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Pedepar:

1. luceprauisg nprucBa4eHa IUTaHHAM OTPUMAHHSA METOIOM 3D-IpyKy J1aCTMAaCOBUX CLIMHTUJIATOPIB HA OCHOBI
NOJIICTUPOJLY i3 CBIT/IOBiIOMBaYEM Ha [TOBEPXHi, 30KpeMa, y BUTJIAI IPiI6HOCErMEHTOBAHUX CLUMHTUIISITOPIB. B
OCTaHHi pOKU BiiOyBaeThCsI IpOrpec y po3pooiii HOBUX TPMBUMIPHUX I1JIACTMACOBUX [IPiOHOCErMEHTOBaHUX
IeTEKTOPIB [1J1 300pa’KE€HHSI €JIEKTPOMArHiTHUX i alpOHHMX IIOTOKIB, a TAKOXX B3aEMOZii HETPUHO, HAIIPUKIIAL, Y
Takux ekcrepumenTax 5K T2K ta DUNE. Taki npi6HOCerMeHTOBaHi AETEKTOPU 3 MOXKJIIMBOCTSIMU BifJCTE>KEHHS
MOMiN CK/IaIal0ThCS i3 CUMHTHUIIALIMHUX €JIEMEHTIB, sIKi ONITUYHO i30J71bOBaHi OAVH Bif OJTHOTO BimouBaveM, a 36ip
CLMHTUJISLIIMHOrO CBiTJIa y TPhOX IIJIOIMHAX BiZlOYBa€ThCs 32 JOIIOMOIOI0 CIIEKTPO3MIllyI0UMX BOJIOKOH. [Ipu
LIbOMY, YAM MEHIIE PO3MIP CUMHTUJIALINHOIO €JIEMEHTY — TUM BUILE [IPOCTOPOBE PO3A1JIEHHS IIPU BilICTEXKEHHI
nozii. BUMoru 10 IpOLyKTUBHOCTI APiGHOCErMEHTOBAHOTO NIETEKTOPY BKIIIOYAIOTh: BUCOKUI CBITJIOBUM BUXIT,

Ipi6HY CEerMeHTOBAHICTh y [TI0€HAHHI 3 ONITUYHOIO i30JI511i€10, TPUBAJy CTAOLIBHICTD i KOPOTKUH Yac



BUIIPOMIHIOBaHHS. Harnpukiaz, HOBUi IpiOHOCErMEHTOBAaHUI I€TEKTOP, pO3p06IeHuH y IPOeKTi «SuperFGD»,
SIKUIl BUKOPHCTOBYETBHCS B MOZEPHizallii 6/IM>KHbOTO IeTeKTopa y ekcriepuMeHTi T2K, po3roprae Tpu IJIOMKUHY
3YUTYBaHHS, 11100 3a6€3M1e4UTH i30TPOIHY TPUBUMIPHY PEKOHCTPYKIil0 B3aeMozii HeliTpuHo. Hapasi npoekTu
MOJepHi3allii IeTEKTOPiB HEUTPUHO NOTPEOYIOTH Bifl ABOX IO NECSITH MiNIbAOHIB KyOUKiB po3mipoM 10 MM x 10 MM x
10 MM i3 CUMHTUIISALIHOTO MaTepiasy Ha BiHil-apOMaTH4HIl NOJIIMEPHiil OCHOBI (1101iCTHPOJI a60 MOJIiBiHINTOIYOM)
3 Bifj01BaueM Ha [IOBEPXHI, @ TAKOXX 3 OPTOrOHAJIbHUMU OTBOPAMM IIiJ] CIIEKTPO3Milytoue BosIoKHO. CKJIaiHIiCThb
reoMeTpii Takoro JeTeKTopa BUMarae KijIbKox eTalliB BUPOOHULITBA i3 3a/ly4eHHSM CIIeljani30BaHOro 06J1ajHaHHS
Ha KO>KHOMY €Talli, BKJII0OYaI0uX BUTOTOBJIEHHS KOSKHOTO OKPEMOT0 KyGHKa IIJIaCTMACOBOTO CLUHTHUIISITOPY,
CTBOPEHHS OIITUYHOI i30JIs11ii 3a JOIIOMOrOI0 XiMiUHOT0O TpaBJieHHSsI [IOBEPXHi KOKHOTO KyOHKa Ta CBEpIJIiHHS
OTBOPIB Y TPhOX IVIOMIMHAX [JI1 PO3MIIll€eHHS CIIEKTPO3MillyI0unx BOJIOKOH. KpiM Toro, 36ipKa AeKilbKOX MilbAOHIB
KyOUMKiB BUMarae 3Ha4HMX 3yCWJIb i NIOTpedye MOeIHAHHS 3 MilJHOIO OIIOPHOI KOHCTPYKILIEID, 1Ka MEXaHIYHO
HiATPUMYye CTPYKTYPHY LIiJIICHICTb yCbOTO AeTeKTOpa. TaKuM YMHOM, CTAaHJIAPTHI TEXHOJIOTiI BUPDOOHULITBA yKe
TPYZOMICTKi yepe3 6araTocTafiifiHiCTb BUTOTOBJIEHHS Ta CKJIaAHICTb 30MPaHHS OKPEMUX KyOUKiB B € JUHNIN
IeTekTop. B nuceprauiiiHiil po60Ti 3alIpOIIOHOBaHO BUKOPUCTaHHS 3D-ApyKy AJ1s1 BUPOOHULTBA CLIMHTUIISILITHUX
JIIeTEKTOPIB 3i CKJIaIHOI0 TEOMETPI€I0, 110 J03BOJISIE CIPOCTUTU NIPOLIEC BUTOTOBJIEHHS 6araTo€JIe€MEHTHUX
Ipi6HOCEIrMEHTOBAaHUX CLUHTUISTOPIB 32 PaXyHOK CTBOPEHHS OiJIbIll BEJIMKUX OJIOKIB, TaK 3BaHUX «CynepKy6iB», sKi
CKJIaJIAl0ThCS i3 HEPO3'€MHUX CLMHTUIISILIMHUX €J1eMEHTIB. 3aBIsIKU MOXJIMBOCTI APYKyBaTH 0/ipa3y AeKiabkoma
MarepiasaMy, BUKOPUCTaHHS 3D-IpyKy CTBOPIOE NEPCNEKTUBY OJHOYACHO BUTOTOBJIATY CLUAHTUJISATOP Ta BifduBay,
a OTBOPH MiJi CIIEKTPO3MillyIoue BOJIOKHO MOKIMBO (POPMYBATH IIifi 4ac APYKy 6€3 HEOOXiIHOCTI CBEPAJIATH iX.
To6T0 3D-IpyK MOXKE IaTH MO>KJIMBICTb CTBOPIOBATU CLIMHTUIISITOPY 3i CKJIAJHOIO FeOMeTpi€lo, YHUKAI0UU
6araTocTaflifHOCTi BUPOOHUILITBA, IOCTOOPOOKH, a TAKOXK YHUKHYTH IOLATKOBUX ONiPHUX KOHCTPYKLIii P 300pLii
IeTeKkTopy. ToMy akTyaJbHUM 3aBJIaHHSIM CYy4aCHOTO CLUMHTUJISLIIITHOTO MaTepiajlo3HAaBCTBA € PO3pOdKa
CLUMHTWISLIMHYX i CBIT/IIOBinOMUBaOuMX MartepiasiB 1y 3D-IpyKy Ta po3pobKa TEXHOJIOTIYHUX MiAXOIIB AJIsI
BUT'OTOBJIEHHS 6araToejeMeHTHUX JIpiOHOCEerMeHTOBaHUX JIeTEKTOPIB, 30KpeMa Metogamu 3D IpyKy, a Takox
BHUBUYEHHS ONTUYHUX i CUUHTUJISALIMHUX BJIACTUBOCTEN OTPUMAaHUX 3pasKiB. B gucepTaliiitiii po60Ti po3pobieHo
CUMHTWJISLIMHI Ta CBiT/IOBin6OMBaodi QislaMeHTH 11711 BUTOTOBJIEHHS CUMHTWISLIMHUX €JIeMEeHTiB Ha OCHOBI
IIOJIICTUPOJTY 3 BibuBaueM Ha rosepxHi Metogamu 3D-npyky. OTpumaHi ¢pinameHTH JO3BOJISIIOTh BUTOTOBJISTU
6araToesleMeHTHI IPiOHOCETMEHTOBAHI CUUHTUIATOPU B OJHOMY BUPOOHNYOMY LIMKJIi 6€3 10JAaTKOBO]
OCTOOPOOKU. JJOCIiIKEHO BIJIUB BBELEHHS MIACTU(PIKATOPIB Y CKJIa MaTepiany CUAHTAISLIMHOrO (PilaMEeHTy Ha
ONTHUYHI Ta CUMHTWISLiMHI XapaKTepUCTUKU. Burotosnenuii gpinameHT Mae MiHiMaIbHUI pasiyc BUTMHY 65 MM, 1O
II03BOJIsIE 3MiMICHIOBATU 3D-ApPYyK IJ1aCTMACOBUX CLMHTUIISATOPIB 6€3 po3TpicKyBaHHs ¢iaMeHTy y cucTeMmi
KUBJIEHHS 3D IpUHTEPY, IKUI NPALIO€ 32 TEXHOJIOTIE€I0 MOJEJIIOBAHHS METOIOM IIOLIapOBOro HamlasieHHs (FDM).
BusHauyeHo BIUIMB peXXUMIB 3D-ApyKy Ha ONTUYHI Ta CUMHTUIIALINHI XapaKTEPUCTUKY OTPYMMAaHMX 3PasKiB
IJIACTMACOBUX CLMHTUISITOPIB HA OCHOBI NoJlicTupoJty. [TokazaHo, 10 ONTUMI30BaHUN PEKUM APYKY JO3BOJISIE
OTPUMYBATH IPO30Pi 3pa3Ky IJIACTMACOBUX CLUHTUJIITOPIB 3 TEXHIUHOIO OBXUHOIO 0C1abyieHHs 10 20 cM i
CLMHTWISILLINHUMUY XapaKTEPUCTUKAMU, TIOPIBHSIHUMU 3i 3pa3KaMM, BUTOTOBJIEHMMHU 32 TPAAULINHAMU
TEXHOJIOTisSIMH (T10J1iMepu3alist y Maci, eKCTpy3isl Ta JIUTTS Ii7, TUCKOM). [JOCIiIpKeHO BIJINB Pi3HUX MIrMEeHTIB Ta
IIOJIiIMEPHUX CIIOJIyYHUX CEPeNoBULl Y CKIAi CBITIOBiAOMBalounx QilaMeHTiB Ha BifOMBa4y 34aTHICTD
HAJPYKOBAHUX 3Pa3KiB Bil0MBayiB, TAKOXK BUSIBJIEHO 3aJI€5KHICTb KOE(illieHTiB BiIOMTTS Ta IPOIYCKAHHS Bif,

KOHLEHTpALil IIrMEHTIB Ta TOBIIUHY 3Pa3KiB.

2. The thesis is devoted to 3D-printing obtaining plastic scintillators based on polystyrene with a reflector on the
surface, in particular, in the form of fine-granularity scintillators. Recently essential progress was achieved in the
development of new three-dimensional plastic fine-granularity detectors (FGD) for imaging electromagnetic and
hadron fluxes, as well as neutrino interactions, for example in experiments such as T2K and DUNE. FGD with
possible event tracking consist of scintillation elements that are optically isolated from each other by reflector, and
the scintillation light is collected in three planes by wavelength shifting (WLS) fibers. The smaller the size of the
scintillation element, the higher the spatial resolution during event tracking. The performance requirements of a
FGD include: high light output, fine segmentation combined with optical isolation, long-term stability and short



emission time. For example, the new FGD developed in the SuperFGD project, which is used in the modernization
of the near-field detector in the T2K experiment, deploys three readout planes to provide isotropic three-
dimensional reconstruction of neutrino interactions. Currently, neutrino detector upgrade projects require
between two and ten million 10 mm x 10 mm x 10 mm cubes made of scintillation material on a vinyl aromatic
polymer base (polystyrene or polyvinyltoluene) with a reflector on the surface, as well as orthogonal holes for WLS
fibers. The complexity of the geometry of such a detector requires several manufacturing steps, with specialized
equipment at each step, including the fabrication of each individual plastic scintillator cube, the creation of optical
isolation by chemically etching the surface of each cube, and the drilling of holes in three planes to accommodate
WLS fibers. In addition, the assembly of several million cubes requires significant effort and requires a robust
support structure that mechanically supports the structural integrity of the entire detector. The thesis proposes
the use of 3D-printing for the production of scintillation detectors with complex geometry, which allows
simplifying the process of manufacturing multi-element finely segmented scintillators by creating larger
elementary blocks, the so-called "Supercubes". Due to the possibility of simultaneous printing with several
materials, the use of 3D-printing creates the prospect of simultaneously manufacturing a scintillator and a
reflector, and holes for the WLS fibers can be formed during printing without the need to drill them. That is, 3D-
printing can make it possible to create scintillators with complex geometry, avoiding multi-stage production, post-
processing, as well as avoiding difficulties and additional supporting structures during the detector assembly
process. Therefore, the current task of modern scintillation materials science is the development of scintillation
and reflective materials for 3D-printing and the development of technological approaches to the manufacture of
multi-element finely segmented detectors, in particular by 3D-printing methods, as well as the study of the optical
and scintillation properties of the obtained samples. In the thesis, scintillation and reflective filaments were
developed for the manufacture of scintillation elements based on polystyrene with a reflector on the surface using
the 3D-printing methods. The obtained filaments allow the manufacture of multi-element finely segmented
scintillators in one production cycle without additional post-processing. The effect of introducing plasticizers into
the composition of the scintillation filament material on the optical and scintillation characteristics was studied.
The manufactured filament has a minimum bending radius of 65 mm, which allows 3D-printing of plastic
scintillators without cracking the filament in the extrusion system of a 3D-printer operating using the fused
deposition modeling (FDM) technology. The effect of 3D-printing modes on the optical and scintillation
characteristics of the obtained samples of plastic scintillators based on polystyrene was determined. It is shown
that the optimized printing mode allows for the production of transparent plastic scintillator samples with a
technical attenuation length of up to 20 cm and scintillation characteristics comparable to samples manufactured
using traditional technologies (cast polymerization, extrusion, and injection molding). The influence of various
pigments and polymer binders in the composition of reflective filaments on the reflectivity of printed reflector
samples was investigated, and the dependence of the reflection and transmission coefficients on the concentration
of pigments and the thickness of the samples was also revealed.
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VIII. 3aKkJII04Hi BiZoMOCTi

BnacHe IlpizBume Im's I10-6aTbKOBI Tapacenko Osier AHaTOiHOBUY
rOJIOBH pagu

BaacHe IlpizBuie Im's [10-6aTbKOBI Tapacenko Osier AHaTOliHOBUY

rOJIOBYIOYOTO Ha 3aCiflaHHi

BiAHOBiAaﬂbHHﬁ 3a l'Ii,H,I‘OTOBKy COpOKiH OﬂeKcaH,ﬂp BacunboBuu

00JIiIKOBHX JOKYMEHTIB



PeecTtpaTop VYKpIHTEI

KepiBHuk Bigginy YKpIHTEI, mo €
BiZITIOBiZAaILHUM 3a peecTpallilo HayKoBoi IOpuenko TeTsHa AHaTosiiBHA

OistJIBHOCTI




