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Accelerator-Based Boron Neutron Capture Therapy-BNBCT) is establishing itself world-
wide as the future modality to start the phasendiaspital facilities. There are projects in Rus-
sia, UK, ltaly, Japan, Israel and Argentina to depeAB-BNCT around different types of ac-
celerators. In particular, the present status aaént progress of the Argentine project for the
development of a Tandem-Electrostatic-QuadrupoleSQ) accelerator is presented. Different
working areas are treated: high-power ion soureesgleration tubes, transport of intense
beams, beam diagnostics, high-power tardBes(d,n) reaction as a possible neutron source and
treatment room design. A complete test stand waéls dmd commissioned for intense proton
beam production and characterization. Beams o0fol180t mA have been produced and trans-
ported during variable periods of operation by nseaha pre accelerator and an electrostatic
quadrupole doublet to a suppressed Faraday cup.b@&am diagnostics has been performed
through the observation with digital cameras ofuiced fluorescence in the residual gas. A 200
kV TESQ accelerator prototype has been construmtedis under test and a 600 keV prototype
is under construction. Self consistent space chhegen transport simulations have been per-
formed and compared with experiments. In additimthe traditionalLi(p,n) reaction’Be(d,n)
using a thin Be target has been thoroughly studged candidate for a possible neutron source
for deep seated tumors, showing a satisfactoryopmence. A treatment room complying with
regulations has been designed. Finally we presgvarees in the development of a Single-
Photon Emission Computed Tomography (SPECT) syftemnline dosimetry during a BNCT
treatment.
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1. Introduction

Boron Neutron Capture Therapy (BNCT) [1,2] appeara therapeutic alternative in cases
where tumors are spatially not well defined —iteye diffuse limits and regions with partial
infiltration— or when they do not respond to cori@mal chemo- or radiotherapy or when the
tumor location or its degree of dissemination makeeaningful surgical approach difficult, if
not impossible. BNCT is performed in two steps #émerefore it is characterized as a binary
approach. The first step consists in giving théepdta tumor-selective drug that acts as a carrier
for °B. Once the tumor cells are loaded WifB, the patient is irradiated with an epithermal
neutron beam. Epithermal energy is necessary fachiag deep seated tumors with thermal
energies at which the capture cross section (s ¢hse, of°B) is very large. The capture
reaction produces two high-LETir{ear_eergy tansfer) ions that release more than 2 MeV of
energy within a combined range of the order ofirQ) a typical cell size. This binary procedure
of BNCT is a quite unique feature and achieves laleeel targeting provided that good
selectivity of the boron-carrier drug is obtain€irrent drugs used in clinical BNCT attain a
concentration ratio between tumor and healthy éisgiapproximately 3.

At present, almost all BNCT treatment centers waeidig are associated to nuclear
reactors. However it is recognized that the advamece of BNCT requires neutron sources
suitable for installation in hospital environmenks.this scenario, accelerator-based neutron
sources, installed in specialized cancer centdlisplay a decisive role in the future of BNCT.
Therefore several programs, whose number has sedeaduring the last few years, are
dedicated to the development of accelerator-ba®d@TB(AB-BNCT): two in Japan [3,4], two
in Russia [5,6], one in Israel [7], one in Italyi,[®ne in the United Kingdom [9] and one in
Argentina [10].

There are several nuclear reactions of interesAB¥BNCT, the two most exploited ones
in current AB-BNCT programs aréLi(p,n)’Be and°Be(p,nfB. The lithium reaction was
traditionally considered the best due to its neufrield and because it can produce low energy
neutrons at bombarding energies near its threstio88 MeV). However the most awkward
properties of lithium for constructing high-poweardets are its chemical reactivity, low melting
point (180°), low thermal conductivity (85 W'K™) and management of the radioactive
product generated in the reactidBé, T., = 53.2 days), though these are not insurmountable
problems [5,6,7,9].

In this paper we report on the present status obrayjoing project to develop a folded
Tandem-Electrostatic-Quadrupole (TESQ) accelerédoility for AB-BNCT at the Atomic
Energy Commission of Argentina (CNEA) [11]. The giess achieved in the different working
areas of the project is presented including an agubr for the online determination of the
delivered dose to the patient.

2. Theongoing project on AB-BNCT in Argentina

The planned facility is based on a vertical foldaddem with electrostatic quadrupoles
(TESQ) for acceleration and beam transport. Thehinacis designed for théLi(p,n)'Be
reaction for operation slightly beyond its resoreaat 2.3MeV (although we are also studying
the near threshold condition [21]). It is intendedwvork in air, to avoid the need for a pressure
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vessel and for an insulating gas installation. pragect aims at developing a machine capable
of delivering a proton beam of about 2.4 MeV and8®to irradiate a Li metal (or a refractory
Li compound) target in order to produce the thensipeneutron beam after appropriate beam
shaping. These are the specifications needed tdupeo sufficiently intense and clean
epithermal neutron beams to perform AB-BNCT formseated tumors in less than an hour.
Details and discussions on this installation cafobed in previous publications [10-13].

The project involves several working areas, nanddyelopment of high power ion
sources, development of power and voltage generatystems, development of acceleration
tubes, transport study of intense beams, implertientaf beam diagnostics, implementation of
control systems, develpment of high power targetisdly and construction of beam shaping
assemblies, treatment room design, treatment pigrassessment of clinical cases, ¥e(d,n)
reaction as a possible neutron source and onlitienpaosimetry.

Since the accelerator has a modular concept ibeaprogressively scaled up in energy.
The different prototypes being under study andiffei@nt stages of constructions are a 200 kV
single-ended, a 700 kV tandem and a 1.4 MV tandEmey share a number of common
features, like the beam acceleration and trangmimtiple (based on a chain of electrostatic
quadrupoles), accelerator tubes, power generatysterss (for the 700 kV and 1.4 MV
prototypes) and high-voltage sources. In particuattensive numerical calculations for the
transport of high intensity beams with space chaffgcts have been performed for the design
of the ion optics [14].

Figure 1: Left: tube section. Center: quadrupoledates. Right: centering the quadrupoles
inside the tube.

2.1 Accelerator tubes and quadrupoles

Numerical simulations for stress and deformatiadigts have been performed for a tube
design based on glass cylinder slabs with elecsraderleaved and bonded with an appropriate
adhesive. A built tube successfully passed the amchl test, the high voltage test (106 kV
applied between ends) and vacuum test (3xtbar) [15]. Figure 1 shows a tube section, like
those used in the ion source test stand and thek¥0fccelerator, along with its quadrupole
modules. Final relevant dimensions in the assemipledrupoles are within 0.03 mm precision.

2.2 Theion source

A dual-chamber plasma volume source has been cotetr and assembled [16]. This
source, working with hydrogen, in combination wétipre-acceleration system of electrodes in a
test stand has produced an intense proton bearbooft 80 mA. The beam intensity is high
enough to produce intense fluorescence in theuabghs inside the tube. Digital images were
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acquired, processed and analyzed for extractingvaet beam parameters (figure 2). An
iterative calculation gives an initial beam radofis8.46 mm and an emittance of 1.20 mm-mrad.

Figure 2: Induced fluorescence in the residualpgaduced by a proton beam of 9.5 mA.

2.3The200 kV prototype

Figure 3.a shows a general view of the 200 kV a&ratbr with all its peripheral systems —
high voltage, cooling, vacuum and control- mounteart b. shows a detail of the quadrupole
chain in place inside the tube. The acceleratorpgnaduced stable beams of the order of the
mA, figure 3.c shows the first beam successfulydpiced with an intensity of 3 mA.

Figure 3: ‘(a.) General view (;f the 200 kV accelgratb.) Quadrupole chain inside the
tube. (c.) First beam propagating through the aca#@dr (3 mA).

2.4 Neutron production target

As stated above, in a first stage of the acceleddwelopment, the machine is intended to
deliver a high intensity beam of deuterons of allbdtMeV. The aim is that this accelerator
works in conjunction with a thin Be target. In tltientext the’Be(d,n}°B reaction was studied
as a promising alternative to tHei(p,n)’'Be reaction as an epithermal neutron source for
treating deep seated tumors [17,18]. In conjuncivith an optimized beam shaping assembly,
therapeutic doses can be delivered to tumors Idagpeto about 5 cm in depth with arué
target and a deuteron beam of 1.45 MeV (30 mA) single irradiation session of less than 1
hour duration. In addition, the technological adeges of °Be(d,n) reaction must be
emphasized. They are the low bombarding energmgiresl (about half of the proton energy
required for'Li(p,n)), the thermal (melting point: 1287°, thetrecanductivity: 190 W-m-K™)



Accelerator technology and SPECT developmentsNEB Alejandro Valda

and mechanical superiority of a metallic Be tatggicompared to a Li one and the absence of
residual radioactivity.

For the target construction we have achieved stabigllium deposits on tungsten and
molybdenum. However it is necessary to improve sheface preparation in order to get a
smoother beryllium surface. A micro channel geoicefrwas proposed as heath sink for the
target and a prototype is under construction [1]9,20

2.5 Patient treatment room design

A preliminary design of the treatment room, basedvtmnte Carlo numerical simulations
with the MCNP code, has been proposed. It consileepithermal neutron beam produced via
the "Li(p,n)'Be reaction at 2.3 MeV proton energy and 30 mA arshielded beam shaping
assembly (BSA). The room has an internal footppinb m x 5 m and is accessed through a
maze-like corridor. The wall material is standamharete (1.5 m thickness) with a slab of
Li»Cos (2 cm thickness). Layers of water,Cis, lithiated polyethylene and lead are used for
shielding the BSA. The numerical calculations iatkcthat the proposed shielding for both
BSA and treatment room fulfils (in order of magui®) the dose restrictions required by
national regulations (bmSv/h for general public and 3x1@Sv/h for occupational workers)
considering maximum workload and continuous ocdapaif adjacent dependencies [22,23].

3. SPECT-based onlinedosimetry in BNCT

3.1 Statement of the problem

In BNCT, as in any other radiotherapy approachery ¥mportant issue is the knowledge
of the delivered dose to the patient. Dosimetn\BMCT is complicated by the existence of
multiple secondary radiations mainly produced bytran interactions with nuclides other than
%8 present both, in the patient body and in its aumding environment (e.dN(n,p)*“C,
H(ny)?H, *H(n,n)). In the case of BNCT with reactors it i@ necessary to consider the
gamma radiation originated in the reactor core ¢#magrges from the beam port. Nevertheless
the absorbed dose in the tumor is dominated by Beapture reaction which, with currently
achieved®B concentrations in tumor, accounts for about 8@%he total dose. Therefore, the
boron component dose depends not only on the nedietd but also on the distribution of
boron, both in tumor and healthy tissues.

Figure 4 schematically shows the typical stepsfedld at present for performing patient
dosimetry in BNCT. On the one hand, the neutroidfie determined and characterized by
Monte Carlo calculations and measurements prighéopatient treatment. On the other hand,
198 concentration in tumor should be determined frhepatient. This is obtained fram situ
boron concentration measurements on blood samfidee to the boron carrier drug
pharmacokinetics, this is performed on samplesntddefore, after and, sometimes, during the
neutron irradiation. Tumor-to-blood and healthgtis-to-blood°B concentrations are inferred
from available statistical data of biodistributistudies of the drug. These studies are conducted
on other individuals and also on animal models; tyyEcal value of the ratio 3:1 fol’B
concentration in tumor and healthy tissue, is olgt@iin this way. Finally, the neutron flux and
the estimated boron concentration distribution @sed to obtain the dose distribution of the
patient.
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Figure 4: Main typical steps followed at presemtgerforming patient dosimetry in BNCT.

It can be observed that this indirect methodologg karge uncertainties due to intra-
patient and patient-to-patient variability; it pides thus only very uncertain global dose values
and it is not possible, in particular, to considariations in the dose due to hon-homogeneities
in "B concentrations. Hence a better measurement’®fconcentration during a BNCT
treatment will result in a better knowledge of theponse to the treatment.

3.2 System design and testing of a prototype

To tackle the dosimetric problem in BNCT, we pragegbsa methodology that takes
advantage of the characteristic gamma radiatioritesnduring the capture reaction'fs [24,
25,26]. This process occurs in 94 % of the captutesre the resultindLi ion is emitted in an
excited state decaying immediately through a 4R8@mpt gamma ray. External detection of
these photons is possible since its linear attématoefficient in soft tissues is ~0.1 ¢m
Moreover we proposed a tomographic detection systeatlogue to that used in the nuclear
medicine imaging modality known by the acronym SFE@or gngle-photon enission
computed emography). This approach is non-invasive, patspeteific and can be performed
online, i.e. during the BNCT irradiation. In additi the tomographic principle gives access to
three-dimensional information of the dose distidmut Other approaches have also been
adopted for BNCT online dosimetry based on the KEA8 gamma ray detection, some of them
were implemented in a BNCT facility [27] and othe&@mprises conceptual studies or basic
detector developments [28,29,30].

Despite the widespread application of SPECT in earcimedicine, the use of such
conventional diagnostic system for online BNCT dustiry is not possible. The energy of the
gamma ray of interest and the gamma and neutrokgl@md present in a BNCT treatment
room demand the development of a dedicated systemsemdetectors have an energy resolution
better than 5 % (to separate the 478 keV and 5¥1pkeks), high intrinsic detection efficiency
(for collecting enough data during the duratioritef patient irradiation) and compact size (for
practical reasons related to gamma and neutroridstge The collimator of the detection
system must be designed to cope with the relativigllf energy photons and must provide high
efficiency (again, for allowing rapid data collext) while providing good spatial resolution for
generating useful dose distributions.

Based on Monte Carlo numerical simulations with M @&NP code, we have shown in a
previous work [24] the feasibility of a system thmbduces tomographic slices (1 cm spatial
resolution) capable to recover tHB concentration in a 2 cm diameter cylindrical tumwdel
immersed in a 16 cm cylinder containing an aqueoutrm distribution of boron (tumor-to-
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background concentration: 4:1). Taking into congitlen the limited number of counts
imposed by the patient treatment time and the systetection efficiency, an uncertainty of
around 10 % is expected for the tumor concentratidre tomographic reconstruction was
performed by means of a statistical iterative atbor called Expectation Maximization -
Maximum Likelihood (EM-ML) [31]. The system matrireeded for the reconstruction was
calculated by Monte Carlo simulations using MCNiKjrig into account attenuation and scatter
in collimator, photoelectric absorption in the sitiator and attenuation in the phantom.

A prototype of a SPECT system has been constragtddested [25,26] at the accelerator-
based BNCT facility of the University of Birminghaf8]. The device was composed of four
independent cylindrical LaB({Ce) scintillators (2.54 cm x 2.54 cm) coupled tmfomultiplier
tubes, collimator, shielding and displacement sysfEhe collimator was built in lead with four
straight bores 0.5 cm diameter and 30 cm lengthigiry a geometrical spatial resolution of 1
cm at a distance of 30 cm. The shielding has beastaicted with successive layers, from
outside to inside: a layer of a mixture of para#imd lithium carbonate to moderate and absorb
neutrons; a cadmium layer for further shieldingh#rmal neutrons; a lead layer for shielding
gammas and a final layer of lithium carbonate dwmitin®Li for absorbing the remaining
thermal neutrons. The whole system was mounted @orimed rails remotely controlled. A 9
cm radius cylindrical head phantom filled with wad@d containing a 3 cm diameter cylindrical
tumor model with 400 ppm dfB was used for the experiments.
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Figure 5: Image of the reconstructed rate of capreactions in'%B where red circles

indicate the geometrical extension occupied bytihgor and head phantom.

Figure 5 shows the result of the tomographic rettoogon of the experimental data. It is
a transversal slice through the cylindrical head mor phantoms, 21x21 pixels of 1 cm side
each, showing the boron density rate distributionthe tumor, it attains a value of 1.7¥10
s*.cm? (error ~15 %) and presents no significant diffeesnwith the MCNP simulation of the
tested system, for which the maximum rate was 1L@5s*-cm® (error ~1 %).

This is the first experimental result of a tomodmapacquisition of the boron dose
distribution in a phantom irradiated at a faciligith a clinical BNCT neutron spectrum.
Appropriately scaling the test conditions to maealistic detection efficiency (by increasing the
number of detectors), boron concentrations, theftippbeam intensity and treatment time, this
result shows the feasibility of the proposed apghmodiowever it revealed also the need to
further reduce the signal background by optimizthg whole system. At present we are
working in designing more compact detectors, onathe hand, by reducing the lateral size of
the scintillators while increasing it thickness. e other, we will replace the photomultiplier
tubes by pixelated avalanche photodiodes.
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4. Conclusions

A 200 kV high-current accelerator prototype is asin@ady and an in-air folded 0.7 MV
tandem ESQ is being built. Other accelerator caméiions like single ended 1.4 MV and 1.4
MV tandem are being pursued. A prototype of a SPEgIem for online dosimetry in BNCT
based on LaB(Ce) scintillators has been built and tested. Watioae working towards the
completion of a full accelerator-based BNCT fagilit
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