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NewSUBARU Light Source Accelerator and Beamline BL01
Satoshi Hashimoto
Laboratory of Advanced Science and Technology for Industry, University of Hyogo
This report outlines the activities of the NewSUBARU light source accelerator and the light
source development beamline BLO1 in FY2024. Stable operation of the aging storage ring was
maintained, and efforts to ensure continued reliable operation included initiating the renewal of
power supply systems. In the development of a gamma-ray source based on laser Compton

scattering, the gamma-ray intensity was successfully improved through optimization of the laser
optical system and the introduction of a high-power laser.
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Figure 4. Concept of a CW FEL driven by a DC
electron beam in an isochronous storage ring [2].
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BLO03 Extreme ultraviolet beamline
Shinji Yamakawa, Tetsuo Harada
Laboratory of Advanced Science and Technology for Industry, University of Hyogo
BLO03 is extreme ultraviolet (EUV) beamline for EUV dose estimation and out of band (OoB)
reflectometer.
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BLO05SC X-ray absorption spectroscopy beamline for industrial applications
Koji Nakanishi
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO5C, X-ray absorption spectroscopy beamline, at the NewSUBARU Synchrotron Radiation
Facility is a beamline constructed in 2021 for industrial analytical use of synchrotron radiation.
When BLO5C was first constructed, available photon energies were 1-4 keV (the so-called tender
X-ray region). Later, with the upgrading of beamlines, photon energies below 11 keV became
available. BLO5C is particularly focused on the measurement of rechargeable batteries and
hydrogen energy-related samples. We are constantly evolving to enable analysis of next-generation
energy devices and their in-operation measurements.
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Fig. 1. Measurable X-ray absorption edges at the BLO5C.
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Fig. 2. The schematic configuration of the BLO5C.
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Upgrading of Photoemission Electron Microscopy Station at BL0O9A
for Versatile Application

Takuo Ohkochi, Shinji Yamakawa and Koji Nakanishi

Laboratory of Advanced Science and Technology for Industry, University of Hyogo

The BLO9A beamline at NewSUBARU underwent a major upgrade to enhance the versatility of
its photoemission electron microscopy (PEEM) experimental station. Key improvements include
relocating the PEEM station upstream to increase photon flux density, switching the lens to a
vertical configuration to reduce the beam aspect ratio, and introducing a new six-axis sample
manipulator to accommodate diverse samples and experimental setups. These modifications aim
to establish BLO9A as a general-purpose platform for soft X-ray spectromicroscopy.
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Fig. 1 (a) Beam profile of synchrotron radiation at the PEEM sample position. (b) Photograph of PEEM lens
system together with schematic drawing of apparatus geometry. (c) Photograph of sample manipulator.
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BL09B Extreme ultraviolet lithography beamline

Shinji Yamakawa
Laboratory of Advanced Science and Technology for Industry, University of Hyogo

BLO09B is extreme ultraviolet lithography (EUVL) beamline for EUV patterning evaluation.
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BL-9C Beamline

BL-9C B —ATA 41243 JF ¥ 5 /Tetsuo Harada
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BL-9C is the high-power EUV irradiation beamline for EUV durability evaluation with
hydrogen gas. The EUV pellicle durability and the Mo/Si multilayer durability were evaluated.
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BL-10 Beamline
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BL-10 is the general-purpose beamline for EUV reflectometer and soft X-ray measurements.
The energy region is 60 — 950 eV, which includes EUV, BEUV, CK, and OK regions. At the EUV
reflectometry, the high-order-suppression wunit is installed to measure absolute
reflectance/transmittance. The resonant soft X-ray reflectance and scattering can be used for the
resist film analysis.

1. BE—ATA
BL-10 B — A7 A » OWIRITRIA BB A IR TH 0 | WRIAWIEEEE TOZE L= H1IE N e
ThHbD, BL-10 EEZ UL FITRT,

RETERE RETEF2 BEME

NewSUBARU N - gENE®
BL-10 Design ~ ToromST ke 0=3 @e
|

(Side View) MERREIS— 0=3°

MO M1 \
= 1S wgrayor )
s T (20 pm) EUV, g RatsEst | © DOXIRIIBREE
RREHMA IR Plane-VLSG .y, 6,20 8RS (RSoXR)
6,=0.19mm, o,. = 0.78 mrad 600 lines/mm Pt coat « 427 )L150 mmO o BRXIRHLIBAREL
s, =0.08 mm, o, = 0.71 mrad 1,800 lines/mm  Nicoat cE—LHAX (RS0XS)
(2=13.5 nm) 2,400 lines/mm  W/Si Multilayer 0.05 x 0.8 mm? © REESXREERNS
= 168° « EUVEELRIZE
JRESEE  1.3~20nm
THILE— 60— 950 eV | |
5,500 4,000 200 1,304 2,591 2,591

1. BL-10 & — A 7 A > OREE[H (side view).

IHEIEERA X A 7 Th O, B ORESERE 721 TR REEZEATE D, AFHAYU v K
VADEGFHT, =2 —A VR RZ HHA A Y v b EICEE L TOT 5, B OFA
1 168° LI RE <, SEOEPHKE T2 B2 THAT %, fthmoEaxkEsic X
O RSTEREF T oz, BEFEIEMO 2 T —I2 L0 RIS KRG 1 oL TEREN D, £
A KIEHEIT 1) 0.05 mm X FEJ716] 0.8 mm T 5, EUV FHIE TOEEERIE DD, £
15 ORub LLIIMo 2—FIT—2MO7DERIED v MEMMPIEAFRETH 5, [1]

2. BE—ASAUDANRY MV ESRRE
FROFRE AT kL b ORREH R 2 X 2 12757, Gl [\~ : 600 A/mm 1% EUV fE#,
G2 [BIFTHE -+ 1800 A/mm (X 150 — 550 eV O#R X HRAEIK T, G3 [BIFTHE 7 : 2400 A/mm [2]. 950
eV ETOEZRAX IR THMAT 5, GZEFHEFIINI 2—T 4 > 7 THY ., WA b 168°
ERWE, RFTEIR (280 eV f13T) T2WNHDOFEEL HE D 2T TR AIBEETH 5,
7272 U M2 B 3 75 ik SR R OO S SR 8 CURCE RE LIZmk Al » b 7 —[3]1%EA L,
O #E2 TRREICHIEL TW\W5, BIfE, REFEHEBIZIMO,M1 I 7—0aZ 28D, 285
eV T CORENBIANC IS FEETRAD LTnD, L, MEFBRMN 1 pm LLF &IE
FIZR W28 WG S0 S R E X R 7 S PIEFBE T H D, =1 /VX — o fiFas 138 7 Fl
M3 %20 um ®R Y > MEAETIEIE L2 1000~2000 F2E & 2@,



T T T T T T T T T
Grating: lines/mm | 1
107 5 G1: 600 J
G2: 1.800 E 6000 TE T T T T
< G3: 2,400
< 50001 :
o Exit Slit Width
s —=— = 20
g 104 4 & 4000 . um
3 E : D 50 um
3 3000 N 1
2 £ S
<] = ° S
g el 1 5 2000- e D 1
o ] 2015/04/08 i & o e T
BL-10 mask reflectometer 10004 ’ e~ : - :" SN
PD: SXUV-100 (no coating) G1800 ¢ oo
Exit slit: 10 um 0 i Qg
10” - T . . . . . . . T T T T T
0 200 400 600 800 1000 1200 0 200 400 600 800 1000

Photon energy (eV)

€ 2. BL-10 E'— A5 A > OF| Al T 3L % —

3. E—AT74 L DHIER

FIZ EUV fEIR O S - B == E

(Ao —E AR,

<R 1 >

EUV £ J@ 555 220 8

WEAXT ML (K3)
EUV XU 7 JLHIE

ﬁ52&7kw\§@$ﬁ

WU 53 YR E
TEY %, mu{f

WFH LTV 5

c AT BV (K4) -

AT HE

T 4 N HA A — ROMaHRR AR 2 &

Photon Energy (eV)

AH & L 2 — SR

D, A 2HRICFIHL TS 720U T

B RIEI 3 AR E . GEL O #8 BE 9 A

E—I R ER o
07 ——— BtRsIEOBLA 04.0%
< |
/' \ D (CWHM)
Center Wavelength at Half Maximum
05 < RERRIF LD
R / \ (Rpeak/2D 2 R D HILY)
g e Rowl2 | [Roud2 ﬁﬁ 48 nm
3 03 <1 EEEFWHM)
S Full Width at Half Maximum
= / RETRARIE LG
02 (R 202 s BERE)
/ \ 10.57 nm
) = bf\p/\‘
0.0 — —
12.5 130 13.5 140 14.5
Wavelength (hm)
[ 3. Mo/Si ZJBIED AT AT bV =7 Ko, LR, ERIEDO/RT A—2—,



Wavelength 13 5 nm

100 T T T T 005— : ! I
: Optlcal |ndex
Wavelength: 13.5 nm 0,041 B = B, ]
1074 Oxidization: 4.2 nnj ] ~JTaN o Cale.
g Mo Bulk: 45.6 nm 0.037 E
,§ 10724 n: 0.928, k: 0.0069 { _ (0.1 ]
€ 0.01 - Si3N4
1077 Experimen 3 - = ‘. Si
Fitting 000] Mo 7¢ ZEP520A"7 ]
107 . x . , w . . . . -
0 15 30 45 60 75 90 092 094 09 098 100
GAOI (deg) n
Angle reflectance of Mo layer. Experimental and Calculated optical index

4. Mo BJEIRDOE AT MVEREE 7 4 v T 4V 7FER. (EX) &HED
H 13.5 nm TOYFEH O FZRIME & 5 H A

< E#EE2 >

LA SO FERFHRRAEC L 2 WINREGEE, EUV/BEUV fEiCoO LA MEERIE, L
YA N EUV - #X# TEY JI7E, BEUV R RHE R MAEA~X2 FL) | RSoXR HIE[4].
B0 RSoXS HIE[S]. ¥R XARA A — & YOt B 1 E[6]

<FEEE (A4 7 1 CSM) F ¥ 23>
EUV XU 7 )V OEGELRNE ., ZiE% RSoXS HIE ., AR X MR BMEIIC LD LU A Mg
ZOEMNTEH, FK 800 mm D I T —RITE N AIRE/ KU HH G H i E LTV 5,

X B

1. Tetsuo Harada, Takeo Watanabe, "Reflectance measurement of EUV mirrors with s- and
p-polarization light using polarization control unit," Proc. SPIE 10809 (2018) 108091T.

2. Masaki Kuki, Tomoyuki Uemura, Masato Yamaguchi, Tetsuo Harada, Takeo Watanabe, Yasuji
Muramatsu, and Hiroo Kinoshita, “Development of High-Reflective W/Si-multilayer Diffraction
Grating for the Analysis of Fluorine Materials,” J. Photopolym. Sci. Technol., 28 (2015) pp. 531 -
536.

3. T. Fujii, S. Yamakawa, T. Harada, T. Watanabe, “Beyond EUV measurement at NewSUBARU
synchrotron light facility,” Proc. SPIE 11908 (2021) 119080T.

4. Takuma Ishiguro, Jun Tanaka, Tetsuo Harada, and Takeo Watanabe, ‘“Resonant Soft X-ray
Reflectivity for the Chemical Analysis in Thickness Direction of EUV Resist,” J. Photopolym. Sci.
Technol. 32 (2019) pp. 333-337.

5. Yuri Ebuchi, Shinji Yamakawa*, Tetsuo Harada, and Takeo Watanabe, “Spatial Distribution
Analysis of Functional Groups in Resist Thin Film Using Reflection-Mode Resonant Soft X-ray
Scattering,” J. Photopolym. Sci. Technol. 37 (2024) 585.

6. T. Harada, N. Teranishi, T. Watanabe, Q. Zhou, J. Bogaerts, X. Wang, “High-exposure-durability,
high-quantum-efficiency (>90%) backside-illuminated soft-X-ray CMOS sensor,” Appl. Phys. Exp.
13 (2020) 103009.



5B MG

EUVL W2EBA HE — L7 1



e FAE R B BT EEBR DT H D==2—2Z/3)L BL-01
TOL—Y —fa T A O AR EIE

P82k 1, Tran Kim Tuyet', Eunji Lee', [LIRFEA 1 SR N 2, BEIEAG 2, BEAREIK 2, AB AR 2

VTR — AR - B TR B K
2 T P R BT IR 22

Measurement of time distribution of Laser inverse Compton scattering photon at
NewSUBARU BL-01 for the photoneutron production double differential cross section
measurement experiment

Toshiya Sanami, Tran Kim Tuyet, Eunji Lee, Hirohito Yamazaki!,
Haruto Hirakawa, Chigu Cho, Keita Fujimoto and Satoshi Hashimoto?

"High energy accelerator research organization / SOKENDALI
?Laboratory of Advanced Science and Technology for Industry, University of Hyogo

We measured the time distribution of laser inverse Compton gamma-ray that can be used for
measuring the double differential cross section of photoneutron production using NewSUBARU
BL-01. As a result, the time jitter between the laser trigger and laser emission and its distribution
were clarified. The reduction in photon yield due to the jitter was estimated to be approximately
half.
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Waveform measurement of chirped wavepackets of synchrotron light

Takao Fuji!, Takashi Tanaka?, Tatsuo Kaneyasu®, Yuichiro Kida*, Kei Imamura*, Satoshi
Hashimoto®, Aoi Gocho®, Keisuke Kaneshima®, Yoshihito Tanaka®, and Masahiro Katoh>®
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We report the measurement of the electric-field waveform of light radiated from a tapered
undulator using the SPIDER (Spectral Phase Interferometry for Direct Electric-field
Reconstruction) method. It is known that tapered undulators emit chirped light wavepackets,
whose frequency varies in time, but the spectral phase of these wavepackets had not been
experimentally measured. We have previously demonstrated that the SPIDER method is capable
of measuring the electric-field waveform of synchrotron radiation. In this study, we successfully
extended the technique to measure waveforms with a time-varying frequency, verifying its
effectiveness for characterizing advanced light sources.
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Figure 2. Measured spectra and retrieved spectral phases of the radiation from the upstream
undulator. The results are for the untapered (left), down-chirp tapered (middle), and up-chirp
tapered (right) configurations.
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Figure 3. Electric-field waveform reconstructed from the SPIDER measurement (left) and from numerical

simulation (right).
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Determining eruption cloud temperatures from Fe redox state
in pumice using X-ray synchrotron analysis

Kyohei Sano!, Tetsuo Harada?, and Shinji Yamakawa’
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2Laboratory of Advanced Science and Technology for Industry (LASTI), University of Hyogo

Abstract
We performed synchrotron analyses for pumices from 7.6 ka Mashu and 14 ka Me-akan eruptions
to establish the analytical method to determine the Fe'/Fey (Fewr = Fe?* + Fe’') ratio in pumices
using soft X-ray synchrotron. Powdered pumices were analyzed by synchrotron analyses at the
BL-10 beamline of NewSUBARU, Laboratory of Advanced Science and Technology for Industry,
University of Hyogo, Japan. We estimated the Fe*"/Fey ratio based on the constructed calibration
curve formed by the peak intensity and full width at half maximum (FWHM) of each Gaussian
peak in analyzed spectrum. The 7.6 ka Mashu and 14 ka Me-akan eruptions show that different
patterns of Fe’'/Fey ratio and we could reveal the change of temperature of eruption cloud and

eruption rate during eruption based on the Fe**/Fe ratio in pumice.

1. Introduction

Pyroclastic flow has a significant impact on human society, and understanding their formation process is
crucial. One key factor controlling the generation of
pyroclastic flow is the stability of the eruption cloud
(1l Air entrainment into the eruption induces Mas hu
buoyancy through heating and thermal expansion. In
addition, this entrainment promotes to the oxidation
of pyroclasts within the volcanic cloud. By
analyzing the degrees of oxidation, expressed as the
Fe**/Few ratio (Fewr = Fe?™ + Fe’"), we can infer
temperature conditions within volcanic clouds and
discuss the mechanisms of pyroclastic flow
formation. In this study, we develop an analytical
method for determining the Fe*"/Fey ratio in
volcanic pumice from the 7.6 ka Mashu
eruption(Ma-g, -h, -i)>¥ and the 14 ka Me-akan
eruptions (M9 - M12), and we examine variations
in the Fe**/Feyo ratio during these eruption events.

2. Experiment
2.1. Sample Preparation

Mashu and Me-akan volcanoes are located in
eastern  Hokkaido,  Japan. The  Mashu |
caldera-forming  eruption, = which  occurred

approximately 7.6 ka, began with phreatomagmatic 2 :;Tp"’m:“:

phase (Ma-j), followed by Plinian fall deposits @ ine

(Ma-i, -h, -g) and subsequently pyroclastic flows . ash

(Ma-f)23!. A recent study Hasegawa et al. (2021) .Zfr?hmm :
revealed that the pyroclastic flows from the 7.6 ka : 10cm

Mashu eruption can be divided into a
valley-ponding high-aspect-ratio ignimbrite
(Ma-f3b) and low-aspect-ratio ignimbrite (Ma-f3a
and Ma-f1/2)1*/. The 14 ka eruption of Me-akan

Fig.1 Schematic stratigraphic column and
representative field photograph of an outcrop from
the Mashu volcano.



volcano consisted of multiple pyroclastic flow and fall events!*).

A field survey was conducted to collect samples from pyroclastic fall and flow deposits of the 7.6 ka
Mashu and 14 ka Me-akan eruptions. For the Masyu eruption, samples were collected from pyroclastic
fall deposits (Ma-i, -h, -g) and pyroclastic flow deposits (Ma-f3a and Ma-f3b) (Fig.1). For the Me-akan
eruption, samples were taken from fall deposits (M-10 and M-12) and pyroclastic flow deposits (M9 and
M11) (Fig.2).

Pumice samples from each layer were cleaned using an ultrasonic bath and dried at 60-80°C. Pumices
larger than 4 mm in diameter were selected for analysis. For synchrotron measurements, the selected
pumices were powdered (Fig.3).

M e s a |< a r] - X @ pumice and scoria

\ ® |ithic
Ml flow ] ash
\

Fig.2 Schematic stratigraphic column and representative Fig.3 Powdered samples mounted onto
field photograph of an outcrop from the Me-akan volcano. the analytical stage using carbon tape.

2.2. Analytical method

To determine the Fe*'/Fey ratio, X-ray absorption spectra were obtained in the energy range of
650-750 eV at room temperature using standard materials at the BL-10 beamline of NewSUBARU,
Laboratory of Advanced Science and Technology for Industry, University of Hyogo, Japan. Within this
energy range, the Fe L, and L; absorption peak are observed®.. In particular, Fe** shows characteristic
absorption features on the higher-energy side of each peakl™).

The Fe**/Fe ratio of standard materials were determined by wet chemical analysis, conducted by JFE
Tecno-Research Corporation. The Fe*/Fey ratio of standard materials ranges from 0.82 to 0.96. For
measurement, the powdered samples were mounted onto the analytical stage using carbon tape (Fig. 3).
The X-ray beam was focused to and area of about 1.0 mm x 3.0 mm. Five measurements were conducted
per sample by shifting the analysis spot across the specimen.

3. Results

Representative analytical 2.0x107
results are shown in Fig. 4. The I ——  original spectrum
absorption peaks around 708 N —— fitted Gaussian peaks
eV and 721 eV correspond to 1.5%107° composite peak 7
the Fe L; and L, of Fe, | / \
respectively®. In addition, a '
smaller peak observed near 712
eV is interpreted as a feature
associated with Fe*"at LsP°!. To
construct a calibration curve, 5.0%10°° \

three Gaussian peaks centered I / \ / \\

at approximately 706, 708, and

712PI;V were thracted. This ag ”/' i B i
peak intensities and full width P R L S PO (Dl S S LR PO T 1 R s P L Ll Pl
at half maximum (FWHM) of 700702704 706708 710712714 716 718 720 722 724 726 728 730 732734 736 738 740
each peak were measured energy [eV]

(Fig.4). Background Fig.4 Representative X-ray absorption spectrum with fitted Gaussian
subtraction was performed peaks.

Ity

1.0x1075 | " \ .

Intens
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using linear baselines prior to peak fitting. A parameter
referred to as the "peak character" was calculated using the
following formula:

Peak character = (I708 % 1 708) X (I712 % L '712)

where [ is the peak intensity and /° is FWHM on each
Gaussian peak. The subscripts indicate the corresponding
energy values in eV.

By plotting the calculated peak character against Fe*/Fe
ratio obtained by wet chemical analysis, a calibration curve
was presented (Fig.5). The resulting curve has a slope of
1.25 x 10® and a correlation factor (R?) of 0.96, although
some variation in peak character was observed even within
the same sample. The calibration was then used to calculate
Fe*"/Fe ratios in pumice samples.

4. Discussion

calibration curve for Fe**/Fe,y

1.25710% + 0.814
R?=0.96

Fe®t/Fe
Feot, o o o
o o o o 0
o N s (-3 @
.

o
@
=]
L
.

0.86
0.84
082 e

0.80 — -
0 5x107"° 10x107'°

Peak character (l70g*T708)* (l712*T712)

Fig.5 Calibration curve constructed in
this study.

Using the constructed calibration curve, we estimated Fe**/Fe ratios for pumices from the 7.6 ka
Mashu caldera-forming eruption and the 14 ka Me-akan eruption. (Fig.6). In the Mashu samples, Ma-il-1
and Ma-il-7 show Fe*'/Fey ratios ranging from 0.87 to 0.94. In contrast, samples from Ma-il-10 and
above exhibit relatively higher and more uniform values compared to Ma-il-1 and Ma-il-7 (Fig.0).
Furthermore, no significant difference were observed between the upper fall pumice (Ma-h and Ma-g)
and the pyroclastic flow deposits (Ma-f-3a and Ma-f-3b). These results suggest no substantial variation in
eruption cloud temperature during the transition from pyroclastic fall to pyroclastic flow, assuming that a
higher Fe**/Fe ratio reflects higher thermal condition within the eruption cloud.

For the M10 (fall) layer of 14 ka Me-akan eruption, the upper and lower samples show slightly higher
Fe**/Fey ratios than the central portion (Fig.6). Field observation indicate reddish oxidation at both upper
and lower contacts of the M10 layer (Fig.2), likely resulting from heat transfer from the overlying M11
and underlying M9 pyroclastic flows after emplacement. These observation suggest that the variation in
Fe**/Feyor within M10 reflects post-emplacement oxidation processes.
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Ma-h2 | * . e
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Fig.6 Estimated Fe**/Fei ratios for pumice samples from the 7.6 ka Mashu
caldera-forming eruption (top) and the 14 ka Me-akan eruption (bottom).
Solid black and blue circles indicate the results obtained from synchrotron
and wet chemical analyses, respectively.



5. Conclusion and future prospect

In this study, we conducted synchrotron-based analyses of pumice from the 7.6 ka Mashu and 14 ka
Me-akan eruptions to investigate variations in the Fe**/Fe ratio during eruptive event. The two eruptions
show distinct Fe**/Fey ratio patterns, which may reflect differences in eruption cloud temperature. The
calibration carve developed in this study in limited in its range of Fe’*/Fe.o values. Further refinement is
needed, including the addition of more standard materials and increased analytical coverage. Moreover,
factors such as pumice texture -particularly vesiculation and bubble size- were not considered in current
approach. Incorporating textural analyses may help to improve the accuracy of Fe*/Feo estimation and
provide a better understanding of the controlling factors. Heating experiment on pumice could also
provide insight into the relationship between temperature and the Fe**/Fey ratio, and are recommended as
a future research direction.
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Enhancement of Sensitivity in Detection of Resist Defects Using EUV Oblique-Incidence
Coherent Scatterometry Microscope
Naoya Kawakami, Tetsuo Harada®, Shinji Yamakawa

Laboratory of Advanced Science and Technology for Industry, University of Hyogo

We developed an EUV oblique-incidence critical scattering microscopy (CSM) system for
non-destructive detection of resist defects in nanoimprint lithography (NIL) template fabrication.
Using 13.5 nm EUV light at NewSUBARU BLO03, scattered light from resist patterns was
analyzed by a CCD camera. By introducing slits to suppress stray light, defect detection
sensitivity was significantly improved. Programmed line defects as small as 16 nm were clearly
detected without damage to the resist, even after repeated exposures. This high-sensitivity,
damage-free method enables detailed analysis of defect formation processes in NIL and offers
potential for detecting even smaller defects in the future.

1. IICDIZ

PIEAREFEFM TCHLTFT /A TV T TT74(NILIE, 77— MR EN A7 28 [E] %
AV a s HbR BB SNV D AMIAZ L T4 LORBEETT L ALEZOL, L
LU RARRZ % UV AL L CTOBEERI 352 L CRIRET 55 CTH L. Zoi=d, 7o 71—k
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C K-XANES of Triple Bonds

Hina Sugiura, Miyu Mamezaki, Saki Yamada, and Yasuji Muramatsu

Graduate School of Engineering, University of Hyogo

To understand the spectral feature of triple bonds in CK-XANES, we have measured CK-XANES
of bis(4-bromophenyl) acetylenes and theoretically analyzed their spectral profiles by using the
density functional theory (DFT) calculations. XANES measurements were performed in
BL10/NewSUBARU From the comparison between the triple bonds and double bonds, it can be
clarified that the measured 286.2-eV peak is characteristic feature in the triple bonds.
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Soft X-Ray Absorption Measurements of Writing Inks for Forensic Analysis

Miyu Mamezaki', Toshio Nakanishi?, Yasuo Seto?, and Yasuji Muramatsu'

!Graduate School of Engineering, University of Hyogo, 2RIKEN SPring-8 Center

To develop a non-destructive analytical method of inks forensic identification, the X-ray
absorption near edge structure (XANES) of various writing ink samples applied to copy paper was
measured by the total-electron-yield (TEY) method. The ink samples of writing pens were
prepared from major domestic manufacturers. TEY-XANES was measured by the conductive
substrate contact method while the ink samples were applied to copy paper. The measurements
were performed at BL10/NewSUBARU. In C K-edge XANES, XANES of the copy paper is
superimposed. Hence, it is possible to identify the ink components by subtracting XANES profiles
of copy paper as background. In N K-edge XANES, since copy paper does not contain nitrogen, it
is possible to identify the ink components by fingerprint analysis by comparing with the XANES
of reference samples.
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Remote observation of synchrotron PEEM images using Network Tele-Microscopy

K. Yamamoto!, K. Sato!, S. Shinbashi', Y. Monda', T. Nagase!,
S. Yamakawa?, T. Ohkouchi’, R Nishi® and S. Ichikawa*

!Graduate School of Engineering, University of Hyogo
2Laboratory of Advanced Science and Technology for Industry, University of Hyogo

3Fuculty of Engineering, Fukui University of Technology
*Research Center for Ultra-High Voltage Electron Microscopy, Osaka University

Abstract
Network Tele-Microscopy is an innovative remote microscopy that integrates conventional
microscopy techniques with advanced information science, enabling real-time data sharing and
collaborative analysis across geographically distant locations. In this work, we report the
application of IP-cloud hybrid system in Network Tele-Microscopy on the remote observation of
the synchrotron Photo-Emission Electron Microscope (PEEM) system installed at NewSUBARU
synchrotron radiation facility, University of Hyogo.

1. &
ULAE, COVID-19 /"7 v/ D 2T 52, B BMEL L OO M BRI A W 0 JERER AT
LI HE PR RS ST 0 R BEMER L, 372405 [Network tele-microscopy | 23 SR 1256 &
LTW%, RFEL, (RO EFBMEELI T —Ham L, 7 —Z G M (FEFIMEE s LU0~ —
4 —) A GEIBHI OB ) & DR s 2 L B2 95 RUZFHE & D,
Network tele-microscopy DOF|UIELL T D@ THD,
LFFZEDORLE: IRV OB [ CEBRT — &2V T VA A LA T2 8T, uE
72 R AL R DS P RE & 72D,
A2 BRI & B EREE A O — PR TE57280 | JiskOBEFE N L&
DA ER P HFFEND,
REG: BUGICEEE LS | BER AN 7 K LY — N TR ISR IS TED AR
HEIND,
R, BADERERRIZ 3175 PEEM OG- BARER) TiX, fisx N ~DH ADHIIRANESIZEY
LN TNDZEND | 1R TOBIEE - FAERTRRD BTV VD, Network tele-microscopy & H %

il
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ZET, MRS AR B ST AE B 2 FE IR KB 2 B D) SRR 5 LM AT REL 72D,
AR T, SEIRNZ K P 5 LU NewSUBARU 2868V VTHEEEL 72 Network tele-microscopy 3 A7 L%
M, @B B OMARBLE ZBREHI L L TEOA AMELHBIZ OV TRRET LI F I OV THE 35,

2. ERFIE

AMFFETIE, BEAF OB BB D AR Z MR A 3 FAEEAROM R 2 I FF 02 L2 AL
AFGEtEL, BEFBMEROHIEH PC Z4MMry N — 7 ~E T 22 E72< | BLEZE 1 D 4 M5
~EETHHFAER AL, EEMICIE NewSUBARU BLO09 Yt 1-BAMKEIZ Network tele-microscopy
VAT DR IR IA T 1 IRBLEE AT RETRBR T A B LT, £ O R Figure 1 IRT, £L T, AT A
TLE, ZTTREI LT Web 2T AT A (WebEX) 1280 B iR NewSUBARU 75 St bt
SERPIRRE L v 0 /32 (COBR) BB A ) T L2 A LSRG Lz, #OEHE, Si = o —Fic
Pt-Pd 5% A4 L A\ ZIETHRL 2 D THD,
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Figure 1. Connection Diagram: PEEM.
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Figure 2. Received Observation Image.
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Figure 3. Captured Image
(a) Transmission Side: NewSUBARU (Dwell Time: 10 ms),
(b) Reception Side: Himeji Engineering Campus (Dwell Time: 10 ms),
(¢) Transmission Side: NewSUBARU (Dwell Time: 2000 ms), and
(d) Reception Side: Himeji Engineering Campus (Dwell Time: 2000 ms).

4. FERBIOSBOEE
EEAMFITIZEY . Network tele-microscopy 3 A7 L& U NCHE Y PEEM D% R #1223 Full HD fi# %
FECTHELTEIRMR THLZ LA MR LT, FriZ, VAT Laxet b, BEAFEE OMRZ R LD D%
BIRF N — Ve A M T D FIEIL, IR IE R ZECHI R KN L E OTE FIC A ThDHEE RS
N,
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Structural Changes in Solid Polymer Electrolyte Membranes

Induced by Soft X-ray Irradiation

Akira Heya'", Kazuhiro Kanda?, and Koji Sumitomo'

! Department of Materials and Synchrotron Radiation Engineering, University of Hyogo, Himeji, Hyogo 671-2280,
Japan
2 LASTI, Univ. of Hyogo, 3-1-2 Koto, Kamigori, Ako, Hyogo 678-1205, Japan

Nafion, a polymer electrolyte membrane used in polymer electrolyte fuel cells (PEFCs), is known to be susceptible to
damage by X-ray irradiation. However, by controlling irradiation conditions, it may be possible to improve PEFC’s
properties. In this study, soft X-rays at BLO7A in NewSUBARU were used to modify surface of Nafion. F atoms were
selectively removed, while C—C and C—O—C bonds increased. Although the S 2p core-level electrons were excited, F
atoms were preferentially removed, suggesting that F atoms are more reactive to soft X-ray irradiation than S atoms.

1. IIt®ic

[ 4% e 43 F B BEEE L (PEFC) W 0D 15 43 1 AR B R RR B - O VERE A TR D D B E M BN Ch D, 53 - B
BEL L CESHWDLS Nafion 1d, 77 B BAGIC AL T U B B2 RSO T8 E > X —7 4 zr
TABEE T T (K 1(a)) . —fRIZ Nafion (T X #RIRFHI T DMHPEDMELS X #RIREHZIVBE 52803
HITVD[1], Ll X BROBEEF T —ZHIL BRI FRE S 2 IR L0 | RS 7ok &0
~TRFAEINLTE0 952 8T PEFC OFptEZ 7] ESE L RREMD DD, AT TIIIRH =L X — & [ T
% NewSUBARU ? BLO7A % JHUNTHK X #FREHZ X2 Nafion DR ESE T OV TRETL7Z,

2. EBRFE

5x15 mm? |24 L7z Nafion 24 (N117, JE# 0.18 mm) % Cu 7 NANFICEEL . NewSUBARU D
BLO7A (2.28 m 7> ¥al—&) D4 Haa D FICR EIN B ZEF v Ny U, #R X SRS, SR
YT ZFHNF—1 GeV, K= F—180 eV, HETIEH 0, 600, 1800, 3600 s, F U7 FEift 350 mA DEIFT
1757 HFT T —% 180 eV ELT=DIL S 2p DWEEE 1 (= R/AVF—HENRL 170 eV) Dl Rz ~D720
T %, BVEXRTHIE LR X #RIRS T OBUEHERIR E 1T 68°CTh o7z, BUEFHIIZIL X #OLE 00t (XPS)
Z Wz,

3. RERLEE
C, O, F, S DJF -2 5 DGR IR 5 e R (2 & Fig. 1(b)IWZRd, #RKXERIRSTATOD Nafion 0 F/C 2 I 2.0
Tho7=3, R X AR 1T 0.1 LI, BXKERRSHIC R F R 2MESEMICHBEL 7=, — 77, C, O, S it 7 DF|
AT, #k X SRR AT RS 1% (FRETRER 600 s) 0 Nafion 520D C 1s, O 1s XPS A~<Z kL% Fig. 1(c)~(f)
R, 8K X BRI T E-CFo-CF-fE 6728 O F IZBEE 3 28— 7 3 s C&7oy, B #&IE F JRFI2B8E 52
=ML, C-C FEAS C-0-C FEA RSN, ZHUI KK EBRHCRFE A0 CRILS I »7-2 8tk
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[1] D.K. Paul, J.B. Giorgi, and K. Karan, J. Electrochem. Soc. 160 (4), F464 (2013).
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Figure 1. (a) Molecular structure of Nafion 117, (b) Soft X-ray irradiation time dependence of each elemental
concentration, (¢) C 1s spectrum of untreated Nafion, (d) O 1s spectrum of untreated Nafion, (e) C 1s spectrum of
Nafion after soft X-ray irradiation, (f) O 1s spectrum of Nafion after soft X-ray irradiation
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Energy dependence of soft X-ray irradiation effects on highly hydrogenated DLC films
and Si-containing highly hydrogenated DLC films

Kazuhiro Kanda', Tomohiro Mishima', Kyoji Morita! and Koji Nakanishi'

"Laboratory of Advanced Science and Technology for Industry, University of Hyogo

The effect of soft X-ray irradiation on highly hydrogenated DLC films and Si-containing highly
hydrogenated DLC films was investigated by varying the energy of the high-brightness
monochromatic light irradiated. It was found that hydrogen desorption occurs selectively at
energies where valence electrons, inner-shell electrons of carbon and silicon atoms, are excited. It
was also found that C-H bond cleavage occurs due to energy propagation, not the excited atoms;
oxidation of Si atoms occurs more quickly than the hydrogen desorption reaction and prevents
hydrogen from being desorbed from the interior.

1. IICHIC

K% 40%2L L& TeE Kk L DLC(H-DLOMRIT B 28 CHIRBE BRI & R D72, FH 2 M7 8 D
Brzeth TOBREEHIEL TORARBESN TS, ZTRETD S S L —TOFFRIZLE-> T, H-DLC
BT X BRIR S C K> COK BB AR N 252 650(1,2], H-DLC JiZ Si 2 & A 387z
Si-H-DLC ECI3KFEOBBEZ I 2 DN D EHHLNELTZ[3], LovL, ZRHDORFFEIL, #k X $rE 5k
LW AGHERE L TRBY, HEOUWEN OB A DB NREIRFICEZ > TWEEZLNDT0, FIK
TR A T DI LN TER o7, AAFFETIE, H-DLC S Si-H-DLC %328k X #rEE 12
KOG EFEES D LS T20  MET2 Ak X OV —%2A 2T H-DLC fEL
Si-H-DLC IR Z1TU, BRE L7230 C K IS Si K 30 NEXAFS AT ML ZEHIEL TR
RETAFOALFIRREEBLIAIL | 8k X R 2D ROV Tigim L7z,

2. EBRFE

H-DLC L Si-H-DLC &%, 77X~z /"o Ak CVD EEHWT Si e — FICAIEL -,
H-DLC JEE& Si-H-DLC PEOFARLEBIEIT, T 7 4 — R HGEL Y I RBS) &M S BB 74 H A
(ERDA)ZHL B DO THIEL ., TTHEMALIE, C: H=45at%: 55 at%3SL TN C: Si: H =42 at%: 18 at%: 40
at’%., BRI FFF 4 100 nm, 475 nm & RS Sz,

H-DLC & Si-H-DLC BE~D#R X SRS, ZJ@IET7 — o tasl 74N 2ot o TRl e
BSOS N AR/ =2 — AL D BLOTA TiTo7z, BBERIZBIT DT3B 1T, 74 b A4 —
F(PD). AUXV100 (International Radiation Detectors Inc) Z AV NCHITE L=, 8k X #R1TEEHI XL TE
ELICIRS 24T\ BRI Z T 723 BHIR AR o 7 2NN L 72,

C K ¥ NEXAFS O E X ==2—A 3L BLO9A, Si K ¥ NEXAFS Ol €% BLO5C TENZENIT-
720 BLOOA IR 11 m OT ¥ al—&— TRk 1o sl 2 TDd, JE =0 —&iHIx
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3. FER

3.1 C K Wl NEXAFS

1), MizENnEn, 2EFIEEZ AW THIEL H-DLC fEE Si-H-DLC o C K WX
NEXAFS A7 ML D B = 1L — (K7 Z R T, 285 eV DB — 71X C=C #5 A 1ZHKT 5 Cls—>n*
ER., 288 eV [HIFDOE—271% C=0 A H KD 1s— n 8K, 290 eV LD 7 o—R7pr —271% C-C,
C=C #EAHKD 1s— o "B LIRIETES, BETHIO H-DLC &, Si-H-DLC EdD C K & NEXAFS A
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1 (a) H-DLC [ & (b)Si-H-DLC D28 I E{E % AV CHIE L7- CK ¥
NEXAFS AX7 b LD WG = 5L ¥ — K7k

X RRIH OB DO AT VLRI D = 3V — DR X 7% IR L7250 O AT ML % i3
%E . H-DLC B TI3 80, 300 eV DR X #HESH T C=C fEAIHI kT 5 Cls— n BB O — 73R EE D #
ML TWB, F72, 288eV @ C=0 ([ZH KT HE — TR E DOR/D RIS IVD, ZHLIS O 155, 220, 450
eV DR X FRIEHTIE H-DLC IO AT MU IRITIEE AL ZE L TRV, —J7, 80, 155, 300 eV D
R X BRI 21T 572 Si-H-DLC JED AR LT, C=C & ICH KT8 — 2 D58 O AELHIS
AUTZ03, 220, 450 eV OER X FRHRGTCIE, FEIO AT RITIZEAE L L2 T2,

3.2 Si K WU NEXAFS

X212 TEY CHllE L7z Si-H-DLC [ Si K WL NEXAFS A7 kL% SiO, 0 NEXAFS A~ kL
LIRS, Al HIESIZER X BRIRERTO Si-H-DLC o Si K MR NEXAFS A7 LiZZh
FOHESN Si-DLC FEDARZ ML EHEIL TS, — 7, 8 X #E R LR O A_Z LTl
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B 3B 4y et UL B A IS K> THIE L 72 Si-H-DLC & Si K Wi NEXAFS AT ML Z7Rd, ED
TRIVF— AR OHR X AR IR U730 Ch R A R A CHIE L7z Si K WIE NEXAFS A7k
JUTIE Si0, 12 3RT% 1846.8 eV DO —Z A3 S U2\ N, Tk X #1215 St Dby Si-H-DLC
FEDNERIZ T M A TUVVRNWZ LR L TN,

4. BE

/KB b DLC B2k X #3208 IR - K5 A RO - 5 BEHE N - sp?/sp? OGN
7R EDBRISND[,2], ZOSEITIRORIZEZDEB X LTS, 1) X BRIRFHZEY, C-H #5553
YIWrS v, KEBDWBET D, 2) KFBORBEICLVE TV TR REefiolz BRI EE L. IR
FIRF EHEADEEINT D72, sp?/sp® LLAMEINT D, 3) RFF LOFFES L TBIXIHEL . &K
R T2, 4) KFOBLEEERFEOIAEIC LD BENINT 5, 7B, BEh o B AL E
FYHIRFF A E LD, B X SRIBEHC IO A2 e b oTBI4], F7-. mkFE(L DLC I Si %
R =75 DL NOOSEBINHIINDZENHE S TS, ZiuE Si-H-DLC & O Si ARk
KFDORBBEE T T2 L% 2 B TVA[3],

H-DLC 20> C K—edge NEXAFS 227 LT, 80 eV & 300 eV, Si-H-DLC D C K-edge NEXAFS
ATV UL, 80 eV, 155 eV & 300 eV DR X FRIRGHZLY 7« & —27 O E DI HIZI7=, 300
eV & 155 eV L C KET, Si LikE T O =L —ICENEIHY T 5, £72, 80 eV DIRX
FROBR CIHMIE AL TWHEB 2D, T7hDL, ZILHLOEFORIIZEY, C—H #H 5
OIS COKEDRBBEL . FBENT-CHFNC=C _HiE AL EMTHIET n B — 7 DIREENEEANL
7B Z BN, 37005 C-H A ORI @RI I Z L > TRETWAZEZRLTWD, FRIZSE L
X PR D FHEITFE 2975 1565 eV DJihke T C-H #E & DU & TWHZ 8L, B L7 0 DAl
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ST AHE— I ORI SNDIR X O3 LX—IZlb LT ARIEFRIC ThHoTo, AFEBRTIIIRES
BENRRENZDIZ, TRTOZRAF—DIREIZEBUT Si-H-DLC R & Ofgl nlRE72 Si i+ T
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THEFE T, 155 eV DR X FRHRG Tl Si L 3% % 1. 300 eV O#R X #RIAH Tk C K 3% E -2 Eht S,
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Instead of laser Compton scattering, we developed an innovative method achieving drastically higher energies by
Compton scattering of soft X-rays. In this method, 92 eV X-rays obtained from an undulator in a storage ring were
reflected back to the original ring using a Mo/Si multilayer mirror. In the demonstration experiment conducted at
NewSUBARU BLO7A, y-ray beam production via X-ray Compton scattering were observed for the first time. The
measured energy spectrum was well reproduced by the theoretical calculation with the maximum energy of 0.543 GeV.
The production rate was 1.3620.11 keps for the energies above 0.160 GeV. This rate was quantitatively explained by
the luminosity and the scattering cross section. The present work created a new y-ray beam source for various future
applications, including next-generation hadron photoproduction experiments.

1. Introduction

A new y-ray beam source via Compton scattering of X-rays is highly desired to enable the extension
toward significantly higher energies, which cannot be achieved by usual laser Compton scattering. Such a
beam will be obtainable at various storage rings like SPring-8-I1 for the fundamental physics research to
reveal the low-energy nature of quantum chromodynamics (QCD) via photoproduction of higher mass
particles. However, the y-ray beam production by X-ray Compton scattering has not been successful yet at
any facility. In our project, soft X-rays with the energy of 92 eV are obtained from the 2.28 m-long short
undulator installed at NewSUBARU BL0O7A [1], and they are backwardly reflected by a Mo/Si multi-layer
mirror for the injection into the original ring. Compton scattering of 92 eV X-rays from 0.949 GeV
electrons (1 GeV operation) happens in the 6 m-long straight section of BL0O7, providing the maximum
y-ray energy (Compton edge) of 0.543 GeV. The drop of the total scattering cross section is only a factor of
2 to 4 compared with that of laser Compton scattering, so the observation of y-ray beam production can be
expected with high-intensity X-rays and electrons. In addition, our method is unique and cost-effective by
getting both injected X-rays and produced y-rays in the same beamline.

So far, we have continuously developed optical devices and detectors necessary for X-ray Compton
scattering as reported in Refs. [2—8]. The refractive surface of the Mo/Si multilayer mirror substrate made
by a Silicon plate was made concave with the vertical curvature radius of 16.7 m to focus X-rays at the
Compton scattering point. The surface roughness reached 0.2 nm per 80 pum-square area by using
magnetorheological finishing. Forty equal-periodic layers of Molybdenum and Silicon pairs were coated on
the refractive surface with a good uniformity of £0.2% in the effective area of 40 mm square. The vertical
and horizontal mirror angles were adjusted by precision rotary stages inside the large mirror chamber
placed at BLO7A. An X-ray wire scanner with 0.2 mm-diameter tungsten wires was installed upstream of
the mirror chamber to measure the vertical and horizontal positions (profiles) of both radiated and reflected
X-ray beams precisely. The energy of y-rays produced by X-ray Compton scattering was measured by the
PWO calorimeter set up downstream of the switching mirror. This calorimeter was made by assembling 9

pure PbWOy crystals into a size of 60 x 60 x 200 mm (22.5 radiation lengths). Our experimental setup is
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Fig. 1 Setup of the demonstration experiment for X-ray Compton scattering at NewSUBARU BLO7A. The
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shown in Fig. 1.

2. Demonstration experiment

The experiment to confirm the y-ray production by X-ray Compton scattering was performed on Dec. 18
and 19, 2024 at BLO7A. The direction of X-rays reflected back using the multilayer mirror was optimized
by operating the precision rotary stages so that a profile of the reflected beam should overlap with that of
the radiated beam at the wire scanner. Further adjustment of the rotary stages was also performed using a
similar wire detector equipped upstream of the switching mirror in BLO7. These two-step adjustments of
the reflected X-ray positions from far to near the scattering point were essential for successfully achieving
the head-on collision of X-rays and electrons.

The energy and timing information from the y-ray detectors was recorded using a VME-based data
acquisition system. The whole charge of a signal pulse from the PWO calorimeter was integrated within a
gate width of 300 ns using a 12-bit analog-to-digital converter (ADC) board. In the y-ray energy (Ey)
spectrum measurement, the amount of pedestal charge observed even without a y-ray hit was subtracted
from the above integrated charge. After optimizing the reflected X-ray direction, 8 million events were
recorded by self-triggering with PWO calorimeter signals. In addition, another 8 million events were
collected as a background sample by preventing the X-ray reflection process at an optical shutter. For
further analysis, events having no coincident hit at the charge-veto counter installed upstream of the PWO
calorimeter were selected based on the ADC information in both samples.

The E, spectrum measured without the X-ray reflection shows an exponentially decreasing E)
distribution due to bremsstrahlung radiation from high-energy electrons passing through the residual gas
inside the storage ring. Since the bremsstrahlung radiation should emit y-rays up to the ring energy of
0.949 GeV, the E, calibration was done by fitting a free-parameter function created by multiplying
exponential and complementary error functions to the highest edge of the ADC distribution. In the E)
spectrum measured with the X-ray reflection, the background contribution arising from the bremsstrahlung
radiation described above was found to be large, so it was important to carefully subtract this background
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with an appropriate normalization for examining the signal spectrum of X-ray Compton scattering. Here,
the background spectrum was scaled so that the event count in 0.605-1.013 GeV should be normalized to
the corresponding count of the E, spectrum measured with the X-ray reflection, where no contribution
from Compton scattering is expected in the same E, range.

3. Results and discussions

Figure 2 shows the E, spectrum of X-ray Compton scattering signals after subtracting the
bremsstrahlung background. Statistical uncertainties are appropriately assigned to each bin by taking into
account the bin entries of the two raw spectra before the subtraction and the uncertainty of the
normalization described above. The region below 0.160 GeV is not plotted because the original E,
distributions show a rapid spectral change around the discriminator threshold, possibly causing large
systematic uncertainties in the subtracted spectrum. In Fig. 2, a clear Compton spectrum was confirmed
with the shape that was consistent with the quantum electrodynamics (QED) based calculation. The excess
in 0.160-0.560 GeV was counted as 4396713510 events, resulting in a statistical significance of 12.5c. If
the theoretical ) spectrum with the additional convolution of the E, resolution evaluated for the PWO
calorimeter is fitted to the observed Compton spectrum only by making a normalization parameter free, the
measured data are well reproduced with a reduced ¥* of 0.688.

8 million events were recorded in the data collection with the X-ray reflection. Simultaneously, the
number of PWO self-triggering signals was counted as 11.8 million events by a visual scaler. Taking the
ratio of these numbers, the data acquisition efficiency was estimated to be 67.6%. Consequently, the
observed y-ray beam flux originating from Compton scattering was evaluated to be 12.8£1.0 cps by
correcting the signal count in Fig. 2 (439674£3510 events) with the data acquisition efficiency and using the
measurement time. There are 6.0 radiation lengths of beamline structure materials which are unavoidable
on the y-ray beam path from the switching mirror (in vacuum) to the PWO calorimeter (in the atmosphere),
so the flux is reduced to e~ 77*82 or 0.94%. Dividing 12.8 cps by 0.94%, the production rate of X-ray
Compton scattering y-rays was finally obtained to be 1.36+£0.11 kcps for the energy range above
0.160 GeV.

An ideal value of this y-ray production rate was calculated to be 3.22 kcps by combining the undulator
radiation flux, the reflectance of the switching mirror and the Mo/Si multilayer mirror, the bandwidth of the
multilayer mirror reflection, the electron

beam current and bunch filling pattern in

>
the storage ring, the total cross section of % 4000 Compton edge
X-ray Compton scattering (330 mb), and % 3000 ‘
the fraction of a component above %
0.160 GeV (67.2%). According to an © 2000
optical simulation, the transverse size of a -
reflected X-ray beam is similar to that of 1000 -
an electron beam (& = 0.6 mm) and is not 0 -
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straight section of the storage ring. -1000 ‘
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locations. This collision rate was taken Fig. 2 Observed signal spectrum of X-ray Compton scattering
into account together with the beam size after subtracting bremsstrahlung background. The thick red
when obtaining the luminosity. The ideal line indicates a fit result of the theoretical spectrum with the
production rate matches the rate estimated smearing of experimental resolutions.
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from the observed flux by a factor of 2.4, suggesting our demonstration experiment is quantitatively
controlled. This factor 2.4 difference can be caused by the misalignment between the reflected X-ray and
electron beam axes, the deterioration of the actual X-ray beam focus, and the decrease of the switching
mirror reflectance with long use.

4. Concluding remarks

The present result is significant as the first observation of a y-ray beam produced by Compton scattering
of X-rays. The new y-ray beam source established by this work paved the way to reach high energies
approaching the storage-ring energy. For future practical applications, increasing the flux of this y-ray
beam is desired. Since the production rate of X-ray Compton scattering y-rays was well understood from
the performance of each optical component, further development towards higher fluxes should be
reasonably possible, for instance, by increasing the luminosity of electron and X-ray bunch collisions with
reduced transverse sizes.
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Submicron-processing by X-ray lithography for medical mesh nebulizer
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X-ray lithography was performed using synchrotron radiation to fabricate a nozzle array filter
with submicron-order aperture diameters for a mesh nebulizer, as generating mist with a high
yield of submicron-sized droplets is essential for delivering medication deep into the lungs.
Utilizing polymethylmethacrylate as the resist material, precise control of X-ray exposure with
distribution was performed to achieve submicron-order aperture fabrication, using a two-axis lead
zirconate titanate stage with nanometer-scale positioning resolution. By precisely controlling the
exposure process and development time on a minute scale, we successfully fabricated a nozzle
array with submicron-order aperture diameters.

1. Introduction

Technologies for atomizing liquids into fine droplets using micro-nozzles” are widely applied across various
industries, including agricultural pesticide spraying,® inkjet technology,>*® and the medical field. Particularly in the
medical field, atomizing technology has evolved for use in nebulizers, which are devices designed to generate and
deliver a mist into the respiratory system.” Since the global pandemic caused by COVID-19, nebulizers have played a
crucial role in inhalation therapy by atomizing medication into fine particles and delivering it deep into the lungs to
treat respiratory diseases.>'? As shown in Figure 1, the mist generated using the nebulizer is inhaled through the nose
or mouth and deposits within the respiratory tract. The deposition location of fine droplets within the respiratory tract
depends on the droplet size. Transport and deposition of such droplets in the human lung are widely studied using
computational fluid dynamics simulations: droplets with a diameter of approximately ~ 5 um deposit in the nasal
upper airway; those with diameters between 2 and 5 pm deposit in the trachea and bronchial regions; droplets smaller
than 2 um reach the deeper areas of the lungs, such as tshe alveoli.”>'” The mesh nebulizer (MN), a medical mist
generator used for aerosolizing medication, has outstanding features in terms of portability, quiet operation, and
energy efficiency. ') The MN consists of a nozzle array filter, oscillator, and medication. Up-and-down motion of the
oscillator causes the medication to be ejected through the nozzle apertures. The nozzle array filter is detachable,
allowing the unit to be cleaned, sterilized, or disposed of to maintain cleanliness.'® The nozzle shape is tapered to
efficiently increase the liquid's velocity and facilitate its ejection.!®-2%

The particle size distribution of the generated mist depends on the size of the nozzle aperture, which is a critical
component of the MN. Several fabrication methods for the nozzle array filter have been reported. In each report, the
mist sprayed using the fabricated filter is evaluated based on the volumetric mean diameter (Dso), which represents the
droplet size at which the cumulative number of droplets in the volume fraction-based size distribution reaches 50% of
the total. Additionally, the droplet sizes at which the cumulative values reach 10% (Do) and 90% (D9o) are also
frequently used for mist evaluation. Shen et al.?) fabricated a conical nozzle array filter with nozzle apertures of 4 +
0.5 pm using Ni electroforming and generated a mist with a volumetric mean diameter (Dso) of 4.04 um. Olszewski et
al.?? fabricated a pyramid-shaped nozzle array with apertures of 2.7 um on each side using dry etching of silicon and
generated a mist with a Dso of 3.75 um. Choi et al.?® fabricated a Pd-Ni alloy nozzle array filter with an aperture
diameter of 4.2 + 0.15 um using lithography and electroforming, and generated a mist with a Dso of 3.65 pum. Using
laser processing technology, Yan et al.?® fabricated a nozzle array filter made of carbon steel with an opening diameter
of approximately 10 um, and generated a mist with a Dso of 4.29 um, and Zhang et al.> fabricated a nozzle array with
an aperture diameter of approximately 6 um on a metal sheet. To minimize the Dso value of the mist generated by the
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nebulizer to a particle size of 2 um or less, which can reach deep into the lungs, the aperture diameter of the nozzles
must be minimized. However, as described above, conventional fabrication methods have only been able to fabricate
nozzles with a minimum diameter of approximately 3 um. In each report, there are cases where the aperture diameter
and the Dso value are almost the same or where the Dso is larger,>?® as well as cases where the D50 value is smaller.>*
25 This difference is considered to arise from the properties of the sprayed liquid, such as surface tension, viscosity,
and molecular structure, as well as the amount ejected from the nozzle. The liquid ejected from the nozzle initially
forms a column shape at the nozzle tip before breaking into droplets. When the ejection volume is large and the
column shape is elongated, the liquid column breaks apart depending on its surface tension and viscosity, generating
multiple droplets. In this case, it is presumed that multiple droplets smaller than the nozzle aperture diameter are
formed, leading to a smaller Dso value.2®

In this study, we proposed a method for fabricating a tapered nozzle array for use in the MN utilizing X-ray
lithography (XRL) using synchrotron radiation. XRL allows for mass production’” and enables fabrication of
high-aspect-ratio three-dimensional structures, and is therefore suitable for manufacturing disposable nozzle array
filters for consumer-use mist generators. In conventional XRL, the relative position between the X-ray mask with a
built-in X-ray absorber and the resist material is fixed during exposure. As a result, the X-ray exposure dose across the
exposed surface remains uniform, leading to direct transfer of the X-ray mask's pattern onto the resist material.
However, conventional XRL can only process three-dimensional structures with vertical walls, so it cannot be applied
to the fabrication of tapered nozzles, which are the target of this study. Therefore, we applied the multi-step exposure
technique developed by Tabata et al. to fabricate tapered nozzles.?® Unlike conventional XRL, this technique allows
for relative positional changes between the X-ray mask and the resist material during X-ray exposure, making it
possible to irradiate different amounts of X-ray exposure dose depending on the position of the resist material surface.
Using this technique, Tabata et al. fabricated cone-hole structures; however, the tip shapes achieved were on the
micrometer scale, and submicron-scale processing was not achieved.?® In our work, we utilized a multi-step exposure
system to achieve submicron-order processing, by incorporating a two-axis lead zirconate titanate (PZT) stage,
developed by Watanabe et al.,?” which is capable of nanometer-order positional control. Additionally, to avoid over- or
under-development and achieve optimal aperture diameters, we precisely controlled the development time. Following

this approach, we successfully fabricated tapered nozzles with a submicron-order aperture diameter.

Pharynx, trachea
5~10 pm

Generated mist
Bronchial tubes
2~5um

Bronchioles and alveoli
~2 um

Figure 1. Deposition location of mist generated using a nebulizer

in the respiratory system.

2. Experimental methods

Nozzle array filters with submicron-order nozzle apertures were fabricated for MN using XRL technology. X-ray
supplied from synchrotron facility was guided to the experimental chamber and irradiated onto the resist material

through an X-ray mask. On exposure to X-rays, the resist material undergoes molecular chain scission, resulting in a
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reduction in molecular mass.>® During the development process, the resist material starts to react from the regions
with the scissored molecular chains, which allows the desired shape to be processed.

The X-ray exposure process was conducted at the XRL beamline BL11 at NewSUBARU, the synchrotron radiation
facility of the University of Hyogo, Japan.3) The X-ray beam is supplied from a bending magnet as its light source.
The beam is conditioned using a toroidal mirror set at an incident angle of 0.7°, which eliminates photons with
energies greater than 7 keV. Additionally, two sheets of Be filter are employed to cut off photons with energies below
2 keV. The adjusted X-ray beam then reaches the exposure chamber, where it passes through the X-ray mask to
irradiate the resist material.

The NewSUBARU synchrotron radiation facility operates in two electron storage energy modes: 1.0 GeV and 1.5
GeV. In this study, exposure experiments were conducted under the 1.0 GeV operation mode. During the 1.0 GeV
operation, the storage current was maintained at 350 mA with no fluctuations during user time. Figure 2 shows the
X-ray intensity distribution on the sample surface inside the exposure chamber. This intensity distribution was
calculated using SPECTRA, a synchrotron radiation calculation software. Furthermore, by integrating the X-ray
intensity in Fig. 2, the average X-ray intensity per unit time on the sample surface during X-ray exposure was
calculated to be 2.83 x 1073 [J/sec/cm?]. The X-ray exposure time was set to 2400 seconds. However, the irradiated
X-ray beam has an in-plane intensity distribution, with the central region having approximately twice the intensity of
the outer edges.*?

Figure 3 shows the X-ray mask pattern used in this study. The white areas in Fig. 3 represent X-ray absorbers, while
the black areas indicate the supporting membrane that transmits X-rays. The mask consists of 15 circular X-ray
absorbers, each with a diameter of 12 mm, which are interconnected by columns to facilitate handling of the exposed

samples. When used as a nebulizer filter, exposed PMMA is divided at the column sections to obtain circular filters.
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Figure 3. Drawing of the X-ray mask used.
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Figure 4. Overall Photograph and microscope images of the fabricated X-ray mask, featuring

apertures of 28.7 £ 0.3 um.

Within each circular region, circular aperture patterns with a diameter of 31 pm are arranged in a hexagonal lattice
structure with a pitch of 71 um, forming an 82-row x 72-column array within an area of approximately 5 mm x 5 mm.
To minimize vibrations during the exposure process, the position of the X-ray beam irradiating the X-ray mask was
fixed, and this position is indicated by pink hatching in Fig. 3. Figure 4 presents an overall photograph of the
fabricated X-ray mask along with a microscopic image of a single aperture hole. In this study, the X-ray absorber
consisted of 7 = 1 pum-thick Au, while the supporting membrane was a 13 pm-thick polyimide membrane. The
polyimide supporting membrane was attached to a stainless steel holder, with the Au X-ray absorber embedded within
it. The aperture holes had a diameter of 28.7 + 0.3 pm (N = 100), with polyimide present inside. The X-ray mask was
fabricated by electroplating Au onto a brass substrate, followed by polyimide membrane and subsequent etching to

remove the brass substrate.’?

For the resist material, polymethylmethacrylate (PMMA) sheets (CLAREX Precision Sheet 001) were employed.
This PMMA sheet was custom-made with a specified thickness of 100 um, but its actual thickness varies between 90

and 140 pm. PMMA is a commonly used material in XRL processes®® because it exhibits high gamma values and
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excellent resolution when exposed to X-rays.* The PMMA developer comprised the ingredients detailed in Table 1.
The developer temperature was maintained at 37.8°C.

An example of exposure dose
intensity distribution

Development

Figure 5. Schematic diagram of X-ray lithography process using
multi-step exposure technology.

X-ray mask
2-axis PZT stage
Y

Center of irradiatiorﬁ area
X-ray |
PMMA shee

Sample holder

‘w rd

/Center of overlapped area

Figure 6.

Schematic diagram of the Figure 7. Parameters for exposure dose

multi-step exposure system.2¥ distribution calculation

Table 1. Developer ingredients.

Ingredients Vol% Manufacturer Part number
2-(2-n-butoxy-ethoxy)ethanol| 60 |FUJIFILM Wako Pure Chemical Corporation| 028-08107
1-Tetrahydro, 4-oxazine 20 |FUJIFILM Wako Pure Chemical Corporation| 136-07052
2-amino-ethanol 5 |FUJIFILM Wako Pure Chemical Corporation| 050-03785
D. I. water 15

The development rate of PMMA depends on the exposure dose; therefore, a desired fine three-dimensional shape

can be fabricated by exposing PMMA to an arbitrary exposure distribution and then developing it. To fabricate a
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tapered nozzle shape, the exposure area of the PMMA sheet was altered during X-ray exposure using a multi-step
exposure system, as schematically shown in Figure 5. The PMMA sheet moves in a circular motion with respect to the
X-ray irradiation area, creating an overlap in the center, which results in maximum exposure dose in that area. A
schematic diagram of the multi-step exposure system is shown in Figure 6.2 The system consists of an X-ray mask,
an exposure sample, sample holder, and the two-axis PZT stage. Throughout the exposure experiment, the sample for
exposure was mechanically fixed in contact with the sample holder by a stainless-steel bracket, and the sample holder
was fixed to the PZT stage using bolts. The gap between the PMMA sheet and the X-ray mask was fixed at approx.
500 pm using spacers. This enables relative movement between the sample and the X-ray mask, allowing fabrication
using the multi-step exposure technique shown in Fig. 5.

The PZT stage used in this study was the P-527-2CL from PHYSIK INSTRUMENTE, operated in combination
with the closed-loop controller E-518. The PZT stage moves along the X and Y axes, and by applying phase-shifted
sine waves to the X and Y axes, the stage was driven in a circular motion.

The X-ray exposure distribution under these conditions was calculated. The exposure distribution is axisymmetric,
centered at the overlap region. Therefore, it is necessary to determine the exposure intensity per unit area at a distance
r from the center of the overlap region. Figure 7 illustrates the parameters used in the calculation. First, the ratio of the
time during which a position at distance » from the overlap center is exposed, relative to the time required for the PZT
stage to complete one full cycle, was calculated. Here, »is represents the radius of the circular motion of the PZT
actuator, and r» represents the radius of the Au pattern aperture. The arc length L(r) which is the intersection of a

concentric circle with radius » centered at the overlap region and the X-ray exposure area, can be expressed by

Equation (1).
L(r) = 2r -arccos@ (1)
Here, regarding cos6, from Fig. 7, we have:
ng = h*+a® )
n2 = h*+ b2 3)
From Eq. (2) and Eq. (3):
n2 -1t = a? —p? 4)

Here, defining:

r=a+b (5)
we can express Eq. (4) as:

ne—12=rla—h) =ria— (r—all=2ra—r? (6)

Thus,

a= rz+rzﬁ-r;zn (7)

Zr

which leads to:

2l o2
cosd = SR L (8)
Tpr e

Therefore, the function L(r) can be written as:

L(r) = 2 r - arccos (i;?f—r—r’z") )
-

Since the time required for the PZT actuator to complete one full cycle can be expressed using the circumference of
a circle with radius r, the exposure time ratio at distance » can be obtained by calculating the proportion of the arc
length L(r) given by Eq. (9) relative to the total circumference. Additionally, within the overlap region, the exposure
time ratio is always 1. Let £ [J/sec/cm?] be the X-ray intensity and ¢ [sec] be the X-ray exposure time. By combining

these factors, we obtain Equation 10.
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(10)

In this study, 7 = 14.6 pm, and 7 = 13.8 um were set. Additionally, since E = 2.83 x 107 [J/sec/cm?] and t = 2400
sec, the X-ray intensity distribution on the PMMA surface for a single nozzle was calculated using Eq. (10). The
results are shown in Figure 8.The exposure dose distribution, shown in Fig. 8, indicates that the overlap region had a
diameter of 1.6 um, and sharply decreased at approximately 5 um from the central axis. By using the fabricated X-ray
mask and exposing X-rays to match this exposure dose distribution, the aim is to fabricate tapered nozzles with an
aperture diameter of 1.6 pm and a precision of 0.6 pm. To average the exposure dose, the circular motion was
performed at a speed of 2 rpm, and the stage was rotated multiple times during exposure.

After irradiating X-rays while rotating the PZT stage to achieve the exposure distribution shown in Fig. 8, the
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Figure 8. Calculated exposure dose intensity  distribution on
polymethylmethacrylate surface corresponding to one nozzle.

nozzle shape and development rate were measured while advancing the development. The development was carried
out for a total of 240 minutes, maintaining the temperature of the developer at 37.8°C. As the development progresses,
the nozzle fabrication advances from both the exposed surface and the backside, resulting in the observation of two
opposing conical shapes. As the development continues, the depth of the cones increases, and at a certain point, the
tips of the conical shapes from both the exposed surface and the backside meet, leading to perforation. It is crucial to
stop the development process at this precise moment. To determine this timing, the nozzle with the largest processing
depth in the outermost row of the nozzle array, indicated by the blue dashed line in Figure 9, was observed. The
PMMA sheet was cut, and the nozzle cross-section was polished using #10000 abrasive paper, reaching approximately
30 um beyond the center of the nozzle overlapped area. Since the PMMA used was colorless and transparent, visible
light could penetrate, allowing for the measurement of the nozzle shape. The evaluation was performed using an
optical microscope (KEYENCE VHX-900), which enabled observation of the nozzle shape through transmitted light.
Observations were conducted a total of 33 times—every 10 minutes for the first 23 instances after development began,
and every minute for the final 10 minutes just before penetration. Each time, the exposed PMMA sheet was removed
from the developer solution and rinsed with pure water. During the initial observation, the sheet was cut and polished
to measure the nozzle shape. However, since further development would progress from the cross-section, making clear
measurements difficult, the cross-section was re-polished before each subsequent observation. The entire process of
removing the PMMA sheet, rinsing, polishing, and observing took approximately 3 minutes per cycle, totaling about
340 minutes from the start of development to the final observation. After confirming the penetration, the nozzle array

was observed using a scanning electron microscope (KEYENCE VE-9800), and the shape of the aperture and the
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cross-sectional shape of the hole were measured. The measurement locations in the nozzle array and the observed
cross-sectional positions are shown in Fig. 9. The five observed locations, indicated by the red frames in Fig. 9, were
used to measure the aperture diameter of 10 nozzles each, totaling 50 nozzle apertures. The evaluation was based on
the maximum dimension of the hole. The cross-sections indicated by the blue dashed line were also observed. Finally,

the thickness of the 7 points at the outer edge of the fabricated nozzle array filter was measured.

Observed cross-

Figure 9. The locations where nozzle aperture diameters were measured and the positions of the
observed cross-sections. At each location, the aperture diameter of 10 nozzles was measured.

S A i o
o o0 O o1 o o»m
T T T T 1
—e—
[
tol

Development rate [pm/min]
o
(&)}
I
ol
]
L]

1 I 1
40 60 80 100
Depth of PMMA sheet [um]
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Figure 11. A histogram categorizing the number of nozzles in the nozzle arrays of two filters with different

thicknesses by aperture diameter.

3. Results and discussion

X-ray exposure was performed on the PMMA sheet to match the exposure dose distribution shown in Fig. 8. The
shape variation of the nozzle due to development was observed. Based on the measured shape, the development rate as
a function of PMMA depth was calculated. The calculation results are shown in Figure 10. From Fig. 10, it is evident
that the development rate decreased as the depth of the PMMA sheet increased. This can be attributed to the
Beer-Lambert law, which indicates that the number of X-ray photons absorbed by the PMMA sheet decreases with
depth compared with that at the surface. It is considered that fewer molecular chains are broken in the deeper layers,
leading to a slower reaction rate between the exposed resist material and developer. While the development rate at the
surface of the PMMA was approximately 2.71 pm/min, it decreased to less than one-tenth of that in the deeper layers,
reaching approximately 0.24 um/min. Thus, since the development rate decreases at deeper layers of PMMA, it is
possible to control the development time in minutes and observe the cross-section using an optical microscope. By
stopping the development immediately after the formation of submicron aperture holes, it is possible to fabricate
nozzles with the desired aperture diameter.

Next, the aperture diameters of each nozzle measured at the locations shown in Fig. 9 are presented in Fig. 11.
Figure 11 is a histogram summarizing the number of nozzles within each aperture diameter range, with each interval
set to 0.25 um. The nozzle array filters used for measuring the aperture diameters were two sheets: one with a
thickness of 127 + 4 um, and the other with 135 + 3 pm. Both filters were measured at the positions shown in Fig. 9.
Because the in-plane X-ray intensity distribution weakens as it moves from the center of the beam toward the outer
edge, the nozzles in the nozzle array do not have uniform processing depth or aperture diameter. In each filter, nozzles
near the polished cross-section were observed, and the penetration status of the nozzles at the exposed locations was
determined. In the filter with a thickness of 127 = 4 pm, 11 nozzles in a column of the array were penetrated. From
this, the total number of penetrated nozzles can be estimated to be approximately 800. In the filter with a thickness of
135 £ 3 pum, 7 nozzles in a column of the array were penetrated, and the total number of penetrated nozzles was
estimated to be around 500.

The filter with a thickness of 127 + 4 pm had a median aperture diameter of 2.79 um, an average diameter of 2.84
pm, and a standard deviation of 0.87 pum for the nozzle array. Compared with the overlap diameter of 1.6 pm in the
exposure dose distribution shown in Fig. 8, the fabricated aperture hole diameter for 127 + 4 um thick PMMA was
approximately 1.2 um larger. This is attributed to the extended development time, during which additional
development from the nozzle wall surface occurred after the nozzle was penetrated, which enlarged the aperture.

Figure 12 shows an image of the filter with a thickness of 127 + 4 pm, captured using SEM. In Fig. 12 (a), the top
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500x 200 m

Figure 12. SEM image of the nozzle array filter with a thickness of 127 +4 1 m. (a) Overhead view
of the nozzle array, (b) top view of the nozzle outlined in blue dashed lines, (c) cross-sectional view
of the nozzle outlined in red dashed lines.

view of the nozzle array is shown, and it successfully presents nozzle array with varying aperture diameters, as
indicated by the black bar in Fig. 11. The top view of the nozzle outlined by the red dashed line is shown in Fig. 12
(b), and its cross-sectional view is shown in Fig. 12 (c). From Fig. 12 (b), it is clear that the aperture is black, creating
a contrast that allows for measurement of the hole shape. Also, the nozzle shown here exhibits cracks along the walls
of the aperture. This is believed to have occurred due to volume changes caused by gaseous byproducts generated
inside the exposed PMMA, leading to internal stresses.>® From Fig. 12 (c), it is evident that the nozzle has an angle of
25.5°. The tip of the tapered section at this angle transitions into a straight pipe section. Looking at the lower part of
the hole, it is observed to expand from the narrowest point and widen further near the edge. This is because the
developer infiltrated the backside, allowing the development to progress. When using this filter as a nebulizer nozzle,
the presence of a straight pipe section increases the frictional resistance between the nozzle wall and the liquid,
thereby increasing the force required for droplet generation. Therefore, this straight pipe section and the widened
lower part are considered unnecessary. Additionally, the white horizontal lines visible in the image are likely due to

noise caused by charge-up during SEM imaging.
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Figure 13. SEM image of the nozzle array filter with a thickness of 135 £3 u m. (a) Top view of

the nozzle with an aperture diameter near the average value. (b) Top view of the nozzle with the
smallest submicron-order aperture diameter among the measured nozzles.

The filter with a thickness of 135 + 3 um had a median of 1.36 um, an average of 1.68 um, and a standard deviation
of 0.94 um. This value closely matched the overlap diameter in the exposure dose distribution shown in Fig. 8. By
stopping development immediately after observing that the nozzle had perforated in the cross-section, the successful
fabrication of a nozzle array with varying aperture diameters, as indicated by the red bar in Fig. 11, was achieved.
Considering all nozzles in the array, 14% had submicron apertures, indicating that submicron-order processing was
achieved. Figure 13 shows the SEM images of the nozzle's top view. Fig. 13(a) shows a nozzle with an aperture
diameter near the average value, while Fig. 13(b) shows the smallest nozzle among the measured nozzles. Compared
with conventional methods, where the minimum aperture diameter of fabricated nozzles is 2.7 pum, the nozzles
fabricated in this study were approximately 1 pm smaller. This demonstrates successful fabrication of micro-nozzle
arrays that are unattainable by conventional processing techniques. The smallest measured aperture had a major axis
0f 0.43 um and minor axis of 0.24 pm. By precisely controlling the development time and halting development shortly
after perforation, submicron-order apertures were successfully achieved. The elliptical deviation was consistent across
all nozzles. However, while the nozzle in Fig. 13(a) has both the aperture circle and the outer edge circle elongated
vertically, the nozzle in Fig. 13(b) has the aperture circle elongated horizontally and the outer edge circle elongated
vertically. This difference is thought to be caused by micron-scale variations in the dimensions of the overlap area in
the X-ray exposure distribution on the PMMA surface for each nozzle. Several factors may contribute to this
misalignment. The first cause is the variation in the aperture diameters of the X-ray mask. As shown in Fig. 4, the
aperture diameter of the X-ray mask is 28.7 = 0.3 pm. When the X-ray mask aperture diameter 7, increases by 0.1 pum,
the overlap diameter in the X-ray exposure distribution increases by 0.2 pum, meaning that the overlap region's
diameter during X-ray exposure is expected to have a variation of approximately £0.6 pm. The second cause is the
relative displacement between the X-ray mask holder and PZT stage holder due to vibrations in the exposure chamber
during the exposure process. The magnitude of these vibrations can be read from the X, Y axis coordinates of the PZT
actuator, measured using the PZT controller, and there is a consistent PZT stage fluctuation of £0.05 um. The third
cause is the deformation of the entire PMMA sheet during X-ray exposure. When X-rays are exposed to a specific
region, internal stress arises, leading to deformation. Since the PMMA sheet is not adhered to the substrate but is only
mechanically fixed with a bracket, the entire sheet may experience bending, which likely causes misalignment of the
optical axis for the nozzles in the nozzle array. These factors likely lead to differences in the exposure dose

distribution across each nozzle in the nozzle array, causing the overlap region to take the shape of a horizontally
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elongated ellipse, as shown in Fig. 13(b), rather than the intended circular shape. The submicron-order nozzle shown
in Fig. 13(b) is extremely small, making it difficult to cut the sheet and polish it precisely to the cross-section of the
opening. As a result, its cross-sectional shape has not been observed. However, based on the exposure dose
distribution shown in Fig. 8 and the development rate shown in Fig. 10, its shape is considered to be similar to that of
Fig. 12(c).

In both the 127 + 4 um and 135 + 3 pm thick nozzle array filters, significant variability in aperture diameter was
observed. This is attributed to factors such as the non-uniformity of X-ray intensity exposed to the PMMA, variations
in PMMA thickness, fluctuations in the aperture diameter of the X-ray mask, vibrations during exposure, and
deformation of the PMMA sheet. Among these, the dominant factor was the non-uniformity of the X-ray intensity
exposed to the PMMA. There is variation in the aperture diameter distribution, and it is believed that submicron
apertures can still be fabricated even with slight deviations in exposure dose or development time. However, if the
ratio of such holes is small, it will affect the particle size distribution of the mist in the mist generation process during
subsequent stages, so it is necessary to increase this ratio. The aperture diameter distribution shifts with changes in
development time. Therefore, to fabricate a high ratio of submicron-order apertures, the development must be stopped
between smaller aperture diameter values. Thus, controlling the development time is critical for the fabrication of
submicron-order nozzle arrays in this report. To improve uniformity and create nozzle arrays with uniform submicron
apertures, it is believed that an actuator stage capable of reducing vibrations in the exposure chamber and uniformly
scanning the X-rays to achieve uniform exposure dose is necessary. Additionally, the cross-sectional shape of the
fabricated nozzles differs from the tapered shape shown in Fig. 5. For future nozzle designs, the target cross-sectional
shape is a frustum of a cone with a lower diameter of 55 um, a height of 100 pm, and an upper diameter of 1 um, with
a precision goal of £10%. Controlling the nozzle wall shape can be achieved by modifying the movement of the PZT
stage to control the X-ray exposure dose distribution. In this study, only a single circular motion of the PZT stage was
used, but by combining multiple circular motions, it is possible to make the exposure dose distribution closer to a
conical shape. It is anticipated that this will enable the fabrication of nozzles with the desired shape in the future. The
next steps will involve improving equipment to reduce nozzle shape variability, redesigning the exposure dose

distribution, and aiming to produce filters with uniform submicron-ordered aperture diameters for mesh nebulizers.
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Photoresist materials for semiconductors were analyzed using Photoemission Electron
Microscopy (PEEM) at the BLO9A beamline at NewSUBARU synchrotron facility. Carbon
K-edge spectra were obtained without the effects of beamline carbon contamination. However, it
was found that the material was degraded due to photo-induced damage during the measurement,
and that countermeasures to reduce the damage were needed.
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Figure 2. Comparison of XAS spectra for unexposed and exposed areas on the resist substrate.
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*The contents of this report have been published in Adv. X-Ray Chem. Anal., Jpn. 56, 79 (2025).

Generally, the analysis of liquid, gas, and biological samples using vacuum apparatuses often poses
great difficulties. In this study, we attempted to analyze these samples in a vacuum by using a liquid (gas)
cell with a simple structure. This method allows the analysis of these samples to be performed using a
conventional vacuum analytical apparatus without any modification to the apparatus. We report examples
of soft X-ray absorption spectroscopy of nitrogen gas, and the analysis of emulsions and microbiological
samples using a scanning electron microscope.
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Fig. 1 Schematic diagram of our liquid (gas) cell containing a mold sample.
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Fig. 2 N-K absorption spectrum of nitrogen in the atmosphere. SiC thickness: 200 nm.
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Fig. 3 (a) SEM image, (b) C-K, and (¢) O-K mapping images of an emulsion sample. SiN thickness:

100 nm. Acceleration voltage: 20 kV.
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Fig. 4 (a) SEM image and (b) EDX spectra obtained from an emulsion sample. SiN thickness: 20 nm.
Acceleration voltage: 30 kV.
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Fig. 5 Optical microscope images of a mold sample (a) just after and (b) 3 days after sealing. (c)
Magnified image of the mold shown in (b). SiN thickness: 200 nm.
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Fig. 6 (a) SEM image and (b) C-K, (c¢) O-K, (d) K-K, (e¢) P-K mapping images obtained from the
mold shown in Fig. 5(c). (f) EDX spectra obtained from the mold mycelium and the SiN window.
SiN thickness: 200 nm. Acceleration voltage: 20 kV.
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Fig. 7 SEM image of a biofilm grown on the SiN inner surface. SiN thickness: 50 nm. Acceleration
voltage: 7 kV.
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Fig. 8 Monte Carlo simulation results of electron scattering in a 200-nm-thick SiN film. Acceleration
voltage: (a) 20 kV, (b) 5 kV.
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Charge-up suppression effect of liquid samples themselves
in X-ray PEEM liquid measurements

Masaya Takeuchi', Takuo Ohkochi?, Satoru Suzuki?

!'Graduate school of engineering, University of Hyogo
?Laboratory of Advanced Science and Technology for Industry, University of Hyogo

In recent years, acquiring physicochemical information at solid—liquid and gas—liquid interfaces has
become an important topic both industrially and academically. For example, phenomena occurring at the
nano- and microscale in liquid environments—such as electrode reactions in lithium-ion batteries, the
remarkable cleaning effects of nanobubbles, and the process of viral entry into cells—have rarely been
imaged, making this a largely unexplored area. Thus far, measurements using techniques such as
liquid-phase AFM and confocal microscopy have been conducted; however, it has been difficult to obtain
property-specific contrast with these methods. We are investigating liquid analysis using synchrotron
radiation photoemission electron microscopy (PEEM). By combining synchrotron radiation PEEM with
X-ray absorption spectroscopy (XAS), it becomes possible to perform spectroscopic imaging with a
spatial resolution of less than 50 nm.
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Fig. 2 Observed images of SiNx membrane: (a) without liquid (showing distortion due to charge-up), (b)
with 0.5 M NaCl solution (clear 25 pm square membrane), (c) with pure water (charge-up sufficiently
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Previous atomic force microscopy studies have suggested that surface micro- and nanobubbles exhibit a
flat shape. In this study, we directly observed surface microbubbles formed in an NH3;BHj3 solution using
an optical microscope. No flat microbubbles were observed. Instead, on an SiO/Si substrate, we
discovered a relationship where the sum of the contact angle of a microbubble and the contact angle of a
droplet equaled approximately 180°. This relationship allowed us to control the shape of surface
microbubbles by manipulating the wettability of the surface and the surface tension of the liquid, similar to
droplet control. We were able to produce almost perfectly spherical microbubbles. Conversely, on a Cu foil,
this relationship did not hold, although we still observed the formation of nearly spherical microbubbles. In
this scenario, the shape of microbubbles appeared to be influenced by contact line pinning.

1. Introduction

Surface micro- and nanobubbles are micro- and nanometer-scale bubbles partially in contact with a
solid surface.! Instrumental analysis of individual micro- or nanobubbles buried in a liquid is often very
difficult. Consequently, many fundamental questions remain unanswered. For instance, the extended
lifetime of a nanobubble contradicts diffusion theory, which suggests instability due to the significant
concentration gradient at the bubble/liquid interface.'®

The shape of surface nanobubbles remains enigmatic, predominantly investigated through liquid
atomic force microscopy (AFM). These studies have consistently depicted surface nanobubbles as notably
flat, in stark contrast to their macroscopic counterparts.® The contact angle, gauged on the gas side, has
been frequently documented to be substantially smaller than that of larger surface bubbles, often
registering below 30°.: 7! While a few studies have suggested surface nanobubbles with contact angles
of approximately 60°'? and 90°,'® the substantial error bars associated with tip radius correction have cast
doubt on these findings.!* The small contact angle increases the effective radius of the bubble. The
Laplace pressure due to surface tension is inversely proportional to the bubble radius.!* !> Therefore, the
contact angle may have an impact on the discussion of the stabilization mechanism of surface bubbles.

Previously, we generated surface micro- and nanobubbles within a scanning electron microscope
(SEM) through electron irradiation of water confined in a liquid cell.!®!” Cross-sectional examination of
surface micro- and nanobubbles formed at an edge'® and a corner'* of a SiN electron-transparent window
was also conducted. In contrast to the previous AFM studies, we observed nearly hemispherical surface
bubbles regardless of their size. However, given the surface sensitivity of the SEM method, what we
observed in cross-section were not typical surface bubbles with one side in contact with a solid, but rather
surface bubbles with two sides (edge) or three sides (corner) in contact with a solid. Consequently, we
could not definitively rule out the possibility that the shape of the surface bubbles was influenced by this

configuration.
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In this paper, we examine the shape of surface microbubbles through direct observation using an
optical microscope. Our findings demonstrate that, similar to droplets, the shape of a surface microbubble
on an SiO,/Si substrate can be manipulated by adjusting the properties of the substrate surface and the
liquid. We were able to create nearly spherical microbubbles with a contact angle of approximately 180°.
The relationship between the shape of a microbubble and a droplet closely aligns with expectations from
a basic model. Additionally, on a Cu foil, we observed the formation of nearly spherical microbubbles.
However, the shape of these surface microbubbles appeared to be influenced by contact line pinning.

objective lens

polystyrene container
|5

Fig. 1. Schematic of formation and observation of surface microbubbles.

2. Experimental

The microbubble generation and observation method used in this study is schematically shown in
Fig. 1. We employed ammonia borane (NH3;BH3), a promising hydrogen storage material,'® to produce
microbubbles. The ammonia borane powder (Sigma Aldrich) was dissolved in water or methanol to
obtain 0.32 mol/L solutions. A catalyst was necessary for bubble formation, and we utilized Cu powder
(-200 mesh, Nilaco) as the catalyst. Hydrogen microbubbles were produced in the water solution through
the hydrolysis of ammonia borane facilitated by the catalyst.!*?!

NH3;BH3 + 2H,O — NH4BO; + 3Ho. (1)

Similarly, in the methanol solution, hydrogen microbubbles were produced by the alcoholysis

reaction.!”

NH3;BH3 + 4CH30H — NH4B(OCH3)4 + 3Ho. 2)
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Some of the microbubbles generated adhered to the surface of the SiO; (thickness: approximately 1
um)/Si substrate in the container, forming surface microbubbles. See Video S1 in supplementary material.
The SiO,/Si substrate used in this study had been stored in the atmosphere for several months. Some
experiments were conducted after treating the substrate hydrophilically using ultraviolet (UV) ozone
cleaning equipment (SKB401Y, Sun Energy). Unless specified otherwise, an untreated substrate was used.
Surface microbubbles were directly observed using a conventional optical microscope (Olympus,
BX60M). Due to limitations in the spatial resolution of optical microscopy, we observed microbubbles
rather than nanobubbles in this study. It is worth noting that the flat shape has been reported not only for
surface nanobubbles but also for surface microbubbles.!" 132223 [n this study, the contact angle of a
bubble and a droplet was measured on the gas and liquid side, respectively (see below). For a droplet (2
pL), a contact angle gauge (Hagitec, ST-1) was used, while the contact angle of a microbubble was
directly measured from the cross-sectional optical microscope image.

3. Results and discussion
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Fig. 2. Surface microbubbles formed in an Fig. 3. Contact angle versus radius

aqueous solution obtained in an aqueous solution.

by

Fig. 4. Schematic of the force balance at the contact line of a droplet (left) and a bubble (right).

Microbubbles of various sizes observed in the water solution are shown in Fig. 2. All of them are
hemispherical, and no flat shapes are seen. This result is consistent with our previous SEM study but
contradicts previous AFM studies. The contact angle versus bubble radius observed from 14
microbubbles is summarized in Fig. 3. The contact angle is distributed between 107 and 123°. No radius
dependence of the contact angle is observed, and the average contact angle is 113°.

Here, we discuss the relationship between the contact angles of a droplet and a bubble. The force
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balance at the three-phase contact line for a droplet is expressed by Young’s equation as follows:
%G = 116 cosbs + L, 3)
where %G, 76, and % are the surface tensions of the solid-gas, liquid-gas, and solid-liquid interfaces,
respectively, and 6 is the contact angle of the droplet, as shown in Fig. 4 (left).
Similarly, for a bubble, Young’s equation is expressed as [Fig. 4 (right)]
L= LG cosbh + 56, “)
where, 6, is the contact angle of the bubble.
Assuming that g, /1.6, and % in Eq. (3) and (4) are the same, we obtain:
O+ 6 = 180°. (6))
The contact angle of an aqueous solution droplet on the SiO,/Si substrate was approximately 65°. These
results indicated that the relationship in Eq. (5) is nearly satisfied.
When Eq. (5) holds true, if 6 is close to 0°, we obtain a bubble with &, of ~180°, which is almost

Fig. 5. Surface microbubbles formed in a methanol

solution. Fig. 6. Surface microbubbles formed in a

water-methanol solution.

spherical. A value of 6; close to 0° was observed for the methanol solution of ammonia borane on the
Si0,/Si substrate. This is attributed to the lower surface tension of methanol (22.95 mN/m at 20°C)
compared to that of water (72.75 mN/m).>* Surface microbubbles generated in the methanol solution are
shown in Fig. 5. Consistent with Eq. (5), they appear as almost spherical bubbles with contact angles of
approximately 180°. To the best of our knowledge, this is the first observation of spherical surface
microbubbles.

The contact angle could be controlled by mixing the two solutions. Figure 6 displays microbubbles
observed by mixing methanol and water solutions at a volume ratio of 1:2. Contact angles of 137 to 140°
were observed, which fall between those of the pure methanol and water solutions. The contact angle of
the droplet of the mixed solution was about 45°. These results are largely consistent with Eq. (5) once
more.

6y of ~0° could also be obtained by UV ozone treatment of the SiO,/Si substrate for the water
solution. The microbubbles formed on the hydrophilic substrate in the aqueous solution are shown in
Fig.7. As expected from Eq. (5), almost spherical bubbles with &, of approximately 180° were observed.
These results indicate that the shape of a microbubble can be controlled by controlling the shape of the
droplet according to Eq. (5). If we can create an almost spherical droplet, we might be able to create a
very flat microbubble on the surface.
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Cu foil > 2r <

Fig. 8. Surface microbubbles formed on a Cu foil in

Fig. 9. Schematic of the pinning of a surface
an aqueous solution.

microbubble at the formation position.

As observed, on the SiO./Si substrate, Eq. (5) remained valid. However, we also encountered
instances where Eq. (5) did not apply. Here, microbubbles were directly formed on a Cu foil in an
ammonia borane water solution. The surface of the Cu foil appeared to be oxidized due to prolonged air
exposure. Nevertheless, microbubbles formed at specific points. As depicted in Fig. 8, all the
microbubbles observed on the Cu foil exhibited an almost spherical shape with @, of approximately180°.
Conversely, @i of the water solution on the Cu foil was approximately 75°. Clearly, the relationship
described by Eq. (5) does not hold in this scenario.

We propose that the pinning of the three-phase contact line accounts for these results, as depicted
schematically in Fig. 9. The specific positions where microbubbles form are believed to have higher
catalytic activity than others, potentially due to factors such as a low degree of oxidation, specific crystal
plane orientation, or unique microstructure. Assuming that the contact line is anchored at these
catalytically active sites, the value of @, varies with the bubble size. When the bubble size exceeds the
size of the active region significantly, the bubble assumes an almost spherical shape with a 4, close to
180°[Isee Fig. 9). The effect of pinning is expressed by the following modified Young's equation, which
adds a term for line tension oto Eq. (4).2%’

%L = 7G coséh + ysc + olr, (6)
where, 7 is the radius of the contact line (see Fig. 9). For example, o for the air-water-quartz boundary is
reported to be 3x107!! N.28 In such a case, the o/r value could be comparable to the y values (e.g. 72.75
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mN/m for water) when r is nanometer-scale. Unfortunately, the active region's size 2r was too small to
observe in our experiments, strongly suggesting that it is submicrometer-scale or smaller. Anyway, we
think that, at least in this case, microscopic surface inhomogeneity is important for the pinning because
bubbles always form at specific positions. The pinning of the contact line has been documented in prior
AFM studies.® 152223 2 Some theoretical studies have underscored the fundamental importance of
pinning for the extended lifetime of surface nanobubbles.'* *° However, at least in this study, pinning
appears not to be crucial for the long-term stability, as microbubbles remained stable regardless of
whether pinning was present (on a Cu foil) or absent (on SiO»/Si).

4. Conclusion

Hydrogen surface microbubbles were generated in water or methanol solutions of ammonia borane
using Cu as a catalyst, and their shapes were directly observed via an optical microscope. In contrast to
prior AFM studies, no flat bubbles were observed. Instead, on a SiO»/Si substrate, we noted a relationship
where 65 + 4, ~ 180°. By exploiting this relationship, we successfully produced nearly spherical surface
microbubbles with &, ~ 180° under conditions of &4 ~ 0°. Our findings suggest that the shape of a surface
bubble can be manipulated similarly to that of a droplet by adjusting the wettability of the surface and the
surface tension of the liquid. 8, ~ 180° was also observed on a Cu foil. However, the relationship & + 4,
~ 180° did not hold, likely due to contact line pinning.

The following video shows the formation process of surface microbubbles on a SiO/Si substrate in a
water/methanol solution.

https://doi.org/10.60893/figshare.adv.c.7483449.v1
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C K-edge XAFS analysis on long linear carbon chain in single-walled carbon nanotube
Takahiro Maruyama' and Yuichi Haruyamao?®
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We performed C K-edge X-ray absorption fine structure (XAFS) analysis for long linear carbon
chains (LLCCs) confined inside single-walled carbon nanotubes (SWCNTs). A sharp peak
appeared at 289 eV in XAFS spectrum after forming LLCCs in SWCNTs. This peak would be
related to the electronic state of LLCCs.

1. IICHIT

LD RFIRA D —RICRIE# e > T R —AR > F = — > (Long Linear Carbon Chain:
LLCC) ¥, BN ABRESCEWMMEEZ BT 2 LN TRINTVDER, KAP CIHEFICARL
ERT=D, ZOMHEDZ AFZH G TR, IEF, K& T TOMMFEm % i 2 <, LLCC % 71—
Ao/ F2—7 (CNT) ICHETLHZ ERRAALNLTWS, LaL, BEOREDLITIJE
PLE® CNT |2 LLCC ZNE L7 DT, WHFHmIZIL, X EERODVIRWHE—R T/
F 2 —7(SWCNT)~? LLCC ONANEEN TV D, &ilT, A+ %2MNE L7= SWCNT %/
BB 5 F9E%2 VT, LLCC@SWCNT OARMNFEH TE S X H1cm-72[1-3],

ARFFETIL, KERIRY A o Z2HWT, SWCNT HNIZ LLCC #TEAL L, X BRI ks &
(XAFS) HIEIZL Y, LLCC OEFIRIEEZI 6T 5 Z & 2l AT,

2. EBRITIE

ANXY R TT = MEEITY, R A CERESNT T UORIREER LZ[1], b Lo RAREEE A
W ORBRULEE 21T > 72D B[4], RV A VU EH~F Y U IRIR A Bl DAL A i L7~ SWCNT SRA L,
EERISEZRNT 80°CT 24 Bl H, SWCNT NICKRY A v 2NEESE, &big, HZEHRT
700°C CHIEMLEL 21T\, SWCNT NIZ LLCC Z#TERk L7, 1ERL L 725k 2 SR vl 1100 YL EE R,
BLOT < o6 k0 3l L 72, C KW O XAFSHIEIL, =2 — AL B — AT A BL7B
W2 CHERME LT,

3. FEBRER

VERL L 7= ) A VS~ UKD, LRI F T ORE RULBRRT# O eI R~
V% Figure 112”9, 227 nm fHEDO E— 271X CsHy IR TH 523, FFRMBEZIZ AT [ L
DRy 77T KR L, WHTORMDRERESNTZZ ERDND,

Z ORERULEES DR Y A U EFAFT Y U EIEZE VT, SWCNT FA~DOR Y A > OWNELE ik A
72o SWCNT ~OWNEUZHW AR Y A U EF ATV RIS T 5 I A 7 FAVHIEE, N
LR OFRBHIRTT 5 T~ U EIE DR R D, ~F VP U RETORY) A VEELNESH
TR A REIZIZHEND D, WRTORY A S REREL 251250, NEaSnERY A v
DEELEL D Z ENbhoTz,
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Figure 1. Ultraviolet optical absorption spectra of Figure 2. Raman spectrum of LLCC@SWCNT.
the raw and purified polyyne in n-hexane solution.
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10th International Symposium on Surface Science (ISSS-10), Kitakyushu, 2024/10.

“Evaluation of Oxygen Deficiency in SnO2 Using Near-Ambient-Pressure Hard X-ray Photoelectron
Spectroscopy”

Masaki Nakamura, Tomoki Eguchi, Yuhei Miki, Hirosuke Sumida, Satoru Suzuki

10th International Symposium on Surface Science (ISSS-10), Kitakyushu, 2024/10.

“High sensitivity of SEM/EDS detection using liquid cell with electron transmittance window
ultra-thinned by O2-GCIB”

Masaya Takeuchi, Satoru Suzuki, Noriaki Toyoda

ECS PRiME 2024, Honolulu, 2024/10

“Environmental Charge Compensation in Near-Ambient Pressure HAXPES Enhanced by Large
Sample—Aperture Cone Distance”

Satoru Suzuki, Kento Tekenaka, Koji Takahara, Hirosuke Sumida

10th International Conference on Hard X-ray Photoelectron Spectroscopy (HAXPES 2024), Pilsen, 2024/6.

“Distribution of sp? content in atomic hydrogen exposed diamond-like carbon film investigated by
using NEXAFS and photoelectron spectroscopy”

Yuichi Haruyama, Akira Heya, Koji Sumitomo, Seigo Ito, Mao Yotsumoto, and Takahiro Maruyama

10th International Symposium on Surface Science (ISSS-10), Kitakyushu International Conference Center,
Japan, 2024/11.

“Differences in the effects of catalyst support layers on single-walled carbon nanotube growth with
Ir and Co catalysts”

Mao Yotsumoto, Takahiro Saida, Shigeya Naritsuka, Yuichi Haruyama, Takahiro Maruyama

68th Fullerenes-Nanotubes-Graphene General Symposium, Meijo University, Nagoya, Japan, 2025/3.
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