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Abstract of review

AiwSClE. Bif#4iHE (Proton Beam Writing: PBW) % W2 R U ~—~ 1 7 o i EVERIET
DOEELE . ZORFICHB L OV E~DOREZHE LR TH 5,

F1ENLE IETIE, VYT T 7 4 HiMOREL &SR —OBEENME S AKBEE L Vo
7= PBW OB FEZEETHEE I, 74+ b=y 7 F /=y b (PNJ) BLORY ~v—IZ
KT DA A — DBEITET AT A B L, RSO EM T ERREE I L, F
7o, SR TERPICTHE SN PBW EEZ2HW-FETEE LT, #ilisn 75— 2 fiffr, RV
AFNVAHZ7 U L—F (PMMA) ~ 4 7 aff@EoER, HRIEEERY =F L (LLDPE) &
~O MeV #DE T F X — RIS, 38 LU - BlEEh LA R LT,

% 4 ETIL, PBW HEEOE T ZFTIZ L0 . FEUEO SOOI T 208 70 feili B — A5
B DOFEE 2R Lz, & 512 PMMA HEB IO 22~ A 7 o fRREEIC L5 PNJ Bk Ebi
BEOBAEMNT O SR L, ATk, BEE, BFEE OJEITR LR I R IE T A
Z N LTz, 72 LLDPE (X9 2 B FRR RS Cld, BN EICKFE L REFEOEEL LV
YR S DEEINFFEZ B S Lz, TEMARSHM & LT LLDEP B8 E£m A2 W TR Y P AF
nraxty (PDMS) ~ORF — B EFEH LT, 5§ 5 ECTIIAMEROMELZRIE L., PBW
OER R, HF~ A 7 akEERE,. EL R NRY v — BB~ TR 2 R LT,

AT LR ST BhE T A0 & LT, EHES CTh o mift & mL% 2 # (Appl. Phys.
Lett. 123, 141102 (2023), J. Micromech. Microeng. 35, 095011 (2025)) ¥ L O'EFRE iR SC 2 #

(EIPBN2024, ICNMTA2024) # %% L7~

BRESRATIE 2026 45 1 A 31 H 14 FF 30 75 & 0 &b - =@o A 7V v R TR L7z, FE 1K
MBLOEEZBICLDERLNEE 1 HHOAESEATHEEL, ZOROFEELZERICITEE 6
HEEDNEK EHE LTz, AR RICEREO L WEE THSUFR OB IET X E fafif LT,

PLEX Y, REFEIT PBW £ O W ERRI 22 Fe A A NTIE D LT PNJ R Z FlRE & 5 6~
A7 afEERIE, BLORY v~ —MESE~OICH AR EZ LR L2 THh Y | L (L) O
FALNZAFIMET DR TH 5,




(English version)
This doctoral thesis aims to advance polymer microstructure fabrication technology using Proton
Beam Writing (PBW) and to expand its applications to optical microstructures and polymer
material modification.
Chapters 1 to 3 review the development of lithography technologies and summarize the physical
characteristics of PBW, particularly the high straightness and low scattering of high-energy
protons. Previous studies on photonic nanojets (PNJs) and ion-beam-induced modification of
polymers are also reviewed, thereby clarifying the positioning and objectives of this research. In
addition, the experimental methodologies employed using the PBW system developed at Shibaura
Institute of Technology are described, including analysis of accelerator operation log data,
fabrication of polymethyl methacrylate (PMMA) microstructures, MeV-class proton irradiation of
linear low-density polyethylene (LLDPE) thin films, and optical and morphological
characterization techniques.
In Chapter 4, guidelines for establishing optimal beam conditions required for highly reproducible
microfabrication are proposed based on a detailed analysis of PBW system operation logs.
Furthermore, the formation of photonic nanojets using solid and hollow PMMA micropillar
structures is evaluated through both experimental investigations and numerical simulations. The
effects of structural dimensions, wall thickness, and surrounding refractive index on light-focusing
characteristics are systematically clarified.
In addition, proton irradiation of LLDPE reveals dose-dependent transitions in surface
morphology and an increase in modification depth. As an engineering demonstration, pattern
transfer from proton-modified LLDPE surfaces to polydimethylsiloxane (PDMS) is successfully
demonstrated.
Chapter 5 summarizes the overall achievements of this study and discusses the optimization of
PBW operation, the design of optical microstructures, and the applicability of PBW as a material
modification technique for non-resist polymer materials.
As research outputs related to this doctoral thesis, the author has published two peer-reviewed
original journal papers as first author (Applied Physics Letters 123, 141102 (2023); Journal of
Micromechanics and Microengineering 35, 095011 (2025)) and two international conference
proceedings (EIPBN 2024 and ICNMTA 2024).
The final doctoral examination was held on January 31, 2026, at 14:30 in a hybrid format
combining on-site and remote participation. The public defense consisted of a one-hour
presentation followed by a one-hour question-and-answer session with the examination committee.
Subsequently, the committee convened and unanimously judged the thesis to be acceptable. Minor
revisions to the manuscript were recommended, which did not affect the examination outcome.
In conclusion, this research effectively exploits the physical characteristics of PBW to realize
optical microstructures capable of photonic nanojet formation and significantly extends the
applicability of PBW to polymer material modification. The achievements presented in this thesis

are considered fully worthy of the degree of Doctor of Engineering.



