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SHAPING AND MONITORING OF THE MINI-BEAM STRUCTURES
FOR THE SPATIALLY FRACTIONATED HADRON RADIATION THERAPY

Design of collimators and their effectiveness for the purposes of the fractionated mini-beam hadron radiation thera-
py were evaluated by Monte Carlo simulations. The calculations have been performed for proton, carbon and oxygen
ion beams at the energies relevant for medical applications. Micropixel metal and hybrid detectors were tested for
measuring charged particles intensity distribution in multi-beam structures shaped by slit or matrix collimators explor-
ing low energy proton beam at the Tandem generator (INR NASU, Kyiv). The results obtained illustrate reliable per-
formance of the designed collimators as well as hybrid and metal microdetectors for measuring and imaging in real time
the proton intensity distribution over mini-beam structures.
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detectors.

Introduction

High energy (several hundred MeV/nucleon)
heavy ion beams are considered as promising tool to
provide better therapeutic results due to dose locali-
zation and high biological effectiveness in compari-
son to conventional X-ray radiotherapy [1 - 3]. Had-
ron therapy could benefit further from a lower im-
pact on normal tissues if combined with established
tissue-sparing effect of spatially fractionated beams,
observed in biological studies performed with syn-
chrotron radiation [4 - 6]. The conceptual ad-
vantages of Hadron Minibeam Radiation Therapy
have been discussed elsewhere [7]. Monte Carlo
simulations of dose distribution resulting from spa-
tially fractionated irradiations have stimulated the
interest of performing experiments in order to cross-
check these evaluations [8]. The dose profiles con-
sist in peaks and valleys. High Peak-to-Valley Dose
Ratios (PVDR) values and low valleys are required
for normal tissue preservation, while low PVDR or
homogeneous distribution is searched for in the tar-
get. Monitoring of the hadrons fluence distribution
over the multi-beam structure is of a paramount im-
portance for determination of the micro dose distri-
bution delivered to tissue. Gafchromic films is one
of the few detectors able to provide the spatial reso-
lution needed in these techniques [9 - 11]. Their off-
line analysis provides excellent position accuracy
(few micrometers) of the dose distribution. Yet, it is
a time consuming procedure and it is impossible to
have an online dose monitoring.

There are studies related to application of micro-
detectors with a few micrometer position resolution
for the micro-dose distribution assessment [12, 13].
In particular, metal ones have demonstrated reliable
operation in real time at high radiation loads [14]. In

case of high energy hadron therapy both types of
above mentioned detectors do not provide directly
the measurement of the dose delivered to tissue. One
has to take into account the impact of secondary
particles on the dose formation, their biological effi-
ciency. Studies undertaken in works [15 - 18] indi-
cate the fact that major part of the dose is delivered
by the primary beam particles.

In this paper, the results of studies for two differ-
ent techniques are described: minibeam and grid
radiation therapy. The studies were undertaken in
view of forthcoming feasibility studies at Heidel-
berger lonenstrahl-Therapiezentrum (HIT) (Heidel-
berg) related to the design of collimators and their
effectiveness for the purposes of the Fractionated
Hadron Radiation Therapy (FHRT). Monte Carlo
simulations for the proton, carbon and oxygen ion
beams at the energies relevant for medical applica-
tions are presented along with the test data obtained
with low energy protons at the KINR Tandem gen-
erator (INR NASU, Kyiv) exploring micropixel
metal and hybrid detectors for measuring charged
particles intensity distribution in multi-beam struc-
tures shaped by slit or matrix collimators. The re-
sults obtained illustrate reliable performance of the
designed collimators as well as of the hybrid and
metal microdetectors for measuring and imaging in
real time the ions flux distribution over multi-beam
structures.

Monte Carlo Simulations
for the fractionated hadron radiation therapy

Monte Carlo simulations of dose distribution re-
sulting from spatially fractionated irradiations have
been performed to optimize the characteristics of the
experimental setup for carrying out feasibility studies.
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Design of collimators and their effectiveness were
evaluated by Monte Carlo simulations in the frame-
work of a software package for medical physics
«Gate v.6.2» based on Geant4 version [19, 20]. Ideal
rectangular (0.7 mm wide) beam of protons with an-
gular spreading of Gaussian shape was assumed pass-
ing through water phantom of cylindrical shape with
16 cm height and 16 cm diameter. Beam divergence
of 3 mrad for X- and Y-coordinates was considered.
Dose was calculated for voxels with the size of
(0.01 x 1 x 1) mm? in each fractional part as the sum
of the contributions from every individual minibeam
to cover required irradiation field. The ionization
potential for water was assumed to be 75 eV (as rec-
ommended in [20, 21]). As figure of merit, percent-
age (peak and valley) depth dose curves, penumbras,
and central value of the PVDR have been calculated
for various collimators, incident ions and their ener-
gies. The PVDR depends on the collimator material,
ratio of width/pitch (w/p) for slit collimators, on the
distance between collimator and phantom. The major
factor is evolution of PVDR over the depth in phan-
tom. It was pointed out in [7], that one would expect
the best results from mini-beam fractionated therapy
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in case of such shaping of beams that PVDR pro-
duced on their way to the tumor are largest in the
healthy tissue, while fractionation degrades at the
depth of the tumor. The scattering of protons by the
slit/holes edges as well as the contamination by the
secondary products generated in the collimators
makes also fractionation less pronounced. The goal is
to find out optimal technical features of the collima-
tors as well as micro-detectors measuring spatial dis-
tribution with adequate resolution.

To illustrate a possibility to find such features of
the experimental setup we present some examples of
simulations performed for the proton beam energy of
87 MeV allowing to reach target (tumor) at the depth
around 5 cm. Similar simulations were made for
protons with energy 150 MeV, and *2C and *°O ions
at 100 and 200 MeV/nucleon which are of the prac-
tical medical interest in hadron therapy. Collimator
thickness is determined by the range of ions in a
specific material. From practical point of view col-
limators were supposed to be made out of brass
(range: for 87 MeV protons — 1.5 cm; for 150 MeV
— 3.5 cm) or aluminum (range: for 87 MeV protons —
3.5 cm; for 150 MeV — 7.5 cm). Proton beam field
size was considered to be (2 x 2) cm?
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Fig. 1. Monte Carlo simulation for the lateral distribution of the dose delivered by 87 MeV proton beam passing through
the 7 x 7 holes (diameter 1 mm) in a brass MATRIX collimator (t = 1.5 cm).

Fig. 1 shows the results of the Monte Carlo simu-
lation for the dose profile (projection onto horizontal
axis) delivered by the 87 MeV proton beam passing
through the MATRIX collimator: 7 x 7 holes with a
diameter of 1 mm made in a 1.5 cm thick (t = 1.5
cm) brass plate, with center-to-center (c-t-c) distance
of 2.0 mm. Left part of the Fig.1 corresponds to the
dose at the depth in a water phantom of 1 cm, right —
5 cm. Distance between phantom and collimator —
20 cm. The digital results for the PVDR values at
different depths in a phantom are presented in the
Table 1 also for the MATRIX collimator made out
of the aluminum plate (thickness 3.5 cm). Table 2
shows results for the SLIT collimators (1 mm wide

slits with a c-t-c distance of 2.0 mm).

Table 1. PVDR (horizontal projection)
for the MATRIX collimators at different depth
in water phantom. Proton energy is 87 MeV

Denth Brass Aluminum
. P (t=1.5 cm), (t=3.5 cm),
in phantom, cm PVDR PVDR
1 79+1 32+04
2 53+0.2 3.1+0.2
3 32+03 2.5+0.1
4 2.1+0.2 1.8+0.1
5 1.3+0.1 1.2+0.1
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Table 2. PVDR for the SLIT collimators at different
depth in water phantom. Proton energy is 87 MeV

Depth Brass Aluminum

. (t=1.5cm), (t=3.5cm),
in phantom, cm PVDR PVDR
1 13.9+1.2 6.0+0.7
2 10.8+ 1.1 55+0.6
3 45+0.2 36+02
4 22+0.1 1.9+0.3
5 1.4+0.1 1.3+0.1

From data presented in Fig. 1 as well as in the
Tables 1 and 2 one may conclude that a brass colli-
mators provide better results. The remarkable feature
of the simulations is that for both collimator types
high PVDR values are observed on the way from the
surface to a target (tumor), while nearly homogene-
ous dose distribution is realized at the depth of the
target (tumor) — 5 cm, thus illustrating a possibility
to realize this important additional advantageous
feature of the hadron fractionated therapy [7].

Fig. 2. Photo of the prototypes of the collimators for shaping mini-beam structures

Calculations have been performed also for car-
bon-12 and oxygen-16 ions with energies of 100 and
200 MeV/nucleon as well as for protons with energy
150 MeV. The results look very similar with the
outcome that brass material is more suitable for the
collimators production. Detailed digital values will
be presented in the forthcoming paper, presenting
also experimental results of the tests with these ions
at the HIT (Heidelberg). Summarizing this part of
studies we conclude that the use of hadrons has the
advantage of delivering a nearly uniform dose distri-
bution in the tumor, while healthy tissue benefits
from the spatial fractionation of the dose.

For the tests at HIT (Heidelberg) several slit and
matrix collimators were designed and produced at
KINR, exploring the results of the above presented
Monte Carlo simulations. Photos of some of them
are shown in Fig. 2 (Left: Matrix collimator — alumi-
num, 3.5 cm thick; (6 x 6) holes with diameter of 1
mm, c-t-c distance — 2.5 mm. Right: Slit collimator —
brass, 3 cm thick, 6 slits with 1mm width, c-t-c dis-
tance 2.5 mm).

2

for the spatially fractionated hadron radiation therapy. See color Figure on journal website.

Experimental tests
at the KINR Tandem generator

The first tests of the experimental setup for shap-
ing and monitoring of the hadron beam for the pur-
poses of the fractionated radiation therapy have been
performed at the KINR Tandem Generator (Kyiv,
Institute for Nuclear Research).

Collimators with slits (‘SLIT’, 1 mm width, 3
mm pitch) and holes (‘MATRIX’, 1 mm in diameter,
2 mm pitch) for shaping the proton beam were
explored. Both were manufactured out of 2 mm
thick Al plates and covered active area of the
TimePix detector (14 x 14 mm?) with 5 slits and
5 x 5 = 25 holes, correspondingly. Protons with the
energy of 3 MeV were incident on the polyethelene
target installed inside the reaction chamber (Fig. 3).

There were two TimePix detectors positioned at
100 mm from the target center and 45 degrees from
both sides of the proton beam. One of them was
operated in a metal mode while another one in a

. Detector
TimePix

.

.

Fig. 3. Photo of the reaction chamber at the KINR
Tandem generator with two TimePix detectors and matrix
collimators in front of them. See color Figure on journal
website.

Pixelated
collimator

hybrid mode with 300 um thick silicon micropixel
sensor (256 x 256 = 65536 pixels). As an example,
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Fig. 4 illustrates 2D image of the protons intensity
distribution measured by metal TimePix detector
with the SLIT collimator installed in front of it.

One may see in Fig. 4 (left) vertical and horizontal
narrow regions with zero intensity inside the slits
area. Those regions correspond to the image of the
grid (metal wires, 100 um diameter) installed in close
vicinity to the TimePix readout microchip for provi-
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ding its metal mode of operation with positive 20 V
applied. Projection of the 2D data onto X-axis also
exhibits the drop of the intensity inside the slit area at
position of the grid wires. By passing, we notice that
this also illustrates a nice performance of the TimePix
detector in reflecting details of the 2D beam intensity
distribution with an accuracy of 55 um.
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Fig. 4. Left: 2D distribution of the direct proton beam intensity (color scale at the right side) measured by metal TimePix
detector (X- and Y-axis — pixel number). SLIT collimator was installed in front of the TimePix (slits are oriented alongside
vertical Y-axis). Right: Projection of the data onto horizontal X-axis. See color Figure on journal website.
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Fig. 5. Left: 2D distribution of the scattered proton intensity (color scale at the right side) measured by the hybrid TimePix
detector (X- and Y-axis — pixel number). SLIT collimator was installed in front of the TimePix (slits are oriented alongside
vertical Y-axis). Right: Projection of the data onto horizontal X-axis. See color Figure on journal website.

One of the important characteristics of the multi-
channel detecting system is uniformity of its re-
sponse. For testing this feature of TimePix we have
measured the angular distribution of the protons
scattered by the carbon target (Fig. 5) within the
TimePix acceptance (41° < © < 49°) and compared
it with the corresponding calculations. From that
study we have concluded that the tested sample of
the TimePix detector had non-uniform response of
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its pixels varying within £15 %.

The results obtained with MATRIX collimator
installed at the entrance window of the hybrid detec-
tor TimePix are illustrated in Fig. 6.

The left part of it represents the two-dimensional
distribution of the proton beam intensity over the
detector area (intensity scale is shown by the color at
the right vertical band), while the right part shows the
projection of the intensity distribution on the X-axis.
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Fig. 6. Left: 2D distribution of the proton beam intensity (color scale at the right side) measured by hybrid TimePix
detector (X- and Y-axis — pixel number). MATRIX collimator was installed in front of the TimePix detector. Right:
Projection of the data onto X-axis. See color Figure on journal website.

The results illustrated in Figs. 4 - 6 show that mi-
cropixel detector TimePix operating in metal or hy-
brid mode is well suitable for measuring the spatial
distribution of the charged particles beams shaped
by SLIT or MATRIX collimators for the purpose of
the feasibility studies of the spatially fractionated
hadron beam radiation therapy.

Summary and outlook

The results obtained in frames of Monte Carlo
simulations as well as in the tests with low energy
proton beam indicate a possibility to provide shaping
and monitoring of the mini-beam structures for hy-
drogen, carbon and oxygen ions with the energies
relevant for the medical applications (few hundred
MeV/nucleon). Reasonable values of the PVDR and
penumbra in dose distribution over the irradiation
field were found for the appropriately designed slits
and matrix collimators. Collimators made out of
brass have advantage in those values. The use of
hadrons has the advantage of delivering a uniform

dose distribution in the tumor, while healthy tissue
benefits from the spatial fractionation of the dose.
Studies with relativistic hadron beams should estab-
lish the optimum geometry/material factors for col-
limators designed for the clinical use. Such studies
have been recently started at HIT (Heidelberg) and
we are going to present their preliminary (positive)
results in the forthcoming paper, soon.
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gratitude to the personnel of the KINR Tandem ge-
nerator for providing stable beam and frank collabo-
ration atmosphere. This work has been supported by
the grants of the State Fund For Fundamental
Research (project F69/53-2015) and NAS Ukraine
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L Inemumym adeprux docnioncens HAH Yrpainu, Kuis, Ykpaina
2 Jlabopamopis 06pobxu 306padicensy i Modeniosanns 6 nelipobionozii ma ouxonozii, Opce, @panyisn

P®OPMYBAHHA TA MOHITOPUHI' MIHI-ITYYKOBUX CTPYKTYP
JJIA IMTPOCTOPOBO-®PAKIHIIOHOBAHOI PAJITIAHNIMHOI TEPAIIIIL

BuxopucroByroun MoaenroBaHHS MeTotoM MoHTe - Kapio, oriHeHo au3aiiH Ta e(peKTHBHICTH KOJMIMATOPIB IS Ii-
nei GpakiioHOBaHOT MiHI-ITyYKOBOI aApOHHOT pajialiiHoi Tepamii. Po3paxyHKku 3aiiCHEHO JUIsl IOHHHUX ITy4YKiB BOJHIO,
BYIJICIIO Ta KUCHIO MW EHEPTrisiX, MPUAATHUX JUI MEIUYHOIo 3acToCyBaHHA. MIKpOIKCenbHI MeTaneBi Ta riopuaHi
JeTeKkTopu Oyinu BUIIPOOyBaHi 11l BUMIPIOBaHHS PO3IOJUTY IHTEHCUBHOCTI 3aps/KEHUX YaCTHHOK y 0araTony4KoBUX
CTPYKTYpax, C(OPMOBAaHMX WIUIMHHUMH a00 MaTPpHYHMMH KOJIIMaropamy, BHKOPHCTOBYIOUM HH3bKOECHEPIeTHYHHH
MpOTOHHHU#M My4ok TanmeM-reneparopa [SJ] HAH Ykpaiau (Kuis). Otpumani pe3ynsTaTy MOKa3aau MPUHHITHE QyHK-
[IOHYBaHHS PO3POOJICHUX KOMIMATOPiB, a TAKOXK METAIEBUX Ta TiOPHIHMX MiKPOMIKCETbHHUX JETEKTOPIB IS BUMIpIO-
BaHHs Ta Bi3yaizalil B pealbHOMY 4aci pO3MO/ily iHTEHCHBHOCTI IIPOTOHIB B MiHI-ITy4KOBUX CTPYKTypax.

Kniouosi cnosa: mpoctopoBo-(hpakilioHOBaHAa aJpOHHA pajialiiiHa Teparis, koiiMaTopu my4kiB, Monrte - Kapio
MO/IEIIIOBaHHS PO3IMOALTY JI03H, MOHITOPHHI ITPOCTOPOBOTO PO3MOALTY IHTEHCHBHOCTI IyYKiB 3apsIKEHUX YaCTHHOK,
MIKpOIIKCENbHI MeTaJeBi Ta TiOpUIHI IETEKTOPH.

E. Momort?, A. Kopainbuyk?’, A. Oxpumenxko?, . Tpezano?, B. yrau4!

Y Uncmumym sadepuvix uccredosanuti HAH Yepaunvl, Kues, Yxpauna
2 Jlabopamopust 06pabomxu u306padicenuti u MoOenuposanus 6 Hetipobuonozuu u onxorozuu, Opce, Ppanyus

®OPMUPOBAHUE U MOHUTOPUHI' MUHU-TIYYKOBBIX CTPYKTYP
JJIS TIPOCTPAHCTBEHHO-®PAKIIMOHUPOBAHHOU PAITUAIIMOHHOU TEPATIMHA

Hcnonw3yst MmopenupoBanue MetogoM MoHre - Kapiio, oneHeH au3aiid n 3 (heKTHBHOCT KOJIMMATOPOB JIs LieNei
(paKkIMOHUPOBAaHHOW MUHH-TTYYKOBOHM aJPOHHOM paJiMallMOHHOMN Tepanuu. Pacyers! BBINOIHEHBI Uil HOHHBIX IIy4YKOB
BOAOPOAA, YIIepoJa U KUCIOPOAa MPH €HEPrUsiX, MOAXOMSIIUX AMS MEJULUHCKOTO MPUMEHEHH. MUKPOIUKCENbHbIE
METAJUTMYECKHE U THOPUAHBIE IETEKTOPhI OBUTH MCIIBITAHbI ISl N3MEPEHHUs paclpeeleHUs] HHTEHCHBHOCTH 3apsDKEH-
HBIX YaCTHI[ B MHOTOITyYKOBBIX CTPYKTypaX, C(OPMUPOBAHHBIX INEJIEBBIMH HJIH MaTPHYHBIMH KOJUTMMATOPAMH,
HCHOJIB3yS HU3KOIHEPreTHIECKUI MPOTOHHBINA My4oK TaHneM-Teneparopa AU HAH VYkpauns! (Kues). Iloxyuenusie
pe3ysbTaThl ToKa3aad npuemieMoe (GYHKIHOHUPOBAaHUE Pa3paOOTaHHBIX KOJJIMMATOPOB, a TaKKE METAIMYECKUX M
THOPUIHBIX MUKPOMHUKCENBHBIX JETEKTOPOB U1 U3MEPEHHUs U BU3yalH3allMd B PealbHOM BPEMEHHU paclpeieleHus
MHTEHCUBHOCTHU IPOTOHOB B MUHU-ITyYKOBBIX CTPYKTYpaX.

Kniouevle cnosa: mpocTpaHCTBEHHO-()PAKIIMOHUPOBAHHAS aJpOHHASA PaJAWalMOHHAs Tepanus, KOJUIMMATOPhI ITyd-
KoB, MoHrte - Kapno MonenupoBanue pacupeaeneHns 103bl, MOHUTOPUHT IPOCTPAHCTBEHHOTO PACIpENEICHUS HHTEH-
CHBHOCTH ITy4KOB 3apsDKEHHBIX YaCTHI, MUKPOIIMKCEJIbHBIE METANIMYECKUE ¥ THOPUIHBIE AETEKTOPHI.
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