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9.1 Boron Neutron Capture Therapy 

The boron neutron capture therapy (BNCT) project at ENEA is mainly based on the TAPIRO experimental
nuclear reactor and (more recently) also on the TRIGA reactor, both located at ENEA Casaccia. TAPIRO
has two facilities: an epithermal column (EPIMED) constructed for research on deep tumours, such as
glioblastoma, and a thermal column (HYTHOR) mainly used in collaboration with the Legnaro National
Laboratory (LNL) of the National Institute of Nuclear Physics (INFN) and with the University of Padua for
in–vivo radiobiological studies and neutron microdosimetry. The feasibility of using the thermal column of
the TRIGA reactor to treat explanted livers with BNCT is being studied. The collaboration with INFN Pavia
and the University of Pavia on applying BNCT to lung tumours continued.

In 2007 the final agreement from the Italian Agency for Environmental  Protection and
Technical Services (APAT) was obtained and the reactor operating conditions with the
EPIMED facility were established.  As described in the 2006 Progress Report [9.1], the
epithermal neutron beam (neutron energy between 1 eV and 10 keV) entering the
reactor hall has been shielded by a bunker of limited volume, appropriate for beam

characterisation with the reactor operating at a maximum 10% of nominal power (5 kW). 

In June 2007 characterisation of EPIMED began in collaboration with a network of national groups (ENEA,
University of Milan, University of Pisa, INFN Frascati, University of Turin and Polytechnic of Milan) and will
be completed in 2008. Characterisation consists in using different techniques to measure the beam
physical properties (neutron flux and gamma dose) in air and in a phantom at the beam aperture
(12×12 cm2) (fig. 9.1) in the standard configuration, in order to verify the design parameters [9.1, 9.2].

The thermal and epithermal fluence rate of neutrons
was measured at the collimator exit of the epithermal
column by assessing the activity of activated bare and
cadmium-covered gold foils with a NaI(Tl) scintillator.
Thermoluminescence dosimeters (TLDs) were used
to measure the thermal neutron flux both in air and in
the polyethylene phantom designed by the University
of Milan. The fast (over 10 keV) neutron fluence rate
was measured in air and in the phantom by two
different sets of bubble detectors designed by the
Universities of Pisa and Turin (fig. 9.2). A set of five
Bonner spheres of different diameters (47, 97, 147,
201 and 253 mm), designed at the Nuclear
Engineering Department of Milan Polytechnic, were
used to perform some neutron spectrometry
measurements at the beam aperture. Gold foils were
placed at the centre of the Bonner sphere moderator
(polyethylene). The centre of each sphere was placed
25 cm from the beam aperture (fig. 9.3). Also for these
measurements, the activity of the activated foils was
assessed with a NaI(Tl) scintillator. The neutron
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[9.1] 2006 Progress Report, ENEA – Nuclear Fusion and
Fission, and Related Technologies Department,
Sect. B2 (2006)

[9.2] 2005 Progrss Report, ENEA – Technical and
Scientific Division for Advanced Physics
Technologies, Sect. 5 (2005)
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spectrum was then determined by an unfolding
method based on the Gravel algorithm. Preliminary
measurements of the gamma component were
performed by means of an ionization chamber.

All the measurements will undergo further checks and
the results obtained by the different techniques will be
compared.

In the framework of research into new
boron carriers for treating skin
melanoma, the therapeutic effects of
the HYTHOR radiation field on mouse
melanoma (without boron injection)
were evaluated as a preliminary part of

a comprehensive study concerning local control of the
tumour through the boron neutron capture effect. Several studies were carried out to set up the
experimental procedures. In the irradiation cavity (14×14×24 cm3), up to six mice can be simultaneously
irradiated. Control mice underwent identical experimental procedures (including anaesthesia, transport to
and from the nuclear reactor) to the irradiated mice, but were not exposed to irradiation. The results
obtained will be compared with future irradiation of mouse melanoma with boron injection. The neutron
dose was monitored by using one of the ionisation chambers inserted inside the TAPIRO reactor. The
ionisation chamber current was measured with a Keithley 614 electrometer interfaced with a personal
computer.

With regard to the microdosimetry of mixed radiation fields such as BNCT, special mini tissue-equivalent
proportional counters (TEPCs) were designed and constructed by INFN Legnano and then tested in the
HYTHOR facility [9.3]. The sensitive volume of the proportional counters is about 1 mm3. A twin mini-TEPC

was also constructed to obtain the different dose
components in a single measurement. This detector is
composed of two independent mini-TEPCs, one
containing the boron isotope 10B (simulating the
cancerous region), the other boron free (simulating the
healthy tissue).
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[9.3] Davide Moro, Development of tissue equivalent
proportional counters for BNCT microdosimetry,
PhD thesis (2007)

Fig. 9.2 – a) Bubble detectors in front of the beam; b) bubble detectors inside the polyethylene phantom placed in

front of the beam

Fig. 9.3 – One of the Bonner spheres in front of the beam
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In collaboration with the Department of Physics of Milan University, the results of some in-phantom
dosimetry studies carried out at HYTHOR were compared with those obtained with the same tissue-
equivalent gel phantoms in the thermal column of the TRIGA MARK II reactor of Pavia University. The
spatial distribution of the gamma dose and the thermal neutron fluence were evaluated by means of gel
dosimeters and activation foils, respectively. Dose and fluence rate profiles were also compared with Monte
Carlo simulations. The results obtained in the two thermal columns are very similar.

A feasibility study was carried out to verify the use of the thermal column of the TRIGA
reactor to treat explanted livers with BNCT [9.1]. In 2001 and 2002, this technique was used
to treat two patients for liver metastases at the TRIGA reactor at Pavia (250 kW power). One
characteristic of the treatment was that the liver had to be rotated 180° halfway through
irradiation so as to provide a thermal neutron field that was as homogeneous as possible

throughout the whole organ.

At the TRIGA reactor in Casaccia (1 MW power), two initial objectives of the feasibility study were to

• verify that the thermal neutron field in the thermal column is equal to or greater than that at Pavia, where
it has been both calculated and measured extensively;

• verify whether, with an appropriate design of the graphite configuration in the thermal column and with
appropriate spectral hardening, the 180° rotation of the organ during treatment could be avoided; for
this purpose, the Department of Physics of Pavia University allowed designs developed at Pavia to be
adapted to the TRIGA at Casaccia.

The first objective turned out to be more complex than had been expected. Apparently, the following
differences in the two TRIGA designs have an appreciable impact on the thermal neutron flux in the thermal
column:

• the larger core in the Casaccia TRIGA (with an extra ring of fuel rods), implying a lower core leakage per
unit power than the smaller Pavia core;

• the different type of junction between the thermal column and the reactor tank in the two reactors, with
the presence of masonite (of uncertain physical condition) at Casaccia;

• a gamma shield made of lead in the Casaccia TRIGA, but  a bismuth gamma shield in Pavia.

The modelling indicates that all these factors operate in the same direction, lowering the neutron flux in the
thermal column of the Casaccia TRIGA compared with that in the Pavia TRIGA. Preliminary indications are
that the four times extra core power at Casaccia is approximately cancelled out by the above factors and
one should expect similar levels of flux in the thermal column to those found at Pavia. Thus similar
treatment times to Pavia are expected. The next step of measuring the flux values in the thermal column
of the Casaccia TRIGA that should have started in September 2007 has unfortunately been delayed.

The second objective has been attained, and it has been verified that the setup of the graphite column
suggested by the Pavia group, together with their new organ container design (fig. 9.4), which contains a
layer of lithium fluoride, does provide sufficiently homogeneous irradiation of the explanted organ to allow
a single irradiation of the organ in the same position without resorting to a 180° rotation halfway through.
The layer of LiF – too thin to appear in the figures – covers an azimuthal angle of approximately 270° on
the side of the container towards the reactor core. The liver phantom was also supplied by Pavia.

Therapeutic dose profiles and contamination dose profiles from fast neutrons and from gamma rays for the
new setup were compared with those in a similar
setup to that employed in the Pavia treatments of

[9.4] L. Casalini, Applicazione dei codici SABRINA ed
MCNP al fantoccio antropomorfo ADAMO, ENEA
Internal Report CT WCD 00005 (1994)

[9.5] G. Gualdrini, L. Casalini, B. Morelli, Monte Carlo
technique applications in the field of radiation
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2001-2002. Figure 9.5 shows a typical comparison
of therapeutic (10B) dose profiles in the two setups. It
is clear that the new setup gives a better dose
coverage of the whole organ than the old one.

The collaboration initiated in 2006
with INFN Pavia continued in
2007 in the framework of the
BNCT lung project coordinated
by Pavia (supported by the

Ministry for Higher Education and Research and
INFN). The aim is to study the possibility of applying
BNCT in the treatment of diffuse lung tumours. 

To test whether it was possible to uniformly irradiate the whole lung by using external neutron beams,
Monte Carlo calculations were performed to evaluate the thermal neutron flux distribution in a model of the
human thorax. The MCNP code and the anthropomorphic phantom ADAM [9.4, 9.5], in which the different
organs are represented schematically using analytical volumes, were used. The MCNP capability for
repeated structures was implemented to voxelize ADAM’s thorax and the organs contained, obtaining a
mesh of voxels of 1 cm3.

The thermal neutron flux and the dose distribution were calculated along chosen axes in the phantom’s
thorax. With two opposite mono-energetic neutron
beams of 1 keV, the thermal neutron flux distribution
was substantially homogeneous throughout the lung
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Fig. 9.4 - Horizontal a) and vertical b)

cross sections of the new setup of the

thermal column with the organ phantom

and container (the reactor core is to the

left)
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Fig. 9.5 - A typical comparison of therapeutic (10B)

dose profiles in the new and in the old setup 
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volume. Thus the tumour can absorb a similar dose wherever it is located in the lung. These preliminary
results obtained with an ideal beam provide optimistic indications regarding the possibility to irradiate lung
tumours by realistic multiple external epithermal neutron beams.

Forthcoming activities will concern simulation of the thorax irradiation by modelling the actual epithermal
beam of the TAPIRO reactor. 

9.2 Nuclear Power for Space-Application

The use of nuclear power in space is technically feasible but, due to the remote risk of an accident at
launch or in the event of an uncontrolled re-entry, it still remains politically unacceptable. Nevertheless,
small and safe nuclear reactors could generate 30-60 kW of electrical power for a period of 10-15 years
even in the case of a deep space mission, where conventional energy conversion devices are useless or
inefficient. Furthermore, the standard space systems for electrical power generation (photoelectric
conversion and radioactive thermal generator) are unable to sustain similar performances even in orbital
conditions. A carefully designed nuclear reactor for space application could also be used for satellite (and
maybe spacecraft) propulsion. On the basis of these premises a scoping study on the possible space
application of nuclear reactors has been started in collaboration with the Energy Conversion Department
of the University of Rome La Sapienza. The main objectives are to i) overcome the safety-related concerns
of European public opinion on space nuclear technologies and ii) enforce and maintain national skills in the
field of nuclear reactor science. Space Power Core Ka (SPOCK), as stressed by the ancient Egyptian word
Ka (Essence of Things and Life), is a conceptual study on the possible use of nuclear space applications.
In 2007 a 3D Monte Carlo model of the whole nuclear system was implemented as a MCNPX input deck,
allowing definition of the conceptual neutronic design. In the meantime computational fluid dynamics
simulations were carried out on a FLUENT 3D model in order to define the optimal conditions for both
nuclear criticality and energy conversion. The first hypothesis of a prototype is a nuclear reactor whose
core will be able to supply a thermo-electric converter to generate 30 kW of electricity for space
applications. The prototype is also compatible, by dimension and weight, with the launch parameters of
NASA and ESA. On the basis of the results obtained, a common strategy between ENEA and the
University of Rome La Sapienza will be developed in order to gain European partnerships and funding. 

9.3 Development Activities for Antarctic Drilling

The objective of the Talos Dome Ice Core (TALDICE) project is to drill deep ice in the Talos Dome site
(72°48’S; 159°06’E, 2316 m) on the edge of the East Antarctic plateau, adjacent to the Victoria Land
Mountains in the western Ross Sea area (see for reference 2006 Progress Report). 

The fourth and final campaign of perforation was carried out during the 2007-2008 Antarctic Campaign.
The aim was to drill the ice down to the bedrock, initially estimated to be 1550±25 m deep, and recover
the brittle zone ice left the previous year in the buffer for relaxation. The camp was opened on
17 November. 

During the season the new Italian drill system (IDRA) and the new logger probe (Themocle 2) were tested.
When testing the IDRA system (fig. 9.6), it was found that the pump had difficulties in recovering chips and
as it was impossible to solve the problem in the field, the drilling instrumentation for the Berkner drill system
(3 December) was mounted and set up. The drilling activities started on 6 December, while the packing
activity of the brittle ice lasted from 2 to 7 December.
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On 23 December, at 17:30, after 15 days of useful
perforation, a depth of 1619.20 m was reached
without any evidence of the bedrock proximity, so the
drilling was stopped, also to maintain the hole in a
safe condition for the future (fig. 9.7). The liquid level,
at the end of the drilling operation, was at a depth of
–140 m, and the last drum of Solkane, stored in the
French station of Dumont D'Urville, was used to refill
it up to the safety level of 120 m. This, with a density
of the fluid of 0.958 at the bottom, ensures a hole
enclosure rate of less than 0.5 mm and the certainty
that the hole can still be used for a future perforation
season or measurement campaign. During the
logging, 59 visible layers were found in the ice core,
all above a depth of 1528 m. Most of the them are
probably ash, but some seem to be cloudy bands
(fig. 9.8). These layers will be very useful for getting
an exact dating of the ice extracted during
perforation.

After the end of the drilling campaign, the logger
probe was mounted to start with the measurements
of the hole. As the liquid in the hole had been
disturbed by the drilling activity, the logging worked
as a test of the instrument. On 27 December  logging
started at 150 m (as the liquid level was around
140 m) with a speed of 55 cm/min, and with stops of
three minutes every 25 m (fig. 9.9). Unfortunately, on
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Fig. 9.7 - Perforation progress graph: 2007-2008 season 

Fig. 9.6 - Test of the new drill and the perforation trench

Fig. 9.8 - Tephra and cloudy layers

153



Fission Technology

154

20
07
P
ro
gr
es
s
R
ep
or
t

Fig. 9.9 - Logger console  

Fig. 9.10 - Talos Dome: trench collapsed and camp closed



30 December there was a problem with the power supply on the surface, so the measurements stopped
at a depth of 1423.73 m. 

The final part of the season was dedicated to dismounting all the components inside the perforation trench
(tower, winch, extraction table, etc.) and then flying them to the Mario Zucchelli Station. The perforation
hole had to be made safe, with extension of the casing pipes, before removing the roof of the trench. After
collapse of the trench, the hole, which is inside a wooden construction, is still accessible from the surface
(fig. 9.10). At the end of the season the remote camp was definitively closed. 

During the perforation season 2007-2008 a drilling depth of 1614.30 m was reached (320.44 m drilled this
season); the logged depth was 1619.20 m. The ice from 666.00 to 1001.00 m and from 1300.00 to
1619.20 m (total of 654.20 m) was cut, packed, and sent to Europe for analyses.

In the 15 useful days of perforation a daily average perforation of 21.36 m was maintained, for a total of
176 runs, with a core length average per run of 1.81 m. The total amount of recovered chips was 2200 kg
(6.86 kg/m) in 290 perforation hours, with a core length average per perforation hour of 1.10 m .
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