC converter for the project depends on the preliminary tests.
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From preliminary experimental tests (D9), we know that is possible to obtain a good x-ray emission with a value
of cathode current around 300uA for planar cathodes (and lower for tip cathodes), with some unstable peaks
around 1mA: so the choice should go to a DC/DC converter that has at least 30KV X 300uA = 9W. We
obsetrved also good x-ray emission at lower voltages. So, choosing a 10W DC/HVDC converter we can have a
power supply system (correctly) oversized. Moreover, preliminary tests demonstrated that was necessary to have
more than an electric lens inside the x-ray tube, in order to focalise the electron bean over the anode and so have
more efficient x-ray emission.

For this reason, the final architecture of the tube has four DC-HVDC converters, able to give to the x-ray tube
the necessary voltages to work properly. In the first version of the tube the cathode voltage is zero, and the anode
is at positive voltage less than 30kV, and is also isolated from the metallic enclosure. Grid voltages and focalisers
voltages are in the middle between cathode and anode. The new and final architecture maintains the same
absolute voltage differences, changing the point connected to ground. The new ground point is the anode,
and the cathode is connected to a very high negative voltage source, in a way that allows to have the same voltage
difference of the first tube. This choice allows to start the market phase with an architecture that respect laws
about the work safety, since in this case the anode could be placed in contact with the metallic enclosure placed at
zero potential, and the metallic enclosure is always in contact with a human being. Probably the best choice is to
cover the x-ray tube with a plastic, or make the tube with glass lead doped and then cover it with a plastic.

What changes from an electronic point of view in the power supply unit is the model of DC/HVDC: the EMCO
4200N is suitable for the “complementary” architecture, and is able to give -20kV from the same battery input of
24V and it can be used to obtain the voltages for cathode, grid and focalisers.

In an experimental scenario in which the cathode is at zero, the grid is at 1600V, the first focaliser at 960V, the
second focaliser is at 1300V, and the anode at 10KV, the new “complementary” configuration should have:
Cathode at -10kV, Grid at -8.4kV, focaliser 1 at -9.04kV, focaliser 2 at -8.7kV and anode at OV.
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NANORAY final architecture.

Here the design of the final x-ray tube is shown, obtained summarizing all the experience done in last two years
and the collaboration between partners. It’s a very integrated tube respect to the alpha prototype: it is just long
7cm and it has 3cm diameter. Screenshots show the tube working with planar CNTs cathodes. The idea is to have

all parts (cathode, focalisers, and anode) integrated in a small x-ray tube structure similar to an electric valve.
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The internal structure of the small valve is the result of the best experimental configuration found during the tests.
The dimensions of the focaliser, the distances between them, the distance between the cathode and the grid, and
also between the anode and the electric lens, are factors found thanks to the experimental tests done at INFN
using the preliminary prototype. Chosen materials are stainless steel for contacts, glass for supports and
enclosure, copper for anode, and of course carbon nanotubes for the cathode.

1.3.7.  Electronic control system design

The working principle of the control unit is a typical application of negative feedback to control the stability of x-
rays emission, acting on the grid voltage.

During the impact of electrons on the anode material, most of the electron energy is lost as heat and only a small
part (around 1%) produces x-ray radiation.

The smaller the charge on the grid, the smaller the current to the anode, and so the x-ray intensity produced.

The anode current is read by a microammeter, and then elaborated by the MCU using an isolated analog digital
converter.

The small keyboard and the display represent the user interface and show the status of the portable x-ray tube, for
i.e. measured anode current and chosen grid voltage.

Grid voltage is limited by the electric field we want to apply in order to extract electrons from the nanotubes.
Since nanotubes stretches when a very strong electric field is applied, distance between cathode and grid must be
limited and also grid voltage must be limited to 2kV otherwise there could be a short circuit between them. This is
one of the most important reasons that convinced us to design a preliminary x-ray tube: this was very useful to
adjust the best value of electric field applied to nanotubes, and this means also the best values of grid voltage and
grid-nanotubes distance.

Nanoray prototype was realized using commercial components: we have presented a summary of the main
electronics components involved in this design, with some information about their consumption (that is important
since the final product will be a portable product) and the dimensions.
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NANORAY control unit (PCB).

Nanoray Control unit is a very compact board, without the addon board dedicated to user interface.

It’s designed to work with more complex x-ray tubes, with more than one voltage and current to monitor.
Experimental tests on the x-ray tube (see D4) have defined some details about the feedback software routine that
is going to be implemented inside the microcontroller. For example how much the electron emission by the CNT
cathodes remains stable when the voltage sources are fixed and stabilized.

User interface buttons and display are external because they are placed in the front panel of the instrument, and
they are connected to the board using the connectors of the printed circuit board. Microcontroller unit is

programmed through an USB port, that is a separate small module.

Nanoray grid control unit board and USB programmer/debugger port

1.3.8. Focalisation System

NANORAY tube is equipped with additional focalization systems, based on the use of ad-hoc designed
polycapillary optics device, in order to decrease the focal spot size and to increase the X radiation density in the
focal spot position. Focalization stages based on the use of polycapillary lenses will be designed and tested to
achieve a further spot size reduction and a better intensity uniformity across the spot area. Interaction of a cold
cathode tube (NANORAY tube), portable in situ, and the high brightness micro spot X-ray beams, obtained
through polycapillary optics, can generate a portable instrument of a great interest in the industrial, cultural
heritage, medicine and multidisciplinary fields. The optics that has been used in NANORAY tests for further
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reducing the X-ray beams' spot was a commercially available set of 4th generation lenses produced by Unisantis

company (more information at: http://www.unisantis.com/index.php).

Unisantis Europe GmbH is a designer, developer and manufacturer company for proprietary Kumakhov X-ray
polycapillary optics (X-ray lenses). Polycapillary optics control X-ray and neutron beams and are based upon the
principle of multiple external reflections. This field of optics was conceived by Professor M.A. Kumakhov in the
eatly 1980's. This polycapillary X-ray focusing and collimating optics:

v" Shows high flux density on the sample under investigation that provides an increase of 2-3 orders of
magnitude over traditional optics
Eliminates the need for monochromators, collimators and slits
Requires low power X-ray sources making them compact and portable

Analysis time comes to be significantly reduced due to beam collimating efficiency

ASRNENRN

Increased and diversified analysis range - parallel, convergent and divergent high-intensive beams are

available for multiple X-ray application and tasks

when providing the results of Polycad simulations, the focal spot dimensions obtained with poly-capillary lenses
need to be further reduced to reach the requested (and desirable) values for real X-ray tubes applications, that is
accurately indicated and justified in the project's results.

In this sense, the project target is to achieve a focal spot of 0.3 mm in diameter, with an uniform distribution of
X-Ray intensity, that would represent an exceptional value for a commercial product. Overall, it appears
reasonable the possibility to decrease such dimension down to 0.1 mm.

This is the reason why we have considered a further focalizing system, internal to the tube, necessary. What we
intend to obtain with this additional focalization system is the reduction of the electron beam spot reaching the
copper sutface of the anode. This will, as a consequence, result in a more 'dot-like' feature of the emitted X-ray

beam.
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18


http://www.unisantis.com/index.php

Principle of multiple internal reflection in polycapillaries.

In the following pages we report all the technical information derived from an accurate discussion among the
partners, that led to the focalization design and implementation, documented with CAD designs.

Starting from theoretical considerations, and supported by the following simulations carried out by IOFFE, we
concluded that an internal focalization system was needed for NANORAY. The simulations about the focusing
potential demonstrate the possibility for the system to reach electron focalization with one focusing electrode

The conclusion of the technical discussions that followed this phase demonstrate that the maximum focalizing
efficiency can be obtained by inserting two cylindrical focalizers between grid and anode.

We have finally chosen for NANORAY tube some optimised parameters, like the internal distances between the
cathode and the first focalizer, between the first and the second focalizer, and between the last and the anode
surface.

We can state that the scientific objectives expected for the WP have been fully achieved by means of an iterative
procedure, for which the experimental tests suggested the suitable process for CNT's synthesis and field emission
enhancement, and the design of the electrodes was accordingly performed, by subsequent integrations. The
focalisation system, in agreement with the results of the electromagnetic analysis, has been upgraded until the end

of the project.

1.3.9. Test protocols

Tests have been performed by University of Rome 'La Sapienza', at LNF-INFN. In the following, we point out a
tentative test protocol, in order to foster the discussion amongst the partners and therefore to define the best
experimental procedures to follow to optimize all the parameters. The intended optimisation phase can be divided
into two steps.

STEP 1: Optimisation of the emission characteristics of the cathode

This phase will include the tests on the different types on cathodes, ranging from the un-patterned to the tip ones.
Purpose of this set of measurements is to provide a final representation of the current absorbed by the grid with
respect to the other interested parameters, namely the cathode-grid distance and the voltage applied to it. This
result can be achieved in the following way:

- The anode is constantly kept at zero voltage for this set of measures, so that X-rays are not generated during
the process;

- For cach of the provided cathodes, the grid current is investigated as a function of the distance from the
cathode itself, and of the grid voltage (varying in the range 0-2 kV). This set of measurements will be plotted on a
graph;

- The most suitable operating region for the generation of X-rays will be considered at this point by observing
the behaviour of the grid current respect to the generated electric field.

STEP2: X-rays measurements

Once this first step has been carried out, and the best 'operating region' has been evaluated from the results, the
anode can be given a variable tension. So, reassuming, for every different cathode shape, for every 'work region'
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individuated, thus having fixed the distance Ad and the voltage of the grid, the emission of X-rays is observed and
studied.

1.3.10. Electromagnetic Analysis

The EM analysis performed in WP4 presents:

1) the simulation hypotheses on the CNT's cathodes structure and field emission, on the grid shape and mesh, and
on the anode electrode

2) the experimental parameters relative to the internal structure of the tube, with the introduction of a focusing
system aiming at reducing the out coming x-ray beam's focal spot

3) the values of these parameters which are necessary for the achievement of the optimal performance in terms of

current and x-ray emission intensity

The following issues were assessed with the support of loffe Institute, where the electromagnetic simulations have
been performed, according to the steps :

1. to analyze calculations and experimental data on field electron emission from different carbon nanostructures,
2. to analyze of applicability of carbon nanotubes for cold cathode in X-ray tube, and make the suggestions on
the technical specifications for the prospective tube,

3. to study experimental features at characterization of field electron emissions from carbon nanostructures,

4. to suggest an optimal structure of focalizing electrode system of X-ray tube based on carbon nanotubes (CNT)

and calculate the optimal working potentials for the system

In the design of a triode-type X-ray source like the one foreseen for Nanoray tube, the challenge is to ensure that
fine beam focus and efficient electron emission can be simultaneously obtained. This led to an accurate analysis of
the tube's geometrical parameters, such as the electrodes' relative distances and the grid mesh design must be duly
optimized. The goal of the calculations for the single focusing electrode configuration was to obtain the
preliminary estimations for focalizing the electron beam with a flat cold cathode. The steps of the procedure
included:

e Determination of the distribution of the potential between grid and anode

e Determination of the distribution of the electric field under grid using EH for lacing

e  Determination of the electron tracks under and on the top surface of the grid

e Determination of the electron tracks between the grid and anode using the speed v

Single focusing electrode configuration
Let us start from the description of the field simulations for the one-electrode focalizing system, placed within

Nanoray tube.

The calculated electron tracks in the space adjacent to the grid and cathode demonstrate the very small value of
the radial speed component of the overall speed of the electrons beyond the grid. So all the trajectories
could be regarded as normal to the plate of the grid. This gives the good possibility to obtain the small focalized
spot on the surface of the cathode.

Double focusing electrode configuration
In order to increase the value of the anode current we have to enlarge the square of the flat cathode and to

accordingly increase the radius Ry of the tube. The increase of the radius has required enhancing the focalizing
system to keep the radius of focal spot obtained in the previous configuration

According to the calculation results, the potential distribution in the grid cell is similar to the case of single
focusing electrode system. Two sequential cylindrical electrodes form two good independent electrostatic lenses.
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The results of calculations of the electron tracks demonstrate the good efficiency of not just a single focusing
electrode, but that of a double electrode focalizing system. The fine structure of the focal spot allows to determine
the criteria for the optimization of the values of voltages applied to the focalizing electrodes for the smallest focal
spot at different anode potentials.
The results of the calculations of the optimal focusing potentials for the tube with flat cathode and double
electrode focalizing system allow to make the following conclusions:
- The eclectrode configuration of the prototype with flat CNT cathode allows to obtain the minimal
focalization spot up to 0.1 mm at 10kV on anode and up to 0.24 mm at 30 kV
- The increase of the grid potential makes the spot smaller mostly at high anode voltages
- The increase of the grid potential up to 2.3 kV can allow to obtain the 0.2 mm spot at 30 kV of anode
voltage
In order to reduce the cathode current losses and to obtain the maximal anode current we replaced the grid with
cylindrical cells for the wire grid with rectangular cells. For this reason we were obliged to reject the simplifications
concerned to the cylindrical geometry and turned to apply the rectangular coordinate system for the calculations.
Applying the idea of the additional acceleration of the electrons in the tube with tip cathode we have determined
the electrode configurations and working potentials for the structures of x-ray tubes with tip field emission CNT
cathodes with expected critical parameters (focalizing spot size and current efficiency). The main distinguishing
feature of the configuration examined above is the presence of the accelerating grid and the intermediate

focalization cylinder 3 between the main and accelerating grid.

Further accelerating electrode necessary for better focalisation of the electrons on the anode.

The additional energy of the electrons after the acceleration grid allows avoiding the collisions of the electrons
with the focalizing cylinders and obtaining a better focalization. The anode current of this configuration is 96%
(due to the collisions only with grid wires) of the cathode current and the minimal available size of focalizing spot
is about 0.5 mm.

The further investigation of the potential distribution in the electrode configuration with the described
improvements has shown that its parameters could be enhanced more by the reducing the number of the
electrodes and simplifying the configuration. We report below the schematics of such configuration with
calculated values for working potentials almost optimal for the best focalization. It differs from the previous
configuration by the presence of only one main focalizing cylinder and by the 7 mm smaller overall length. The
focalized spot on the anode could be decreased smaller then 0.25 mm. The results of simulations on the structure
with double focusing electrode configuration allow us to make the following conclusions:

1. A flat cathode is more preferable for x-tubes due to simple focalizing and high current level. The optimal
values of the potentials on the focalization system at different anode voltages have been calculated

2. Using the tip cathode is less preferable due to the spreading of the electron trajectories under the grid and high
current density on the cathode
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However:

1. Focalizing the electron trajectories in the tube with tip cathode is possible using an additional
element (cathode ring). The size of the ring and the corresponding focalization potentials have been determined
from calculations

2. The focalization and the current efficiency can be further enhanced by applyving the accelerating

potential in the space between the grid and the focalization system.

1.3.11. Design of the tube
According to the first tests performed and to the simulations carried out, also in literature atticles, it is
experimentally accepted that to have a consistent and reliable X-ray flux it is necessaty to have at least 30kV of
acceleration between cathode and anode.
The chosen configuration, as pointed out in D1 - NANORAY Data Sheet, is the transmission target, in which the
target consists of two different layers of material. Most of these transmission targets are made from a thick layer
of backing material, such as Beryllium or Aluminium, with a low density and a low atomic number and weight.
The purpose of the backing material is to close the tube and maintain a vacuum. It also forms the backing, which
provides mechanical strength for the target layer, in which x-rays are generated. Target layers usually consist of a
thin, 5-pm layer of metal such as Tungsten, Molybdenum or Copper, with a high density and high atomic number
and weight. The target layer is sputtered onto the backing layer.
With transmission tubes, as opposed to directional tubes from which the X-ray beam is issued at a 30, 60 or 90
degree angle, the design features forward-beam geometry. Electrons enter the back of the transmission target, and
x-rays radiate from the front. NANORAY will be designed for very close anode-to-sample coupling for compact
portable XRF instruments.
Since the first version of the tube follows also the "transmission" way, the x-rays are generated by copper and go
out from the tube following the direction identified by the tube axis.
Summarizing the main characteristics of the preliminary tube until now:

—  Triode architecture: cathode, modulation grid, anode

—  Cathode: planar and linear carbon nanotubes

—  Grid: metal net to modulate the electron current

= Apnode: copper

= Output window: placed in line to cathode-grid-anode
The identified structure of the preliminary tube consists in a six flanges stainless steel cross, with the following
components included:
1) A cathode holder flange with UHV micrometer drive (50 mm length)
2) A flange for the connection to the vacuum pump (DN40 CF-KF adaptor)
3) A flange for visual inspection
4) A flange for High Voltage connection cable (anode)
5) A flange with 3 connectors for cathode and grid voltage setting
6) A flange for the output of X rays, with a beryllium disc window
We hereby present the core of the beta prototype, the miniaturized x-ray tube. In our design it measures only 7 cm
in length and 3 cm of diameter, very much smaller than the previous. The internal structure is analogue to that of
the alpha prototype, and it re-organizes all the active elements in a special glass valve that acts as x-ray tube for the
Nanoray device. In this configuration there is no possibility to change distances by the user: the user can change
only the electric parameters via touch display of the entire device. Distances and configuration derives directly
from the experimental tests and experience made during this project. As reported in Deliverable 7
(Electromagnetic Analysis), using a tip-shaped cathode which provides the best focalising effect on the X-ray
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beams' focal spot, we need a redefinition of the electrodes' disposition within the tube, also foreseeing a third
accelerating grid.

We report, in the following, the designs of all the components of the valve-like structure that will be easily adapted
to different applications and instrumentation. This easy-to-handle and independent part of X-ray-based
instruments will allow for the substitution of the cathodes, in case the CNTs deposited on them were no more
able to emit electrons. We report the scheme already discussed in D7 for comparison with the CAD images of the
tube to be commercialised. Further comparisons with the already existing micro-focus X-ray tubes' features will be
discussed in detail in D11, which will also describe how this configuration of NANORAY tube will be adapted for
realising a commercial tool.

The parallel activity of electromagnetic simulations performed at IOFFE Institute proved of great support in
understanding the dynamics of the electrons generated by the cold cathode source; in this way we could carry out
a continuous upgrade of the tube's structure which resulted in the final revised prototype showing the expected
performances in terms of field emission properties.

As already introduced, there was a deviation from the project workplan in the mechanical realisation of the final
(beta) prototype; since we considered as a far more crucial task that of validating the field emission properties of
nanotubes, we concentrated on the laboratory tests instead of developing a final tube including a non complete
technology, in order to have a result which could be real and tangible, since this phase proved to need more time
that the expected. The performances of the tube cleatly show that all the scientific objectives of the project have
been achieved, and this is the solid base on which a concrete exploitation of the device will be able to occur after

the end of the project itself.
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over beryllium

copper electric lenses cathode electric lenses
over beryllium

cathode

CAD (lateral) view of internal structure of Nanoray beta prototype, using planar cathodes

1.3.12. Tests on the prototype

Several different tests sessions with Nanoray device have been performed from month 16 on, in order to observe
and deduce the sources' petformances and the field emission properties of the cathodes, also assessing the tube's
best configuration for maximising the X-ray flux and achieving the target focal spot (0.3 mm).

In order to verify the effective functioning of Nanoray system, aware of the intrinsic experimental difficulty in the
CCD sensors positioning, some Polaroid plates were placed on the output flange, in correspondence of the
Berillium window of the system itself.

The test consisted of 3 trials.

» The first trial has been carried out to verify the X-rays system emission.
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» Since the X-rays generation proved positive during this test, a second trial has been made with defined and
monitored experimental conditions
» 'The third trial was obtained by applying a zero grid voltage to the tube, to avoid the atising of a difference in
voltage between grid and cathode: this test proved that the X-rays emission was exclusively due to the field
emission phenomenon that characterizes the CNTs deposited on the cathode.
According to the simulations carried out at IOFFE Institute the optimal values for the two internal

cvlinders constituting the focalizing system can be considered to be 960 Volts and 1300 Volts, for the first

and the second cylinder respectively.
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While, in absence of focalizing lenses the number of counted photons was about 100, the operation of turning on
the lenses gave such a high counting number that it was not even detectable, because it exceeded the scintillator's
linearity region.

What is important to remark here is the phenomenon that was observed under the experimental conditions of a
tip-like cathode and focalizing lenses turned on, namely the relevant increase in the cathode's current which was
found to be about 3 times higher respect to the initial value, when the focalisers were turned off and the current
itself had a very stable behavior (few uA to about 10 mA).

They are:
= distance planar CNTs cathode - grid: about 100um
= orid - focaliser 1: 10mm
= focaliser 1 - focaliser 2: 2mm
= focaliser 2 - anode: 20mm
= length focalisers: 10mm

= diameter cathode and anode: 20mm

Materials chosen are copper over beryllium for the anode, stainless steel for focalisers, grid and electric cables,
glass for internal supports, and of course, carbon nanotubes for the cathode.

JJ Electronics, leader in production of audio valve has estimated that the price in production (only Nanoray tube)
should be around 40€ each one. This is good since the cathode needs to be changed after a long, but limited,

period of work time: the tube will work as a consumable.
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The last step of the session was the use of the knife-edge technique , in order to obtain an indirect evaluation of
the focal spot dimensions.

This technique is intended for determining the profile of the spatial intensity distribution of radiation beams. The
problem of measuring the intensity profile in such beams can be overcome, for example, using an X-ray film as a
recorder; however, the film has a number of obvious disadvantages, such as the strong dependence of the results
on the film's "age", the development time and temperature.

These hard-to-control factors can cause one to make a number of extra operations, like i.e. fixing several images
on a single film, performing control exposures, etc.

Moreover, high-resolution x-ray films are not frequently commercially produced. Such photographic materials
have a low sensitivity, and their processing takes a long time.

In the wotld practice, a modern and fast recording technique is the so-called "x-ray knife method". It consists in
the following procedure: an opaque screen for the measured radiation (that is, opaque to x-rays) is gradually
introduced into the beam under study. The detector thus records the portion of radiation scattered by this screen.
The derivative of the measured scattering intensity curve yields a one-dimensional beam profile. In practice, we
performed a counting of the outcoming photons in relation to how much the knife is covering the beam's exit
cone. Ideally, if we had a point-like source, and performing this operation right on the source, we would get a step

function progressively diverging and losing its settlement on the edges.

X-rays spots visible on the external plates.

(Alternatively, if our source does not have a point-like shape, like it is in a real case, then what we have is a cone
gasket). Knowing the aperture of the cone from the different measurements, and also keeping in mind the tube's
parameters, we made a projection of the cone on the anode, thus obtaining the dimension of the anodic spot.

We applied the parameters reported above and used an Aluminium sheet as a filter - and a lead plate for the X-
rays attenuation - so as to obtain the counting of X photons respect to the plate's height (performed 2 times).

The distance between the outer flange where photons come out and the lead plate being acknowledged, we
performed the fit of the acquired data, and by merely geometrical considerations we obtained the value of the
angle subtending the out coming cone, which resulted to be about 9°.

This gives us a spot diameter of about 5.2 mm.

By simple geometrical considerations we get the value of the angle subtended to the exit cone, from which the
estimation of the spot on the source, which is found to be of about 3.28mm. This is the calculated spot of the
electrons impacting on the anode; now, the final step that we can perform to reduce the beam's spot is to add the
polycapillary optics to the prototype. The focal spot, in this situation, was found to be 300 pm.
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Final focal spot with the use of polycapillary lenses.

As a conclusion to the validation phase of Nanoray device, we hereby report the observed performances of the
tube, that will be a useful set of information when we will outline the future exploitation of the device and define
an appropriate business plan for it.

What we have observed in these tests sessions, and especially in the case of our last configuration using tip-

cathodes, is the following:

o Electron beam focal spot size on the anode (estimated): 3.0 mm

o X-ray beam diameter (with polycapillary optics) ~ 300um

o Operating Voltage: anode 12kV (tunable), focalisers around 1kV (tunable), extraction grid around 1.5kV
(tunable), cathode @ ground

o Anodic Current: 0.1 - 1.0 mA, best results with 100uA

o Power consumption: max 15 W of the final tube prototype

o Cooling: NOT REQUIRED

o Length estimated: <7 cm for the final tube prototype

o Diameter estimated: <3 cm for the final tube prototype

o Weight: <lkg for the final tube prototype

The future commercialisation of the tube will be therefore based on these technical features and will take into
account some crucial quantities listed below.

1) X-Ray flux: the actual photon counting obtained with a scintillator counter gives values of about 5000 ph/s,
with 32 Aluminium plates (total thickness of 1 mm) and considering the surface of the external sensor

2) Focus distance: 21mm considering the anode, on which the electron beams are focalised, and the plate which
is placed outside the tube.

3) Focus size: we have estimated the focus size on the anode in 3.0 mm, with reverse measurements (knife
method)

4) Time/position stability: using Nanocyl carbon nanotubes we obtained a high stability in cutrent for each
experimental test (duration 6-8 hours)

5) Photon energy: copper 8keV

0) Life time: from commercially available nanotubes it seems that the cathodes built up with CNTs can work
propetly for about 1 month continuously without being damaged and stop their emission.

1.3.13. Assessment of results
The tests performed with the support of the X-ray Lab at INFN led to the realisation of a deep performance
assessment by which the Consortium determined not only the best cathode for the X-rays generation, but also
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outlined the tube's best configuration for realising a portable device which is also compact and easily adaptable to
specific sectors' instruments for X-ray applications.
NANORAY market study is intended to provide a general overview of the market segments which are directly
related to the X-ray application fields and an introduction to the already commercialized traditional X-ray tubes, in
order to better assess the market potential of NANORAY system and related products; this report consists of:
- An overview of the market potential of the achieved project objectives:
1) Cold cathodes based on CNTs for field emission
2) X-ray tube for specific spectroscopy applications

- A study of the demand and the segmentation of the market
As accurately described in the Technical Annex of NANORAY, the project's objective is to develop a X-ray tube
which makes use of a carbon nanotube-based cold cathode (CNT): this could represent a significant advance in X-
ray technology development and could lead to portable and miniaturized X-ray sources for both medical and
industrial applications. Some modifications have been made to the initially delivered document; in particular, we
have added some information regarding what, during the validation phase of NANORAY technology, seemed to
be the closest sectors in which to exploit the project's technological results.
In this sense, we have thought about XRF technique (X-ray Fluorescence), here described and detailed in the
optics of becoming the exploitation sector of NANORAY tube.
X-Ray fluorescence is used in a wide range of applications, including:

e research in igneous, sedimentary, and metamorphic petrology

e soil surveys

e mining (e.g., measuring the grade of ore)

e cement production

e ceramic and glass manufacturing

e metallurgy (e.g., quality control)

e cnvironmental studies (e.g., analyses of particulate matter on air filters)

e petroleum industry (e.g., sulfur content of crude oils and petroleum products)

e field analysis in geological and environmental studies (using portable, hand-held XRF spectrometers)
The direct observation of NANORAY tube performances during the test sessions reported in D9 (field tests and
performance assessment) showed how the applications on the market that NANORAY could reasonably support
with its innovative principles are based on the combination of AFM (atomic force microscopy) and Micro X-ray
fluorescence spectrometers.
This combined system could, in fact, enhance AFM capability with an additional elemental analysis.

The system would consist of the following set of instruments:

- Small size- High Voltage Power supply with X-ray tube
- Dead time and automatic signal processing digital multichannel processor
- Silicon Drift Detector (SDD) with resolution < 140 eV

We have already described - when talking about XRF techniques and commercially available products - the system
realized by NT-MDT. After long evaluation, within the Consortium, about the potential of NANORAY system,
and in accordance with the R&D Department of this company supporting NANORAY developments, we have
agreed on considering the CNT-based cathodes tested during the project as the perfect sources for X-ray emission
in systems like the ones implemented at NT-MDT on an industrial scale.

We will thus develop an Exploitation plan (D11) leading to the introduction of this novel technology on the
market, with a deep study of XRF techniques and already commercialized products in the spectroscopy and

materials analysis sector.
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In summary, the Consortium will synergically work with the Research and Development Department at NTMDT
in order to integrate NANORAY solution within the already available tubes. A detailed exploitation plan will be

developed with a commercial strategy in mind, and will be illustrated in D11.

1.3.14. Final Design and re-engineering

The organisation of the laboratory tests on Nanoray tube was planned as the crucial activity for the period; this
justified the extensive laboratory sessions performed in the second year of the project.

The external apparatus to be coupled to Nanoray prototype presented, at first, several difficulties in setting up the
correct configuration for the voltage generators in order to reduce noise and any potentially occurring short-circuit
among the components. In this sense, the experimental setup implied a series of working activities aimed at
eliminating any potential problem affecting the X-ray generation and detection.

As foreseen by the project workplan, the final system was tested until the end of the project.

However, the RTD petformers' efforts have been put in the tests sessions that provided the best internal
dimensions and parameters for the design of the final tube. The deviation from the workplan then led to the
realisation of a valve-like tube which is optimised, has been estimated under production costs, and is duly working
since it fulfils the requirements on the spot and on the portability features representing the main achievements of
the project.

No pre-industrial NANORAY device has been realised, but the CAD designs and performances have
been assessed and are ready to be industrialised, as described in the mini-Business Plan developed in
Deliverable 10 (Market Study).

The activities performed by the consortium for dissemination and exploitation purposes will be reported in the

following.

1.3.15. Market Study
In spite of being traditional equipment, X-ray instruments are finding renewed demand from several commercial
and industrial application. Some of the current market features are:
» Market is mature with stable and steady growth rate;
The expected recovery of the semiconductor industry will probably boost demand for X-ray instrumentation;

Advancements in technology are mostly based on improved automation and software inclusions;

Y V V

Specialized applications, high average price, and cost of manufacture have tended to heighten the barriers to
entry into this market;
We have spotted two potential market applications for NANORAY technology, where a compact, portable and
with ultra fine focal spot system can be implemented:
®  Micro-nano focus tomography
= XRD
Proposed values for NANORAY project:
1. Focal spot size is 10 times smaller in general. But some special models, such as UltraBright, may offer a similar
functionality.
Power: Seems to be a main advantage over all models. Only PN90502 may compete in this area.
Current: Relatively small values for the industrial group.
Size: Another advantage, but not in the case of another tube with a cold cathode.
No power needed for cathode heating,
Quick on/off, short pulses, high repetition rate.
No thermal noise of electrons.

S I A

Longer life time of the cathode.
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9. No need of electromagnetic focalization

What is important is to figure out how these innovative features can be successfully translated into a marketable
product: in general, NANORAY is somewhere between the microfocus and the industrial segments. One
possibility is to go towards the industrial one, claiming high stability, a small device size and very low energy
consumption; in this case, anodic current value might not be as high as required. Or we might decide to aim to the

microfocus segment, lowering focal spot size.

1.3.16. Dissemination of results

The philosophy of the NANORAY dissemination actions is based on the following key dissemination objectives:

1. To raise awareness on the features of the new NANORAY devices into the target markets

2. To show the results of the project and to foster new application of cold cathodes technologies

The above-mentioned strategy is currently being made operational in the NANORAY plan for using and
disseminating knowledge, that provides an outline of the proposed activities. The guidelines of NANORAY
dissemination activities are based on the following principles:
v" Conceive dissemination as "knowledge sharing" and bi-directional;
Perform cross fertilization and liaison with industrial, research, and standardisation communities;
Involve to NANORAY also external organisations and experts;
Involve independent experts to validate NANORAY results;
Establish close collaboration with related projects;

Publish NANORAY results in relevant international scientific journals;

AN

Organize seminars and workshops within relevant conferences in the area, producing ad hoc brochures
and posters;
v" Have a web site dedicated to the project, containing both a public area and a restricted area for use only

by the project partners;

The University of Tor Vergata was invited and participated with a presentation on Nanoray project, with the
support of INFN (National Institute of Nuclear Physics), which also organized and chaired the Conference,
Channelling 2010, held in Ferrara (Italy) from 3rd- 8th October 2010.

More information can be found at http://www.Inf.infn.it/conference/channeling2010/home.html .

Prof. Sultan Dabagov, responsible for the LNF-INFN Laboratory which hosted the validation tests of the x-ray
tube developed during the project, took part to the Conference in the role of Chairman. IOFFE Institute
participated to the conference with the main purpose of getting updates on the technological achievements in the
field of carbon nanotubes and graphene applications.

Event website:

http://www.diamond-conference.clsevier.com/conference-speakers.html

During the last months of the project, the partners found the opportunity to take advantage of an important
dissemination tool for Nanoray results' spreading. In December 2010 an interview was finally fixed with the

International channel Euronews (http://it.euronews.net/ ), which was highly interested in the project's scientific

and technological challenges.
On December 23rd, then, Labor in the role of the project Coordinator and ENE with the support of INFN-
where the validation tests have been performed in the last year of the project- met the television channel for a

brief interview reporting: 1) a summary of the project's intents and 2) a demonstration of the working prototype.
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During this one-day interview, which will be broadcast in February 2011, the generation of X-ray beams from the
CNTs deposited on the cathodes' substrates was presented and shown, as performed during the project's test
sessions. Several actions have been undertaken from the beginning of the project for disseminating the project's
technological achievements, some of them have already been attended by the project Consortium, a list of other
events like seminars/conferences has been agreed with the partners for future participation.

Furthermore, a timetable with training activities of RTD performers towards the SMEs will be agreed after the
end of the project for sharing the acquired knowledge and thus become the beneficiary of the technology.

1.3.17. Exploitation Plan
Several applications have been taken into consideration in Deliverable 10 on the study of x-ray applications
market; together with NT-MDT, the Russian company represented within the project Consortium, we have
evaluated the Nanoray performances and consequently its potential application field. XRF technique proved to be
the most suitable activity on which to concentrate our effort for the Nanoray device engineering, for several
reasons that have been described in both D9 and D10. This conclusion also comes from the analysis performed in
D10 on the European and global spectroscopy market (which goes into detail in the XRF segment), which
suggested that NANORAY device could propetly fit in this sector. In order to support this consideration we have
carried our a parallel anteriority analysis for exploring how many and which patents have been realised in the past
years for protecting the technological results related to both CNTs synthesis process and X-ray tubes
implementation as instruments embodying cold cathode sources. A brief description of the international patent
depositions is thus reported.
The results are listed according to the Transaction Table included in the Annex 1 — Description of Work;
nonetheless it is important to understand how the commercially exploitable knowledge arising from the project
can be summarised as:

> The Cold Cathode, exploitable in several industrial applications (Result 1)

» The Nanoray X-Ray device, which is obtained through the integration of Results 2 to 4;

According to what has been stated in the project Description of Work, the partners evaluated the possibility to

protect these four results with patents/licenses. To do this, an accurate anteriority research has been performed in

the last months of the project, in order to have clear ideas on which is the state of the art of the research on these
issues, and if other companies, throughout Europe and in other continents, have already patented them. As a

consequence, an exploitation strategy will be decided and pursued.

CNTs synthesis process patents
A list of the existing patents is reported below, for completeness of analysis. We have here selected some of the

existing patents, mainly concerning the process of carbon nanotubes synthesis by CVD (which is the one used for
NANORAY cathodes realization).

% US patent 7504570: Method of manufacturing carbon nanotubes (Publication Date:17,/03/2009)

% US patent 7794797: Synthesis of catbon nanotubes by selectively heating catalyst (Publication Date:
14/09/2010)

% US patent 7214361: Method for synthesis of carbon nanotubes (Publication Date:08/05/2007)

Other registered patents, like the European one (published on 1t September 2010), mostly refer to carbon
nanotubes/nanofibers production and recovery process ot to their manufacturing using innovative techniques
(EP19805303).

® http://www.europatentbox.com/patent/EP1980530A1/abstract/498966.html
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When referring to field emission properties of carbon nanotubes for the production of cathodes, we can
notice one very aged European patent (EP 0 801 805* - extended to DE, FR, GB, AT, CH/LI- published
23/02/1994) and the relative American one (US patent 5773921), in which “the use of CNTs field emission

cathodes” is claimed. The exclusive license has returned to Till Keesmann in Heidelberg. Till Keesmann is

registrant, owner of all rights and licensor. ARGUS Holding® GmbH concluded an exclusive license agreement
with the US company SI Diamond Technology, Inc. in 2000 to further market the technology.

CNTSs-based X-ray tubes patents
We are dedicating this section of the deliverable for describing an important patent registered some months

before the formal end of NANORAY project, because this seems to be the most relevant one for the future
actions that the Consortium or some of the participant SMEs will decide to undertake for engineering and
exploiting the project prototype. The mentioned patent is:

e US patent 7778391 — Published on 17/08/2010

The invention concerns a field emission cathode as well as an X-ray tube with such a field emission cathode. The

cathode has a field emitter and an extraction grid, which are moveable respect to each other. In this sense, the
internal configuration of the suggested tube differs from Nanoray internal electrodes configuration since our tube
has a fixed distance between the electrodes and takes advantages of a multiple accelerating electrode system,
coupled with a series of focalizing cylinders.

However, the purpose of the tube described in this patent by Siemens seems to be close to Nanoray’s purpose,

namely the intention of the developers to provide highly durable and long-service-time cathodes and X-
ray tubes.

INANORAY Exploitable results
We have developed, together with a description of the technological content of each exploitable result, its current

state of development according to NANORAY project timetable and research, and we have further indicated
which could be the next steps for the SMEs of the Consortium for planning the specific result’s
commercialization or additional improvements needed for approaching the market.

As already introduced, the main results coming from NANORAY project will be the cold cathode and the total
device. In fact, several patents have been registered, from the invention of prof. Kumakhov5 on, concerning the
polycapillary optics able to focalise an X-ray beam (just as an example we can mention the US patent 5497008¢).
Therefore, since for the purpose of NANORAY system we have used some commercial 4 generation

policapillary optics, this result will not be considered as specifically applicable for patenting.

In this deliverable the state of development of the two individuated results is also desctibed.

For a more quantitative plan of the production phases of NANORAY device as intended in the delivered designs
of the final tube, we have reported some additional information about the estimated costs associated to both the
cathode production and the internal ‘valve’ realization.

The proposed actions for the realization of a commercially interesting device to be used as a concrete
alternative to traditional sources have been identified to be the following:

1) deep analysis of the cathodes’ costs, considering that an automated process will be necessary for large scale
productions.

2) 6 months research — mainly constituted by validation tests — to be carried out for further improving the tubes’
performances (with the objective of reaching 0.1mm focal spots and 1 mA stable current)

* http://www.argus-holding.de/argus-holding-patente-lizenzen-patentverwertungen-forschung_entwicklung-kohlenstoff-
nanoroehren-feldemissionskathoden.php?speak=english&PHPSESSID=68072e43959bd60028e31d5b349e7099

® http://www.xrayoptic.ru/e_kumakhov.htm

® http://www.freepatentsonline.com/5497008.html
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3) Identification, or confirmation, of the application field of NANORAY device: up to now, the tubes’
performances can appreciably fit for an XRF application, but the specific use of this technique must be chosen,
this implying a further customization of the device for specific purposes.

4) The intention of the project SMEs is to patent the fourth result (NANORAY prototype) in one of their
countries first (Russia or Italy have been the proposed ones at the time we are writing). The next step, after
engineering and producing a finite product for a specific market application, will be to extend the patent to other

European countries after considerations on its validity and interest to the chosen market segment.

The state of the art

Although at the time we have been working at NANORAY prototyping phase there were no evidences of the
presence, on the market, of a commercial product based on CNTSs technology for X-ray tubes by Oxford
Instruments, some very recent trials have been made in this direction to reach this goal.

One of the most important, that must be mentioned, is the news - dated the end of 2007 - reporting about Oxford
Instruments, in collaboration with several other companies for realizing a space application with carbon nanotube-
based tubes. Ames Research Center awarded inXitu Inc. (formetly Microwave Power Technology), of Mountain
View, California, a Small Business Innovation Research (SBIR) contract to develop a new design of electron
optics for forming and focusing electron beams that is applicable to a broad class of vacuum electron devices.

This project resulted in a compact and rugged X-ray tube with a carbon nanotube (CNT) cold cathode with a
circular electron beam that is focused to a diameter of less than 80 microns. Oxford's X-ray Technology Group
provides laboratory space and production support for continuing development and commercialization of
advanced CNT-based vacuum sources. The company produced Eclipse 1 and Eclipse 2 X-ray sources from
inXitu's prototype that was used in hand-held and portable fluorescence spectrometers for in situ analysis of
materials and surfaces. However, no evidence can be found on the Web regarding the possibility to buy such a
device at commercial conditions and prices, since it has been explicitly developed for NASA applications and
again with research purposes. Even if the research on CNTSs' field emission properties is rapidly growing and
reaching extraordinary results that prove the feasibility of their use in several different fields, up to now we have

no knowledge of actually commercialized X-ray tubes in Europe based on this technology.
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1.4 Impact
The objective of the intended NANORAY project is to realize an innovative X-Rays tube based on the field

emission properties of CNTs; the possible applications of such a device are manifold and comprise:

- Quality control applications such as validation and verification of incoming raw materials or product
composition compliance monitoring, especially in food industry.

- Archacometric surveys, in order to establish the dating of art and analyzing issues related to the materials used to
make the objects, their degradation and ageing. These questions must be answered to ensure the proper
conservation of the objects, whether it is preventive or involves intervention on the objects and X-ray diffraction
has always played an important role in non destructive study of works of art and museum objects. Forensic
applications such as forgery identification in art museums or precious metals content in jewelry.

e Medical diagnostic systems: society is deriving immense benefits from the use of X-rays for detection
of a variety of diseases, bone fractures and deformations and this technology is widely used in clinics and
hospitals. Ambulance personnel could use portable X-ray equipment to assess injuries at an accident
scene, for instance and that would a potential stunning breakthrough. Furthermore, a coherent X rays
beam such the one produced by the intended NANORAY project could be adopted in dentistry, where

there is the need of small, portable device, with low radiation doses for the patient.

e Security applications: Airport X-rays aren't just for baggage anymore. Radiation-emitting devices now

are screening people and vehicles at terminals, border crossings, and other checkpoints where security
officials want to look for weapons or contraband. More such use is likely after officials from the Food
and Drug Administration and other agencies described how lower-level radiation machines could be used
without special precautions. That's why the introduction of small, portable reliable and harmless X rays

generator will find a fruitful market.

e Aerospace applications: Remote spectral analysis techniques have been applied to many objects within

our solar system, with the result that in general terms, we know the compositions of the solid surfaces
that we can Image. The elemental / chemical information obtained by in situ X-Ray spectroscopy, while
informative, has spawned a cottage industry of studies of analog materials and a myriad of interpretations.
Remote sensing is principally useful in the formulation of hypotheses that can later be investigated by in-
situ analysis techniques. There is a wide variety of objects in our solar system to which in-situ instrument
packages could be profitably deployed.

e Environmental applications such as metals in soils and air particulate filters, or accurate alloy

identification for scrap metal recycling
e Mining and mineralogy applications such as exploration, core sampling, tailings analysis, and product

control
Both the NANORAY system itself and the production process of CNTs selectively grown on special materials in
order to be suitable emitters for cold cathodes, are results that can easily and rapidly break into the market and
greatly improve the competitiveness and profits of SMEs involved in the project.
It is worth to picture the target market in terms of revenues and expansion forecasts: concerning only security
applications, for instance (banks, airports, etc.), market rolled by from hardly consistent to very substantial, with
more than a billion dollar of turnover only in 2005 and it is steadily growing up, especially due to the persistent
terrorist threat.
Researches show that final end users push towards a radical product innovation to improve the performances of
the current state of the art X Rays tube, above all in terms of spatial resolution and tube's life cycle; increasing
spatial resolution would indeed improve the effectiveness of the analyses performed in quality control in food
industry and above all in medical diagnosis, allowing to discriminate smaller defects, invisible to current systems.

End users interested in this new technology range from:
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» Universities and Research Centers, who have always represented important customers for X-Rays
machineries

» Pharmaceutical and biotechnological companies, whose commitment toward quality control has been
hugely increased due to new FDA's regulations.

» Semiconductor industry, represented in the Consortium by multinational company Selex Sistemi Integrati,
for the control of integrated systems whose market has exponentially grown up since '90s.

» Chemical and petrochemical industries, traditionally interested in determination of the concentration of
additives and polluters in oil's detivates in order to assess their environmental impact

» Hospitals and Medical centers, interested in applying X rays on the field.

> Actrospace industties, for advanced materials characterization.

Finally, there is an increase in the request of small and portable X-Rays devices in sectors not interested in this

technology before, due to new European regulations such as "Restriction of Hazardous Substances" (RoHS),
"Waste Electronic and Electrical Equipment"” (WEEE) and "End of Life Vehicle" (ELV).

The group of SMEs will exploit the Intellectual Property Rights gained in the project, taking advantage of the
cooperation with the RTD performers in working out different parts of the system. The following table indicates
the result gained by each SME proposer from the project. The hypothesis made in the assessment of the potential
market and the economical viability of the project are the following:

1. timing and growth rate: assumption of 1 year for engineering and marketing after the end of the project, before
starting the production. Only 500 units produced in the first year, an high sales growth rate in the first 3 years,
gradually reduced to 5% in the long term.

2. cost of NANORAY units: estimated to 4000 € in the first year, gradually reducing to a more competitive value,
3000€;

SME Competitiveness

First of all we will consider the relationship between SMEs and nanotechnology: the role of SMEs in the field of
nanotechnology (Nanomaterials, nanoparticles, etc,) will be of paramount importance in the very next future.
Large and transnational enterprises have led the research and the resources investment over last decades opening
the road to new industrial products and technologies. Two of the major companies involved in this sector, CNP
Scientific and Fuji-Kerzai, has recently fixes to bring their investment for nanotubes to more than 400 Ml of
Euros before year 2007 and to more than 2000 MI of Euros (up to 10000 Ml of Euros at most) by year 2010.

In these last years the industrial and scientific panorama has shifted the market references from these huge
companies to small and flexible companies. The market demand changes quickly and requires a continuous
production process and products updating.

The larger the company is the higher economical resources are needed to conform products and production
processes. In fact this scenario obliges Large companies to modify production structures and technologies to stay
competitive on the market. The SMEs indeed, thanks to their organization and market arrangement capability, are
more easily ready to face the European and international market changes and needs. As a consequence the role of
SMEs in the development of very innovative products, like carbon nanotubes based devices, has become more
and more fundamental. Then it is important to evaluate the strategic advantage for companies like TECNA and
NTT in acquiring the know how to exploit and push to the market an innovative device such as NANORAY, that
could pave the way to a new way to look at radiography.

Project objectives are very relevant for the group of proposers, 4 companies active in the field of industry
equipment, nanotubes, X rays manufacturing and advanced characterization systems, coming from 4 member
states. The specificity of the nanotubes, which require to develop knowledge and skills in a wide range of scientific
disciplines, will therefore have an impact on the development of nanosciences and nanotechnologies, generally

speaking, more important that any other topic.
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Patent protection will be certainly sought, and will constitute a joint patrimony of the group of SMEs.
All these companies are highly motivated by the perspectives of the new application, and will strongly benefit
from mutual collaboration and cooperation with renowned European research centres. The participation of 4

companies allows to dilute individual development risks and create a wide basis for exploitation.

Societal implications of the proposed work

The research will have important societal implications concerning new possible application of nanotubes based
systems which can have an enormous impact on quality and health of European citizens, considering for instance
the reduced dose necessary to get a diagnostic radiological image with this new concept of X-ray device.

The diffusion of a cheap and high quality portable X ray device based nanotubes could be speed up the

development of new devices with great implications on everyday life of European citizens.

Synergies with education at all levels

Participants to the project know the importance of the communication in the field of materials technologies and
their application for mass consumers. So the attention to disseminate clear and scientific information into schools
and at different educational levels will be considered by the partners of NANORAY very important.

To take up of nanotube-based products and nanotechnology in general requires training of researchers and
industrialists, which will be promoted by organising workshops and training courses.

RTD performers could adopt the knowledge acquired in the project to update the content of university courses
and laboratory classes by organizing short seminars for students and providing them with scientific data and
monographies reviewing the project results and potentialities in nanotechnologies potential. These visits could be
also organized during and after the project accordingly to other partners in each country represented in the
consortium. The SMEs are interested in organising periodical visits of students particularly addressed to the local
colleges dealing with Nanomaterials and industrial equipment topics. Special attention will be also dedicated by
these partners to explain the new equipments developed and methodologies while focusing on the best practices

suggested by tests.

1.5. Public Web Site

A project web page was published by the Coordinator before the end of the first year. The domain has been

registered (www.nanoray-project.cu ) and the contents are online since November 2009.

The web page contain general information about the project, the objectives and results expected and achieved as
well as links to the web pages of the contractors to ask for further information and find possible collaborations.
The website has been updated with the recent publishable results of the project, until the end of its duration. This
project gathers industries and research performers from several European countries (Italy, Germany, Russia,
Belgium). Partners will add their skills and technological competencies to achieve the final goal of the project, that
demands to develop a new instrument for X rays generation. As pointed out in the proposal, the successful result
of the project will imply the possibility to extend the use of carbon nanotubes to several new applications not yet
considered. Working at European scale is justified by the difficulty of the research and by the implication of
results. In particular:

- The process for CNTs manufacturing on selected surfaces (as far as the technique used and the

experimental conditions are concerned) is not yet available to SMEs and is still under investigation.
- X rays systems developers and in general can marginally use nanotechnologies since the high costs that

these technologies can entail.
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- Most of time European SMEs have not the capability to invest suitable financial resources for scientific
and industrial research. Furthermore, for their corporate dimensions, often they don't have the skills
necessary to produce industrial innovation.

- The SMEs market is changing from the national market to the European market. In this situation the

cooperation is the only solution to enlarge their expertise, development capability and business.

Each company has its own business and expertise and rarely have the competency to tackle all the problems
concerning the development of a new technology and equipment and its possible applications. The SMEs usually
look at the Research Institutes and laboratories to find competencies and knowledge that can lead to innovations
in their production processes, equipments or simply products. The NANORAY project will represent an ideal
opportunity for SMEs to the take up of nanotube-based products and nanotechnology in general. This
cooperation could create a virtual bridge between the research and the industrial world. In order to realize in real
terms this cooperation the SMEs and RTD performers have already decided to organize workshop and stages so
to foster knowledge sharing.

Training and dissemination strategy
Aim of the training and dissemination activities is to allow and speed up the take up of the results from the SMEs

and from the market. The RTDPs will also be involved in these activities, being more used and competent in
scientific dissemination. Dissemination activities are aimed to widely diffuse awareness on the scientific
achievements of the project and raise interest on the application possibilities it opens in X Rays systems. Due
attention has been given to the selection of information to be diffused to provide a complete picture of the new
technology while preserving to the consortium the secrecy of more confidential results. The dissemination

methodology will include:
1.Seminars and Fairs

2.Website
3. Publications
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2. Use and dissemination of foreground

For the whole duration of NANORAY project, the Consortium was involved in the participation to events and
conferences aiming at the promotion of Nanoray value concept. One of these activities was explicated through the
realisation of a video agreed with the European Scientific Channel EuroNews that recorded the interviews and the
tests on the working prototype in order to broadcast it in May 2011, translated in 5 languages and uploaded on its
TV channel's website at the beginning of 2011.

TASK 6.1- Assessment of Results and exploitation strategy: NANORAY market study is intended to provide a
general overview of the market segments which are directly related to the X-ray application fields and an
introduction to the already commercialized traditional X-ray tubes, in order to better assess the market potential of
NANORAY system and related products; this report consists of:

- An overview of the market potential of the achieved project objectives:

1)Cold cathodes based on CNTs for field emission

2)X-ray tube for specific spectroscopy applications

- A study of the demand and the segmentation of the market

The project's objective is to develop a X-ray tube which makes use of a carbon nanotube-based cold cathode
(CNT): this could represent a significant advance in X-ray technology development and could lead to portable and
miniaturized X-ray sources for both medical and industrial applications. The direct observation of NANORAY
tube performances during the test sessions reported in D9 (field tests and performance assessment) showed how
the applications on the market that NANORAY could reasonably support with its innovative principles are based
on the combination of AFM (atomic force microscopy) and X-ray fluorescence spectrometers. This combined
system could, in fact, enhance AFM capability with an additional elemental analysis. The system would consist of
the following set of instruments: 1) Small size- High Voltage Power supply with X-ray tube, 2)Dead time and
automatic signal processing digital multichannel processor, 3) Silicon Drift Detector with resolution < 140 eV.
After long evaluation, within the Consortium, about the potential of NANORAY system, and in accordance with
the R&D Department of NTMDT supporting NANORAY developments, we have agreed on considering the
CNT-based cathodes tested during the project as the perfect sources for X-ray emission in systems like the ones
implemented at NT-MDT on an industrial scale. the Consortium will synergically work with the R&D Dep. at
NTMDT in order to integrate NANORAY solution within the already available tubes.

TASK 6.2.- Dissemination of results: In order to "spread the word" about the NANORAY initiative several
actions have been undertaken:
- A liaison with FP7 OTHER program has been established, thanks to the presence of UNITV in both
consortia
- A strategic liaison with (INFN)- the National Institute of Nuclear Physics - has been also created
- A scientific cooperation with CNR has been established at the beginning of the project with the group of
Prof. Angelucci
- Several actions in Asia have been carried out by SINEUROP to foster the adoption of functionalized
CNTs for industrial applications. Prof. Roth is currently holding classes at Seoul University on
Nanotechnology and is advertising the project results (http://ntl.snu.ac.kr/)

- Several companies have already expressed interest on the Nanoray initiative, and in particular the
Consortium has been contacted by Xintek, Unisantis, Fei, Bruker
- The participants to the NANORAY project have already taken part and held speech at several
conferences (D12)
TASK 6.3: know-how transfer: an agreed calendar of training activities of RTDs towards SMEs will be realised
after the formal end of the project for the transfer of the acquired knowledge
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2.1. Section A

TEMPLATE Al: LIST OF SCIENTIFIC (PEER REVIEWED) PUBLICATIONS, STARTING WITH THE MOST IMPORTANT ONES

Is/Will open
Title of the Number, Permanent access?
. . . 1. . Place of Year of Relevant . . .
Title Main author periodical or | date or Publisher blication blication a identifiers’ provided to
the series frequency pu ° pu © pages (if available) this
publication?
1. Boscolo and S.
Capacitive and analytical Cialdi, A. Fiori,
. . Journal of
approaches for the analysis | S. Orlanducci, V. Vacuum Vol. 25
of field emission from Sessa and . ) 06/07/2007 1253-1260 No
. Science (Issue 4)
carbon nanotubes in a M.L.Terranova, Technoloev
sphere-to-plane diode A. Ciorba and &
M. Rossi
Nanocrystalline diamond | Orlanducci, S., Journal of
films grown by CVD in | Fiori, A, Sessa, Nanoscience Vol. 8
nitrogen rich atmosphere: | V., Tambutri, E., | and (Issu.e 6) 01/06/2008 3228-3234 No
structural and field emission | Toschi, F. and Nanotechnolo
properties | Terranova, M. L. | gy
Guglielmotti, V.,
CNT/nanodiamond | Chieppa, S.,
structures: an innovative | Oftlanducci, S., Appl. Phys
concept for stable and | Tamburri, E., Lftft’ oy vol.95 n.22 04/11/2009 id. 222113 No
ready-to start electron | Toschi, F., '
emitters | Terranova, M.L.
and Rossi, M.
Honeycomb arrays of Angelucci, R.,
carbon nanotubes in Boscolo, 1., Vol42
alumina templates for field | Ciotba, A., Physica E. (Issu.e 5) 27/11/2009 1469-1472 No
emission based devices and | Cuffiani, M. ,

electron sources

Malferrati, L.,

gublication (link to article in repository).
Open Access is defined as free of charge access for anyone via Internet. Please answer "yes" if the open access to the publication is already established and also if the

embargo period for open access is not yet over but you intend to establish open access afterwards.
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Montanari, A.,
Odorici, F.,
Orlanducci, S.,
Rizzoli, R.,
Rossi, M., Sessa,
V., Terranova,

M.L. and
Veronesi, G.P.
AYa. Vul, K.V.
Reich,
A model of field emission ﬁ?’?dfrlman’ Advanced
5 | from carbon nanotubes ~ L CITAnova, ;vance Vol. 3n.2 01/06/2010 110-116 No
. S.Orlanducci, Science Letter
decorated by nanodiamond
V.Sessa, A.
Ciotrba and
M.Rossi
TEMPLATE A2: LIST OF DISSEMINATION ACTIVITIES
Countries
o] . . . o
NO. | Type of activities Main leader Title Date Place Type of audience Size of addressed
audience
SINEUROP grtltetinarti(;lailcg nff e're? ?en for Stuttgart Scientific community (higher Eur n
1 | Conference NANOTECH Htigart manodays: visions 1o 14/09/2009 ea cientific community (highe 1000 uropean
GMBH short and medium-term (Germany) education, Research) - Industry Community
applications
UNIVERSITA
_ DEGLI STUDI DI . Scientific community (higher !
2 Publication ROMA LA Nanoforum 2010 15/06/2010 | Turtin (Italy) education, Research) - Industry 500 Ttaly
SAPIENZA
UNIVERSITA .
DEGLISTUDI DI | FXRS 2010~ Buropean Figucira de Scientific community (higher European
3 Conference Conference on X-Ray 20/06/2010 Coimbra . N 2000 .
ROMA LA Spect ; ctuoal education, Research) - Industry Community
SAPIENZA pectroscopy (Portugal)
SINEUROP International Conference on ) Scientific community (higher
+ Conference NANOTECH Science and Technology of 04/07/2010 | Kyoto (Japan) education, Research) 5000 al

° A drop down list allows choosing the dissemination activity: publications, conferences, workshops, web, press releases, flyers, articles published in the popular press, videos, media

briefings, presentations, exhibitions, thesis, interviews, films, TV clips, posters, Other.

10 A drop down list allows choosing the type of public: Scientific Community (higher education, Research), Industry, Civil Society, Policy makers, Medias (‘'multiple choices' is possible.
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GMBH

Synthetic Metals

IOFFE PHYSICO-
TECHNICAL
INSTITUTE OF . Budapest Scientific community (higher European
Conference THE RUSSIAN Diamond 2010 05/09/2010 (Hungary) education, Research)y e 1000 Comrlimnity
ACADEMY OF
SCIENCES
UNIVERSITA
DEGLISTUDIDI | Congtesso Societa Italiana di Scientific community (higher
Conference ROMA LA Fisic%l 20/09/2010 | Bologna (Italy) education, Researcht)y (hig 200 Ttaly
SAPIENZA
UNIVERSITA
Presentations E S%ITS(T)ED IDL channelling 2010 03/10/2010 1 & ara (taly) igf;iizci’{g;‘;?g (higher 1 5500 all
VERGATA
Nanoray project interview with . L . .
Video LABOR SR.L the Internacional TV channel 23/12/2010 | INFN Frascati | Scientific community (higher -5 All
(Rome, Italy) education, Research) - Industry
Euronews
UNIVERSITA
Conference DEGLISTUDI DI | 3td International Conference on | 10- Basel Scientific community (higher 1000 European
ROMA LA Clinical nanomedicine 12/05/2010 | (Switzetland) education, Research) - Industry Community
SAPIENZA
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2.2. Section B

TEMPLATE B1: LIST OF APPLICATIONS FOR PATENTS, TRADEMARKS, REGISTERED DESIGNS, ETC.

Confidential Foreseen Application
Type of IP . reference(s) Subject or title of Applicant (s) (as on the application)
Rights!!: Click on embargo date (e.g. application
YES/NO dd/mm/yyyy EP123456)

A drop down list allows choosing the type of IP rights: Patents, Trademarks, Registered designs, Utility models, Others.
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2.3. Part B2: Exploitable Foreground

Type of Exploitable Foreground?

Description
of exploitable foreground

Confidential
YES/NO

PROTOTYPE

The revised alpha prototype, which has been totally designed, implemented, assembled and subsequently tested and
verified to be perfectly functioning, can be considered as a successful research result with high potentiality of being
introduced on the market. As it has been delivered at the end of the project, it would need to be reduced in size and
weight, and to be realized with low production costs to be an even more attractive technology for X-rays
applications. We can estimate that 6 additional months of research are needed for achieving this goal. According to
the existing and deposited patents on X-ray tubes taking advantage of CNTs field emission, and in agreement with
the intentions of NANORAY beneficiary SMEs, an exploitation action will be undertaken for initially patenting the
application of Carbon nanotubes’ properties to X-ray devices in one representative European country, to be decided
respecting the ownership of the result. Further considerations, after this first step, will be done among the partners
on how to fully exploit the technology and how to proceed with its engineering phase which will bring the device to
the market. The evolution of this device has been deeply analysed and constituted a crucial part of the research
carried out in the last months of the project; the delivered CAD designs of the tube with the predictions on the
production costs associated to its realization and to the components’ prices represent the first step for the SMEs’
decisions on how to protect this technological innovation.

YES

Foreseen embargo date

Exploitable product(s) or measure(s)

Sector(s) of
application3

The internal valve-like structure of the X-ray tube represents the core of NANORAY research and constitutes the
part of the system that can be exploited for low-power consumption X-ray devices and applications.

XRF (X-ray
Fluorescence); the
specific sector of
application needs to be
further analysed.

Timetable, commercial or any
other use

Patents or other IPR exploitation (licences)

Owner & Other
Beneficiary(s)
involved

19 A drop down list allows choosing the type of foreground: General advancement of knowledge, Commercial exploitation of R&D results, Exploitation of R&D results via standards,
exploitation of results through EU policies, exploitation of results through (social) innovation.
12 A drop down list allows choosing the type sector (NACE nomenclature) : http://ec.europa.eu/competition/mergers/cases/index/nace_all.html
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3. Report on societal implications

A General Information (completed automatically when Grant Agreement number is

entered.

Grant Agreement Number: FP7-SME-2007-1-222426

Title of Project:

NANORAY - Development of a X-Ray tube based on the
Field Emission properties of Carbon Nanotubes

Name and Title of Coordinator:

Eng. Paolo De Stefanis

B Ethics

1. Did your project undergo an Ethics Review (and/or Screening)?

e If Yes: have you described the progress of compliance with the relevant Ethics

Review/Screening Requirements in the frame of the periodic/final project reports? NO
Special Reminder: the progress of compliance with the Ethics Review/Screening Requirements should be
described in the Period/Final Project Reports under the Section 3.2.2 "Work Progress and Achievements'
2. Please indicate whether your project involved any of the following issues (tick
box) :
RESEARCH ON HUMANS
e Did the project involve children? NO
e Did the project involve patients? NO
o Did the project involve persons not able to give consent? NO
e Did the project involve adult healthy volunteers? NO
e Did the project involve Human genetic material? NO
e Did the project involve Human biological samples? NO
e Did the project involve Human data collection? NO
RESEARCH ON HUMAN EMBRYO/FOETUS
e Did the project involve Human Embryos? NO
e Did the project involve Human Foetal Tissue / Cells? NO
e Did the project involve Human Embryonic Stem Cells (hESCs)? NO
o Did the project on human Embryonic Stem Cells involve cells in culture? NO
¢ Did the project on human Embryonic Stem Cells involve the derivation of cells from Embryos? NO
PRIVACY
e Did the project involve processing of genetic information or personal data (eg. health, sexual | NO
lifestyle, ethnicity, political opinion, religious or philosophical conviction)?
e Did the project involve tracking the location or observation of people? NO
RESEARCH ON ANIMALS
e Did the project involve research on animals? NO
e Were those animals transgenic small laboratory animals? NO
e Were those animals transgenic farm animals? NO
e Were those animals cloned farm animals? NO
e Were those animals non-human primates? NO

RESEARCH INVOLVING DEVELOPING COUNTRIES
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e Did the project involve the use of local resources (genetic, animal, plant etc)? NO
e Was the project of benefit to local community (capacity building, access to healthcare, education NO
etc)?
DuAL Use
e Research having direct military use NO
e Research having the potential for terrorist abuse NO

C Workforce Statistics

3. Workforce statistics for the project: Please indicate in the table below the number of
people who worked on the project (on a headcount basis).

Type of Position Number of Women Number of Men
Scientific Coordinator 1 1

Work package leaders 2 1

Experienced researchers (i.e. PhD holders) 4 6

PhD Students 2 2

Other 0 0

4.  How many additional researchers (in companies and universities) were 2

recruited specifically for this project?

Of which, indicate the number of men:
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D Gender Aspects

5. Did you carry out specific Gender Equality Actions under the project? g Yes
No
6.  Which of the following actions did you carry out and how effective were they?
Not at all Very
effective effective
O  Design and implement an equal opportunity policy OO000O0
[  Set targets to achieve a gender balance in the workforce O0O000
QO  Organise conferences and workshops on gender O0O000
@  Actions to improve work-life balance ONONONONO)
X Other: NOT APPLICABLE
7. Was there a gender dimension associated with the research content —i.e. wherever people were
the focus of the research as, for example, consumers, users, patients or in trials, was the issue of gender
considered and addressed?
O  Yes- please specify |
X No
E  Synergies with Science Education
8. Did your project involve working with students and/or school pupils (e.g. open days,
participation in science festivals and events, prizes/competitions or joint projects)?
O  Yes- please specify | |
X No
9. Did the project generate any science education material (e.g. kits, websites, explanatory
booklets, DVDs)?
X Yes- please specify
WEBSITE, VIDEO
O No
F Interdisciplinarity
10.  Which disciplines (see list below) are involved in your project?
O  Main discipline®: PHYSICAL SCIENCES
O  Associated discipline': OTHER O | Associated discipline™*:
ENGINEERING SCIENCES
G Engaging with Civil society and policy makers
1la Did your project engage with societal actors beyond the research & Yes
community? (if 'No', go to Question 14) X No
11b If yes, did you engage with citizens (citizens' panels / juries) or organised civil society

(NGOs, patients’ groups etc.)?

No

Yes- in determining what research should be performed

Yes - in implementing the research

Yes, in communicating /disseminating / using the results of the project

ONONONO)

4 Insert number from list below (Frascati Manual).
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11c Indoing so, did your project involve actors whose role is mainly to
organise the dialogue with citizens and organised civil society (e.g.
professional mediator; communication company, science museums)?

(0Xe)

Yes
No

12. Did you engage with government / public bodies or policy makers (including international

organisations)

O No

O  Yes-in framing the research agenda
O  Yes-inimplementing the research agenda

O  Yes, in communicating /disseminating / using the results of the project

13a Will the project generate outputs (expertise or scientific advice) which could be used by

policy makers?

O  Yes-—asaprimary objective (please indicate areas below- multiple answers possible)
O  Yes-—asasecondary objective (please indicate areas below - multiple answer possible)

O No
13b If Yes, in which fields?
Agriculture Energy Human rights
Audiovisual and Media Enlargement Information Society
Budget Enterprise Institutional affairs
Competition Environment Internal Market
Consumers External Relations Justice, freedom and security
Culture External Trade Public Health
Customs Fisheries and Maritime Affairs Regional Policy

Development Economic and
Monetary Affairs

Education, Training, Youth
Employment and Social Affairs

Food Safety

Foreign and Security Policy
Fraud

Humanitarian aid

Research and Innovation
Space

Taxation

Transport
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http://europa.eu/pol/cons/index_en.htm
http://europa.eu/pol/cult/index_en.htm
http://europa.eu/pol/cust/index_en.htm
http://europa.eu/pol/dev/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/emu/index_en.htm
http://europa.eu/pol/educ/index_en.htm
http://europa.eu/pol/socio/index_en.htm
http://europa.eu/pol/ener/index_en.htm
http://europa.eu/pol/enlarg/index_en.htm
http://europa.eu/pol/enter/index_en.htm
http://europa.eu/pol/env/index_en.htm
http://europa.eu/pol/ext/index_en.htm
http://europa.eu/pol/comm/index_en.htm
http://europa.eu/pol/fish/index_en.htm
http://europa.eu/pol/food/index_en.htm
http://europa.eu/pol/cfsp/index_en.htm
http://europa.eu/pol/fraud/index_en.htm
http://europa.eu/pol/hum/index_en.htm
http://europa.eu/pol/rights/index_en.htm
http://europa.eu/pol/infso/index_en.htm
http://europa.eu/pol/inst/index_en.htm
http://europa.eu/pol/singl/index_en.htm
http://europa.eu/pol/justice/index_en.htm
http://europa.eu/pol/health/index_en.htm
http://europa.eu/pol/reg/index_en.htm
http://europa.eu/pol/rd/index_en.htm
http://europa.eu/pol/tax/index_en.htm
http://europa.eu/pol/trans/index_en.htm

13c

If Yes, at which level?
O  Local / regional levels
O National level
O  European level
O International level

Use and dissemination

14.

How many Articles were published/accepted for publication in
peer-reviewed journals?

To how many of these is open access™ provided?

How many of these are published in open access journals?

How many of these are published in open repositories?

To how many of these is open access not provided?

o | O | o | o

Please check all applicable reasons for not providing open access:

a
a

publisher's licensing agreement would not permit publishing in a repository
no suitable repository available

X no suitable open access journal available

U no funds available to publish in an open access journal
U lack of time and resources
U lack of information on open access
Qother®: ...............
15. How many new patent applications (‘priority filings’) have been made?
("Technologically unique": multiple applications for the same invention in different
jurisdictions should be counted as just one application of grant).
16. Indicate how many of the following Intellectual Trademark
Property Rights were applied for (give number in _ )
each box). Registered design
Other
17.  How many spin-off companies were created / are planned as a direct
result of the project?
Indicate the approximate number of additional jobs in these companies:
18. Please indicate whether your project has a potential impact on employment, in comparison
with the situation before your project:
X Increase in employment, or In small & medium-sized enterprises
Q  Safeguard employment, or d In large companies
O  Decrease in employment, [ None of the above / not relevant to the project
[ Difficult to estimate / not possible to quantify
19. For your project partnership please estimate the employment effect Indicate figure:

resulting directly from your participation in Full Time Equivalent (FTE =
one person working fulltime for a year) jobs:

15
16

Open Access is defined as free of charge access for anyone via Internet.
For instance: classification for security project.

47




Difficult to estimate / not possible to quantify

| Media and Communication to the general public
20. As part of the project, were any of the beneficiaries professionals in communication or
media relations?
X Yes O No
21. As part of the project, have any beneficiaries received professional media / communication
training / advice to improve communication with the general public?
X Yes O No
22 Which of the following have been used to communicate information about your project to
the general public, or have resulted from your project?
O  Press Release d Coverage in specialist press
O  Media briefing [ Coverage in general (non-specialist) press
X TV coverage / report a Coverage in national press
O Radio coverage / report [ Coverage in international press
O  Brochures /posters / flyers X Website for the general public / internet
O  DVD /Film /Multimedia X Event targeting general public (festival, conference,
exhibition, science café)
23 In which languages are the information products for the general public produced?

O Language of the coordinator X English
O  Other language(s)

Question F-10: Classification of Scientific Disciplines according to the Frascati Manual 2002 (Proposed
Standard Practice for Surveys on Research and Experimental Development, OECD 2002):

FIELDS OF SCIENCE AND TECHNOLOGY

NATURAL SCIENCES

1.2
13
14

15

Mathematics and computer sciences [mathematics and other allied fields: computer sciences and other
allied subjects (software development only; hardware development should be classified in the
engineering fields)]

Physical sciences (astronomy and space sciences, physics and other allied subjects)

Chemical sciences (chemistry, other allied subjects)

Earth and related environmental sciences (geology, geophysics, mineralogy, physical geography and other
geosciences, meteorology and other atmospheric sciences including climatic research, oceanography,
vulcanology, palaeoecology, other allied sciences)

Biological sciences (biology, botany, bacteriology, microbiology, zoology, entomology, genetics,
biochemistry, biophysics, other allied sciences, excluding clinical and veterinary sciences)

ENGINEERING AND TECHNOLOGY

2.2

2.3.

Civil engineering (architecture engineering, building science and engineering, construction engineering,
municipal and structural engineering and other allied subjects)

Electrical engineering, electronics [electrical engineering, electronics, communication engineering and
systems, computer engineering (hardware only) and other allied subjects]

Other engineering sciences (such as chemical, aeronautical and space, mechanical, metallurgical and
materials engineering, and their specialised subdivisions; forest products; applied sciences such as
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geodesy, industrial chemistry, etc.; the science and technology of food production; specialised
technologies of interdisciplinary fields, e.g. systems analysis, metallurgy, mining, textile technology
and other applied subjects)

MEDICAL SCIENCES

3.2

3.3

Basic medicine (anatomy, cytology, physiology, genetics, pharmacy, pharmacology, toxicology,
immunology and immunohaematology, clinical chemistry, clinical microbiology, pathology)
Clinical medicine (anaesthesiology, paediatrics, obstetrics and gynaecology, internal medicine, surgery,
dentistry, neurology, psychiatry, radiology, therapeutics, otorhinolaryngology, ophthalmology)
Health sciences (public health services, social medicine, hygiene, nursing, epidemiology)

AGRICULTURAL SCIENCES
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4.2

Agriculture, forestry, fisheries and allied sciences (agronomy, animal husbandry, fisheries, forestry,
horticulture, other allied subjects)
Veterinary medicine

SOCIAL SCIENCES

5.1
5.2
5.3
5.4

Psychology

Economics

Educational sciences (education and training and other allied subjects)

Other social sciences [anthropology (social and cultural) and ethnology, demography, geography (human,
economic and social), town and country planning, management, law, linguistics, political sciences,
sociology, organisation and methods, miscellaneous social sciences and interdisciplinary ,
methodological and historical S1T activities relating to subjects in this group. Physical anthropology,
physical geography and psychophysiology should normally be classified with the natural sciences].

HUMANITIES

6.2
6.3

History (history, prehistory and history, together with auxiliary historical disciplines such as archaeology,
numismatics, palaeography, genealogy, etc.)

Languages and literature (ancient and modern)

Other humanities [philosophy (including the history of science and technology) arts, history of art, art
criticism, painting, sculpture, musicology, dramatic art excluding artistic "research™ of any kind,
religion, theology, other fields and subjects pertaining to the humanities, methodological, historical and
other S1T activities relating to the subjects in this group]
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