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Boron Neutron Capture Therapy (BNCT) is a potentially powerful 100l offering the possibility of
various forms of cancer treaiment, and is believed to be one of the most promising methods of
cancer radio therapy in the future. Zhemetkodirpam‘culm-lymi:ableformmon which resist more
conventional methods such as surgery, X-rays and . ,

Thedewl?mbflhecﬁciauimdiatimfacﬂiyml]s TRIGA research reactor, using Monte

kemoterapija, manj uspeina. .
V' prispevku bo predstavjen razvoj obsevalne naprave (obsevalnega kanala) na raziskovalnem
reaktorju TRIGA na IS, z uporabo Monte Carlo simulacijskega programa MCNP4A.

| 1. Introduction )

Boronn Neutren Captni'e Therapy (BNCT) is radiation treatment that offers the potential of
a highly selective effect of radiation - alpha- particles - while sparing normal tissues, It brings
together two components that when kept separate ‘have only minor effects on normal cells. The

captured by boren nuclei. The combination of these two conditions at the site of the tumor

releases intense radiation that destroys malignant tissues. ' R '
The central feature of effective BNCT is the selective delivery of a drug containing the

stable, naturally occurring isotope boron-10 into the tumor. As the tumor is irradiated with the
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low energy neutrons (epithermal neutrons 'beoome bthennalized) there is ak higher likelih, :
. h ood of
the boron-10 nuc!eus-' absorbing them thap that of the nucleus of the any other element
normally' Prest.ant. In tissues. The boron nucleus becomes unstable and immediately splits into
two recoiling ionizing particles, an alpha particle (i.e. helium nucleus) and a lithium nucleus;

n+1°B—>‘1B'—>4He+7Li+y

These products of the BNCT reaction 1%B(n, a)'Li are of short range (alpha .particles have a

pathlength of about one cell diameter, which is arround 10 um) and are confined to the

immediate vicinity of the boron containing” eomipound which, hopefully, should be concentrated

in the tumor. . ,
A major appeal of BNCT is that lithium-7 nuclej and energetic alpha particles are produced

by fission 'reaction following the neutron capture. These heavy particles which carty 2.79 MeV
of energy, have very high ionization density. Another advantage of alpha particles is that they

to work best only on the cells that are dividing,
These characteristics make BNCT a theoretically ideal system for the destruction of malignant

2. Epithermal channel design

The efficient irradiation facility for boron neutron capture therapy (BNCT) consists of
followingv main parts: T : ,

* _ appropriate (epi)-thermal filter which enhances thermal and epithermal nehtron flux on one
side and suppresses the fast neutrons on the other side, :

There are four operating epithermal neutron beams in the world at this moment: at the
Brookhaven Medical Research Reactor of the BNL, USA, the Massachusets Institute of
Technology Reactor, USA, Musashi Institute of Technology, Japan and the reactor at Petten,
Netherlands, v o ‘ ‘

It has been reported that a satisfactory thermal/epithermal neutron beam could be designed
at a TRIGA research reactors. These reactors are generally considered as quite safe, also for
installing and’ operating in populated areas. Therefore decision has been made that similar
epithermal beam could be developed at I)S TRIGA Mark-II research reactor, also. The
Slovenian BNCT project was approved in January 1994, and is financed by the Ministry of the
Science and Technology. :

2.1. Model of spherical reactor with homogenized core

The-. first step of the development. was the study. of .appropriate configuration of
thermal/epithermal neutron and gamma filter using Monte Carlo simulation code MCNP4A. As
emerging point for calculation we decided to use a simple spherical reactor, filled with
homogenized mixture of materials contained in TRIGA fuel unit cell. Dimensions of the sphere -
were picked out in such manner that the bare sphere was approximately critical (k. was
1.011). Particular filter configurations were simply arranged as concentric Spheres. We did not
include the graphite reflector around the fuel sphere, because in the filter calculations we need
the ‘proper reactor spectrum”. and not the spectrum additionally moderated in the graphite
reflector blanket. The radial channel, where the irradiation facility is going to be installed,
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- leads right: through the graphite, so the assumption mentioned above is quite
first approximation, T S e LT
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2.11. Selecting the best spectrum shifter matéria]

at this model did auch in com ¢ real TRIGA reactor
from the ‘geometrical point of view, but rather for defining neutron sowrce for the fiter
configuration optimization. It was quite gyitable, because it provided very good statistics and
reasonable computing times (estimated tally relative errors were approximately ‘less than 1%,
and computer times used varied around 350 minutes). N v
 Because of simplicity of proposed configuration we were allowed to use eriticali

It is obvious that this mode! did not ,have_lmuc*;h: m common withthc

We performed an extensive number of parametric studies, and calculated the neutron and-
- gamma spectra for different combinations of neutron epithermal and gamma’ filters. We altered .
the length- of the scaterrer and particular filter elements, and the density of the used alumina.
With reference to the density of Al,O;, which is approximately 1.5 glem® it has to be.
emphasized that this value could be raised up to the value of 3.9 g/cm?, if alumina sand is .
sintered. This density was found to be almost ideal for epithermal filter (shifter of neutrons
from fast to epithermal. energies - Fig. Do PR S
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Fig. ‘1 Neutron spectra divided by lethargy: used  Fig. 2 Neutron spectra divided by lethargy: used
.40 cm of alumina with. density 3.9 giem? . combination . of 15 cm of D,0; 55 em
for cepithermal filter R - of alumina and 20 cm of Pb

But unfortunately, the procedure of sintering is quite expensive (special tools would have to.
be machined), so we preferably used an alternative of keeping the. density. of Al,O5 around 2.0.
glem® (with pressipg it into compact cylindrical tablet), and increasing . the length of the
spectrum- shifter. .. . . . . RN : ETVE DR L

- Considering. technical and financial feasibility we decided to adopt two different combinations
of epithermal column, described below (values in parenthesis present .intervals within. which we
altered the length of elements); . e Ei i
* a thin layer of D,O used as the scatterer at the beginning of the irradiation chanrel

0.5 - 2.0 cm), '

¢ a rather thick layer of alumina (Al,05) destined for the epithermal filter (40 - 60 cm), »
* a layer of Bi or Pb used as a gamma filter (10 - 25 cm).
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Calculated spectm for combination which showed out as the most appropriate (1.5 cm D0, 55
cm ALOj; 20 cm Pb) are presented on Fig. 2.

~ The second composition was slightly different -and was based on a model, developed for the
proposed 300 kW slab TRIGA reactor in a Brookhaven National Labomtory [10]

a layer of Al (20 - 40 cm),

_a layer of alumina (ALOs;) (40 - 90 cm),

e a very thin layer of Cd, used to cut off the thermal nentrone 0.05° em),

o a layer of Pb (gamma filter) (10 - 20 cm).

It is obvnous that the main scope of our modehng work was to ‘find the
highest level -of shiftmg the neutrons from fast to eplthcrmal energies and the mimmum
gamma ray portion. On the other hand, the requirement of as low as possible attenuauon of
neutron flux after traversing the ﬁItem, was also qune ‘important.

After analyzing the results we are in a position to eonfirm. that the most appropriate
conﬁguratxon of the m'adxation fwihty for the BNCT at our reactor would be eomposed of: -

1.5 emof DQO

40 cm of Al, ' ‘ "
80 cm of alumina w:th densify 20 g/cm3 (or 40 cm thh density 39 gleln’ 1f smtered),

0.05 cm of Cd, A

15 cm of Pb .

Neutron and gamma spectra calculated using above oonﬁguration are presented on Flg. 3 and
an 4 respectxve!y ,
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Fig. 3 Neutron spectra divided by led:argy' used Fig. 4 Photon spectra beiore ‘and “after traversing
40 cm of alumina with density 2.0 g/cm? " gamma filter: 15 ¢m of lead (Pb)
for epnthenml filter : ' ,

This’ eonf:guratxon gives veéry good results in mmumzmg the fast neutron flux, and shxftmg it
to the lower epnhermai eénergies (between 1 eV and 10 keV) ‘'what was our mtentlon It also
Compafmg to ‘referénce spectrum” on Fg 1, we can conclude that this eonﬁguranon is rather
less successful i minimizing the fast neutron flux, and' the attenuation is higher.

Effect of cutting-off thermal neutrons using additional layer of Cd (0.05 cm) is quxte
evident, when comparing Figures 2 and 3. :
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22. s‘“""‘ intensity normalisstion: -

Spectra (neutron and gamma) that MCNP4A calculates during tallying are obtained in
relative units - they are normalized to one source particle (neutron, photon). This js good
enough: for presenting the energy distribution, but for creating the real picture of flux
intensities in' particular tally energy bin, we have to multiply the ratio“in every bin with" oorrect
multiplication factor. (constant) which represents the average numbet ‘of neutrons bom in the
core duting one fission. Consideririg that the maximum operating power of LIS TRIGA reactor.
is 250 kW, and that 193 MeV of energy is released during each fission of 25U and that
- approximately 2.53 new neutrons emerge from it, the average number of peatrons beeing born
in the TRIGA ‘reactor core is 1.874:1016, We simply multiply the neutron flux densities in each
energy bin with that constant, using one of MCNP input options. Now all the neutron spectra
calculated ‘are presented in appropriate flux units (neutrons/cm?sec).

It was not’ fiecessary to repéat the procedure with photon tallies, because we do not nieed
the actual number of photons at the mdmnon port, but only the energy distribution wh:chv
has to be minimized. ~

2.3, Cylindrical model of the mcmm and déhéﬁogénisiﬁon' of the 'core

It is obvnous that sphencal reactor s ouly |dealmnon ot‘ the real reactor core, which is
cylindrical. So, transition of the spherical reactor to the cylmdmtl model had to be performed.
_First we modeled the core in lhgpe of cylmder fllled with hmnogenwed mixture, exactly the
same as in the case of sphere
The next step was dehoms
cylinders B C, D E and F

tion of the core: it was dmded into a five concentric
vy #ing is filled with- homogenized “mixture, according to the
ysitioned in it. Considering. previous ‘reports about the neutron
spectra at the most outer radins of the ‘core, it can be seen that the ring F is the one. which
affects the shape of the spectrur tkemost -80 lts rmxtnre has to be calculated very precnsely
The comparison between the nd
core is presented on Fig. &
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Flg s Nemmu spectra divided. by Iethargy- eompmw 3
‘ homogemzed and dehomogemzed model of tlm rﬁ&or

Surpnsmgly. the difference between the spectra is more or less neghgable and almost in_ the
interval of statistical uncertainty,

In spite of this quite good agreement of the spectra, we preferred to use dehomogenued
‘core model in ‘our further calculations, . RN
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3 The complex model of the TRIGA reactor wiﬂl radinl irradiﬂtiun
- channel

As already mennoned the sphencal model was quite useful for the putpooe of ophmmg
the filters of the irradiation facility. But, on the other hand, this mode,l :is - inconvenient for
determination of the complete dose rate at the irradiation point, the activation. of ”rﬁml'
parts and materials of the facility, fast neutron leakage rate, evallutlon of the lnnuqnce
the collimator and ‘so on.

For this purpose we developed the complete Monte Carlo model whare we eonsxdered all
the most important details about the reactor core, graphite reflector, thermal and thermalizing
column and all irradiation channels engaged at TRIGA reactor. We chtued a particular
attention on the radial channel, which leads through the graphite reflector, right to the F ring
of the core, and where the irradiation facility will be inserted. The model shown from the
dxfferent perspectives and cutting planes is presented on Figures 6a and 6b. . - I

Fig 6: a detailed model of IS TRIGA research reactor presemed Erom dxﬁerent ‘
perspecuves
a.) view from the top, with tangential and radial channels,
~b.) view from the side
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Considering - technical feasibility and particularly safety requirements, we prepared the final
shape of the epithermal part of the irradiation facility: s . '

* 30 cm of Al and 40 cm of AL Os joined together in one piece, ; ‘

¢. 30 em .of AlO; with 0.05 em of Cd fol, = - - N L e M

- “All the elements stated above are in the ‘shape ‘of cylinder, with the diameter of 1362 mm
Alumina ' (AbOs) was compressed to the final density of 2.3 glem?, Cylinders ‘are inserted in-
the Al' tubes with inner diameter of 139 mm and thickness of. walls 2 mm. The gap between
the. alumina cylinder and the Al ‘cylinder walls, - which is 1.4 mm ‘thin, is filed with Alarud
PKB - sand. with ‘density of 3.97 gem’. At front and back side of described element thers is
24 mm plate ‘of Al with the” appropriate hole for pull-out equipment -in" the front, and
additional ‘Al pin in~the back, which fills the hole when element is inserted in the channel,
and ' provides - for- homogeneous traveling path (without air gaps) to the 'neutrons. All the
. ¢lements are equipped with six small wheels  made from- stainless steel, “to ‘enable unrestrained
transport through the channel. = - ﬂ UL E SN
- ‘The gamma filter which is 15 cm ‘lon

g and made of one piece of Pb; is made in cxactljr \
the same way as epithermal filters. : B : BRI SO ¥

we left out 1.5 em of D,O. | P T
the cumulative length of ALO; is not 80 but 70 cm. We are able to elaborate pressed
alumina cylinders with density of 2.3 g/em? and there is no need to keep the length 80 cm
and we can decrease it on 70 cm. Shorter alumina filter provides Jower attenuation of
‘ neutron flux, - el S T AT R
* the length of Al filter is reduced to 30 cm, because the pins at the front and the back of
. the filter elements contribute additional 14.4 cm of AL

We adopted three small changes in combination proposed in Smion 2.1,13'

Calculated neutron and gamma spectra for described epithermal colmn incorporated in detailed
TRIGA reactor model, are presented on Figures 7 and 8, respectively.x , S I
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Fig. 7 Neutron spectea divided by lethargy obtained - Fig. § Photon spectra calculatsd using detailed
‘ using detsiled TRIGA reactor model, with . . TRIGA :reactor model, with 15 cm of

7 70 cm-of alumina (density: 23 giem?) for lead for gamma filter =
" the epithermal filter . . ’ v : ‘

. Analyzing the results we can determine, that this column provides very successful shifting of

neutron spectra to the epithermal energies, and decreasing of fast neutrons (estimated tally

relative error is 4.6%). . .. e R e e T
_ Unfortunately ‘rather high attenuation is. observed: almost five. orders of magaitude. 15 cm of

Pb is also quite efficient in minimizing the gamma flux at the irrradiation - point. ’ «
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4. Conclusion

~“The first theoretical results .preseated in  this contribution show-. that - modeled 'irradiation’
epithermal facility at the IUS TRIGA reactor produces good epithermal peutron spectrum, with
-extensive -decrease of fast neutrons, and minimized gamma - irradiation.  We  hope that, when
finished, it could present the efficient source of epithermal neutrons. for malignant - tumors
treatment. But,: unfortunstely, the suitable shape of neutron and gamma spectra is not. good
epough for successful treatment - high enough -level of meutron flux at the irradiation point
is also one of the most ‘important facts: ‘higher the flux, shorter are the irradiation times. to
get- the same -effect in the tumor (it is also of crucial importance for. the patient, because of
demand for the lowest possible absorbed dose in the healthy tissue). Japanese experience shows
that the ‘eye dose”, ‘total body dose”, and ‘except-head dose” should be less than 200, 100 .
and 50 RBE-cGy, respectively. The thermal neutron fluence at the tumor position (approx. -5
cn from the surface) should be over 2.5%10'2 n/cm? in the “rradiation time” [1). According to
their results, the distance from the core to the irradiation point is a very important factor to
design ‘a neutron irradiation- field for BNCT. We can get acceptable dose with only: 1. hour
irradiation by using a 100 kW reactor if we can get the irradiation port at the distance of 120
em from the core side, , P '

In our case the maximum power of TRIGA reactar is 250 kW, but onthe other side the
irradiation point is almost 360 cm from the core. So, unfortunately the irradiation times would
probably be much longer than one hour, but the exact numbers will be available after first
- Nevertheless, the irradiation channel can of course be used for ‘in vitro” studies: boronsted -

malignant tissue will 'be inserted fnto the channel, where fluxes are much higher. R
- Since detailed geometry model of the reactor is already prepared, the focal point of our
future work will be searching for suitable and efficient variane reduction techniques, necessary:
for successful calculations on geometrically demanding Monte Carlo models. : g S

The applicability of developed TRIGA geometrical model would not be only for the purpose
of BNCT, but also for the Prompt Neutron Gamma Activation Analysis (PNGAA), Profon’
Recoil Spectrometry and many other activities. R e R g TR
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