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The present work is dedicated to study of the possibilities of improving the production method of ''C and '®F medical isotopes using
a linear electron accelerator. Experimental studies of ''C and "*F isotopes production by the photonuclear technique were carried out
in [1]. Various targets were irradiated by bremsstrahlung photons following by measurements targets’ activities. This experimental
research has been carried out in the energy range from 10 to 40 MeV. The current work studies an angular distribution of
bremsstrahlung photons in order to estimate the possibilities of producing maximum achievable levels of medical isotopes '*F and
"1C activities. The angular distribution of bremsstrahlung photons is an important property of the irradiation stand which contains an
assembly of targets. This important property allows designing necessary changes in the target assembly setup used to produce
medical isotopes. The research presented in the current work was done as a computer simulation. The computer software package
‘KIPT* was developed in C++ programming language, using the Geant4 toolkit in order to obtain the angular distribution of
bremsstrahlung photons. Experimental setup materials as well as structural elements positions were defined in the
DetectorConstruction class of our program. The parameters of an electron beam were defined in the PrimaryGeneratorAction class.
The electron beam diameter was defined as 8 mm, energy E.=36.7 MeV, corresponding to the real experiment carried out at the
“Accelerator” Science and Research Establishment of Kharkiv Institute of Physics and Technology [1]. Models of physical processes
occurring while the electron beam crosses the target assembly were defined in the PhysicsList class. All classes and modules
necessary for the analysis of simulation results were included to our program together with visualization modules. Visualization
modules use the OpenGL graphics library and the Qt5 software to represent the relative position of experimental setup parts and to
visualize particle trajectories. As a result of this work, the angular distributions were obtained for the beam of electrons and
bremsstrahlung photons directly before the target. This result will allow target assembly parameter optimization for optimal
production of medical isotopes by the photonuclear technique.
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The use of radionuclides in nuclear medicine, biology as well as to assess the state of the environment and in other
areas is widespread. Many nuclear centers have reactors or accelerators. These centers have technologies for the
development and research of radionuclides producing methods. Radiopharmaceuticals created on the basis of these
radionuclides make it possible to obtain information about pathological changes in various organs of a person after the
injection of radiopharmaceuticals into the patient’s body. At present, scientists of leading scientific centers conduct
research on the production of radiopharmaceuticals by the photonuclear technique [1-3].

Scientists of Kharkiv Institute of Physics and Technology are conducting research in the field of photonuclear
isotope production technique [1]. The target irradiation by bremsstrahlung flux is carried out to study the possibility of
obtaining the maximum achievable activity levels of medical isotopes (in particular, ''C and "*F ) using a linear electron
accelerator. Further research is planned for development of radiopharmaceuticals based on these isotopes.

The use of computer simulation tools allows one to conduct a preliminary virtual experiment. This work is an
assessment of the method of computer simulation of electrons and bremsstrahlung photons angular distributions for the
experimental setup described in [1].

FORMULATION OF THE PROBLEM
Radioisotopes (''C and'®F ) can be obtained as a result of photonuclear reactions “X(y,n)"'Y when using a

linear electron accelerator. Lithium fluoride is used as a target in [1] to study the possibility of "*F production. Fluorine
interacts with incident gamma rays, and final products are formed as a result of a nuclear reaction — the fluorine isotope

BF and a neutron:
19 18
Ly —> F+n.

The energy of incident gamma rays must be above a threshold of 10.4 MeV to obtain the fluorine isotope "*F [4].
Glucose C,H,,0, is used as the target for labeling with ''C isotope. The carbon isotope ''C is formed in the reaction

12 11
C+y—> C+n,

when glucose is irradiated by bremsstrahlung photons. The threshold of this nuclear reaction is 18.7 MeV [4].
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The target is placed in an aluminum capsule located immediately after the water-cooled bremsstrahlung converter.
The bremsstrahlung converter consists of several layers of refractory metal with a large atomic number z and atomic
mass A . Tantalum was used in [1] as a suitable material with high density.

Incident electrons with initial energy E, =36.7 Mel undergo multiple scattering while passing through the

convertor. Thus bremsstrahlung photons from scattered electrons can be directed into larger cone than ones produced by
only incident beam. Therefore, it is advisable to preliminarily estimate the angular distribution of produced gamma rays
by a simulation method. Such simulation helps to estimate the optimal size of the aluminum capsule, which contains the
target for the production of isotopes.

RESEARCH METHODS
The computer program that uses the Geant4-10.5 toolkit was designed to evaluate the angular distribution of
bremsstrahlung photons in experiments on the production of radioisotopes by the photonuclear method.
The program contains definitions of the DetectorConstruction class, which describes materials of the necessary
components of the real experimental setup [1], as well as their sizes and structural elements relative positions. Fig. 1
shows a simplified diagram of a simulated experiment.

Fig. 1. The simplified diagram of the experiment [1]
1 — direction of primary electrons; 2— bremsstrahlung converter; 3 — target

Important parameters of the primary electron beam are described according to the real experiment conditions in
the PrimaryGeneratorAction class, which is a part of the program. The beam diameter is described using the
G4UniformRand() method [5]. The beam diameter value is 8 mm. The energy of primary electrons is described using
the G4RandGauss::shoot method. The beam energy is 36.7 MeV. Models of all necessary physical processes that occur
when an electron beam passes through a converter and target assembly are described in the PhysicsList class. The
program also has all classes and modules necessary for the analysis of simulation results as well as visualization
modules.

The PhysicsList class of our program describes physical processes using the Livermore model of low-energy
electromagnetic processes. The Livermore low-energy electromagnetic process model implements the interaction of
electrons and photons with matter down to energies of 250 eV. The Livermore model describes the following processes:
photoelectric effect, Compton scattering, Rayleigh scattering, electron-positron pair formation, bremsstrahlung, and
ionization. Realization of electromagnetic processes at low energies is valid for elements with atomic number up to 99,
and a minimal energy 10 eV [6]. Data used to implement low-energy processes is collected in a set of evaluated data
libraries, such as EEDL (Evaluated Electrons Data Library), EPICS2017 (Evaluated Photons Data Library) [4], etc.
Multiple electron and positron scattering is implemented using the G4eMultipleScattering class and the
G4GoudsmitSaundersonModel model. The G4GoudsmitSaundersonModel model was implemented in 2017, and today
provides the best accuracy in the transport of electrons with energies below 100 MeV [6]. Description of photonuclear
processes in the PhysicsList model of our program contains a parameterization that uses the
G4PhotoNuclearCrossSection class.

Figure 2 shows fragments of preliminary Geant4 modeling in an interactive mode. This figure represents the
OpenGL visualization of 10 electrons passage through one layer of 1 mm tantalum and 1 mm of water. The energy of
electrons is 36.7 MeV. Primary electrons are directed at normal to the converter. The trajectories of electrons and
bremsstrahlung photons are presented in Fig. 2 (a, b).

It is noticeable (Fig. 2) that electrons deviate from the original direction of motion even when passing through the
first layer of tantalum. Therefore, bremsstrahlung photons are spread by some angle.

Computer simulation of the passage of 10000 primary electrons with an initial energy of 36.7 MeV was carried out
in a batch mode in order to analyze the bremsstrahlung photons angular distribution in details. Electrons and
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bremsstrahlung photons were monitored at the moment of crossing the target boundary. Coordinates of electrons and

bremsstrahlung photons that crossed the target boundary with energies above the threshold were written to a file for
further processing.
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Fig. 2. The passage of 10 electrons with an energy of 36.7 MeV through one layer of 1 mm tantalum and 1 mm of water:
1 — tantalum layer; 2 — water

Figure 3 shows the results of data processing of primary electrons (Fig. 3a and Fig. 3b) and bremsstrahlung
photons (Fig. 3¢ and Fig. 3d) passage through four layers of the converter.

Fig. 3. The angular distribution of primary electrons (Fig. 3a and Fig. 3b) and bremsstrahlung photons (Fig. 3¢ and Fig. 3d) after
passing through four layers of the converter
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Fig. 4a and Fig. 4b present histograms obtained by calculating the frequency characteristics of the radii of the
electron beam and bremsstrahlung photons after passing through four layers of tantalum and water. The graph does not
show single events with radius values above 40 mm.
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Fig. 4. Frequency characteristics of the radii of the electron beam (a) and bremsstrahlung photons (b) after passing through 4
layers of tantalum and water

The most probable value of the scattering radius of bremsstrahlung photons was obtained as a result of processing
the statistical data: X . =6.85mm , and o =3.2mm (Fig. 4b). Therefore, there is a significant deviation of scatter radii

of bremsstrahlung photons. We can obtain the value of the circle radius into which bremsstrahlung photons hit with a
probability of 68% when crossing the capsule boundary using the “Three sigma rule” [7]:

3.65mm<R< 10mm .

Therefore, the maximum probability diameter of the bremsstrahlung photons scatter circle is 20 mm. This means
that the capsule containing the target must have a diameter of at least 20 mm if located directly behind the tantalum
converter.

A series of virtual nuclear physical experiments are being conducted to determine the "*F and ''C isotope yeild
after increasing the diameter of the target to 20 mm.

CONCLUSION
As a result of the work, the angular characteristics of the primary electrons beam and bremsstrahlung photons
directly in front of the target were obtained. This allows optimal placement of the target assembly for the medical
isotopes production by the photonuclear method. It was found that the maximum diameter of the circle into which
bremsstrahlung photons hit with a probability of 68% when crossing the target boundary is 20 mm. Consequently, with
the increase of the target diameter from 10 mm [1] to 20 mm, it will be possible to increase the activity level of medical
isotopes due to more proper size of the target.
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KOMIT'IOTEPHE MOJEJIIOBAHHSI KYTOBOT'O PO3IIOALTY EJIEKTPOHIB
TA TAJIBMIBHUX TAMMA-KBAHTIB Y TAHTAJIOBOMY KOHBEPTOPI
B.B. JlicoBcbka, T.B. Maauxina
Xapxiecvruil Hayionanvruil yHisepcumem imeni B.H. Kapaszina
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina

Ipexcrapnena poGoTa IPHCBIUCHA JOCIIHKCHHIO MOXKIHBOCTI YI0CKOHATCHHS METOIB OTPUMAHHS MeAHIHuX i3oTomis ''C a '*F i3
BHUKOPHCTAHHSM JIHIHHOTO IIPUCKOPIOBada eIeKTPOoHIB. Y poOoTi [1] mpoBoauiIics: eKCIepUMEHTAIBHI JTOCIIKEHHS HallpalOBaHHs
dorosaeprnm criocodom izoromis '°F ta ''C y pi3HuX MileHSX Mpy ONPOMiHEHHI TOTOKOM ralbMIiBHOIO BHIPOMIHIOBAHHS LLTEOBHX
MirreHe#. ExcriepuMeHTanbHi JAOCTIIKCHHST TIpoBeicHI B Jiama3oHi eHepriid Bim 10 MeB mo 40 MeB. V mpencrasneniii po6ori
HPOBOAATHCS JIOCITIPKEHHS KYTOBOTO PO3INOJiIYy TalbMiBHUX TaMMa-KBaHTIB 3 METOI0 3'SICYBaHHS MOXJIMBOCTEH OTPHMAaHHS
MAaKCHMAJIBHO JOCSKHHX PiBHIB akThBHOCTI Memmunmx isortomis '*F ta ''C. KyToBuil po3momin raabMiBHHX raMMa-KBAHTIB €
BaXIJTUBOIO XapaKTEPUCTUKOIO BUIPOMIHIOBAILHOTO CTEHILY, IO MICTUTH 30ipKY HITbOBUX MiLICHEH, TOMY II0 3HAHHS X BAXKIUBUX
mapaMeTpiB J03BOJsI€ BHECTH HEOOXimHI 3MiHM 1O KOHCTPYKIii 30ipKH MiIIeHeH AJs HAampalioBaHHA MEIUYHUX i30TOIIB.
JocipkeHHs, IpecTaBieH] B JaHiil poOOTi, BUKOHYBAIUCS 3ac00aMH KOMIT'IOTEPHOTO MOJETIOBaHHS. J[Jsl BUpIIIEHHS 3a1adi 1po
KyTOBHI PO3NOALNT raJbMIBHUX I'aMMa-KBaHTIB Oyna po3pobOieHa xomm'torepHa nporpama KIPT moBoio C++ 3 BHKOPHCTaHHSIM
6iomiotekn kinaciB Geant4. IIporpama wmictute Bu3HaueHHs kiacy DetectorConstruction, B SKOMY OIMCYIOTbCS Marepiaiu
HEOOXIZHUX CKJIQJOBUX EJIEMEHTIB PEabHOI €KCHEPHMEHTAJIbHOI YCTAHOBKM, a TaKO)XX B3a€MHE pO3TAlIyBaHHS BCIX €JIEMEHTIB
KoHCTpYKWil. Y kmaci PrimaryGeneratorAction, 10 BXOJHTh [0 CKJIady HpPOrpaMH, OMKCAaHI MapaMeTpH MydYKa MEpBHHHHUX
enexTpoHiB. JliaMeTp mydka enekTpoHiB popBiHioe 8 MM, eHeprist E. = 36.7 MeB, BiamoBigHo 0 yMOB peaibHOTO eKCIIEPHUMEHTY,
mpoBeneHoro B HaykoBo-mocmimHomy kommuiekci «IIpuckoproBaw»y HHI[ XTI [1]. ¥V kmaci PhysicsList onmcysammess moneni
(i3nYHUX TpoIEeciB, MO BiAOYBalOTHCA P MPOXOHKEHHI MydKa eIEeKTPOHIB Yepe3 MimeHb. [Iporpama Takox MiCTHUTH BCi KilacH i
MOJIyJIi, HEOOXIJHI [UIS aHANI3y pe3yJbTaTiB MOJETIOBAHHS, a TAKOXK MOMYIb Bisyasizamii. Momyii Bi3yaiizanii BUKOPHCTOBYIOTh
rpadiuny 6i6mioreky OpenGL, a Takox mporpamHmii cepBic Qt5 miast OLIBII HAOYHOTO YSIBIEHHS B3a€EMHOTO PO3TAIIyBaHHSI
CJIEMEHTIB EKCIIEpUMEHTAIbHOI YCTAaHOBKHM 1 Bi3yaunizalii TpaeKkTopiil eJeKTpOHIB, MO3MTPOHIB, raMMa-KBaHTIB. Y pe3yibTaTi
BUKOHAHHS POOOTH OTPHMaHi KyTOBi XapaKTEepHCTHKHU ITy4YKa NEPBUHHUX EJIEKTPOHIB 1 raJbMIBHUX raMMa-KBaHTIB 0€3M0CEPETHBO
nepes LUIbOBOI MIIICHHIO, 110 J03BOJIUTh ONTHMI3yBaTH MapamMeTp 30ipKH LIJbOBHUX MillleHEW Ui HAMpPAaIfOBaHHS MEAUYHHX
i30ToriB GOTOSAEPHIM CIIOCOOOM.

KJIFOYOBI CJIOBA: koHBepTep TalbMiBHOTO BHUIIPOMIHIOBAaHHS, KyTOBHH po3noain, Geant4-mMoAenroBaHHS, BHPOOHHUITBO
MEIIMYHNX 130TOMIB

KOMIIBIOTEPHOE MOJEJIUPOBAHUE YI'JIOBOI'O PACIIPEJAEJEHUS NEPBUYHBIX 3JIEKTPOHOB
1 TOPMO3HBIX TAMMA-KBAHTOB B TAHTAJIOBOM KOHBEPTEPE
B.B. JIucoBckas, T.B. Magbixuna
Xapvroeckuil Hayuonanvuwiil ynusepcumem umenu B.H. Kapasuna
matioan Ceo600w1, 4, 61022, Xapvkos, Ykpauna

Jlannast paGoTa MOCBAIIEHA HCCIEIOBAHMIO BOIMOKHOCTH YCOBEPIICHCTBOBAHHS METO/IOB MOy UeH s MEIHIIMHCKIX H30TOMOoB 'C 1
8E ¢ ucrons3oBaHHEM IHHEHHOTO YCKOpHTEIISL 3NEKTpoHOB. B pabore [1] mpoBOAMIHCH 3KCIIEPUMEHTANBHBIE HCCIICAOBAHUS
HapaGOTKM (OTOSAEPHBIM crIocoGoM m30TomoB '°F 1 ''C B pasiiuHBIX MHIICHSX, IPH OOITYYCHHH TTOTOKOM TOPMOSHOTO H3ITyYeHHS
LIEJeBBIX MHUILEHEH. DKClepUMEHTalbHbIE MCCIEI0BaHUs IMpOBeACHbl B jauamna3zone sHepruit or 10 MsB no 40 MaB. B
IIPE/ICTAaBICHHON paboTe MPOBOJSITCS HCCIENOBAHUS YIJIOBOTO pacIpefeleHHs TOPMO3HBIX raMMa-KBaHTOB C IEJIbIO BBISICHCHUS
BO3MOXKHOCTEil IONyYeHHs MAKCHMAIBHO IOCTIDKHMBIX yPOBHEH aKTMBHOCTH MeIHUMHCKMX u3otomoB ''F u ''C. Vriosoe
pacrpeiesieHie TOPMO3HBIX I'aMMa-KBaHTOB SIBIISIETCSl BAKHOH XapaKTEPUCTHKOI OOJydaTelbHOIro CTEH[a, COJeprKamiero cOOpKy
LENEBbIX MUIIEHEH, T.K. 3HAHHE 3THX BAXXKHBIX MApPaMETPOB MO3BOJISIET BHECTH HEOOXOAMMBIE U3MEHEHHs B KOHCTPYKIHIO COOPKH
MHUIIEHEH 1 HapaOOTKH MEIUIIMHCKHX M30TOMOB. MccnenoBaHus, MpeacTaBiIeHHbIe B JaHHOW paboTe, BBIMOIHSAINCH CPECTBAMHU
KOMITBIOTEPHOTO MOJIEIHPOBaHUs. J{jisl penenus 3a1aqu 00 yIII0BOM paclpeieIeHUH TOPMO3HBIX TaMMa-KBaHTOB OblTa pa3paboTaHa
kommblotepHas mporpamMa KIPT Ha seike C++ ¢ mcnosnp3oBanmeM Oubimoreku kimaccoB Geantd4. IIporpamma comeput
omnpenenenus xacca DetectorConstruction, B KOTOPOM ONHCHIBAIOTCS MaTepHAIBI HEOOXOAUMBIX COCTABHBIX DJIEMEHTOB PEabHOI
OKCIIEPUMEHTAIBHOM ~ YCTAaHOBKHM, a TaKKe B3aHMMHOE pacCIIOJOKEHHE BCEX JJIEMEHTOB KOHCTPYKIHMH. B kiacce
PrimaryGeneratorAction, BXOJsIIeM B COCTaB IPOIPaMMBbI, ONUCAHBI ITapaMeTPhl ITyyKa MEpBUYHBIX JIEKTPOHOB. [lnamerp myuka
2JIEKTPOHOB ObLI 3anaH 8 MM, sHeprus E.=36.7 M»3B, coriacHO yclIoBUSM pealbHOIO 3KCIEpUMEHTa, IpoBoaumoro B HayuHo-
nccienoBarenbckoM komiuiekce «Yckoputenas»y HHI[ XOTU [1]. B kmacce PhysicsList onmchiBamuch Mopenu (GH3HIECKHX
MIPOLIECCOB, MPOMCXOMAIMX MPH NMPOXOXKICHHU IMydKa 3JIEKTPOHOB uepe3 cOopky muineHeil. IIporpamMma Taxke COIEpKHT Bce
KIIacChl M MOMYIH, HEOOXOAMMBIE JUIl aHaldW3a pe3ylbTaTOB MOACNUPOBAHMSA, a TAaKXKe MOIYNb BH3yalH3anuu. Momymnn
BH3yalIM3aldd HCHONB3YIOT rpaduyeckyto Oubmmoreky OpenGL, a Tarke mporpamMHbIii cepBuc Qt5 mms Gosee HarsIHOTO
MIPE/ICTABICHAS] B3aMMHOTO PACIIONIOXKEHHUS 3JIEMEHTOB SKCIIEPUMEHTAIBHOH yCTAaHOBKU M BHU3yalN3alliH TPACKTOPHI DJIEKTPOHOB,
MIO3UTPOHOB, TaMMa-KBaHTOB. B pesynbrare BbINMOMHEHMS pPabOTHI IONYYECHBI YTJIOBBIE XapaKTEPUCTUKH ITydKa II€PBHYHBIX
JIEKTPOHOB M TOPMO3HBIX FraMMa-KBaHTOB HEIIOCPECTBEHHO IEpeJl 1eIeBOH MUILECHBIO, YTO NO3BOJIUT ONTHMHU3HPOBATH NapaMeTphl
cOOpPKH LIENEBBIX MUILICHEH 1151 HApaOOTKH MEANIIMHCKUX H30TONOB (hOTOSIEPHBIM CIIOCOOOM.

KJ/IFOYEBBIE CJIOBA: koHBepTep TOPMO3HOTO H3JIy4eHHs, yIJIoBoe pacmpenencHue, Geant4-mMonenupoBaHHe, MPOU3BOACTBO
MEIULUHCKUX U30TOMOB





