


PREFACE 
 

This annual report reviews the research activities of the Laboratory of Advanced 
Science and Technology for Industry (LASTI) in the academic year of 2015 which is from 
April 2015 to March 2016) including research activities using NewSUBARU light source 
at the site of SPring-8 and other research activities of the micro and nanoscale are 
carried out energetically in the building of Center for Advanced Science and Technology 
(CAST) II. 

 
The annual report describes that topics of the NewSUBARU research activities of this 

year including research and development of gamma ray application at BL2 beamline, 
the next generation lithography using Extreme Ultraviolet at BL3, BL9B, BL9C, and 
BL10 beamlines, and Nanoimprint Lithographic Technology at CAST, LIGA process 
technology at BL2 and BL11 beamlines, and chemical analysis using soft X-ray 
absorption fine structure at (BL5, BL9A, and BL7 beamlines and soft X-ray emission 
spectroscopy at BL5 and BL9A beamlines in soft x-ray energy region. 

 
Most of our research activities are being conducted in collaboration research works 

with industries, government research institutes, and other universities. 
We will continue to respond to the community’s demand by offering new science and 

technology. 
 
 
 

Takeo Watanabe 
 
 
 

Director of Laboratory of 
Advanced Science and 
Technology for Industry, 
University of Hyogo 
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NewSUBARU Storage Ring 
Shuji Miyamoto 

Storage Ring Parameters 
Figure 1 shows the layout of NewSUBARU 

Synchrotron Light Facility and the electron 
injection linac of SPring-8. NewSUBARU is 
installed in square building of 63m☓85m. Electron 
beams are injected through the transport line 
L 4 B T. T h e m a c h i n e p a r a m e t e r s o f t h e 
NewSUBARU storage ring are listed in Table I. 
Although the machine condition remains the same, 
some of the values are revised according to the new 
model calculation. 

Table I Main parameters of the NewSUBARU 
storage ring. 

Operation Status 
The ring has two user-time operation modes, 1.0 

GeV top-up operation mode and 1.5 GeV current 
decay operation mode. The basic operation time is 
9:00 - 21:00 of weekdays. Monday is used for 
machine R&D, Tuesday is for 1.5 GeV user time, 
Wednesday and Thursday are for 1.0 GeV top-up 
user time, Friday is for 1.0 GeV or 1.5 GeV user 
time. Night period or weekend is used for machine 
study and user time with the special mode, such as 
a single bunch operation and a changing the  
electron energy, if necessary. 

Circumference 118.73 m
Lattice DBA+Inv. bending
Number of bending mag. 12
Radius of curvature 3.217m
RF frequency 499.955 MHz
Betatron tunes H: 6.30, V:2.23
Bunch length (sigma) 33ps (normal operation)
Harmonic number 198
Radiation loss per turn 33.4 keV (@1GeV)
Electron energy 

Mode
1.0GeV 

TopUp
1.5GeV 

Decay
Natural energy spread 0.047% 0.072%
Natural emittance 50 nm 112 nm
Storage current 300 mA 350mA

BM-250

Beam
Window

BD

QD

QD

BM2

BM1

BM

Y=    64862.03
X=-124947.54

BM

Y=  57387.03
X=-131234.70

X=-163234.70
BM

Y=  55087.03

X=-175434.70
Y=  57387.03

BM

N

NewSUBARU 

L4BT

SPring-8 LinacSPring-8 Booster 
Synchrotron

0   10   20   30 m

Figure 1  Layout of NewSUBARU Synchrotron Light Facility. 
Electrons are injected from SPring-8 linac through beam 
transport line L4BT. Injection electron energy is 1 GeV.

Figure 2 Operating time breakdown of 
NewSUBARU in FY2015.
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The total machine time in FY2015 was 2161 hrs, 
97% of that of FY2014, including the beam down 
time. Figure 2 shows the breakdown. The beam 
down time includes not only the down by a failure, 
but also off-beam periods by a beam abort or others 
due to the beam instability. The down time due to 
the machine trouble was 5.7 %, is long comparing 
with recent years. Main cause of this is the aging of 
the equipment such as electronic components of 
control devices. 

Machine Trouble 
The machine troubles in FY2015 are listed in Table 

II. The rate of hardware troubles were increasing due 
to the aging. 

Machine Study and Special User Time 
Table III shows the list of machine studies in FY 

2013. Most of the study reports are open to the public 
on the home page of NewSUBARU. 
 (http://www.lasti.u-hyogo.ac.jp/beam_physics/
NewSUBARU.html). 

Accelerator Improvements 
Figure 3 shows recent filling pattern of the electron 

bunch in the storage ring. (a) is a filling model for 
high current long life operation and (b) is an example 
of measured filling pattern. Lowest current bunch 
relative to the  model filling is selected as a injection 
bucket at top-up operation. (c) is a single bunch 
operation at special user time.

R & D theme and special user mode responsible person operation shifts
Laser Compton scattering γ-ray S.Miyamoto 58
Commissioning of beam profile monitor port SR2 Y.Shoji 3
Tuning of 1.5 GeV acceleration S.Hashimoto & M Niibe 10
Beam measurements by AC sextapole magnet Y.Shoji 5

Group Failure / trouble beam down time (hr)

Operation Beam loss by an instability 3.65

RF Circulator arc & Tuning 8.57
Magnet Magnet interlock failure 102.65
Electrosity power cubicle failure 

lightning power failure
3.3 
5.3

Table II Machine troubles in FY2016.

Table III List of machine studies and special user mode in FY2016.  
(unit is an operation shift = 12 hrs)
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4003002001000 ns
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(a)

Figure 3  Filling pattern of the electron bunch in the storage ring.  Horizontal axis shows a lap time 
of electron circulation. (a) Model of filling pattern at user time. (b) Measured filling pattern at user 
time. (c) Single bunch operation at special user time.
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Beamlines 
 

Kazuhiro Kanda  
LASTI, University of Hyogo 

 
  

  Total nine beamlines are operating in the NewSUBARU 
synchrotron facility. Four beamlines of BL01, BL03, BL06 
and BL11 were constructed until 1999. Three beamlines of 
BL07, BL09 and BL10 were started the operation from 2000.  

BL03B beamline branched from the BL03 beamline 
propose for the usage of the EUVL (extreme ultraviolet 
lithography) microscope for the EUVL finished mask 
inspection. 

BL09B beamline branched from BL09 beamline for the 
usage of the usage of the EUV interference lithography to 
evaluate. And BL09C beamline branched from BL09B 

beamline for the usage of the thickness measurement of the 
carbon contamination originated to the resist outgassing 
during the EUV exposure. 

BL02 beamline was constructed for the usage of LIGA 
in 2003. 

BL05 beamline was constructed in response to a demand 
in the industrial world in 2008, which is the enhancement of 
the analysis ability in the soft X-ray region with the 
development of nanotechnology. 

The arrangement of the beamlines in the NewSUBARU 
synchrotron radiation facility is shown in Fig.1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Beamline arrangement in NewSUBARU. 
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I. BL01
 
BL01 is a beamline for research and developing new 
light sources. This beamline is one of two long straight 
section on NewSUBARU. Optical klystron was installed at 
this straight section. Upstream side of this beamline 
(BL01B) is intended to be used for visible and infrared light 
generated from free electron laser (FEL) or synchrotron 
radiation (SR). Downstream side of this beamline (BL01A) 
is used for laser Compton scattering gamma-rays source. 
Gamma-ray beamline hutch just outside of the storage ring 
tunnel was constructed in 2004 for gamma-ray irradiation 
experiments. Specification of this gamma-ray sources are 
listed in Table 1. 
 

Table 1. Specification of BL01 gamma beam 
CO2 laser 
10.52 m 
5W 

Gamma energy : 1.7 - 4 MeV 
Gamma flux* : 9 x106 γ/s 
: 6 x105 γ/s (1.5-1.7 MeV) 
(with 3mmφ collimator) 

Nd laser 
1.064 m 
0.532 m 
5 W 

Gamma energy : 17 - 40 MeV 
Gamma flux* : 7.5 x106 γ/s 
: 3 x105 γ/s (15-17 MeV) 
(with 3mmφ collimator) 

*Electron beam energy : 1-1.5 GeV 
*Electron beam current : 250 mA 

*Gamma-ray beam divergence : 0.5 mrad 
New gamma-ray irradiation hutch "GACKO" was 

installed at BL01A, collaborating with Konan University. 
Table 2 shows the specification of “GACKO”. 
 

Table 2. Specification of “GACKO” 
Maximum gamma-ray power 0.33 mW 
Maximum gamma-ray energy 1.7 MeV - 73 MeV 
CO2 laser, wavelength/power 10.59 µm / 10W 
1-1.7MeV gamma-ray flux 2×10^7 

γ/sec@10W/300mA
Nd:YVO4 laser, 
wavelength/power 

1.064 µm/ 30W, 
0.532 µm/20W 

10-17 MeV gamma-ray flux 
 

5×10^7 
γ/sec@30W/300mA

 
 
 
 
 
 
 
 

 
II. BL02 
   

The LIGA (abbreviated name of Lithogaphic, 
Galvanoformung and Abformung) process which consists 
from deep x-ray lithography, electroforming, and molding 
process is one of the promising candidates for such 3D 
micofabrication. More than hundreds aspect ratio for 
microstructure can be attained by the usage of the higher 
energy x-rays (4-15 keV) from synchrotron radiation (SR) 
with deeper penetration depth to the photosensitive resist. In 
this system we have succeeded to enlarge the exposure area 
up to A4 size and the fabrication dimension from submicron 
to millimeter by varying the energy of the x-ray source in 
accordance with the size of desired microparts. 
Microstructure with high aspect ratio over several hundred 
will be achieved using the x-rays over 10 keV since high 
energy x-ray has deep penetration depth to the photo-
sensitive resist materials. Whereas, in the case of 
lithography for low energy x-rays from 1 keV to 2 keV, 
submicron structures with high aspect ratio will be achieved 
using the x-rays mask with precise line-width and thinner 
absorber, since low energy x-rays has low penetration depth. 
Based on this principle, the beamilne for x-ray exposure 
have constructed with continuous selectivity of x-rays from 
100 eV to 15 keV by using the x-ray mirrors (plane and 

cylindrical mirror) and Be film filters. The horizontal angle 
of the outgoing SR could be obtained up to 12.5 mrad, which 
corresponds to the horizontal size of 220 mm (A4 horizontal 
size) at the exposure position. The second characteristic 
performance of the beamline is the high efficiency 
differential pumping system. This was necessary for 
maintain the vacuum difference between the storage ring 
(<10-9 Pa) and the end-station (<10-9 Pa) at which gasses for 
substrate cooling will be introduced in the exposure 
apparatus. 
   The flexibility for the shapes and functions of 
microstructure will be enlarged by achieving 3D 
microfabrication process using multi step exposure at 
various configuration between x-ray mask and substrates. 
The relative positions between x-ray mask and substrates, 
tilt and rotation angle to the SR incident direction can be 
moved simultaneously during SR exposure using 5 axis 
stages. The movement of each axis is controlled by the PC 
in terms of the scanning speeds, scanning length, and 
repetition number. In order to decrease the heat load of 
sample substrate suffered during SR irradiation helium 
introduction and substrate cooling mechanism were also 
equipped. Specification of spectrometer is listed in Table 3.
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Table 3. Specification of the LIGA exposure system 
Optics Plane and cylindrical mirror, Be filters 

Exposure energy 100 - 2 keV, and 4 – 15 keV 
Exposure method Proximity and multi-step exposure 

Wafer size A4 or 8 inch 
Exposure area 230 mm(H) ×300 mm(V) 

Exposure environment < 1 atm (He-gas) 
 
 
III. BL03 
   BL03 is a beamline for the developing the next 
generation lithographic technology so called extreme 
ultraviolet lithography (EUVL). The exposure tool is 
installed at the end station. Using this exposure tool, the 
research and development of the next generation lithography 
such as the less than 70 nm node is going on process. The 
exposure wavelength is 13.5 nm.  
   The semiconductor industry plays a very important role 
in the information technology (IT). In 2006, 256 Gbit 
DRAM with a gate length of 70 nm will be demanded in the 
IT industry. The extreme ultraviolet lithography (EUVL) is 
a promise technology for fabricating a fine pattern less than 

70 nm. To meet this schedule, this technology has to be 
developed in the pilot line until 2004. As for the practical 
use, it is very important that both to achieve large exposure 
area and to fabricate fine patterns. Therefore, at Himeji 
Institute of Technology, large exposure field EUV camera 
consists of three aspherical mirrors was developed. First in 
the world, we fabricated 60 nm line and space pattern in the 
large exposure area of 10 mm×10 mm on a wafer. 
Furthermore, BL03B beamline branches from the BL03 
beamline propose for the usage of the EUVL microscope for 
the EUVL finished mask inspection. Table 4 shows the 
specification of ETS-1. 

 
Table 4. Specification of the exposure tool (ETS-1) 

Imaging optics Three aspherical mirrors 
Exposure wavelength 13.5 nm 
Numerical aperture 0.1 

Demagnification 1/5 
Resolution 60 nm 

Depth of focus 0.9 µm 
Exposure area (static) 30 mm×1 mm 

Exposure area (scanning) 30 mm×28 mm  
Mask size 4 inch, 8 inch, and ULE 6025
Wafer size 8 inch 

Exposure environment In vacuum 
 
 
IV. BL05 

BL05 was constructed in response to a demand in the 
industrial world, which is enhancement of the analysis 
ability in the soft x-ray region with the development of 
nanotechnology. BL05 consists of two branch lines for use 
in the wide range from 50 eV to 4000 eV. BL05A and 
BL05B are designed to cover the energy range of 1300-4000 
eV and 50-1300 eV, respectively. The incident beam from 
the bending magnet is provided for two branch lines through 
different windows of a mask. Therefore, these two branch 
lines can be employed simultaneously. At the end stations of 
each branch, the transfer vessel systems were mounted for 
the measurements of sample without exposure to air. In 

addition, globe box was placed for the preparation of 
samples into transfer vessel. 

1) The double crystal monochromator was installed at the 
BL05A. InSb, Ge, Si, SiO2, Beryl and KTP crystals are 
prepared for a double-crystal monochromator. Toroidal 
mirrors are used as a pre-mirror and a focusing mirror of 
BL05A. XAFS measurement in the total electron yield mode 
and fluorescence XAFS measurement using SSD (SII 
Vortex) can be performed. The fluorescence XAFS spectra 
can be measured for samples at the end station filled with 
He gas. Table 5 shows the specification of monochromater. 
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Table 5. Monochromator specification 
Monochromator Double crystal monochromator 
Monochromator crystals SiO2（1010）, InSb（111）, Ge（111）, Beryl（1010）, KTP（110）, Si（111）

Energy range 1300-4000 eV 
Resolution E/⊿E=3000 

 
2) The constant-deviation monochromator consisting of a 

demagnifying spherical mirror and a varied-line-spacing 
plane grating (VLSPG), which can provide high resolution, 
simple wavelength scanning with fixed slits, was mounted 
on BL05B. The optical system consists of a first mirror (M0), 
a second mirror (M1), an entrance slit (S1), a pre-mirror 
(M2), and three kinds of plane grating (G), an exit slit (S2) 
and a focusing mirror (M3). The including angle of the 
monochromator is 175°.  Two measurement chambers are 

prepared at the end station of BL05B. The XAFS spectra in 
the total electron yield mode and fluorescence XAFS spectra 
using SDD (Ourstex) can be measured in a high vacuum 
chamber.  In addition, the photoelectron spectrum can be 
measured using spherical electron analyzer (VG Sienta, 
R3000) in an ultrahigh-vacuum chamber. The chambers can 
be replaced by each other within 1 hour. Table 6 shows the 
specification of the monochromator.  

 
Table 6. Monochromator specification 

Monochromator Varied-line-spacing plane grating monochromator 
Grating 100 l/mm, 300 l/mm, 800 mm/l 
Energy range 50-1300 eV 
Resolution E/⊿E=3000 

 
 
V. BL06 

BL06 has been mainly developed for irradiation 
experiments such as photochemical reaction, SR-CVD, 
photo-etching, surface modification. The white radiation 
beam from bending magnet is introduced to the sample stage 
using a pair of mirror, whose incident angle was 3°. The 
SR at BL06 sample stage had a continuous spectrum from 
IR to soft x-ray, which was lower than 1 keV. A differential 

pumping system can be utilized for experiments in a gas 
atmosphere, which is difficult in the soft x-ray region. A 
sample holder can install four pieces of samples at a time. 
By using heater set in the sample holder, the sample can be 
heated from room temperature to 220C. The temperature of 
sample is monitored using a Cr-Al thermocouple mounted 
on the sample holder. 

 
VI. BL07A and BL07B

This beamline was designed for the development of new 
materials by SR technology. This beamline consists of two 
branch lines, which are provided with an incident beam from 
a 3-m-long undulator by switching the first mirror. One of 
them is a high photon-flux beamline with a multilayered-
mirror monochromator for the study of SR-process (BL07A) 
and another is a high-resolution beamline with a varied line 
spacing grating monochromator for the evaluation of nano-
structure characteristics by SR-spectroscopy (BL07B). The 
useful range of emitted photons from 50 to 800 eV is 
covered at both beamlines. The light source of BL07 is a 3-
m length planar undulator, which consists of 29 sets of 
permanent magnets, a period length of which is 76 mm. The 
incident beam from the undulator is provided for two branch 
lines by translational switching of first mirror.   
1) BL07A 
   The multilayered-mirror (MLM) monochromator, which 
has high reflectivity in the soft X-ray region, was installed 
at the BL07A. It consists of a switching mirror chamber, a 

slit chamber, a MLM monochromator, a filter chamber and 
a reaction chamber. To obtain a large photon flux, we 
decided to use only first mirror (switching mirror), M0, for 
focusing. The MLM monochromator is designed to cover an 
energy range of up to about 800 eV by combination of three 
kinds of mirror pairs with 4 kinds of filter. The flux deliver 
by this design is estimated to be between a maximum of 1017 
photons/s at 95 eV and a minimum 21014 photons/s at 300 
eV for a 500 mA ring current. Table 7 shows the summary 
of BL07A. In addition, X-ray fluorescence (XRF) apparatus 
using spherical varied line spacing grating was mounted at 
the downstream of irradiation chamber. The poly capillary 
was used to enhance beam-condensing efficiency. 
Measurement energy range was from 30 eV to 450 eV. This 
XRF apparatus was expected to utilize the chemical analysis 
on the light metals, Li and Be, and light elements, B, C and 
N. 
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Table 7. Summary of BL07A. 

Energy 
range 
(eV) 

Multilayer mirror Filter 
Material spacing Thickness

Ratio 
number of

layers 
E/E material Thicknes

s 
50-60  

Mo/Si 
 

20 nm 
 

0.8 
 

20 
 

6.2 % 
Al 100 nm 

60-95  
None 

 
 90-140  

Mo/B4C 
 

11 nm 
 

0.5 
 

25 
 

3.3 % 140-194  
Ag 

 
100 nm 190-400  

Ni/C 
 

5 nm 
 

0.5 
 

60 
 

2.5 % 400-560 Cr 500 nm 
550-800 Ni 500 nm 

 
2) BL07B 
   The constant-deviation monochromator consisting of a 
demagnifying spherical mirror and varied line spacing plane 
grating (VLSPG), which can provide to high resolution, 
simple wavelength scanning with fixed slits, was mounted 
on BL07B. The optical system consists of a first mirror (M0), 
an entrance slit (S1), a premirror (M1), and three kinds of 
plane grating (G), an exit slit (S2) and a focusing mirror 

(M2). The monochromator is designed to cover the energy 
range 50-800 eV with three gratings, of which including 
angle are 168. The VLSPG has been well known to obtain 
high resolution in extreme ultraviolet region by diminishing 
various kinds of aberration. The total resolving power about 
3000 can be realized in the whole energy region. Table 8 
shows the specification of the monochromator. 

 
Table 8. Monochromator specification 

Mount type Hettrick-Underwood type 
Grating G1, G2, G3 Plane VLS (600 l/mm, 1200 l/mm, 2400 l/mm) 

Energy range 50-150 eV, 150 – 300 eV, 300-800 eV 
Resolving power (E/ΔE) ～3000 

 
 
VII. BL09 
  A purpose of this beamline is studies on a soft x-ray 
interferometry or a holographic exposure experiment with 
making use of highly brilliant and coherent photon beams 
radiated from 11 m long undulator in NewSUBARU. 
   BL09 consists of M0 mirror, M1 mirror, G grating and 
M2 and M3 mirror. M0 and M3 mirrors are used for 
horizontal deflection and beam convergence, M1 is used for 
vertical beam convergence at the exit slit, and M2 is used for 
vertical deflection and beam convergence. A 
monochromator is constructed by M1 and a plane grating. 
The maximum acceptance of the undulator beam is 0.64 
mrad in horizontal and 0.27 mrad in vertical. The acceptance 
can be restricted by 4-jaw slits equipped at upstream of the 
M0 mirror.  
  BL09A beamline is used for material analysis: X-ray 

absorption spectroscopy (XAS) and X-ray photoelectron 
spectroscopy (XPS). In 2013, X-ray emission spectrometer 
(XAS) was introduced at the endstation of the BL09A. The 
energy range and resolution of the XAS was designed to be 
about 50-600 eV and 1500, respectively.  

BL09B beamline branched from BL09 beamline for the 
usage of the EUV interference lithography for the evaluation 
of the exposure characteristics of EUV resist. Coherence 
length of 1 mm at the resist exposure position was achieved 
using BL09B beamilne. And BL09C beamline branched 
from BL09B beamline for the usage of the thickness 
measurement of the carbon contamination originated to the 
resist outgassing during the EUV exposure. Table 9 shows 
the specification of the monochromator.

 
Table 9. Monochromator specification 

Mount type Monk-Gillieson type 
Grating Plane VLS (300, 900, 1200 l/mm) 

Energy range 50 – 750 eV 
Resolving power (E/ΔE) ～3000 
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VIII. BL10 

BL10 is for the global use in the Himeji Institute of 
Technology. M0 mirror is used for horizontal deflection and 
beam convergence, M1 is used for vertical beam 
convergence at the exit slit, and M2 is used for vertical 
deflection and beam convergence. A monochromator is 
constructed by M1 and a plane grating. At the beginning, the 
multiplayers reflectivity measurement was carried out at this 
beamline. The characteristics of this beamline and the result 
of the Mo/Si multiplayers measurement are carried out for 
the development of the EUV- mask technology. 
BL10 utilizes a monochromator of the varied line spacing 
plane grating monochromator (VLS-PGM). The line density 
of the monochromator in central region of the gratings were 
600, 1800 and 2,400 lines/mm. The reflectometer is a two 
axis vacuum goniometer using two Huber goniometers. One 
axis carries the sample, which may for examplee be a mirror 
at the center of the reflectometer vacuum tank (-motion). 
The other (-motion) carries the detector on a rotating arm. 

In addition there are through-vacuum linear motions to 
translate the sample in two orthogonal directions (x,y). All 
motors are controlled by computer. The sample itself is 
mounted on a kinematic holder. The control stage 
monochromator rotation, and data analysis were program 
using LABVIEW software. The reflectivity result obtained 
at BL10 has a good agreement with that at LBNL. Table 10 
shows the specification the monochromator. 
 The micro-CSM tool was adapted at the most downstream 
of the BL10 beamline for the EUV mask defect inspection. 
This too is very effective for the inspection of the actinic 
patterned mask.  
A large reflectometer was installed in a branch line for large 
EUV optical component including EUV collector mirrors. 
The reflectometer has a sample stage with y, z, , , and Tilt 
axis, which can hold large optical elements with a maximum 
weight of 50 kg, a diameter of up to 800 mm, and a thickness 
of 250 mm. The entire sample surface is able to be measured. 

 
Table 10. Monochromator specification 

Mount type Hettrick-Underwood type 
Grating Plane VLS (600, 1800, 2400 l/mm) 

Energy range 50 – 1,000 eV 
Resolving power (E/ΔE) ～1000 

 
 
 
IX. BL11 

A beam line BL11 is constructed for exposure Hard X-
ray Lithography (DXL) in the LIGA (German acronym for 
Lithographite Galvanoformung and Abformung) process. 
LIGA process, that utilizes a useful industrial application of 
SR, is one of the promising technologies for fabrication of 
extremely tall three-dimensional (3D) microstructures with 
a large aspect ratio. This process was invented at the Institut 
Fur Mikrostrukturtechnik (IMT) of the Karlstuhe Nuclear 
Center (KfK) in 1980. Microstructures with height of over 
a few hundreds µm have been widely applied to various 
fields such as micro-mechanics, micro-optics, sensor and 
actuator technology, chemical, medical and biological 
engineering, and so on. This beam line was designed by the 
criteria ; photon energy range from 2 keV to 8 keV, and a 
density of total irradiated photons  1011 photons/cm2. The 
BL11 can provide the most suitable photon energy for 
microfabrication in X-ray lithography, while the BL2 is 
equipped for fabricating fine pattern submicron-scale 
structure and microstructure with high aspect ratio by 

selectivity of X-rays using movable mirror system. That is, 
LIGA process in NewSUBARU can provide the best 3D 
microfabrication because the BL11 and BL2 are 
complementary. The beamline BL11 is consisting of an 
absorber chamber, a first-mirror chamber (M1), a 4-way slit 
chamber, a Be and polyimide window chamber, and an 
exposure chamber. The horizontal angle of the outgoing SR 
could be obtained up to 17.8 mrad, providing a beam spot 
size on the exposure stage  80  mm2. The micron-scale 
structure with high aspect ratio will be achieved using the 
toroidal typed mirror M1 which can produce a parallel 
collimated beam of X-rays. In addition, the homogeneity of 
the beam is excellently controlled by a novel adding system.   

Using the precision stage in the exposure chamber, the 
flexibility for the shaped and functions of microstructure 
will be enlarged by achieving 3D microfabrication process 
using multi step exposure at various configuration between 
x-ray mask and substrates. The exposure area of 200 mm 

 200 mm is brought to fruition. In order to decrease the 

8



heat load of sample substrate suffered during SR irradiation, 
helium introduction and substrate cooling system were also 

equipped. The specification of the LIGA exposure system 
is listed in Table 11. 

 
Table 11. Specification of the LIGA exposure system 

Exposure method Proximity exposure 
Wafer size 8 inch 

Exposure area 200 mm(H)×200 mm(V) 
Exposure environment < 1atm (He-gas) 
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Abstract 
Recent improvements on the operation of NewSUBARU electron storage ring are reported.  The 
stored energy is stably ramped from 1.0 to 1.5 GeV without any beam loss.  The minimum gap of 
the long undulator becomes under 30 mm.   

 
Introduction 

Recent synchrotron radiation users at the 
NewSUBARU facility [1] desire the higher 
brightness, the higher stability of synchrotron 
radiation, and the operation at narrower gap of 
insertion devices.  In order to respond to these 
requests, we have performed machine studies.  
In this paper we report recent 
improvements on the beam operation of 
the NewSUBARU ring including (1) the 
stable energy ramping, (2) the shortening 
of the time for the energy ramping, and (3) 
the operation with 10.8m-long undulator 
with a gap narrower than before.   
 
Stabilization of 1.5GeV energy ramping  

Electron beams are injected at the 
energy of 1.0 GeV from the SPring-8 Linac.  
In the case of 1.5 GeV, the stored energy is 
ramped up.  The former ramping 
parameter sometimes caused beam loss 
during the energy ramping because of 
annual drifts of temperatures, beam 
instabilities and so on.  Thus we 
re-adjusted the new ramping parameter 
including fine-tuning of quadrupole, 
sextupole and stearing magnets at the 
each energies.  By using the new 
parameter, the beam loss or the 
deterioration of the beam lifetime hardly 
occurs.  Fig.1 shows typical variation of 
the stored beam current and energy 
during the energy ramping. 

Our ring usually stops an operation at 
night. Every morning, electromagnets are 
initialized after power-on.  By optimizing 
and automating the operation procedure for 
stable energy ramping, the time required until 
the start of the 1.5 GeV user experiment 
becomes shorter than before. 

 
Fig,1 Beam energy and current during the energy 
ramp 
 
Operation with narrower gap of 10.8m-long 
undulator (LU)  

The gap length is narrower, the effects 
of the nonlinear magnetic field of 
insertion devices on the electron beams is 
stronger.  For compensation of these 
disturbances, the strength of several 
kinds of magnets is adjusted according to 
the gap length.  The minimum gap 
length that can be realized in the previous 
was 34.8 mm.  Recently some users 
requests lower energy range of LU.  After 
machine studies, the present minimum 
gap becomes 26mm at 1.5 GeV operation.  
This is almost same as the physically 
possible minimum value.  At the energy 
of 1.0 GeV, injection efficiency is 
somewhat lower (~50%) than the required 
value 80% at the top-up operation.  
Further tunings of sextupole and skew 
quadrupole magnets are being performed 
toward the realization of the top-up 
operation with LU gap 26mm at 1.0GeV. 
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at LEENA Accelerator 
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Abstract 
By simulation, we studied the beam dynamics of the 15MeV electron linear accelerator LEENA 
and calculated the optimized parameters for short bunching of electron beams to generate the high 
power coherent radiation in the terahertz region. 

  
Introduction 

We have been researching the 
generation of the terahertz light using 
relativistic electron beams of the 15MeV 
electron linear accelerator LEENA [1].  
The general layout of LEENA is shown in 
Fig.1.  The terahertz lights by 
synchrotron radiation (SR), Smith-Purcell 
radiation, and transition radiation have 
been successfully observed [2].  

 

 
Fig.1 General layout of LEENA. 

 
The intensity spectrum of the SR light 

from a bending magnet of LEENA is 
shown in Fig. 2, where Coherent SR (CSR) 
is plotted in addition to “usual” SR.  The 
CSR is generated from an electron bunch 
shorter than the radiation wavelength.  
The radiated power of CSR is proportional 
to the square of the number of electron N 
in a bunch and is N-times higher than 
“usual” SR. 
 In this paper, an electron beam dynamics at 
RF-gun, solenoid coil, alpha magnet is 
calculated using simulation codes and the 
optimum parameters for the short bunching to 
generate the CSR in terahertz region are shown.   

 
Fig.2 Intensity of coherent and incoherent 
synchrotron radiation from a bending magnet of 
LEENA (calculation).  Bunch lengths are 1, 
10 , 30 ps. 
 
Forming electron bunches in the RF-gun  

Electrons are continuously supplied 
from a thermal LaB6 cathode and are 
accelerated by the RF electric field in the 
gun cavity (Fig.3).  RF frequency is 2856 
MHz.   

 

 
Fig. 3 Electric fields in the axially symmetric 
RF-gun cavity of LEENA calculated with 
SUPERFISH [3] 
 

Electrons in the accelerating phase of the RF 
field are drawn out from the cathode.  While 
these electrons travel through a drift space, the 
velocity modulation is converted to the density 
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Forming electron bunches in the RF-gun  

Electrons are continuously supplied 
from a thermal LaB6 cathode and are 
accelerated by the RF electric field in the 
gun cavity (Fig.3).  RF frequency is 2856 
MHz.   

 

 
Fig. 3 Electric fields in the axially symmetric 
RF-gun cavity of LEENA calculated with 
SUPERFISH [3] 
 

Electrons in the accelerating phase of the RF 
field are drawn out from the cathode.  While 
these electrons travel through a drift space, the 
velocity modulation is converted to the density 
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modulation and electron bunches are formed.  
The electron number distribution calculated 
using GPT [4], 3D particle tracking code with 
space charge, is shown in Fig.4.   

Fig.5 shows the energy (Lorentz factor) of 
electrons.  The energy is almost linear with 
respect to the direction of travel and the gradient 
of three bunches are 15, 11, 9.4 MeV/m from 
left to right.  As the drift space is longer, the 
energy gradient becomes gentle.   
 

 
Fig.4 Electron number distribution along the 
longitudinal direction z after three periods of 
RF. 
 

 
Fig.5 Electron energy (Lorentz factor) 
distribution along z after three periods of RF. 
 
Focusing electron beams by the solenoid coil  

An electron beam diverges in radial 
direction due to its space charge effect.  
To compensate this, the water-cooled 
solenoid coil (300 A, 75 turn, 0.37 Tesla) is 
placed in about 40cm downstream of the 
cathode.   
 Fig. 6 shows the time evolution of electron 
radial distributions in the case of no solenoid 
field, where the radius of bunched beams is 
diverged.  When a solenoid coil current is set 
to the optimum value that depends on the beam 
current, beams are well focused as shown in Fig. 
7.  Fig. 8 shows the solenoid coil current 
dependence of calculated beam profiles at the 
entrance of the alpha magnet.  This result 
qualitatively agrees to the experimental results 
measured by the screen monitor placed at the 
entrance of alpha magnet. 

 

 
Fig.6 Time evolution of radial distribution of 
electrons without solenoid field. 
 

 
Fig.7 Time evolution of radial distribution of 
electrons with solenoid field. 
 

 
Fig.8 Calculated electron beam profile at the 
entrance of the alpha magnet when the solenoid 
coil current is varied. 
 
Bunching in Alpha magnet 

In an alpha magnet, electron trajectory 
is like the Greek letter alpha, where the 
faster (slower) electron passes through the 
outer (inner) trajectory.  As a result, at 
the exit of the alpha magnet, a bunch 
length is shortened.  Cross-sectional view 
of the upper half of the alpha magnet and 
the magnetic lines of force calculated 
using POISSON [3] are shown in Fig. 9. 	
  

 
Fig.9  The cross-sectional view of the upper 
half of the alpha magnet and its magnetic lines 
of force. 
 

 
Fig.10  Bunching process of an electron beam 
in the alpha magnet calculated using GPT. 
 

The particle tracking calculation with 
3D space charge effects in the alpha 
magnet is carried out, where magnetic 
field data is converted from POISSON to 
GPT format.  The bunching process is 
shown in Fig. 10.  Using the typical 

bunch length of 30 ps at the entrance of 
the alpha magnet, the shortest bunch 
length at the entrance of the linear 
accelerating tube that is 0.39m 
downstream to the alpha magnet is found 
to be 2 ~ 3 ps.  This bunch length 
corresponds to a wavelength in terahertz 
region. 
 In order to realize the above condition, the 
required energy gradient at the entrance of the 
alpha magnet is 20 MeV/m.  However, as 
shown in Fig. 5, the typical energy gradient is 
less than 10 MeV/m and is insufficient for 
achieving the shortest bunch length. 
 Three solutions to this problem can be 
considered; (1) increase the RF power 
introduced to the RF gun to steep the energy 
gradient, or (2) shorten the distance between the 
RF gun and the alpha magnet, and (3) shorten 
the distance between the alpha magnet and the 
accelerating tube.  It is effective to shorten the 
drift space in order to prevent the bunch length 
is extended.  We are now preparing to modify 
the experimental setup. 
 
Summary 

For the generation of the high power 
radiation in terahertz using relativistic 
electrons, the bunch length of an electron 
beam should be under about a few ps.  By 
simulation studies, we calculated and 
visualized the beam dynamics at the RF 
gun, solenoid and alpha magnets of 
LEENA. 

As a simulation result, it is found that 
the minimum bunch length that can be 
possible at LEENA is about 2 ps.  But 
some modifications of devices may be 
required for achieving it.  We are now 
considering and preparing the 
modification of the machine. 
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left to right.  As the drift space is longer, the 
energy gradient becomes gentle.   
 

 
Fig.4 Electron number distribution along the 
longitudinal direction z after three periods of 
RF. 
 

 
Fig.5 Electron energy (Lorentz factor) 
distribution along z after three periods of RF. 
 
Focusing electron beams by the solenoid coil  

An electron beam diverges in radial 
direction due to its space charge effect.  
To compensate this, the water-cooled 
solenoid coil (300 A, 75 turn, 0.37 Tesla) is 
placed in about 40cm downstream of the 
cathode.   
 Fig. 6 shows the time evolution of electron 
radial distributions in the case of no solenoid 
field, where the radius of bunched beams is 
diverged.  When a solenoid coil current is set 
to the optimum value that depends on the beam 
current, beams are well focused as shown in Fig. 
7.  Fig. 8 shows the solenoid coil current 
dependence of calculated beam profiles at the 
entrance of the alpha magnet.  This result 
qualitatively agrees to the experimental results 
measured by the screen monitor placed at the 
entrance of alpha magnet. 

 

 
Fig.6 Time evolution of radial distribution of 
electrons without solenoid field. 
 

 
Fig.7 Time evolution of radial distribution of 
electrons with solenoid field. 
 

 
Fig.8 Calculated electron beam profile at the 
entrance of the alpha magnet when the solenoid 
coil current is varied. 
 
Bunching in Alpha magnet 

In an alpha magnet, electron trajectory 
is like the Greek letter alpha, where the 
faster (slower) electron passes through the 
outer (inner) trajectory.  As a result, at 
the exit of the alpha magnet, a bunch 
length is shortened.  Cross-sectional view 
of the upper half of the alpha magnet and 
the magnetic lines of force calculated 
using POISSON [3] are shown in Fig. 9. 	
  

 
Fig.9  The cross-sectional view of the upper 
half of the alpha magnet and its magnetic lines 
of force. 
 

 
Fig.10  Bunching process of an electron beam 
in the alpha magnet calculated using GPT. 
 

The particle tracking calculation with 
3D space charge effects in the alpha 
magnet is carried out, where magnetic 
field data is converted from POISSON to 
GPT format.  The bunching process is 
shown in Fig. 10.  Using the typical 

bunch length of 30 ps at the entrance of 
the alpha magnet, the shortest bunch 
length at the entrance of the linear 
accelerating tube that is 0.39m 
downstream to the alpha magnet is found 
to be 2 ~ 3 ps.  This bunch length 
corresponds to a wavelength in terahertz 
region. 
 In order to realize the above condition, the 
required energy gradient at the entrance of the 
alpha magnet is 20 MeV/m.  However, as 
shown in Fig. 5, the typical energy gradient is 
less than 10 MeV/m and is insufficient for 
achieving the shortest bunch length. 
 Three solutions to this problem can be 
considered; (1) increase the RF power 
introduced to the RF gun to steep the energy 
gradient, or (2) shorten the distance between the 
RF gun and the alpha magnet, and (3) shorten 
the distance between the alpha magnet and the 
accelerating tube.  It is effective to shorten the 
drift space in order to prevent the bunch length 
is extended.  We are now preparing to modify 
the experimental setup. 
 
Summary 

For the generation of the high power 
radiation in terahertz using relativistic 
electrons, the bunch length of an electron 
beam should be under about a few ps.  By 
simulation studies, we calculated and 
visualized the beam dynamics at the RF 
gun, solenoid and alpha magnets of 
LEENA. 

As a simulation result, it is found that 
the minimum bunch length that can be 
possible at LEENA is about 2 ps.  But 
some modifications of devices may be 
required for achieving it.  We are now 
considering and preparing the 
modification of the machine. 
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Abstract 

High average power of 140 mW and high conversion efficiency of 14% were demonstrated in 
“water window” soft X-rays generated by a laser plasma source that was developed in-house, 
when a commercial Nd:YAG Q-switched laser was used to irradiate a solid Ar target with energy 
of 1 J at a repetition rate of 1 Hz. The source has a translating substrate system with a cryostat that 
can continuously supply the solid Ar target for repetitive laser pulses, and continuous and stable 
output power is achieved from the Ar plasma emission. 
  

 
Introduction 

Soft X-rays (SXRs) in the “water window” 
region between the K absorption edges of 
oxygen at 2.3 nm and carbon at 4.4 nm are used 
for high contrast SXR microscope imaging 
studies of live biological samples because of the 
different absorption lengths of water and the 
proteins in biological specimens. We considered 
the development of a continuous laser plasma 
X-ray (LPX) source in the water window using 
a solid Ar plasma target.  Ar is considered to 
be ideal deposition-free targets because it is 
formed from inert gas rather than metals, and 
will thus be chemically inactive and will not be 
deposited on the mirrors near the plasma. This 
reduction in plasma debris is a major advantage 
in continuous operation. We decided to use a 
cryogenic Ar solid target to provide both higher 
conversion efficiency and higher brightness 
because of the target’s high solid density. In 
addition, a smaller gas load for evacuation by 
the exhaust pump system was expected from the 
solid state target when compared with gas and 
liquid jets. We originally developed a cryogenic 
translating target system to supply the solid Ar 
target continuously. Using this system, we 
successfully produced a continuous supply of Ar 
solid targets and demonstrated the continuous 
generation of LPX emissions at repetition rates 
of up to 10 Hz produced by a commercial 
Nd:YAG Q-switched rod laser. In this paper, we 
report the plasma SXR emission characteristics 
in the water window of a solid Ar plasma target 
supplied by the developed system [1].  

  
Experiments  
 Figure 1 shows the side view of the developed 
LPX source, including the system used for continuous 
supply of the cryogenic targets. The target system is 
described in detail in [2]. A copper substrate was 
attached to the tip of a cryostat head with a He gas 
closed loop, enabling the substrate surface to be 

cooled to a temperature of 15 K. The Ar target gas is 
blown on to the substrate surface and is thus 
condensed to form a solid layer. The substrate that 
was coated with the solid Ar layer translates up and 
down, with movement in only one dimension, which 
means that a fresh target surface is supplied for each 
laser shot. In this experiment, the Ar gas flow rate and 
the target speed were set to be 250 mL/min and either 
3 or 4 mm/s, respectively. Wipers are used to adjust 
the Ar solid layer thickness to 500 µm, which is 
sufficient to prevent a 1 J laser shot from damaging 
the substrate surface, and these wipers also assist in 
re-covering the laser craters on the target. The entire 
vacuum chamber was evacuated using a 190 l/s turbo 
molecular pump, and the vacuum is maintained at less 
than 1 Pa.  
 

 
 
 

Fig.1. Side view of the LPX source, including the translating 
cryogenic target system. 
 
 
A conventional Q-switched Nd:YAG rod laser 
(Spectra-Physics, PRO-230) was used as a pump 
source and could deliver pulses at a wavelength of 1ω 
(1064 nm) with a pulse width of 10 ns. The maximum 
pulse energy and the repetition rate are 1.2 J and 10 
Hz, respectively. The pulses were expanded using a 

beam expander before passing through a window, and 
were then focused perpendicularly on the target via a 
lens with a focal length of 500 mm; as a result, 
plasmas were produced and SXR radiations were 
emitted.  
 
Results & Discussion 

To measure the generated SXR energy, an 
absolutely calibrated X-ray diode (XRD) with 200 nm 
titanium and 50 nm carbon filters (Opto Diode, 
AXUV100Ti/C2) was used. The XRD’s specifications 
state that it has a detection range of 1–12 nm. By 
measuring the SXRs using the XRD located at 45° to 
the axis of laser beam incidence, we were able to 
optimize the operating conditions in terms of laser 
intensity and energy to maximize the CE. By changing 
the position of the focusing lens to vary the laser spot, 
the laser intensity on the target could be adjusted to 
determine the optimum intensity. Figure 2(a) shows 
the CE per unit solid angle as a function of the lens 
position (laser intensity). The laser pulse energy used 
was 0.5 J at 1 Hz. We denote the lens position (LP) 
using a zero at the best focus position, a negative 
number when in-focus (where the laser spot is in the 
target before the best focus) and a positive number for 
out-of-focus (beyond the best focus). Figure 2(a) 
shows the maximum CE at the best focus of LP = 0 
mm, at which the laser spot diameter was 50 µm. Next, 
the lens position was fixed at LP = 0 mm and the 
dependences of the laser pulse energy were 
investigated. Figure 2(b) shows the CE per unit solid 
angle as a function of the laser energy. This indicates 
that the CE was maximized at a laser energy of 1 J. 
From the above results, we concluded that the 
maximum CE per unit solid angle was achieved at LP 
= 0 mm and at a laser energy of 1 J, and the laser 
intensity was estimated to be 5×1012 W/cm2.  

The spatial distributions of the SXR emissions 
were measured by scanning the XRD on a rotating 
stage around the plasma. The measurements showed 
that these distributions could be expressed using a 
fitting curve of (cosθ)0.41. Taking this distribution into 
account, we obtained a maximum spatially integrated 
CE of 19% over the full XRD detection range (1–12 
nm). With regard to the CE in the “water window” 
region, it can be calculated from the ratio of the area 
in the water window to the full range of the Ar 
spectrum shape. This ratio was calculated to be 0.76 
and we concluded that the maximum spatially 
integrated CE was 14% in the water window (2.3–4.4 
nm) with a laser energy of 1 J.  

We then tested for repetitive generation of the 
plasma SXR pulses by focusing laser pulses with 
energy of 1 J at 1 Hz on the Ar target surface. The 
combination of the Ar gas flow rate and the target 
speed enable a re-covered target surface to be supplied 
for each laser pulse. The continuously generated 
repetitive SXR pulses were obtained successfully. In 
this experiment, we achieved continuous SXR 
generation with a high average power of 140 mW ( = 

1 J×1 Hz×14%) in the water window (2.3–4.4 nm). 
We expect our LPX source to offer a powerful 
alternative to the use of SR facilities for the 
development of various applications, including SXR 
microscopy. 

 

 
 

 
 
 
Fig.2. (a) CE per solid angle in full detection range (1–12 
nm) as a function of lens position (LP). The laser energy 
was 0.5 J. (b) CE per solid angle at LP = 0 mm as a function 
of laser energy.  
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Fig.2. (a) CE per solid angle in full detection range (1–12 
nm) as a function of lens position (LP). The laser energy 
was 0.5 J. (b) CE per solid angle at LP = 0 mm as a function 
of laser energy.  
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Abstract 
A renewed double crystal monochromator (DCM) improved performance of BL05A for X-ray 
absorption fine structure (XAFS) measurements in the soft X-ray region. We were successful in 
obtaining the extended X-ray absorption fine structure (EXAFS) spectrum owing to the stability of 
the exit X-ray beam intensity of the new DCM. In addition, we succeeded to obtain the  
aluminium K-edge X-ray absorption near edge structure (XANES) spectra because of  the 
increased photon intensity in the aluminium K-edge region by replacing the beryllium filter (45 
m thickness) with previous one (25 m thickness). 

 
Introduction 

BL05 is constructed on the basis of strong 
demand of industrial users for X-ray absorption 
fine structure (XAFS) spectroscopy. This 
beamline consists of two branch lines, one is a 
double crystal monochromator (DCM) beamline 
(BL05A) for the use in the higher-energy region 
(1300-4000 eV) and the other is a varied line 
spacing plane grating (VLSPG) monochromator 
beamline (BL05B) for the use in the 
lower-energy region (50-1300 eV) [1, 2]. An 
angle that accepts X-rays exiting from the 
storage ring is different in BL05A and BL05B 
respectively, and so these branches can be 
operated simultaneously. BL05 is managed and 
maintained by the Synchrotron Analysis L.L.C. 
(SALLC), which is composed of the industrial 
companies, in cooperation with the staffs of the 
Laboratory of Advanced Science and 
Technology for Industry in University of Hyogo. 
We replaced the DCM in BL05A to 
corresponding to the user’s demands for 
high-precision EXAFS measurements. In this 
paper, we describe improved performance of 
BL05A for XAFS measurements in the soft 
x-ray region.  
 
1. EXAFS measurements using a renewed 

double crystal monochromator 
In BL05A, a Golovchenco-type DCM has 

been used from 2008, the operation for public 
use of BL05 has started. The stability of the 
DCM is the most important factor in beamline 
performance. The DCM is mounted two parallel 
crystals to each other to produce a 
monochromatic exit beam which is running 
parallel with the incident white synchrotron 
radiation beam. But there was a problem with 
stability of the exit X-ray beam intensity, caused 
by deterioration of a driving mechanical 

translating system of the crystals on the DCM. 
Therefore, It was difficult for the extended 
X-ray absorption fine structure (EXAFS) 
measurement, such as the bragg angle was 
varied widely, due to excessive attenuation of 
the monochromatic exit beam intensity. And so 
a renewed DCM, calculation and 
combination-type, was installed in 2014 (Fig.1). 
This new DCM is designed to maintain a good 
parallelism between crystals and stability of  
the exit X-ray beam position when scanning 
over a large energy range by moving all axes of 
crystals controlled by computer. Fig.2 shows the 
measured silicon K-edge EXAFS spectra of 
silicon dioxide (-quartz) using the previous 
DCM and the new one, respectively. We found 
out that high-quality EXAFS spectrum was 
obtained in the new DCM. 

 
2. Evaluation of a improved beryllium filter 

In the soft X-ray beamlines, a beryllium 
filter is often used to protect the vacuum within 

Fig.1 Inside of a renewed DCM. 

the storage ring from contamination because of 
providing a vacuum isolation and transmitting 
the X-ray beam. The beryllium filter in BL05A 
is installed to separate the ultra-high vacuum in 
the storage ring with the front-end from the high 
vacuum in the beamline, which is bonded to 
mounting flange. For the purpose of improving 
the transmission factor of X-rays at the 
lower-energy region (e.g., the K absorption 
edges of elements with atomic numbers less 
than silicon), we succeeded to make the filter of 
thicknesss from 45 m down to 25 m and 
obtain the magnesium K-edge XANES spectra 
in the past [3]. Then we tried to measure the 
aluminium K-edge XANES spectrum using the 
new filter. In Fig.3, the measured aluminium 
K-edge XANES spectra of several aluminium 
compounds are shown. We verified that there is 
enough photon intensity in these lower-energy 
region and can be obtained high-precision 
XANES spectra, which provide a detailed 
information related to chemical bond. 
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Fig.3 Al K-edge XANES spectra of 
 aluminium compounds. 
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Fig.2 Si K-edge EXAFS spectra of silicon dioxide 
(-quartz) powder, (a) Golovchenco-type DCM and 

(b) calculation and combination-type DCM. 
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is installed to separate the ultra-high vacuum in 
the storage ring with the front-end from the high 
vacuum in the beamline, which is bonded to 
mounting flange. For the purpose of improving 
the transmission factor of X-rays at the 
lower-energy region (e.g., the K absorption 
edges of elements with atomic numbers less 
than silicon), we succeeded to make the filter of 
thicknesss from 45 m down to 25 m and 
obtain the magnesium K-edge XANES spectra 
in the past [3]. Then we tried to measure the 
aluminium K-edge XANES spectrum using the 
new filter. In Fig.3, the measured aluminium 
K-edge XANES spectra of several aluminium 
compounds are shown. We verified that there is 
enough photon intensity in these lower-energy 
region and can be obtained high-precision 
XANES spectra, which provide a detailed 
information related to chemical bond. 
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Fig.3 Al K-edge XANES spectra of 
 aluminium compounds. 
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Abstract
The upgrade project of New SUBARU BL07A began on 2013. In this project, a new double multilayers

monochromator MKZ-7NS controlled by integrated computing was installed on the beamline. The features 
of the monochromator are shown from the point of view of the optical geometry in this report. A new control 
system using electronic cam algorithm on PC software was introduced since 2016 Spring. The software in 
this control system could scan with wave length continuously that was conventionally thought to be difficult 
using a computing type monochromator.

Introduction
It is clear that a double crystal / multilayers 

monochromator plays an important role in many 
experiments using synchrotron radiation. The 
following two types of monochromator have been 
adopted widely in order to keep the fixed beam 
position on their downstream experimental 
equipment. One is a cam-actuated monochromator 
that the slave axes are connected mechanically to the 
main axis e.g. [1], and the other is a monochromator 
controlled each mechanically independent axes by 
computing e.g. [2].

BL07 in New SUBARU is a beamline whose an 
insertion light source is a 3m undulator. This 
beamline is composed of two branch lines BL07A 
and BL07B [3]. The upgrade project of this beamline 
began on 2013. In this project, a new double 
multilayers monochromator Kohzu MKZ-7NS 
controlled by integrated computing was installed on 
BL07A [4]. 

In this report, the authors shall describe the 
features of the this new monochromator, MKZ-7NS.
Additionally, they shall describe our new control 
system using electronic cam algorithm on the control 
software. The software in this control system shall 
be able to scan with wave length continuously that 
was conventionally thought to be difficult using the 
computing type monochromator.

The feature of MKZ-7NS
Fig. 1 shows the photograph of MKZ-7NS and its 

inside of their chamber. Fig.2 shows outline drawing 
of MKZ-7NS. The optical geometry using offset 
along the optical axis direction of the second 
monochromatic multilayers was adopted in MKZ-
7NS as with the geometry of Kohzu KHL-3 in KEK 
PF [5]. A slave axis synchronized with main axis for 
emitting to fixed exit position is only Z2 axis. X axis 
used for switching of monochromatic crystals is 

outside of the vacuum chamber. Thus, numbers of 
axes inside of the vacuum chamber are decreased to 
5 axes less than the previous monochromator [2].

(a) (b)

Fig. 1. Photograph of MKZ-7NS,
(a) MKZ-7NS on BL07A in New SUBARU; 

(b) Inside of the Monochromator

Fig. 2. Outline drawing of MKZ-7S
monochromator

New control system for MKZ-7NS
Motor controllers, motor drivers and their control 

software was included in this control system. This 
motor controller was customized on the basis of 
Kohzu ARIES/LYNX multi-axis controller. The 
customized controller is able to change arbitrarily 
target position and speed during driving a motor 
without stopping movement. The optional function 

of this controller make an electronic cam on the 
following control system practicable. The optical 
geometry is shown as Fig. 3 [4].

Fig. 3. Optical geometry of MKZ-7NS
monochromator

Z2 position of the slave axis synchronized to 
main axis is expressed by the following equation (1), 
where D is the offset of the monochromatic crystals, 
θ is the Bragg angle, and D0 is the distance of the 
monochromatic crystals when the Bragg angle is the 
origin [4].

Z2 = 𝐷𝐷
2 cos 𝜃𝜃 − 𝐷𝐷0  (1)

Electronic Cam
The series of function of electronic cam shall be 

provided by the control software that remote-
controls the motor controller on Windows PC. The 
flow chart of the algorithm of the electronic cam 
used in the control software is shown in Fig. 4. In 
this algorithm, the Y2 position is always corrected 
automatically to new position that is calculated by 
equation (1) each time when the control software 
gets newly the main axis position without stopping 
their movement even if the slave axis is moving.

Fig. 4 Flow chart of electronic cam

Experimental results
New control software with electronic cam 

algorithm was installed to Windows PC that has 
been used for controlling its monochromator in 
BL07A. Since 2016 Spring, some verification 
experiments was performed in this beamline.

Z2calc that is calculated Z2 position by equation 
(1) and Z2act that is actual position controlled by this 
electronic cam control algorithm are shown in Fig. 5
with regards to θ angle, respectively. In Fig. 5, the 
difference between calculated position and actual 
position is also shown as ⊿Z2, together. 

In this experiment, 130eV was used as photon 
energy from its undulator in this experiment. And the 
main axis theta was driven from 14.6661deg to 
20.7469deg.
 

Fig. 5 Z2 position regards toθangle and the 
difference between Z2act-Z2calc, ⊿Z2

In Fig. 5 the line of actual Z2 position controlled 
by the algorithm of the electronic cam would be 
almost similar to it of calculated ideal Z2 position.
The maximum difference between the calculated Z2
and the actual Z2 is approximately 1.1μm. 

This result shows the electronic cam algorithm 
would be able to provide permissible fixed exit 
position of monochromatized radiation from the 
monochromator for almost user experiment in 
BL07A.

This electronic cam algorithm shall be able to 
scan with wave length continuously by a computing 
type monochromator as well as a mechanical cam-
actuated type monochromator.
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Abstract 
New integrated computing mulutilayered-mirror monochromator (MLMM) was installed at BL07A 
to eliminate unnecessary harmonic light from an undulator. BL07A is 3-m undulator beamline for 
high photon-flux irradiation with monochromatized light. These characters satisfy for SR 
stimulation process experiments such as single excitation process experiments and low temperature 
process. We measured intensity at irradiation chamber using photodiode. As a result intensity of 
incident beam was more than 1014 photons/s･cm2 at the energy range of 80-560 eV at irradiation 
chamber of BL07A. 
  

Introduction 
New MLMM was installed at BL07A. BL07A is 

3-m undulator beamline. It is designed for high 
photon-flux irradiation. Energy of incident light can 
be selected because of quasi-monochromalized 
light. But unnecessary harmonic light is also 
irradiated, and it becomes hard to study single 
excitation process. 

Recently, single excitation process experiments 
are required. For example, Si crystallization at low 
temperature is utilized for flexible display and 
molecular knife can be studied for modification of 
materials. For experiments of single excitation 
process, integrated computing multilayerd-mirror 
monochromator (MLMM) was installed at BL07A. 

In soft X-ray region, the reflectance of many 
materials is very small. However energy resolution 
is high, intensity used normal double crystal 
monochromator is decreased. Multilayered mirror is 
fitted for improvement of reflectivity index in soft 
X-ray region. Incident light is reflected by many 
interfaces on multilayered mirror, and there are 
interfered. Thus, higher reflectance can be gained 
using multilayered mirror. Therefore, multilayered 
mirror was selected as monochromatic devices 
instead of crystal. 

In this report, the intensity of incident beam at 
irradiation chamber of BL07A was measured using 
photodiode. 

Multilayered mirror 
Monochromator, MKZ-7NS designed and 

fabricated by Kohzu Precision Co. Ltd was 
constructed at BL07A [1]. MKZ-7NS is controlled 
by integrated computing. The Bragg angle can be 
from 9° to 65°. Detailed information on MKZ-
7NS was reported on ref. [2]. 

Three kinds of multilayered mirror were used for 
covering an energy range from 80 to 800 eV. Table 
1 shows used multilayered mirrors. However 
reflection of multilayered mirror is higher, 
harmonic light is also occurred. For elimination of 
harmonic light from multilayered mirror, three 
kinds of filter were mounted. Table 2 shows detail 

of filters. Combinations of mirrors and filters could 
be realized high intensity monochromatized light. 

Energy (eV) multilayer Spacing
80-200 Mo/Si 20 nm

125-360 Mo/B4C 11 nm

260-800 Ni/C 5 nm

Energy (eV) Filter Thickness
140-400 Ag 100 nm
400-560 Cr 500 nm
560-800 Ni 500 nm

Table 1.Multilayer mirrors. 

Table 2. Filers. 
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The intensity of incident beam at irradiation 
chamber of BL07A was measured by a photodiode 
(AXUV-100). Light reception area of this 
photodiode was 1 cm2. Intensity unit was defined 
photons/s･cm2.  
 
Result and discussion 

Figure 1 shows intensity of incident beam at 
irradiation chamber of BL07A. During this 
experiment, the electron energy of NewSUBARU 
storage ring was 1.0 GeV. In the energy range of 80-
200 eV, maximum of intensity was more than 1015 
photons/s･cm2, and in the energy range from 200-
560 eV, maximum of intensity was more than 1014 
photons/s ･ cm2. This intensity can be used for 
irradiation experiments sufficiently. But, in the 
energy range of up to 800 eV, the intensity was 
drastically decrease. This is considered the intensity 
of monochromatized light is cut by Ni filter. 7th 
harmonic light was the highest intensity at the range 
of 200-560 eV. But 7th harmonic light was not 
ensured monochromatized condition. Therefore, 
when this beamline was used, 1st-5th harmonic 
lights should be used.  
 

Conclusion 
The intensity of incident beam at irradiation 

chamber of BL07A was measured using photodiode. 
As a result, the intensity was more than 1014 
phtons/s･cm2 at the range from 80-560 eV. This 
intensity can be used for irradiation experiments 
sufficiently, and ionized energy of useful light 
elements, such as C, Si was covered.  
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Figure 1. Intensity of incident beam at irradiation chamber at 1.0 GeV operation mode. 
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Fig.1  
The overview and the schematic illustration of 

the ultra-soft X-ray spectrometer. 
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Abstract 

For the development and investigation of ultra-soft X-ray fluorescence spectroscopy for the 
non-destructive chemical state analysis of ultra-light elements in several advances materials, the 
equipment with high-performance type spectrometer had been installed at the end of BL07A in 
2014FY. However, the existence of some items on which countermeasures should be required was 
revealed in last FY. In this report, tow of countermeasures is presented. 

 
 
Introduction 

For analyzing the chemical state or 
the electronic structure of valence band, 
one of the most popular methods is XAFS 
(X-ray absorption fine structure) 
measurement, and NewSUBARU has 
been already executed and obtained 
many remarkable results in the field of 
ultra-light elements such as Li, C and so 
on. However, one of the disadvantage 
points of XAFS measurement is the 
necessity of sweep the energy of incident 
X-rays. As known well, the efficiency of 
excitation for core level of such ultra-light 
element is so low, thus highly condensed 

monochromatized X-ray beam with high 
photon flux should be necessary for 
measurement. 

In contrast, the energy sweep of 
incident X-rays are not necessary for 
obtaining any fluorescent X-rays 
(characteristic X-rays) from the samples. 
Thus, the examination about the 
possibility of application of fluorescent 
X-rays of ultra-light elements is 
important as a practical meaning. 

Instead of the X-rays for excitation, 
electron beam is also available for 
obtaining characteristic X-rays, and this 
manner is already widely used as the 
EPMA (electron probe micro analyzer) 
analysis. This manner is also efficient for 
the ultra-light elements, and, some of 
these members have already fabricated 
EPMA system for the chemical state 
analysis of ultra-light elements [1]. As 
already shown in the Annual report in 
last FY, the spectrometer for fluorescent 
X-rays was already confirmed its 
specification, and has been continue to 
adjustment at BL07A. 

In last FY, the existence of some items 
in both beamline and this spectrometer 
was revealed, and the countermeasures 
against these items had been executed. In 
this report, two of these countermeasures 
are presented. 
 
Re-adjustment of spectrometer 
 Just before and after stopping of the storage 
ring, the signal strength of the spectrometer had 
become weak. The overview and schematic 
illustration of this spectrometer is shown in 
Fig.1. The important points of adjustment of 
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Fig.3   The CCD camera image of the 
zero-order light just after the adjustment. 

this spectrometer are the alignment with 
poly-capillary, slit and grating. Thus, before the 
adjustment of direction of poly-capillary, the 
alignment of the position of slit against the 
emission point of fluorescent X-rays on the 
sample surface path through the top of 
poly-capillary should be adjusted. 
   For this aim, whole of the part just after the 
slit system had been removed for the first. And, 
CCD camera was connected for observing the 
beam position which came from the sample 
surface after the direction of poly-capillary was 
set beside the optical axes mechanically. Then, 
introducing the SR beam to sample surface, and 
the slit holder was adjusted using micro 
movement mechanism of the holder when the 
brightest spot image on CCD camera was 
observed. The spot image just after the 
adjustment is shown in Fig.2. 

After the adjustment of slit position and 
the re-construction of the spectrometer, the 
rough alignment of the direction of 
poly-capillary was executed using the 
zero-order light beam of the grating till 
obtaining the most homogeneous and bright 
image on CCD camera. In Fig.3, the camera 
image of the zero-order light just after the 
adjustment is shown. 

Finally, using the micro movement 
mechanism of poly-capillary and the scattered 
X-rays from the sample surface, the alignment 
of whole system was adjusted. 

After the all of above process, the normal 
movement of this spectrometer was confirmed, 
because the almost same bright image of 
scattering X-rays was obtained. 

 
Cleaning multi-layer mirror 

In parallel with the adjustment of 
alignment of spectrometer, the lowering of the 
strength of the incident beam was also 
investigated. There are two possible causes of 
the lowering; one is the carbon fouling on the 
surface of switching mirror at the end of the 
front-end system of BL07, and the other is the 
same fouling on the multi-layer mirror (Mo/Si, 
Mo/B4C and Ni/C ; these were fabricated on the 
one piece of Si substrate.) of the beamline 
monochromator. 

The cleaning of switching mirror was 
carried out by plasma ashing process aided by 
the SPring-8. 

On the other hand, there had been hard to 
find any report about the cleaning of the surface 
of such kind of the multi-layer flat mirror for 
beamline monochromator. Fortunately, Dr.T. 
Harada (LASTI, Univ. Hyogo) et al. had 
reported the cleaning process of the multi-layer 
mirror surface of the reduction optical system 
using the combination of ozone and the 
excimer ultraviolet light source. So, the 
cleaning process two multi-layer mirror of 
BL07 was also carried out by cleaning system 
set at BL03 with the great support of Dr. 
Harada. 

In Fig.4, the comparison of surface of the 
mirror between just before and just after of 
cleaning process is shown. In Fig.4(b), the 
surface of mirrors just after about 10hrs 
processing is shown. The foot print of the 
incident beam is clearly observed as the carbon 
fouling. Fig.4(c) is just after about 20hrs. No 

 
Fig.2   The CCD camera image of the 
scattered X-rays at the sample surface 
path through the poly-capillary and slit 
directly. 
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fouling can be seen on the surface.  
 
Present state and future 
 During 2015FY, as shown above, 
almost all of the machine time had to be 
consumed for the adjustment and 
treatment of beamline components and 
equipment. Almost items against which 
required any countermeasure was 
seemed to be disappeared. 
   In this FY, all of the adjustment will 
make to be finished, and e-started, the 
examination of measurement condition of 

the fluorescent X-rays will be re-started 
as sson as possible.  
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Fig.4   The aspect of the multi-layer mirror surface. 
(a) Just before cleaning. 
(b) After about 10hrs. Lower is the 1st mirror of the beamline monochromator, and the foot print of 

incident beam is clearly recognized. 
(c) Just after cleaning (about 20hrs). 

 
The black small solid circle images are the reflected images of the ceiling air duct.  

(c)(a)
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Abstract 
We installed a silicon drift detector at BL-09A in NewSUBARU, in order to perform PFY-XAFS 
measurements for insulating materials. We applied this technique to h-BN and polyimide and 
succeeded to obtain good spectra. 

Introduction 
We are developing XAFS measurement 

techniques for insulating materials such as 
ceramics and resins. Last year, we succeeded 
in the TEY-XAFS measurement for 
hexagonal boron nitride (h-BN) with 
evaporated gold stripe, which was very 
effective to reduce charge up [1]. 

In this study, we developed the 
TFY-XAFS technique for the resin materials, 
whose thermal stability is so poor that the 
gold stripe evaporation cannot be used. 
Instead of the conventional photo diode 
detectors, we attempted to utilize a silicon 
drift detector (SDD), which enables us to 
obtain XAFS spectra even from charged up 
specimens, realizing a superior energy 
resolution, signal to background ratio, and 
sensitivity. 

Installation of SDD 
We installed an SDD of AMPTek, Inc. 

(Type: X123SDD) at an ICF port of the 
analyzing chamber in BL9A. The distance 
between the SDD and sample is variable from 
50 to 250 mm (Fig. 1). 

We modified the control program of BL9A 
to obtain spectrum by the SDD at each energy 
of the incident x-ray, which enabled us to 
optimize the region of interest (ROI) for 
PFY-XAFS after the measurement. This was 
very useful to separate the fluorescence signal 
from elastic scattering signal. 

Figure 2 shows a distribution of the 
fluorescence intensity that was obtained from 
a highly oriented pyrolytic graphite (HOPG) 
sample. The PFY-XAFS spectrum, which is 
extracted with the ROI indicated by the blue 
line, is shown in Fig. 3. 

Application of PFY-XAFS for insulating 
materials 

We applied the newly developed 
PFY-XAFS measurement technique to the 
h-BN sample. Figure 4 shows the obtained 
spectrum, which was found to be very similar 

to the one that had been obtained by the 
TEY-XAFS technique using gold stripe [1] . 
This result demonstrates that the PFY-XAFS 
technique is very useful to measure insulating 
materials. 

Then, we applied the PFY-XAFS 
technique to poly imide (PI) films. We 
prepared following two specimens: one is 
processed by a special surface treatment and 
the other not processed.  

Figure 5 shows the PFY-XAFS spectra of 
the two PI films. There are four prominent 
peaks, A, B, C and D, which are assigned to 
C=C, C=O in pyromellitic anhydride 
(PMDA), O-C=O, and C=C in the 
4,4-diamino diphenyl ether (ODA), 
respectively [2]. We found that peak A and C 
became larger while peak B became smaller 
by the surface treatment process. Peak D 
showed no significant change by the 
treatment. As a possible mechanism, the 
increase of peak B (O-C=O) and decrease of 
peak C (C=O) may suggest that the imide 
rings cleave by the surface treatment, as 
shown in Fig. 6. Regarding the increase of 
peak A, further investigation will be required. 
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Fig. 1 Attached SDD in an analyzing chamber 
at BL9A. 

Fig. 2 Distribution of fluorescence intensity 
obtained from HOPG. 

Fig. 4 B-K XAFS spectrum of h-BN.  
(upper) PFY-XAFS (lower) TEY-XAFS. 

Fig. 5 C-K XAFS spectrum for Polyimides 
with/without surface treatment

Fig. 6 Cleaving of imide ring. 

Fig. 3 C-K XAFS spectrum of HOPG. 
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Abstract 

A measurement station for X-ray absorption spectroscopy (XAS) has been developed and 
installed in BL10 at the NewSUBARU. The XAS station enables the soft X-ray absorption 
measurements in 70 – 1100 eV region with a total electron yield (TEY) method. The station 
will be widely utilized for chemical and/or local-structure analyses of light element materials. 

 
Introduction 
     A beamline BL10 has been developed as a 
multi-purpose soft X-ray beamline in 
NewSUBARU (NS) [1]. Especially, it has been 
mainly used for optical evaluation of multilayer 
mirrors. However, optical properties of BL10 is 
suitable for X-ray absorption spectroscopy 
(XAS) in soft X-ray region, because BL10 has a 
potential to utilize soft X-rays ranging from 
several tens eV to 1000 eV emitted from a 
bending magnet source. Additionally, an analysis 
station for soft X-ray absorption spectroscopy in 
NewSUBARU has been required by materials 
scientists. Hence, we have developed the soft X-
ray absorption analysis station, and installed it in 
BL10. The present report briefly describes the 
design and performance of the XAS station [2-5]. 

 
Design of the XAS station 
     The XAS station has been designed based 
on the following concepts; 
(1) Compact chamber to install the limited 

narrow space of BL10. 
(2) Simple and flexible chamber to easily 

improve the measurement functions. 
(3) Large sample plates can be loaded into the 

measurement chamber for the efficient 
measurements. Many sample plates can also 
be loaded in a sample-bank chamber.  

(4) High speed pumping to enable the 
measurements under the middle vacuum (~ 
10-6 Torr). 

(5) Position and angle of sample plate can be 
easily adjusted by a four-axis stage.    

 
Based on the above concepts, the XAS chamber 
has been developed and installed in BL10 as 
shown in Fig. 1. The XAS station consists of a 
main chamber and a sample-bank chamber. A 
large ICF-305φ  pipe was used for the main 
chamber, and the chamber was sealed with an O-
ring for easy access to the chamber. Size of a 
sample plate (Cu plate) is 70 x 25 mm2, on which 

twenty samples (5 x 5 mm2) can be mounted.   
  

 
Fig. 1 Photos of the XAS station (a), a main 
chamber (b), and a sample plate (c). 
 
Performance of the XAS station 
     Figure 2 shows X-ray absorption near-edge 
structure (XANES) of standard samples 
measured with three gratings (600, 1800, 2400 
mm-1) of BL10 monochromator. XANES 
measured in BL10/NS are compared to those in 
BL-6.3.2 at the Advanced Light Source (ALS). 
The figure clearly shows that the high-resolution 
XANES from Al L edge (~70 eV) to Zn L edge 
(~1100 eV) can be obtained in BL10/NS. 
     Figure 3 (left panel) shows the incident-
angle(φ)-dependent C K-XANES of the highly 
oriented pyrolytic graphite (HOPG) and carbon 
black (CB). The spectra were taken with the 
incident angles of 15 ~ 90° (normal incidence). 
HOPG exhibits strong incident-angle-
dependence on the π* peak intensity.  However, 
carbon black exhibits little angle dependence, 
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because of the amorphous structure. The π* peak 
intensity as the function of cos2φ is also plotted 
in Fig. 3 (right panel). The measured data of 
HOPG and carbon black can be well 
approximated with the linear functions. This 
demonstrates that incident-angle-dependent 
measurements can be accurately performed by 
the XAS station. 
 

 
Fig. 2 XANES of standard samples measured by 
the XAS station in BL10/NS, compared to 
XANES measured in BL-6.3.2/ALS. 
 

 
Fig. 3 Incident-angle dependent C K-XANES of 
HOPG and carbon black (left panel). Right panel 
shows the π* peak intensity as the function of 
cos2φ 
 
     Figure 4 demonstrates chemical analysis of 
liquid engine oils. The oil samples are new oil 
and used oils driven for 4250 and 8900 km. The 
liquid samples were dropped to clean gold 
substrates, then synchrotron radiation beams 
directly irradiated to the oil samples in the 
measurement chamber under the 10-6 Torr 
vacuum. XAS spectrum of new oil sample 
exhibits peaks at C K, Ca L, and O K edges. 

However, Ca L peaks disappeared in used oil 
samples. Intensity of O K peak became lower in 
used oil samples than in new oil sample. This 
shows that degradation of engine oil is not caused 
by oxidation. From the spectral analysis of C K-
XANES, it can be found that dissociation of 
unsaturated bonds of oil polymers promotes the 
degradation of engine oils.  
 

 
Fig. 4 XAS spectra of the engine oil samples. 
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Abstract 

A measurement station for X-ray absorption spectroscopy (XAS) has been newly installed 
upstream the X-ray reflectometer in BL10 at the NewSUBARU. By combination of the 
conventional X-ray reflectometer, XAS analysis and X-ray reflectivity (XRR) evaluation in soft 
X-ray region can be performed in BL10. Chemical state and layer structure analyses of organic 
thin films were demonstrated by using the XAS/XRR system. 

 
Introduction 
     Recently, an analysis station for X-ray 
absorption spectroscopy (XAS) has been 
developed [1-3] and installed upstream the X-ray 
reflectometer in BL10 at the NewSUBARU. The 
XAS station enables the chemical/electronic-
state analysis, and the X-ray reflectometer 
enables layer structure analysis from the X-ray 
reflectivity (XRR) measurements. Thus, the 
XAS/XRR system can be a nice tool for 
evaluation of thin films composed of light 
elements. The present report demonstrates the 
chemical and layer-structure analyses of organic 
thin films using the XAS/XRR system [4].   
 
Experiments 
     Figure 1 shows the XAS/XRR system 
composed of the XAS and XRR stations, which 
are installed in tandem. In the XAS station, a 
sample plate can be rotated around a vertical axis, 
which can analyze the orientation. On the other 
hand, a sample plate can be rotated around a 
horizontal axis in the XRR station, which can 
analyze the angle-dependent X-ray reflectivity 
and chemical analysis in depth direction.  
     Samples were prepared by Sumika 
Chemical Analysis Service, Ltd. The measured 
organic films were vacuum deposition films of 
N,N'-Di (1-naphthyl)-N,N'-diphenylbenzidin (α-
NPD) on Si substrates. Thickness of the films can 
be estimated as approximately 100 nm. 
Orientation of the α-NPD films was evaluated by 
the incident-angle (φ) -dependent C K XANES 
(X-ray absorption near-edge structure) in the 
XAS station. XANES in N K edge of the films 
was also measured to analyze their chemical 
states. Incident-angle (θ) -dependent XAS and 
XRR in the 200 – 600 eV region were 
simultaneously measured in the XRR station. 
XAS spectra were obtained with a total electron 
yield (TEY) method in both XAS and XRR 
stations. 

 
Fig. 1 Photograph of XAS and XRR stations in BL10. 
Upper panel shows the layout of sample rotations. 
 
Results and Discussion 
     Figure 2 shows the φ-dependent C K-XANES 
of the α-NPD films. It is confirmed that the α-NPD 
films take no layer structure, because little φ-
dependence was observed. 

 
Fig. 2 φ-dependent C K-XANES of the α-NPD films, 
measured with φ= 15 ~ 90°. 
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     Figure 3 shows the simultaneously measured 
TEY-XAS and XRR spectra in a 200 – 600 region of 
the α-NPD films. In XAS spectra, interference 
structures can be clearly observed below the C K 
edge, which are dependent on the incident angle θ. 
Absorption peaks in C K and NK regions can be 
clearly obserbed, because α-NPD is composed of 
carbon and nitrogen atoms. Little peak can be 
observed in O K edge even in the shallow angle of 
5.23°. This means that surface of the α-NPD film is 
not oxidized. In XRR spectra, interference structures 
can be clearly observed in the 200 – 600 eV range, 
which depend on θ. This clarifies that the α-NPD 
films were deposited as uniform layers.  
 

 
Fig. 3 Simultaneously measured TEY-XAS (a) and 
XRR (b) spectra of the α-NPD film sample, 
measured with θ = 5.23, 10.28, 15.20, and 20.15°. 
 
To determine the thickness of the α-NPD films on Si 
substrates, XRR spectra taken with θ = 20.15° was 
simlated as shown in Figure 4. The simulations were 
performed by using the optical calculation software 
of the Center for X-Ray Optics (CXRO). 
Interference structures were fitted below and above 
the C K edge. Slight phase shift of 3.2 eV was 
observed at the C K edge. In the both regions, the 
measured interference structure can be well fitted by 
the simulations with parameters of 102.5 nm 
thickness of α-NPD film on a SiO2/Si substrate. This 
calculated thickness agrees to the estimated 
thickness of 100 nm.   
     In conclusion, the XAS/XRR system in BL10 
is a powerful tool to evaluate chemical/electronic-
states and layer structures of organic thin film 
samples. 
 

 
Fig. 4 Upper panel (a) shows the calculated XRR 
spectrum (solid line) of the α-NPD/SiO2/Si system, 
compared to the measured XRR spectrum (dotted 
line) of the α-NPD film sample. Lower panel (b) 
shows the calculated XRR spectrum shifted with 
+3.2 eV. 
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Abstract 
We are developing a simulation codes on Laser Compton Scattering Gamma-Ray generation and 
its Graphical User Interface application.  These codes can make possible the numerical 
reproduction of the complex LCS experiments, the easy execution of the simulation for users, and 
the data visualization.  

 
Introduction 

The beamline BL01 of NewSUBARU 
synchrotron light facility [1] is one of the 
few Laser Compton Scattering (LCS) 
Gamma-ray facilities in the world.  
Using LCS Gamma-ray at the 
NewSUBARU, user experiments such as 
HARPO project [2] have been performed. 

The LCS Gamma-ray source is 
composed from many systems such as an 
electron accelerator, laser systems, optical 
components, collimators, detectors.   
 We are developing the LCS simulation code 
that can reproduce the realistic experiments.  
And also we have developed the useful GUI 
program for easy execution of the simulation.  
These codes can run in cross-platform 
environments (Linux, OSX, Windows). 
 
LCS Gamma-ray Simulation code  

The simulation code we are developing is 
basically based on theoretical works [3,4] and is 
coded with Fortran.  At first we developed the 
code according to a simple 1D model 
approximately including the effects of finite 
emittances of the electron and laser beams.  
Intensity graphs of gamma photons when a 
horizontally polarized laser beam with finite 
radius collides with an electron beam with finite 
emittance are shown in Fig.1.  Simulation 
result agrees well with measurement. 

 
Fig.1 Intensity plots of LCS gamma-ray by the 
horizontally polarized laser photons. Measured 
by an imaging plate (left) and simulation (right).  

Further upgrade of the code is in progress, 
that is, a code due to the Monte-Carlo method 
with many numerical particles in order to be 
closer to reality.  
 
GUI Application 

The Fortran simulation code reads lots of 
parameters from input files and writes the huge 
numerical data to output files.  For easy 
execution by users, we also developed a 
Graphical User Interface (GUI) program.  The 
GUI program is separated from the simulation 
code and written using Python and its graphical 
toolkit, WxPython.  Users can easily edit, load 
and save input parameters, execute the 
simulation code, visualize output data on the 
GUI panel.  Typical GUI panels are shown 
in Fig.2.  

  

  
 Fig.2 GUI front panels for the LCS simulation. 
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Abstract

Neutron energy spectra due to photo-nuclear reactions from natC and 197Au targets were measured
with polarized photon beams using the time of flight and pulse shape analyses methods at the
NewSUBARU-BL1 beamline. The dependence on the azimuthal angle and polar angle for the 
neutron energy spectra was found in the photonuclear reaction for the linearly and the circularly 
polarized photons. The difference on the neutron yield increases with neutron energy in the 
azimuthal angle for linearly polarized photons and in the polar angle in comparison with linearly 
and circularly polarized photons.     

Introduction 
To construct the high-energy electron 

machines, one of the crucial issues is the 
radiation protection such as the estimation of 
leakage dose distribution and induced 
activities. Sometimes, the design of the 
radiation shielding restricts the machine 
designs.  To investigate the physical 
phenomena of neutrons due to photo-nuclear 
reaction is important because of insufficient 
experimental data in addition to its strong 
attenuation and the cause to activate the 
components. The double differential cross 
section data that fully describe energy and 
angle of the emitted neutrons are required to 
design and estimate the shielding and 
leakage dose distributions. However, there 
are few experimental data of the double 
differential cross section until now. In 
addition, the azimuthal angle dependence of 
emitted neutrons due to polarized photons 
was reported experimentally [1]. The 
dependence on the photon polarization for 
the neutron due to photo-nuclear reaction 
will be more important. For example, at the 
International Linear Collider (ILC), 
experiments with the polarized electron and 
positron beam of 250 GeV will be performed 
and the polarized photons are produced by 
the polarized electron with undulator [2] so 
that the shielding design of the ILC facility 
should consider the influence of the polarized 

photons.  
A linearly and circularly polarized Laser 

Compton Scattering (LCS) γ-ray beams with 
quasi-monochromatic energy up to 76 MeV 
are available at NewSUBARU-BL01 [3], [4]. 
To investigate the double differential cross 
section of neutron production due to 
photo-nuclear reaction systematically for 
giant dipole resonance (GDR) and 
quasi-deuteron disintegration (QDD) region, 
we have measured the neutron spectra at the 
several directions from the photonuclear 
reaction with the linearly and circularly 
polarized photon using liquid scintillation 
counters with gold and graphite 
targets[5],[6].   
 
Experiments and Results 
 Experimental set-up is shown in Photo.1 
and Fig.1. Two collimators, one is 6mm 
diameter in upwards and the other is 4mm in 
downwards, were employed to define the LCS 
γ-ray spectra for the natC target experiments, 
and 3mm and 2mm diameters for the gold 
target experiments. The intensities of LCS 
photon were measured by GSO scintillation 
counters and monitored by thin plastic 
scintillation counter (PLS). The separation of 
photons and neutrons were performed by 
using time of flight and the pulse shape 
analyses methods of the liquid scintillation 

counters with the size of 127mm in diameter 
and 127 mm long. 

The photon maximum energies of 23.1 
MeV and 26.6MeV were employed for the natC 
target experiments with the Nd:YVO4 laser 
(wave length, 1064nm) and 1.14 GeV and 
1.22GeV electrons, respectively. In the 
experiments, a λ/4 wave plate of the laser 
was employed to avoid the polarization effect. 
Figs.2 and 3 show the measurement results 
of neutron spectra for 23.1MeV and 26.6MeV 
photons, respectively. In these figures, H60° 
and H90° means the detector positions at the 
polar angles of 60 and 90 degrees in the 
horizontal plane. V90° means the position at 
the azimuthal angle 90 degrees in vertical 
plane. As shown in figures, the neutrons due 
to photo-nuclear reactions seem to be an 
isotropic distribution over a wide energy 
range.      

 

 
Photo.1 Experimental setup in the hutch 2 of 
BL1 beamline.

 

 
 
Fig.1 Illustration of the setup of experiments. 
V.90°,H60°,H90° means liquid scintillation 
counters which install in horizontal (H60° and 
H90°) and vertical (V90°) planes. PLS means a 
thin plastic scintillation counter.  

 
Fig.2 Neutron spectra due to natC(γ,n) 
reaction with 23.1 MeV photons. Red lines 
indicate the maximum neutron energy of 
these reactions for 12C and 13C.

 

 
Fig.3 Neutron spectra due to natC(γ,n) 
reaction with 26.6 MeV photons. Lines and 
symbols are same as Fig.2.
 

  In the case of gold target experiments, the 
purpose is to obtain the effect of the neutron 
spectrum due to photon polarization so that 
the gold target was employed with the 
electron energy of 982.4MeV and 16.95MeV 
of maximum LCS photon energy. The reasons 
are that the cross section of the gold for 
photo-nuclear reaction is large and the 
electron energy of 982.4MeV is easier to 
operate the single bunch mode and top-up. 
Fig.4 shows the energy dependence of the 
emitted neutrons due to linearly and 
circularly polarized photons. In this figure, 
the vertical axis shows the ratio of the 
neutrons in the lateral direction of 0 and 90 
degrees of azimuthal angle due to linearly or 
circularly polarized photons. The linear 
polarization of the LCS photons was set at 
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Introduction 
To construct the high-energy electron 

machines, one of the crucial issues is the 
radiation protection such as the estimation of 
leakage dose distribution and induced 
activities. Sometimes, the design of the 
radiation shielding restricts the machine 
designs.  To investigate the physical 
phenomena of neutrons due to photo-nuclear 
reaction is important because of insufficient 
experimental data in addition to its strong 
attenuation and the cause to activate the 
components. The double differential cross 
section data that fully describe energy and 
angle of the emitted neutrons are required to 
design and estimate the shielding and 
leakage dose distributions. However, there 
are few experimental data of the double 
differential cross section until now. In 
addition, the azimuthal angle dependence of 
emitted neutrons due to polarized photons 
was reported experimentally [1]. The 
dependence on the photon polarization for 
the neutron due to photo-nuclear reaction 
will be more important. For example, at the 
International Linear Collider (ILC), 
experiments with the polarized electron and 
positron beam of 250 GeV will be performed 
and the polarized photons are produced by 
the polarized electron with undulator [2] so 
that the shielding design of the ILC facility 
should consider the influence of the polarized 

photons.  
A linearly and circularly polarized Laser 

Compton Scattering (LCS) γ-ray beams with 
quasi-monochromatic energy up to 76 MeV 
are available at NewSUBARU-BL01 [3], [4]. 
To investigate the double differential cross 
section of neutron production due to 
photo-nuclear reaction systematically for 
giant dipole resonance (GDR) and 
quasi-deuteron disintegration (QDD) region, 
we have measured the neutron spectra at the 
several directions from the photonuclear 
reaction with the linearly and circularly 
polarized photon using liquid scintillation 
counters with gold and graphite 
targets[5],[6].   
 
Experiments and Results 
 Experimental set-up is shown in Photo.1 
and Fig.1. Two collimators, one is 6mm 
diameter in upwards and the other is 4mm in 
downwards, were employed to define the LCS 
γ-ray spectra for the natC target experiments, 
and 3mm and 2mm diameters for the gold 
target experiments. The intensities of LCS 
photon were measured by GSO scintillation 
counters and monitored by thin plastic 
scintillation counter (PLS). The separation of 
photons and neutrons were performed by 
using time of flight and the pulse shape 
analyses methods of the liquid scintillation 

counters with the size of 127mm in diameter 
and 127 mm long. 

The photon maximum energies of 23.1 
MeV and 26.6MeV were employed for the natC 
target experiments with the Nd:YVO4 laser 
(wave length, 1064nm) and 1.14 GeV and 
1.22GeV electrons, respectively. In the 
experiments, a λ/4 wave plate of the laser 
was employed to avoid the polarization effect. 
Figs.2 and 3 show the measurement results 
of neutron spectra for 23.1MeV and 26.6MeV 
photons, respectively. In these figures, H60° 
and H90° means the detector positions at the 
polar angles of 60 and 90 degrees in the 
horizontal plane. V90° means the position at 
the azimuthal angle 90 degrees in vertical 
plane. As shown in figures, the neutrons due 
to photo-nuclear reactions seem to be an 
isotropic distribution over a wide energy 
range.      

 

 
Photo.1 Experimental setup in the hutch 2 of 
BL1 beamline.

 

 
 
Fig.1 Illustration of the setup of experiments. 
V.90°,H60°,H90° means liquid scintillation 
counters which install in horizontal (H60° and 
H90°) and vertical (V90°) planes. PLS means a 
thin plastic scintillation counter.  

 
Fig.2 Neutron spectra due to natC(γ,n) 
reaction with 23.1 MeV photons. Red lines 
indicate the maximum neutron energy of 
these reactions for 12C and 13C.

 

 
Fig.3 Neutron spectra due to natC(γ,n) 
reaction with 26.6 MeV photons. Lines and 
symbols are same as Fig.2.
 

  In the case of gold target experiments, the 
purpose is to obtain the effect of the neutron 
spectrum due to photon polarization so that 
the gold target was employed with the 
electron energy of 982.4MeV and 16.95MeV 
of maximum LCS photon energy. The reasons 
are that the cross section of the gold for 
photo-nuclear reaction is large and the 
electron energy of 982.4MeV is easier to 
operate the single bunch mode and top-up. 
Fig.4 shows the energy dependence of the 
emitted neutrons due to linearly and 
circularly polarized photons. In this figure, 
the vertical axis shows the ratio of the 
neutrons in the lateral direction of 0 and 90 
degrees of azimuthal angle due to linearly or 
circularly polarized photons. The linear 
polarization of the LCS photons was set at 
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the azimuthal angle of 90 degrees (the V90° 
direction).  The results show that the ratio 
increases with neutron energy for the 
linearly polarized photons. On the other 
hand, the ratio is approximately constant for 
the circularly polarized photons. Figure 5 
shows the ratio of the neutron yields for the 
linearly polarized photons to that for the 
circularly polarized photons. For the V90° 
direction, the ratio is almost constant in 
whole neutron energy. It indicates that there 
is no energy dependence on an influence of 
the polarization for the same direction as the 
linear polarization. For the H60° and H90° 
directions that are the right angle to the 
direction of the linear polarization, the ratios 
decrease with increasing emitted neutron 
energy. 
         

 
Fig.4 Energy dependence on the photon 
polarization for the emitted neutron due to 
photo-nuclear reaction. (The ratio of the neutron 
yields for the V90° direction to those for the 
H90°.)  

 
Conclusions 
  To investigate the double differential 
cross section of neutron emission due to 
photo-nuclear reaction, we measured the 
neutron spectra generated from the 
natural graphite and gold targets due to 
the photo-nuclear reaction by the 
polarized laser Compton scattering 
photon beams of 23.1 MeV, 26.6MeV, and 
16.95MeV with the time-of flight and the 
pulse shape analysis methods at 
NewSUBARU-BL01 beamline. As the 
results, the emitted neutron spectra 
without polarization effect show almost 
isotropic distribution, and the neutron 
yield, which is set at the same direction as 
the photon linear polarization, is higher 
than the yields of the other directions. The 

difference on the neutron yields increases 
with neutron energy. There is no influence 
of the polarization on the neutron energy 
spectrum for the same direction as the 
linear polarization. The right angle to the 
direction of the linear polarization, the 
neutron yield decreases with increasing 
neutron energy. The results clearly point 
out that the difference in neutron yield 
and the dependence on the neutron 
energy should be taken into account for 
shielding design of the facility with the 
polarized photons. However the 
experimental data of double differential 
cross section with photon polarization 
effect are quite insufficient so that the 
same experiments with different material 
targets and different photon energy, 
especially higher energies should be 
performed continuously.         
 

 
Fig.5 Energy dependence on the photon 
polarization for the emitted neutron due to 
photo-nuclear reaction. (The ratio of the neutron 
yields at each direction for the linearly to that for 
the circularly polarized photons.)
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Photoneutron Reactions in Nucleosynthesis 
Hiroaki Utsunomiya	

Department of Physics, Konan University, Kobe, Japan	

Abstract 
The development of laser Compton scattering γ-ray beams has highlighted the role of 
photoneutron reactions in the p-process, s-process, and applications to light nuclei in 
nucleosynthesis. Among (γ, n), (γ, p) and (γ, α) photo-reactions and (p, γ) capture reactions 
complemented by β-transformations, neutron removal reactions play a major role in the p-process 
nucleosynthesis. 

The development of laser Compton scattering γ-
ray beams has highlighted the role of photo-neutron 
reactions in the p-process, s-process, and 
applications to light nuclei in nucleosynthesis. 
Among (γ, n), (γ, p) and (γ, α) photo-reactions and 
(p, γ) capture reactions complemented by β-
transformations, neutron removal reactions play a 
major role in the p-process nucleosynthesis [1].  

The methodology called the γ-ray strength 
function method [2] has been devised to study 
radiative neutron capture cross sections for unstable 
nuclei at the s-process branch-point based on a 
unfied understanding of (n, γ) and (γ, n) cross 
sections. This method has been applied to 17 
elements (Se, Ge, Mo, Zr, Pd, Sn, La, Pr, Nd, Sm, 
Dy, Ta, W, Re, Os, Au, Pb) and 51 isotopes 
including the application in the rare-earth region 
[3,4]. Radiative capture reactions on light nuclei are 
also studied by photonuclear reactions based on the 
reciprocity theorem. Recently, photodisintegration 
of 9Be was re-examined in the context of explosive 
nucleosynthesis of 9Be through α+ α ⇄ 8Be(n, 
γ)9Be [5]. The role of photonuclear reactions in 
nucleosynthsis will be strengthened in the ELI-NP 
which is under construction in Bucharest-Măgurele. 
I review the latest experimental developments of 
photoneutron reactions in nucleosynthesis and give 
future prospect of the field.  
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Figure 1. Measured photoneutron cross section of 
Sm isotopes, (a) 144Sm, (b) 147Sm, (c) 148Sm, (d) 
149Sm, (e) 150Sm, (f) 152Sm, (g) 154Sm. Red points 
are present data. Comparison between the present 
cross sections and previously measured ones [6]. 
Also included are the predictions from Skyrme 
HFB+QRPA (based on the BSk7 interaction) and 
axially deformed Gogny HFB+QRPA models 
(based on the D1M interaction)[3].

(b)

(c)

(d)

(e)

(f)

(g)

Figure 2. The present 9Be(γ,n) cross section (■) in 
comparison with the existing data.
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Total and partial photoneutron cross section measurements by 
direct neutron-multiplicity sorting 

Hiroaki Utsunomiya, the Phoenix* Collaboration	
Department of Physics, Konan University, Kobe, Japan	

Abstract 
I coordinate the Phoenix Collaboration for the IAEA(International Atomic Energy Agency)-
CRP(Cordinated Research Program) F41032 to provide new data of total and partial (γ, xn) cross 
sections with x=1-3 for 11 nuclides for updating the photonuclear data library in collaboration with 
the Skobeltsyn Institute of Nuclear Physics of the Lomonosov Moscow State University and the 
Extreme Light Infrastructure-Nuclear Physics (ELI-NP) and new data of (γ, n) cross sections for 
18 nuclides for generating a reference database for photon strength functions (PSF) in 
collaboration with the University of Oslo. (*Photoexcitation and neutron emission cross (x) 
sections.) 

I coordinate the Phoenix Collaboration for the 
IAEA-CRP F41032. The Phoenix Collaboration 
Team is as Figure 1. The purposes of this research 
project are to provide :  

1) new data of total and partial (γ, xn) cross 
sections with x=1-3 for 11 nuclides from 209Bi to 
9Be for updating the photonuclear data library in 
collaboration with the Skobeltsyn Institute of 
Nuclear Physics of the Lomonosov Moscow State 
University and the Extreme Light Infrastructure-
Nuclear Physics (ELI-NP) and  

2) new data of (γ, n) cross sections for 18 
nuclides from 205Tl to 58Ni for generating a 
reference database for photon strength functions 
(PSF) in collaboration with the University of Oslo.  

The main purpose of the Phoenix Collaboration 
is to resolve the long-standing problem of the 

discrepancy between the Livermore and Saclay 
data of total and partial photoneutron cross sections 
and provide PSF data twofold, in the context of a 
unified understanding of (γ, n) and (n, γ) cross 
sections over isotopic chains with the γ-ray strength 
function method and a construction of the PSF by 
combining the (γ, n) data and the data obtained 
with the Oslo method.  

The experiments will be performed at the 
NewSUBARU synchrotron radiation facility 
(Figure 2) using quasi-monochromatic γ-ray beams 
produced in the inverse Compton scattering of 
1064nm and 532nm laser photons with relativistic 
electrons. The (γ, xn) data will be taken with the 
flat-efficiency neutron detector (Figure 3.) recently 
developed for direct neutron-multiplicity sorting, 
while the (γ, n) data with the high-efficiency 
neutron detector as long performed in the past. 

The Konan, MSU, ELI-NP, and Oslo teams are 

Figure １. Teams and members of Phoenix Collaboration.

NewSUBARU facility 
S.Miyamoto, S.Amano

Kyoto University 
H.Ohgaki

JAEA 
F.Kitatani, O.Iwamoto, 

N.Iwamoto

Konan University 
H.Utsunomiya, 

S.Katayama

University of Oslo 
S.Siem, A.-C.Larsen 

G.Tveten, T.Renstrøm

Production of γ-ray 
beams, Laser system

(γ, xn) cross section 
169Tm, 165Ho, 159Co

γ-ray beams monitoring

Photo activation 
CCONE data evaluation

(γ, xn) cross section 
192Os, 185Re, 184W, 183W, 

182W, 68Zn, 66Zn, 64Zn

γ-ray strength function 
TALYS data evaluation

(γ, xn) cross section 
197Au, 181Ta, 139La 

(γ, n) cross section 
160Gd, 158Gd, 157Gd, 

156Gd, 64Ni, 60Ni, 58Ni

ELI-NP 
D.Filipescu 
I.Gheorghe

(γ, xn) cross section 
103Rh, 89Y, 59Co

ULB 
S.Goriely

Moscow State University 
S.Belyshev, A.Kuznetsov, 

K.Stopani
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assigned their own (γ, xn) and (γ, n) data as 
follows. 

1. (γ, xn) data with x=1-3 for 11 nuclei for updating 
the photonuclear data library 

 -The Konan team: 197Au, 181Ta, 139La, 9Be 
 -The ELI-NP team: 209Bi, 169Tm, 165Ho, 159Tb 
 -The MSU team: 103Rh, 89Y, 59Co 

2.  (γ, n) data for 18 nuclei for generating a 
reference database for photon strength functions 

 -The Konan team: 160Gd, 158Gd, 157Gd, 156Gd, 
64Ni, 60Ni, 58Ni 

 -The Oslo team: 205Tl, 203Tl, 192Os, 185Re, 184W, 
183W, 182W, 89Y, 68Zn, 66Zn, 64Zn 

 

Figure 2. The beam-line BL01 for γ-ray production and the experimental hutch GACKO at 
NewSUBARU.

Figure 3. The newly developed flat 
efficiency neutron detector system. (a) 
Photograph outside. (b)Layout of the 3He 
detector in the polyethylene moderator. 
(c)The calculated neutron detection 
efficiency of three 3He detector rings as a 
function of the neutron energy.

(a)

(b)

(c)
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First characterization of a time projection chamber as a 
high-performance gamma-ray pair-creation telescope and 

polarimeter 
Denis Bernard 

LLR, Ecole Polytechnique & CNRS/IN2P3, France  

Abstract 
We have exposed a time projection chamber (TPC) to the polarized gamma-ray beam 

provided by the BL01 laser Compton scattering (LCS) beam line at NewSUBARU. More than 
60 million gamma-to-e+e−-pair conversion events were taken in the gamma-energy range 1.7 
– 74 MeV. Preliminary results of the on-going analysis of these data show the excellent 
behavior of the detector despite the high particle flux and for the first time we demonstrate 
high-performance polarimetry, in the MeV-GeV energy range, with a space-compatible 
technique such as a TPC.  

Several classes of cosmic sources such as active 
galactic nuclei (AGN), pulsars and gamma-ray 
bursts (GRB) produce huge flows of gamma rays. 
These high-energy photons are produced by non-
thermal processes such as synchrotron radiation and 
inverse Compton scattering, and provide insight to 
enable us to understand the structure of these 
sources and the emission mechanisms at work.  

In the 0.01 – 1 MeV energy range, Compton 
tele- scopes are extremely efficient. In the 0.1 – 
1000 GeV energy range, past and present pair-
creation telescopes are extremely efficient. In 
between lies a “sensitivity gap”, namely the energy 
range 1 – 100 MeV, in which very few high-
sensitivity observations of gamma-ray emitting 
cosmic sources are available. On the “pair side”, 
performance degrades strongly at low energy 
because the angular resolution is extremely low be- 
cause of the multiple scattering of the pair electrons 
in the converter material (most often tungsten 
slabs): Even though the pair-creation threshold is at 
1 MeV, the Fermi-LAT Collaboration, for example, 
has barely published any observation below 100 
MeV.  

Most radiation mechanisms mentioned above 
produce linearly polarized γ-rays, to some extent, 
while phenomena such as magnetic field turbulence 
tend to dilute the polarization of the overall 
radiation emit- ted by a given source. In contrast to 
these radiative emission mechanisms, hadronic 
interactions of baryonic high-energy cosmic rays 
(protons or ions) with matter at rest produce non-
polarized photons via spin-0 π0 decay.  

The measurement of the linear polarization 
(fraction and angle) of the emission, which is such 
a powerful tool for understanding the mechanisms 
at work in cosmic sources at low energies (from 
radio to X-rays) has never been performed above 1 

MeV: Compton polarimeters become ineffective at 
high energies not only because the cross section is 
decreasing but because the polarization asymmetry 
falls as 1/E [1]. For pair tele- scopes, again it’s 
multiple scattering that ruins the azimuthal 
information carried by the pair as soon as a few 

milli-radiation lengths (10−3 X0) away from the con- 
version point [2].  

Figure 1. 3D CAD drawing of the HARPO 
detector.  

The aim of the present work is to demonstrate 
the potential of a low-density (gas), homogeneous 
detector for high-performance (angular resolution 
and sensitivity) gamma-ray astronomy [3] and 
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Abstract

We have exposed a time projection chamber (TPC) to the polarized gamma-ray beam provided by the
BL01 laser Compton scattering (LCS) beam line at NewSUBARU. More than 60 million gamma-to-e+e

−-pair
conversion events were taken in the gamma-energy range 1.7 – 74 MeV. Preliminary results of the on-going
analysis of these data show the excellent behavior of the detector despite the high particle flux and for the first
time we demonstrate high-performance polarimetry, in the MeV-GeV energy range, with a space-compatible
technique such as a TPC.

Several classes of cosmic sources such as active
galactic nuclei (AGN), pulsars and gamma-ray bursts
(GRB) produce huge flows of gamma rays. These
high-energy photons are produced by non-thermal
processes such as synchrotron radiation and inverse
Compton scattering, and provide insight to enable us
to understand the structure of these sources and the
emission mechanisms at work.

In the 0.01 – 1 MeV energy range, Compton tele-
scopes are extremely efficient. In the 0.1 – 1000 GeV
energy range, past and present pair-creation telescopes
are extremely efficient. In between lies a “sensitivity
gap”, namely the energy range 1 – 100 MeV, in which
very few high-sensitivity observations of gamma-ray
emitting cosmic sources are available. On the “pair
side”, performance degrades strongly at low energy
because the angular resolution is extremely low be-
cause of the multiple scattering of the pair electrons
in the converter material (most often tungsten slabs):
Even though the pair-creation threshold is at 1 MeV,
the Fermi-LAT Collaboration, for example, has barely
published any observation below 100 MeV.

Most radiation mechanisms mentioned above pro-
duce linearly polarized g-rays, to some extent, while
phenomena such as magnetic field turbulence tend to
dilute the polarization of the overall radiation emit-
ted by a given source. In contrast to these radiative
emission mechanisms, hadronic interactions of bary-
onic high-energy cosmic rays (protons or ions) with
matter at rest produce non-polarized photons via spin-
0 p0 decay.

The measurement of the linear polarization (fraction
and angle) of the emission, which is such a power-

ful tool for understanding the mechanisms at work in
cosmic sources at low energies (from radio to X-rays)
has never been performed above 1 MeV: Compton po-
larimeters become ineffective at high energies not only
because the cross section is decreasing but because the
polarization asymmetry falls as 1/E [1]. For pair tele-
scopes, again it’s multiple scattering that ruins the az-
imutal information carried by the pair as soon as a few
milli-radiation lengths (10−3

X0) away from the con-
version point [2].

Figure 1: 3D CAD drawing of the HARPO detector.

The aim of the present work is to demonstrate the
potential of a low-density (gas), homogeneous detec-
tor for high-performance (angular resolution and sen-
sitivity) gamma-ray astronomy [3] and polarimetry [4]
in the MeV-GeV energy range, using nuclear1 conver-
sions to pairs, g Z ! e

+
e

−
Z.

1In principle the analysis of the recoil electron azimutal angle
distribution for triplet conversion events (ge

− ! e

+
e

−
e

−) should

1

1In principle the analysis of the recoil electron 
azimuthal angle distribution for triplet conversion 
events (γe− → e+e−e−) should enable us to perform 
polarimetry too [5]. In practice though, the cross 
section for a large enough recoil electron 
momentum is much too small to perform a 
measurement on a cosmic source [3, 4].
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polarimetry [4] in the MeV-GeV energy range, 
using nuclear1 conversions to pairs, γ Z → e+e−Z. 

A TPC [6, 7] is a volume filled with matter, here 
an argon-based gas, immersed in an electric field, 
here homogeneous. After a high-energy “event” has 
taken place in the gas, for us γ → e+e−, the two 
leptons ionize the gas on their path and exit the 
detector2 The ionization electrons drift (opposite to) 
along the electric field and are collected on the TPC 
“endplate” anode. We have segmented the endplate 
into two series of orthogonal strips, the charge 
collected by each providing two projections on the 
x and y “transverse” directions, respectively, of the 
signal that is arriving at the end- plate at a given 
time t. The measurement of the drift duration t − t0, 
where t0 is the event time, provides the 
measurement of the third “longitudinal” coordinate, 
z. During most of the data taking at NewSUB- 
ARU we used an argon-isobutane 95-5% mixture at 
a pressure of ≈ 2.1 bar. The presence of a small 
amount of multi-atomic molecules limits the 
“heating” of the electrons by their multiple 
collisions during the drift and therefore decreases 
the value of the diffusion co- efficient down to 
about 0.03 cm/√cm. Figure 1 shows the layout of 
the HARPO detector [11].  

The data taking took place in November 2014. γ-
rays were produced by laser Compton scattering 
(LCS) of a laser beam on the high-energy (GeV) 
electrons stored in the NewSUBARU storage ring 
[12, 13]. Tuning the electron energy in the range 0.6 
– 1.5 GeV and using lasers with various 
wavelengths (Nd:YVO4 1ω and 2ω, CO2 and 
Erbium), we were able to vary the Compton-edge γ 
-energy from 1.7 to 74 MeV.  

Monochromaticity was obtained by collimating 
the γ beam on axis. In that case, the polarization 
(fraction and direction) of the laser beam is 
transferred to the γ-beam. We took most of the data 
with fully polarized beams (P ≈ 1). Part of the data 
was also taken with an unpolarized beam (P ≈ 0, 
which means here random linear polarization), so 
as to better control the possible systematic bias 
induced by the fact that the detector is not 
cylindrically symmetric: indeed the x, y, z structure 
of the detector was found to induce such biases. 
Figure 2 shows the layout of the experimental 
setup.  

The weak point of TPCs is that they generate a 
huge flow of information that is incident on the 
digitizing electronics, in our case 2 × 288 charges 
to be dealt with every 30 ns, with the consequence 
that, with a storage depth of 511 time bins, the 
duration of the digitization of an event can be as 
long as 1.7 ms. Therefore, to cope with the huge 
rate of background noise mainly due to tracks from 
γ-ray conversions upstream of the detector or of the 
detector gas, we have designed and used a 
sophisticated trigger system that allowed us to 
reject background by more than two orders of 
magnitude while the overall trigger efficiency on 
the signal (i.e. γ conversions to pairs in the TPC 
gas) was kept larger than 50 % [14].  

Figure 3 shows a sample of events. The analysis 
of the data is well advanced [15]. Figure 4, for ex- 
ample, shows the distribution of the azimuthal 
angle, ω , of nuclear conversions at a γ energy of 
11.8 MeV. The ratio of the P ≈ 1 and P ≈ 0 
distr ibution enables an almost complete 
cancellation of the systematic biases. A (1 + 
Acos[2(ω − ωp)]) fit of this distribution yields a 
value of the polarization asymmetry of A = 7.4 ± 
0.6%,that is lower than the value of 17% predicted 
by QED at that energy [4]. Monte Carlo simulations 
show that this dilution of the asymmetry is 

2Time projection chambers are considered also 
for Compton telescopes [8] and photoelectric 
telescopes [9, 10].

Figure 2: Layout of the HARPO detector in the GACKO experimental hutch on the BL01 beam line.

A TPC [6, 7] is a volume filled with matter, here
an argon-based gas, immersed in an electric field, here
homogeneous. After a high-energy “event” has taken
place in the gas, for us g ! e

+
e

−, the two leptons ion-
ize the gas on their path and exit the detector2 The ion-
ization electrons drift (opposite to) along the electric
field and are collected on the TPC “endplate” anode.
We have segmented the endplate into two series of or-
thogonal strips, the charge collected by each providing
two projections on the x and y “transverse” directions,
respectively, of the signal that is arriving at the end-
plate at a given time t. The measurement of the drift
duration t − t0, where t0 is the event time, provides
the measurement of the third “longitudinal” coordi-
nate, z. During most of the datataking at NewSUB-
ARU we used an argon-isobutane 95-5% mixture at a
pressure of ⇡ 2.1bar. The presence of a small amount
of multi-atomic molecules limits the “heating” of the
electrons by their multiple collisions during the drift
and therefore decreases the value of the diffusion co-
efficient down to about 0.03cm/

p
cm. Figure 1 shows

the layout of the HARPO detector [11].

The data taking took place in November 2014.
g-rays were produced by laser Compton scattering
(LCS) of a laser beam on the high-energy (GeV) elec-
trons stored in the NewSUBARU storage ring [12, 13].
Tuning the electron energy in the range 0.6 – 1.5 GeV
and using lasers with various wavelenths (Nd:YVO4
1w and 2w , CO2 and Erbium), we were able to vary
the Compton-edge g-energy from 1.7 to 74 MeV.

Monochromaticity was obtained by collimating the
g beam on axis. In that case, the polarization (fraction

enable us to perform polarimetry too [5]. In practice though, the
cross section for a large enough recoil electron momentum is much
too small to perform a measurement on a cosmic source [3, 4].

2Time projection chambers are considered also for Compton
telescopes [8] and photoelectric telescopes [9, 10].

and direction) of the laser beam is transferred to the
g-beam. We took most of the data with fully polarized
beams (P ⇡ 1). Part of the data was also taken with an
unpolarized beam (P ⇡ 0, which means here random
linear polarization), so as to better control the possible
systematic bias induced by the fact that the detector is
not cylindrically symmetric: indeed the x,y,z structure
of the detector was found to induce such biases. Figure
2 shows the layout of the experimental setup.

The weak point of TPCs is that they generate a huge
flow of information that is incident on the digitizing
electronics, in our case 2⇥288 charges to be dealt with
every 30 ns, with the consequence that, with a storage
depth of 511 time bins, the duration of the digitization
of an event can be as long as 1.7 ms. Therefore, to
cope with the huge rate of background noise mainly
due to tracks from g-ray conversions upstream of the
detector or of the detector gas, we have designed and
used a sophisticated trigger system that allowed us to
reject background by more than two orders of magni-
tude while the overall trigger efficiency on the signal
(ie. g conversions to pairs in the TPC gas) was kept
larger than 50 % [14].

Figure 3 shows a sample of events. The analysis
of the data is well advanced [15]. Figure 4, for ex-
ample, shows the distribution of the azimutal angle,
w , of nuclear conversions at a g energy of 11.8 MeV.
The ratio of the P ⇡ 1 and P ⇡ 0 distribution enables
an almost complete cancellation of the systematic bi-
ases. A (1 + Acos[2(w − w

p

)]) fit of this distribu-
tion yields a value of the polarization asymmetry of
A = 7.4± 0.6%, that is lower than the value of 17%
predicted by QED at that energy [4]. Monte Carlo
simulations show that this dilution of the asymmetry is
compatible with that induced by the single-track reso-
lution at that energy [15].

2

Figure 2. Layout of the HARPO detector in the GACKO experimental hutch on the BL01 beam 
line.
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compatible with that induced by the single-track 
resolution at that energy [15].  

This work is funded by the French National Re- 
search Agency (ANR-13-BS05-0002) and was per- 
formed by using NewSUBARU-GACKO (Gamma 
Collaboration Hutch of Konan University). It 
involved contributions from members of Irfu CEA-
Saclay and of LLR Ecole Polytechnique & CNRS/
IN2P3 (France), and of JASRI/SPring8 and of 
LASTI University of Hyogo (Japan).  

On behalf of the French groups of the project, 
“the detector team”, I would like to express my 
warmest gratitude to our Japanese colleagues, “the 
beam team”, without the dedication, the 
effectiveness and the efficiency of whom we 
couldn’t have achieved such a successful data-
taking and collected such excellent quality data. I 
a m c o n v i n c e d t h a t t h e r e s u l t s o f t h i s 
characterization of such a high-performance MeV- 
GeV γ-ray telescope and polarimeter will set 
ground to the use of TPCs on board a future space 
mission.  
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Figure 4: The ratio of the P ⇡ 1 and P ⇡ 0 azimutal
distributions of 11.8 MeV g conversion to e

+
e

− pairs
in 2.1 bar argon-isobutane 95:5 gas.
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Figure 3: Four examples of g rays provided by the BL01 NewSUBARU beam line, converting to an e

+
e

− pair
into the 2.1 bar argon-isobutane gas mixture of the HARPO detector. For each event, the (x, t) and (y, t) signal
“maps” are shown. The vertical lines at the ⇡ 90 and ⇡ 410 time bins show the event time t0 and the arrival
time of the electrons that were produced very close to the cathode and had to drift over the full 30 cm of gas,
respectively. All four events show a conversion point located at > 90 time bin, which means that the conversion
indeed took place in the gas, not in the solid material upstream of it. The 18.5 MeV event is a typical “nuclear”
conversion, that is g Z ! e

+
e

−
Z. The 33.3 MeV event is a triplet conversion, that is ge

− ! e

+
e

−
e

−, where
the large-polar-angle low-energy “recoiling” electron is clearly visible; the two leptons of the pair are seen to
overlap in the (y, t) map. The 74 MeV event shows a clear indication of the momentum carried away by the
unobserved recoiling nucleus as the two leptons are directed downwards in the (x, t) map, while the incident
photon was directed horizontally, coming from the “left”. The 11.8 MeV event shows a strong localized energy
deposit on the “upper leg”, due to a low-energy d -ray.
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Figure 3: Four examples of g rays provided by the BL01 NewSUBARU beam line, converting to an e

+
e

− pair
into the 2.1 bar argon-isobutane gas mixture of the HARPO detector. For each event, the (x, t) and (y, t) signal
“maps” are shown. The vertical lines at the ⇡ 90 and ⇡ 410 time bins show the event time t0 and the arrival
time of the electrons that were produced very close to the cathode and had to drift over the full 30 cm of gas,
respectively. All four events show a conversion point located at > 90 time bin, which means that the conversion
indeed took place in the gas, not in the solid material upstream of it. The 18.5 MeV event is a typical “nuclear”
conversion, that is g Z ! e

+
e

−
Z. The 33.3 MeV event is a triplet conversion, that is ge

− ! e

+
e

−
e

−, where
the large-polar-angle low-energy “recoiling” electron is clearly visible; the two leptons of the pair are seen to
overlap in the (y, t) map. The 74 MeV event shows a clear indication of the momentum carried away by the
unobserved recoiling nucleus as the two leptons are directed downwards in the (x, t) map, while the incident
photon was directed horizontally, coming from the “left”. The 11.8 MeV event shows a strong localized energy
deposit on the “upper leg”, due to a low-energy d -ray.
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Figure 3. Four examples of γ rays provided by the BL01 NewSUBARU beam line, converting to an e
+e− pair into the 2.1bar argon-isobutane gas mixture of the HARPO detector. For each event, the (x, 
t) and (y, t) signal “maps” are shown. The vertical lines at the ≈ 90 and ≈ 410 time bins show the 
event time t0 and the arrival time of the electrons that were produced very close to the cathode and 
had to drift over the full 30 cm of gas, respectively. All four events show a conversion point located at 
> 90 time bin, which means that the conversion indeed took place in the gas, not in the solid material 
upstream of it. The 18.5 MeV event is a typical “nuclear” conversion, that is γ Z → e+e−Z. The 33.3 
MeV event is a triplet conversion, that is γe− → e+e−e−, where the large-polar-angle low-energy 
“recoiling” electron is clearly visible; the two leptons of the pair are seen to overlap in the (y,t) map. 
The 74 MeV event shows a clear indication of the momentum carried away by the unobserved 
recoiling nucleus as the two leptons are directed downwards in the (x,t) map, while the incident 
photon was directed horizontally, coming from the “left”. The 11.8 MeV event shows a strong 
localized energy deposit on the “upper leg”, due to a low-energy δ -ray.
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Abstract 

Electromagnetic dipole transitions in 52Cr were measured via nuclear resonance fluorescence with a 
linearly polarized photon beam generated by laser Compton scattering between laser light and high 
energy electrons. More than 40 transitions were observed at excitation energy between 7.5 and 12 
MeV in 52Cr. Parity quantum numbers of the excited states were determined by comparison of 
azimuthal intensity asymmetry of scattered  rays with respect to the polarization plane of the 
incident photon beam. Strength distribution of the dipole transitions was obtained from the measured 
intensity of the scattered  rays. A total ground state decay width of 35.6(1.1) eV was obtained at 
energy region between 7.5 and 12 MeV. 

 
Introduction 

Electric dipole (E1) and magnetic dipole (M1) 
excitations at low excitation energy are 
fundamental excitation modes of atomic nuclei. 
The observation of the E1 and M1 transitions 
provides information on the collective and single-
particle motion such as pygmy E1 resonance 
(PDR) [1] and spin-flip M1 resonance [2]. For 
example, the M1 resonance is related to the spin 
dependent part of the nuclear excitation [3].  

Nuclei in the vicinity of the closed � � � �
28  shells such as chromium, iron, and nickel 
exhibit one of the most favorable regions for 
observing both the E1 and M1 transitions at low 
excitation energy. However, it is difficult to 
distinguish E1 and M1 transitions in nuclear 
resonance fluorescence (NRF) measurements 
with unpolarized photon beam such as 
bremsstrahlung radiation, since both E1 and M1 
transitions have same angular distribution. On the 
other hand, by using a linearly polarized photon 
beam it is possible to determine whether the 
transition type is E1 or M1, since E1 transitions 
have different angular distribution from M1 
transitions with respect to the polarization of the 
incident photon beam. In order to measure the E1 
and M1 strength distribution in 52Cr, we have 
carried NRF measurements with a linearly 
polarized photon beam delivered at 
NewSUBARU. 
 
Experiments and Results 
 A quasi-monoenergetic, linearly polarized 
photon beam was generated in backward 
Compton scattering of laser light with high energy 
electrons circulated in the NewSUBARU electron 
storage ring. A Q-switch Nd:YVO4 laser with a 
wavelength of 1064 nm operated at a frequency of 

20 kHz was used for the incident laser photons. 
The energy of electrons was chosen to be 683, 708, 
731, 756, 792, and 828 MeV to generate quasi-
monoenergetic photon beams with the maximum 
energy of 8.2, 8.8, 9.4, 10, 11, and 12 MeV, 
respectively. A 10 cm thick Pb collimator with a 
3-mm aperture was used to produce a quasi-
monoenergetic photon beam with �� � � ��⁄  . 
The average photon flux was 6.2x105 photons/s 
which was measured by an 8”x10” NaI(Tl) 
scintillation detector. The target was a natural 
chromium with a diameter of 1 cm and a length of 
3cm. Two high-purity Ge detectors with 
efficiencies of 120% and 140% relative to a 3”x3” 
NaI scintillation detector were used to observe 
scattered  rays from the target. The 120% (140%) 
Ge detector was placed horizontally (vertically) at 
a scattering angle  of 90° to measure intensity 
asymmetry of scattered  rays with respect to the 
polarization plane of the incident photon 
beam. The energy distribution of the incident 
photon beam was measured by a 3.5”x4” LaBr3 
detector. A Monte Carlo simulation code EGS-5 
[4] was used to analyze the response of the LaBr3 
detector for extraction of the energy distribution 
of the incident photon beam. 
 Figure 1 shows a typical energy spectrum of 
scattered  rays obtained at polar and azimuthal 
angles of ��, �� � �90°, 0°�  and �90°, 90°� 
from the measurements with the maximum 
photon beam energy of 8.2 MeV. In the upper 
(lower) panel M1 (E1) transitions are shown. 
 The intensity asymmetry of the scattered 
rays with respect to the polarization plane of the 
incident photon beam can be used to deduce 
transition multipolarity, i.e., parity quantum 
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numbers of resonant states. The azimuthal angular 
distribution of dipole transitions is known as 

W�θ,ϕ� � W�θ� � 3
4 �� � cos�θ�cosϕ

where θ is the scattering angle between the 
incoming and scattered photons and  is the 
azimuthal angle defined by the polarization plane 
and the reaction plane. W�θ�  is the angular 
correlation function for unpolarized radiation [5]. 
Here, the minus (plus) sign is for E1 (M1) 
transitions. 
 The analyzing power for parity determination 
is defined by using the azimuthal angular 
distribution of ��90°, 0°� and ��90°, 90°� as 

� � ��90°, 0°� ���90°, 90°�
��90°, 0°� ���90°, 90°� 

The analyzing power equals to ��	  for M1 
transitions and ��  for E1 transitions under the 
100% linear polarization of the incident photon 
beam. On the other hand, the measured intensity 
asymmetry is given by 

� � �∥ � ��
�∥ � �� � �� 

where �∥  (�� ) is the measured intensity of 
scattered  rays detected at θ � 90° in the plane 
parallel (perpendicular) to the polarization plane. 
Here, q is the measurement sensitivity of the 
detection system which is estimated to be 0.8 for 
the present case by using the Monte Carlo 
simulation code. Therefore, the azimuthal 
intensity asymmetry is expected to be +0.8 for M1 
transitions and -0.8 for E1 transitions. Figure 2 
shows the measured intensity asymmetry for the 
scattered  rays. The data are clearly separated on 
the multiporalities (E1 or M1) of the transitions. 
 The energy integrated scattering cross sections 
�� were deduced from the measured intensity of 
the transtions to the ground states. Here, ��	  is 
defined using the partial decay width of the 
ground state transition as 

�� � �� � �
��� � � �

���
� �

� Γ��
Γ  

where �, E, and  are the spin, energy, and total 
decay width of the excited state, respectively, and 
�� is the spin of the groud state. From the present 
measurement, a total ground state decay width of 

35.6(1.1) eV was obtained at energy region 
between 7.5 and 12 MeV. 

 
 
Figure 1 Typical NRF -ray spectra observed at 
the polar and azimuthal angles of ��, �� �
�90°, 0°�  and �90°, 90°�  are shown in upper 
panel and lower panel, respectively. In addition to 
the NRF  rays, peaks associated with single and 
double escapes are seen. 
 

 
 
Figure 2 Azimuthal intensity asymmetry obtained 
for M1 (closed circle) and E1 (open circles) 
transitions in 52Cr. The experimental sensitivity q 
(=0.8) deduced from the numerical calculation is 
shown with dashed lines. 
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Abstract 
We have measured the azimuthal anisotropy of neutron yields emitted from the 56Fe( n)55Fe reaction 

with a linearly polarized -ray beam generated by laser Compton scattering at the beam line of BL01 in 
NewSUBARU. The neutron yields have been measured as a function of the azimuthal angle φ of the 
linear polarization plane of the  ray beam at the polar angle of 90◦. The azimuthal anisotropy of the neutrons 
measured at �=0◦, 10◦, 25◦, 45◦, 60◦, 70◦, and 90◦ has been well reproduced by a function of a + bcos(2�) 
predicted by Agodi in 1957. 
 
Introduction 

In 1957, Agodi predicted theoretically 
that when a nucleus is excited via dipole 
transitions with linearly polarized -rays, 
the azimuthal angle distribution of 
nucleons emitted from (, n) and (, p)  
reactions at the polar angle =90◦ should 
follow a simple function of a + b cos(2φ), 
where �  is the azimuthal angel [1]. 
Because there was no established method 
to generate 100% linear polarized energy 
tunable -ray beam, Agodi’s prediction has 
not been examined for nuclei in a wide 
mass region. Horikawa et al. have verified 
for the first time this prediction by 
measuring neutrons from Au, I, and Cu [2] 
using linear polarized laser Compton 
scattering -ray beams at BL01 in 
NewSUBARU. However, the azimuthal 
angle distributions were measured only in 
30 degree steps. Unfortunately, since the 
function of cos(2�) has the symmetry 
against �, only a few measured points 
give difference values. Therefore, in this 
study we measure neutron yields from the 
56Fe(polarized , n)55Fe reaction at seven 
angles of �=0◦, 10◦, 25◦, 45◦, 60◦, 70◦, and 
90◦  to verify in further detail the 
azimuthal angle distribution predicted by 
Agodi [3]. 
 
Experiments and Results 

The LCS ray beam was generated by the 
Compton scattering of high energy electrons 
stored in NewSUBARU with laser photons 

provided from a Q-switch Nd:YVO4 laser. The 
maximum energy of the generated photon beam 
was 16.7 MeV, which was determined by the 
electron energy and the laser wavelength. The 
energy of electrons stored in NewSUBARU was 
974 MeV. The wavelength of the laser was 1064 
nm. In contrast, the lowest energy of the LCS 
beam was mainly determined by the collimator 
size. A collimator with a diameter of 3 mm was 
set before the target position. The energy spread 
of the rays is about 3 MeV. The diameter of the 
incident -ray beam was about 3 mm at the target 
position. The storage ring was operated by a 
single bunch mode with a repetition rate of 2.5 
MHz to generate only one -ray pulse by one 
laser pulse. The time widths of the electron bunch 
and the laser pulse were 60 ps and 8 ns, 
respectively. The laser power was 3.8 W and the 
electron current was about 20 mA. The evaluated 
flux of the photons was (1-2)106 photons/s in an 
energy range from 14 MeV to 16.7 MeV.  

Neutrons were generated by the photon-
induced reaction on 56Fe (see Fig. 1). The 
neutrons were measured using the time-of-fight 
(TOF) method. The target was located inside of 
the irradiation room with a concrete shield with a 
thickness of 540 mm. Neutrons were led to the 
outside of the irradiation room through a hole 
with a diameter of 80 mm. The distance between 
the target and the detector was 970 mm. Neutrons 
and photons were measured using a plastic 
scintillator with a size of �50 mm  30 mm with 
a 60-mm diameter photomultiplier. This detector 
was located at the polar angle of =90◦ outside of 
the irradiation room. A 2-mm thickness lead 
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shield was set in front of the detector to absorb 
low photons. However, high energy γ-rays 
scattered from the target were also observed. A 
time-to-amplitude converter (TAC) was used to 
measure the time interval between a start pulse 
from the detector and a stop pulse from the 
electron storage ring. The TAC signals were 
recorded using a multi-channel analyzer (MCA). 
A natural iron target with a size of φ10 mm × 
50 mm was used. Since the isotopic abundance of 
56Fe is 91.7%, we assume that the neutron 
anisotropy from 56Fe is dominated in the 
following discussion. 
 

 
Figure 1 Schematic figure for 
photodisintegration reactions on 56Fe. Excited 
states with low spin states in 56Fe are populated 
by the absorption of a photon, and subsequently 
these excited states decays away to the residual 
nucleus 55Fe by the emission of a neutron. 
 

 
Figure 2 Typical Time-of-Flight spectrum. The 
neutrons and -rays emitted from the iron 
target are clearly separated. 
 

 
 
Figure 3 Neutron yields as a function of the angle 
between the detector and the plain of the linear 
polarization. The dashed line is derived by 2-
fitting. 

The neutron anisotropy was measured by 
changing the angle of the linear polarization 
plane of the incident LCS ray beam at the angles 
of φ=0◦,10◦, 25◦, 45◦, 60◦, 70◦, and 90◦, where 
�=0◦ was defined as the electric wave being in 
the plane of the detector. The linear polarization 
plane angle of the LCS beam was determined by 
measuring the polarization plane angle of the 
laser since the polarization of the laser was 
transferred directly to the LCS -ray. 
   Figure 2 shows a typical TOF spectrum 
measured by the plastic scintillator. A broad peak 
for neutrons and a sharp peak for gamma-rays are 
observed. These two peaks are clearly separated 
by the TOF method. The background originated 
from natural radioactivities and cosmic-rays is 
low compared with the neutron signal. Next, we 

plot a neutron yields as a function of the 
azimuthal angle, ϕ, between the detector and the 
plain of the linear polarization of the incident 
gamma-ray beam. These yields can be 
reproduced well by the function of a + b cos(2ϕ), 
which was predicted by Agodi [3]. 
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Abstract 
The film modification of Si-containing diamond-like carbon (Si-DLC) films by the exposure to 
synchrotron radiation (SR) in the soft X-ray region was studied by near-edge X-ray absorption fine 
structure (NEXAFS) spectroscopy using SR. We found that Si oxidization layer was formed at 
surface of Si-DLC and this oxidization layer was deoxidized by the additional exposure to soft X-
ray. Because of absorption of soft X-ray by Si oxidization layer, the Si oxidization layer protect Si-
DLC films from soft X-ray exposure, and desorption of hydrogen was suppressed. 
  

Introduction 
Diamond-like carbon (DLC) films have various 

useful properties such as high hardness, a low 
friction coefficient, high abrasion quality, a gas 
barrier, chemical inertness and surface lubrication. 
Because of these characteristics, DLC films were 
utilized as coating materials on automobile parts, 
hard disks, artificial blood vessels, edge tools and 
food containers. In addition, DLC films are 
expected to be used in outer space as a lubrication 
instead of oil, which cannot be used in space 
because it freezes in vacuums [1, 2]. But, it has been 
reported that hydrogenated DLC (H-DLC) films 
were caused desorption of hydrogen due to soft X-
ray exposure [3].  

Hetero elements such as Si, Ti and W were 
improved by several properties of DLC films such 
as heat-resisting property, and adhesion. We found 
out that desorption of hydrogen was suppressed in 
the soft X-ray exposure to Si doped DLC films. But 
sp2/(sp2+sp3) ratio of C atom estimated from 
NEXAFS spectra was increased and film volume 
was decreased by soft X-ray exposure. These results 
are same with the results of irradiation experiments 
for none doped H-DLC films. Clarification of the 
effect of soft X-ray exposure on DLC films is 
important to ensure that DLC films are used in outer 
space safely. In this study, we investigated the 
modification of Si-DLC films by soft X-ray 
exposure by the measurement of Si-K edge 
NEXAFS spectra of Si-DLC films. 

Experiments 
500-nm-thick Si-DLC films were deposited on 

Si wafers by using a plasma-enhanced CVD method. 
The content of H, C and Si of Si-DLC films were 
≈40 at.％, ≈40 at.％ and ≈20 at.％ respectively.  
There were estimated from the combination of 
Rutherford backscattering spectrometry (RBS) and 
elastic recoil detection analysis (ERDA) techniques. 

The soft X-ray irradiation of the Si-DLC films 
was carried out at BL06. The SR at the BL06 
irradiation chamber had a continuous spectrum 
from IR to soft X-rays, lower than 1000 eV. This 
include 110 eV and 300 eV, which is the ionization 
energy of a silicon L shell and a carbon K shell, 
respectively. During this experiment, the electron 
energy of NewSUBARU storage ring was 1.0 GeV. 
The BL06 sample stage was room temperature and 
the pressure in the chamber was the order of 10-5 Pa. 
An SR dose [mA･h] was derived from the product 
of the ring current [mA] and exposure time [h].  

Si-K edge NEXAFS spectra were measured by 
total electron yield (TEY) method at BL05A of the 
NewSUBARU. This measurement enabled us to 
know information on the local structure near surface 
of sample. The soft X-ray exposure to sample 
carried out at magic angle (54.7°) with respect to 
the surface of the sample. The measured energy 
range in the experiment was 1810-1890 eV of Si-K 
edge. 
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Result and discussion 
Figure 1 shows Si-K edge NEXAFS spectra of 

Si-DLC films exposed to the soft X-ray, that of the 
Si-DLC film before exposure and that of the SiO2 
powder for comparing the peak of Si-DLC films. 
The peak of 1846.8 eV was appeared at 80 mA･h 
soft X-ray dose. This peak derived from SiO2. This 
result means that Si in Si-DLC films was oxidized 
by soft X-ray exposure under existence of oxygen. 
However, intensity of the peak of 1846.8 eV 
decreased at 1500 mA･h dose. Figure 2 shows Si-K 
edge NEXAFS spectra around 1846.8 eV. The peak 
of 1846.8 eV drastically increased until 800 mA･h 
dose. However, at 1000 mA･h dose (pink line), the 
intensity of peak decreased. Moreover, the intensity 
of peak decreased sharply at 1500 mA･h dose. On 
the other hand, the intensity of the energy range 
about 1843-1846 eV increased. This energy range 
derived from deoxidization of SiO2 [4]. These 
results mean that the Si oxidization layer was 
formed at 200 mA･h dose. It is considered the Si 
was oxidized by residual oxygen at vacuum 
chamber. The formed Si oxidization layer was 
deoxidized by the additional exposure to soft X-ray. It 
is considered that hydrogen in Si-DLC films was 
desorbed by soft X-ray exposure at the dose range of 
0-200 mA ･ h. Beyond 200 mA ･ h, Because of 
absorption of soft X-ray by Si oxidization layer, soft 
X-ray was not reached bulk of Si-DLC, and 
desorption of hydrogen was suppressed. Figure 3 
shows result of dependence of soft X-ray irradiation 
of volume change. Comparing these results with the 
results of volume change, the volume was 
drastically decreased by desorption of hydrogen 
process at the dose range of 0-200 mA･h. Beyond 
200 mA･h, the Si oxidization layer protect Si-DLC 
films from soft X-ray exposure, and desorption of 
hydrogen was suppressed. As a result degree of 
volume decrease was slowly decrease. However the 
Si oxidization layer was deoxidized in the region 
more than 800 mA･h, degree of volume change was 
not changed. It is considered that deoxidization of 
Si oxidization layer is not affected the durability 
against X-ray exposure. Oxidization of Si in Si-
DLC caused by the irradiation of atomic oxygen 
was reported [5]. Thus, it is considered that these 
phenomena can be observed at outer space. 
Therefore, it was found that the Si-DLC films have 
durable against space environment such as soft X-
ray. 

 
Conclusion 

 The film modification of Si-DLC films by the soft 
X-ray exposure was investigated by the measurement 
of Si-K edge NEXAFS spectra. Si oxidization layer 
was formed at surface of Si-DLC films by soft X-ray 
exposure under existence of oxygen. The Si 
oxidization layer was deoxidized by the exposure to 
soft X-ray. In addition, it was founded the Si 
oxidization layer protect Si-DLC films from soft X-ray 
exposure because of soft X-ray was desorbed by the Si 
oxidization layer. Therefore, Si-DLC films have high 
durable against space environment such as soft X-ray 
and atomic oxygen. 
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Figure 1. Si-K edge NEXAFS spectra of 
Si-DLC films before and after soft X-ray 
exposure and SiO2 powder. The blue line 
is 1846.8 eV. 

Figure 2. Si-K edge NEXAFS spectra 
around 1846.8 eV of Si-DLC films before 
and after soft X-ray exposure. 
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Abstract 
Synchrotron radiation process of a hydrogenated diamond-like carbon (H-DLC) film was 
investigated by the exposure of H-DLC films to white soft X-ray lower than 1000 eV. The desorbed 
species from the surface of H-DLC film by irradiation of soft X-ray and its dose dependence were 
measured using quadrupole mass spectrometer. The dose dependency of thickness and density of H-
DLC film were discussed by the measurement of X-ray reflection. The film modification of H-DLC 
film by the SR exposure was confirmed to occur due to the desorption of hydrogen molecule from 
H-DLC film in the dose range of 0 - 200 mA･h. 

 
Introduction 

Diamond-like carbon (DLC) film is 
amorphous carbon film, which contains sp3 
hybridized carbon corresponding to a diamond 
structure and sp2 hybridized carbon 
corresponding to a graphite structure. In addition, 
DLC film usually contains a certain amount of 
hydrogen. The superlubricity of DLC film, along 
its low friction coefficient, high hardness, 
chemical inert, and high wear and corrosion 
resistance, make it one of the most promising 
coatings for applications, such as cutting tools, 
automobile parts, molds, computer hard disks, 
optical devices, food containers, and artificial 
blood vessels. Recently DLC film was 
considered to use as a lubrication material in 
space from its superlubricity. Oils and fats, which 
are used as lubricant materials on the ground, 
cannot be used in outer space, because they 
evaporated and froze in a vacuum. Hydrogenated 
DLC (H-DLC) film with a hydrogen content 
greater than 40 at.% can be expected to use as a 
lubrication material in space because it provides 
ultra-low friction (friction coefficient less than 
0.001), even under vacuum conditions [1,2]. On 
the other hand, in the outer space, environmental 
tolerances unlike ground, such as ultra-high 
vacuum, variation in temperature from a high 
temperature to low temperature, collision with 
ionic particles and neutral atoms, and soft X-ray 
irradiation, are required. It has been considered 
that the DLC film generally had very strong 
tolerance for a soft X-ray [3]. However, our 
group has recently reported that soft X-ray 
exposure on H-DLC films leads to surface 
modification; Soft X-ray irradiation against 
hydrogen-rich DLC films caused desorption of 
hydrogen from film and film volume change [4] 
and rise of hardness [5]. Still, the modification 
processes causing by soft X-ray exposure on H-
DLC films are not yet fully understood. 

In order to use hydrogenated DLC films 

safely in space, it is necessary to clarify the 
influence of soft X-ray on film properties and rate 
of the deterioration of H-DLC film by the soft-X 
ray. In the present work, for the purpose to grasp 
the modification processes by soft X-ray 
exposure on H-DLC films, we measured the 
desorbed species from the surface of H-DLC film 
by irradiation of soft X-ray and its dose 
dependence using quadrupole mass spectrometer 
(QMS). In addition, dose dependences of film 
density and thickness were estimated by the 
measurement of X-ray reflection (XRR).  

 
Material and methods 

H-DLC films were deposited on Si wafers by 
using an amplitude-modulated RF plasma-
enhanced CVD method. (Nippon ITF Co.) This 
method enables the deposition of DLC films 
containing a lot of hydrogen. The desired value 
of film thickness was 200-nm-thick. The 
hydrogen content of H-DLC films was estimated 
to be 50 at.% by using the combination of 
Rutherford backscattering spectrometry (RBS) 
and elastic recoil detection analysis (ERDA) 
techniques [5].  

The SR irradiation of the H-DLC films was 
carried out at BL06 of the NewSUBARU 
synchrotron facility. The experimental apparatus 
at BL06 are described in detail in refs. [6,7]. The 
light source of BL06 was bending magnet. The 
SR extracted from a bending magnet was 
introduced to sample stage as straight light via a 
pair of mirror. The SR at the BL06 sample stage 
had a continuous spectrum from IR to soft X-rays, 
lower than 1 keV. This includes 300 eV, which is 
the ionization energy of a carbon K shell. During 
this experiment, the electron energy of the 
NewSUBARU ring was 1.0 GeV and the ring 
current was 300 mA in the top-up mode. Except 
the detection of desorbed species using 
quadrupole mass spectrometer, the SR was 
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irradiated to a sample surface perpendicularly. 
An SR dose [mA･h] is derived from the product 
of the ring current [mA] and exposure time [h]. 
In the present study, the H-DLC films were 
exposed to soft X-ray in the dose region to 3000 
mA･h. During the exposure of the H-DLC films 
to soft X-ray, the pressure in the irradiation 
chamber was the order of 10-5 Pa and the 
temperature of a sample stage was confirmed to 
be room temperature using a thermocouple. After 
the SR exposure, the modified H-DLC films were 
kept in the dry box. 

 
Result and Discussion 

Dose dependences of the desorbed species 
from H-DLC film surface by the irradiation of 
soft X-ray was measured using a QMS (Anelva 
Co., Q-M400QA-M) equipped at irradiation 
chamber of BL06. A detectable mass range was 
from 1 to 400, and mass resolution, M/ΔM≧2M. 
The QMS was arranged perpendicular to the 
advancing direction of soft X-ray beam. In this 
measurement, an incident soft X-ray beam was 
introduced to a sample at 45 with respect to the 
surface normal. The desorbed species from the 
sample were detected with a QMS arranged at 
45 with respect to the surface normal of the 
sample in the opposite direction of the incident 
beam. Detected signals with QMS were 
considered to include not only desorbed species 
from sample DLC films, but residual gas species 
in the irradiation chamber and substrate Si wafer. 
Therefore, we measured the mass spectrum in the 
SR exposure to Si wafer without the deposition 
of DLC film as back-ground, and we subtracted 
these values from the measured mass spectrum in 
the SR exposure to H-DLC film. Mass spectrum 
just after an SR irradiation start to H-DLC film, 
which was obtained by such treatment described 
above, was showed in Fig. 1. In the mass range 
more than 60, the peak was not observed. 

 

Peaks in Fig. 1 at mass number 18 and 28 were 
ascribable to water molecule and nitrogen molecule, 

respectively. These are back ground species, which 
were not removed by above treatment, and/or 
species, which adhered to the surface of the H-DLC 
film. In tense peak at mass number 2 showed that 
hydrogen molecules and/or hydrogen molecule ions 
were desorbed from the surface of H-DLC film by 
SR exposure. Peak at mass number 1 is due to 
hydrogen ion and/or hydrogen atom, which might 
directly come out of a H-DLC film; and made by 
decoupling of hydrogen molecules in the QMS is 
possible. It is a noteworthy fact that the species that 
carbon coupled with hydrogen, such as CH＋ (mass 
number, 13), CH2

＋  (mass number, 14), C2H2
＋ 

(mass number 26), and etc. were not observed. In 
other words, desorption of carbon, namely, etching 
was very slower than desorption of hydrogen.  
 Next we studied dose dependence of quantity of 
desorbed species. In this experiment, we used 
commercial DLC film deposited with ion plating 
method (Nanotec) for a reference as a representative 
mark of typical DLC film. The hydrogen content of 
ion-plating DLC (IP-DLC) film was 20 % 
estimated by using ERDA/RBS. Fig. 2 showed the 
dose dependence of most intense peak at mass 
number, 2.  

 
 

 
A large quantity of hydrogen is emitted from the H-
DLC film at the same time to start irradiation of soft X-
ray. Quantity of desorbed hydrogen decreased steadily 
with increase of SR dose and became approximately 
constant with a very small value in the dose range more 
than 200 mA･h. On the other hand, desorption of 
hydrogen was hardly observed even if IP-DLC film 
was expose to soft X-ray. That to say, it was confirmed 
that hydrogen was not desorbed in the exposure of the 
DLC film with the hydrogen content less than a certain 
value. From these results, H-DLC film can be modified 
due to desorption of hydrogen by the soft X-ray 
exposure, while IP-DLC film has high tolerance against 
soft X-ray. 

We performed the measurement of the X-ray 
reflection (XRR) to obtain a film thickness and 
density of the H-DLC film. The X-ray reflection was 
measured with XRR apparatus (Mac science, 
M03XHF MXP3). Fig. 3 showed the exposure dose 

Fig. 1 Mass spectrum of desorbed species from 
H-DLC film by the irradiation of SR just after 
start. 

Fig.2 SR dose dependence of H2
+ species (mass 

number = 2) from H-DLC film and IP-DLC film.
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dependence of the film thickness estimated from 
XRR study.  

 
 
 
The film thickness at the time of non-irradiation was 
according to film formation condition in 200 nm. 
Film thickness suddenly decreased from 200 nm to 
145 nm by SR exposure in the dose range of 0 - 200 
mA･h. In the dose range more than 200 mA･h, film 
thickness decreased gently and maintained the 
constant in 130 nm.  

Fig. 4 showed the dose dependence of film density 
on the basis of XRR measurement.  

 
 
 

The density of H-DLC film at the time of non-
irradiation was 1.25 g/cm3. Density of diamond and 
graphite are 3.51 g/cm3 and 2.26 g/cm3. Density of 
DLC films almost populated in the range of 1.7-2.3 
g/cm3, and that of H-DLC film used in the present study, 
1.25 g/cm3 was very small. Density of H-DLC film 
before SR exposure, 1.25 g/cm3 increased drastically to 
1.40 g/cm3 by after SR exposure with the 200 mA･h 
dose. In the dose range more than 200 mA･h, film 
density increased gradually and became constant, 1.60 
g/cm3 in the dose more than 2000 mA･h. From these 
results, it was confirmed that decrease in the film 
thickness and increase in the film density of H-DLC 
film by irradiation of soft X-ray. 

 
Conclusion 
 In the irradiation of soft X-ray against H-DLC film, 
desorption of hydrogen from H-DLC film, decrease of 
film thickness, and increase of film density was 
occurred in the dose range of 0 - 200 mA･h. These 
dose dependences were accord with that of hydrogen 
content in the film which was estimated from 
ERDA/RBS technique in ref. [5]. From these results, 
modification of H-DLC film by the soft X-ray begins 
with desorption of hydrogen molecules from H-DLC 
film by the absorption of soft X-ray. It was confirmed 
that desorption of hydrogen caused decrease of film 
volume and increase of density, and other film 
properties.  
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Fig. 3 Dose dependence of thickness of H-DLC 
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 Refractive-index modifications in Silica-Based Films  
by Undurator Radiation with a multilayer spectrometer 
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Abstract 
Undurator radiation (UR) by the NewSUBARU (BL7A) is used for silica-based films 

modifications for applications of optical devices like waveguides. UR with or without a multilayer 
spectrometer is used for the samples, and the observed effects are compared. The modification layers 
are separated in two parts of the shallow and strong one and the relatively deep and moderate one 
without the spectrometer. The thin layers with less than 5 nm thickness from the surface show strong 
reduction and high refractive index changes on the order of 10-2 depending on the UR energy. With 
the spectrometer, the surface reduction layer is not observed after the UR radiation, although the 
relatively deep and moderately modified layer is observed. The difference between the samples 
irradiated with and without the spectrometer may be caused by the irradiation intensity or a sample 
temperature effect. 

 
Introduction 

Synchrotron radiation (SR) and undurator 
radiation (UR) are used for radiation-induced 
refractive index changes in silica-based glass for 
optical devices like optical waveguides1,2). UR is 
a very useful tool for the materials modifications, 
because it can select a useful wavelength, having 
very high intensity. UR with a multilayer 
spectrometer would be more useful for the 
purpose because it has high intensity and the 
most suitable wavelength can be selected without 
higher order ones. In this report, modification 
effects are compared with or without the 
spectrometer. 
 
Experiments and Results 

Thermally grown SiO2 films on Si substrates 
and fused quartz substrates were used for the UR 
irradiation. UR with the first-peak energy ranging 
from 20 to 110eV is used without the 
spectrometer, and more than 80eV is used with 
the spectrometer. Irradiated samples were 
characterized by XPS (X-ray Photoelectron 
Spectroscopy), optical absorption spectroscopy, 
and refractive index measurements. 

Figure 1 shows two modification layer model 
for the samples irradiated by UR without the 

spectrometer1,2). The two-layer structures have 
large refractive-index in the very thin surface, 
and have relatively low refractive-index layer in 
the underlying part. 

For the surface layer in the two-layer structures, 
it was found that the refractive-index changes are 
increased by making the UR irradiation 
wavelength longer. By the results of XPS 
measurements, Si-Si bonds in the shallow surface 
layer less than 4nm thickness appeared, that 
means surface reduction. A correlation between 
an amount of the Si-Si bonds and the refractive-
index changes were also found. By the results of 
optical absorbance measurements, defects were 
found to be generated by the UR irradiation. The 
Si-Si bonds is a major cause of the refractive 
index changes in the sample. Other defects are 
also suggested to be a cause of the refractive-
index changes in both the shallow surface and the 
underlying layer. The refractive indices were 
reduced drastically by removing the surface 
reduction layer, but they still remain at certain 
level (10-3) which can be applied for some optical 
devices2). 

Figure2 shows that the surface reduction layer 
is not observed in the sample irradiated by UR 
with the spectrometer, as compared in the sample 
irradiated without the spectrometer. There is a 
clear difference between the two samples. The 
samples show also no reduction evidence as 
shown in Fig.3, by increasing irradiation-dose up 
to by 4 time as much as the one in Fig.2. The 
results in Fig.3 might mean that causes of the 
reduction are not only by the higher irradiation 
intensity but by the sample temperature effect, 
because the sample temperature is drastically 
decreased on the samples irradiated by UR with 
the spectrometer. 

Si substrate

High n layer

Low n layerSiO2

FIG.1 Two modification-layers irradiated by UR 
with a peak energy from 20 to 110eV without the 
spectrometer. Each layers show higher (10-2-10-1) 
and lower (10-2) refractive-index changes, 
respectively. 
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Although the surface reduction layer 

disappeared, refractive index changes were also 
found for the samples irradiated by UR with the 
spectrometer, as shown in Fig.4. The refractive 
index changes in Fig.4 are lower than the one 
caused by the surface reduction, but are still high 
enough for an application to optical devices. 

Further investigations are needed for the 
measurements because of the scattered results in 
Fig.4. 
  The refractive index changes may be caused by 
defects in the irradiated samples, as appeared in 
Fig.5 and Fig.6. By using the spectrometer, the 
absorbance for the irradiated samples is 
decreased from the one without the spectrometer, 
but still show the certain level (Fig.5). The 
absorbance data were changed by the irradiated 
peak-energies as in Fig.6, but its reproducibility 
is not clear yet. 

Conclusions 
  UR-irradiated samples showed clear 
differences between by the radiation with and 
without the spectrometer. Those kinds of 
modification would be useful for silica-based 
glass as optical material, but further 
investigations are needed to determine the most 
effective radiation conditions 
 
References 
[1] K.Moriwaki et al., LASTI Annual Report 
vol.15 (2013). 
[2] K.Moriwaki et al., LASTI Annual Report 
vol.16 (2014). 

Fig2. XPS spectra of Si 2p peaks for UR 
irradiated samples with an energy of 80eV 
with and without a multilayer filter. Two 
peaks are those of SiO2 and Si-Si bond2). 
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Fig3. XPS spectra of Si 2p peaks for UR 
irradiated samples with the spectrometer by 
increasing the dose from 500 to 2000 
mA*hour. 
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irradiated by UR with and without the 
spectrometer. 

200 250 300 350
0.00

0.02

0.04

0.06

0.08

 80eV
 120eV
 180eV

 

 

A
bs

or
ba

nc
e

wavelength (nm)

Fig6. Optical absorbance for samples 
irradiated by UR with the spectrometer at 3 
peak-energies from 80-180 eV. 

Fig.4 Refractive index changes after 
irradiation by UR with the spectrometer. 
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Abstract 
 

The effect of the soft X-ray on the surface of the fluorinated diamond-like carbon (F-DLC) film 
was investigated. The studies of stylus profiler, X-ray photoelectron spectroscopy (XPS) and the 
near-edge X-ray absorption fine structure (NEXAFS) showed that decrease in film thickness, fluo-
rine desorption and increase in sp2/(sp2+sp3) ratio of C atom in the F-DLC film was caused by 
the irradiation of the soft X-ray. 

 
 
1. Introduction 
 

The diamond-like carbon (DLC) film is well 
known for its various superior properties like high 
hardness, wear resistance, chemical inertness, and 
low friction coefficients [1]. It’s used in various sit-
uation such as automobile parts, electronic compo-
nents, medical instrument, the space industry, etc., 
and the development efforts for further performance 
enhancements are conducted by many researchers 
every day now. 

The several properties of the DLC film were im-
proved by doping of hetero elements such as Si, Ti 
and W. Especially, the fluorinated diamond-like car-
bon (F-DLC), which contains fluorine atom in the 
DLC film has some excellent properties, such as low 
surface energy, low-dielectric constant, chemical in-
ertness, etc., while keeping the high hardness of the 
DLC film [2].  

It has been reported that hydrogen was desorbed 
from the hydrogenated DLC (H-DLC) film due to 
the soft X-ray irradiation [3]. In this study, we inves-
tigated the effect of the soft X-ray on surface of the F-
DLC film. The steps between irradiation parts and 
unirradiation parts, the element composition ratio at 
the film surface and the sp2/(sp2+sp3) ratio of C 
atom in the film were measured with stylus profiler, 
X-ray photoelectron spectroscopy (XPS) and the C-K 
edge near edge X-ray absorption fine structure 
(NEXAFS) spectra, respectively. 
 
2. Experiments 
 

The 210-nm-thick F-DLC film was deposited on 
Si wafers by using a plasma-enhanced CVD method. 
The hydrogen content and the fluorine content of 
the F-DLC film were estimated, respectively, to be 
≈2 at.％ and ≈40 at.％ with the combination of 
Rutherford backscattering spectrometry (RBS) and 
elastic recoil detection analysis (ERDA) techniques. 

The soft X-ray irradiation of the F-DLC film was 

carried out at BL06 of the NewSUBARU synchro-
tron facility. The SR at the BL06 irradiation cham-
ber had a continuous spectrum from IR to soft X-
ray, lower than 1000 eV. This includes the ionization 
energy of a carbon K shell at 300 eV and the ioniza-
tion energy of a fluorine K shell at 690 eV. As a re-
sult, the K shell electrons of the C and F atoms could 
be excited by SR at BL06. During this experiment, 
the electron energy of the NewSUBARU storage 
ring was 1.0 GeV. The BL06 sample stage was room 
temperature and the pressure in the chamber was the 
order of 10-5 Pa. An SR dose [mA･h] was derived 
from the product of the ring current [mA] and irra-
diation time [h].  
 
Result and discussion 
 
 Fig.1 shows the film thickness change by the soft 
X-ray irradiation. Red points indicate film thick-
nesses which were estimated using stylus profiler 
from the step depth between irradiation part and 
unirradiation part on the F-DLC film surface. The 
step was created by putting an Au mesh on the F-
DLC film surface, during irradiation of the soft X-
ray. The film thickness decreased precipitously 
from 210 nm to 160 nm, in the SR dose range of 0-
300 mA･h, and became constant in about 150 nm 
over 500 mA･h. Blue points show the film thick-
ness which estimated from the section images of ir-
radiated F-DLC without an Au mesh with the scan-
ning electron microscope (SEM). The results of sty-
lus profiler and SEM show the stop of the film 
thickness decrease. In addition, the difference of the 
film thickness between the sample with Au mesh 
and the sample without Au mesh did not appear. 
Therefore it can be understood that stop of the film 
thickness decrease is an end of the reaction not a 
limit of the aspect ratio. 
 Fig.2 shows change of the elementary composition 
ratio in the soft X-ray irradiated F-DLC estimated 
with XPS. Red points, blue points and green points 
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Fig.1 The soft X-ray irradiation dose de-
pendence of the film thickness with Sty-
lus profiler and SEM 

Fig.2 The soft X-ray irradiation dose de-
pendence of the element composition ra-
tio with XPS

Fig.3 The soft X-ray irradiation dose de-
pendence of the sp2/(sp2+sp3) ratio with 
NEXAFS

show fluorine content, oxgen content, and carbon 
content, respectively. The fluorine content de-
creased precipitously from 0.8 to 0.2, in the SR dose 
range of 0-300 mA･h, and became constant in about 
0.1 over 500 mA･h. The carbon content relatively 
increased with a decrease in fluorine. As these re-
sults, it is clear that fluorine is desorbed from the F-
DLC film surface by the soft X-ray irradiation. The 
oxgen content increased from 0 to 0.15, the range of 
0-300 mA･h, and became constant about 0.2 over 
500 mA･h. It is understood that the nonpair electron 
of carbon which created by fluorine desorption is 
stabilized by combination with oxgen in residual at-
mosphere. 
 Fig.3 shows the sp2/(sp2+sp3) ratio change of car-
bon in F-DLC by the soft X-ray irradiation. The 
sp2/(sp2+sp3) ratio was estimated from the C-K 
NEXAFS spectrum by comparison with the highly 
ordered pyrolytic graphite (HOPG) as a standard 
sample. The sp2/(sp2+sp3) ratio increased precipi-
tously from 0.4 to 0.6, in the range of 0-300 mA･h, 
and became constant in about 0.6 over 500 mA･h. 
In other words, the bonding state of carbon varied 
from diamond-like to graphite-like by irradiation of 
SR dose with 300 mA･h. It is understood that the 
dangling bond of carbon which created by fluorine 
desorption and dissociation of carbon single bond-
ing formed carbon double bonding by recombina-
tion.  
 
Conclusion 
 The effect of the soft X-ray on surface of F-DLC film 
was investigated by the measurements of the film 
thickness with stylus profiler, the element composi-
tion ratio at the film surface with XPS and the 
sp2/(sp2+sp3) ratio of C atom with C-K edge 
NEXAFS. In the range of 0-300 mA･h, the film 
thiclness decreased precipitously from 210 nm to 
160 nm, the fluorine content decreased precipi-
tously from 0.8 to 0.2, and the sp2/(sp2+sp3) ratio 
increased precipitously from 0.4 to 0.6. In the dose 
region more than 500 mA･h, the effect of the soft X-
ray on surface of F-DLC film was not observed. 
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Abstract 
We investigated the changes of surface morphology and chemical bonding state of cluster ion 
sputtered PMMA thin film to evaluate sputtering damage in an organic thin film. By measuring the 
atomic force microscope (AFM) image of sputtered PMMA, it was confirmed that the surface 
roughness of PMMA increased with increasing incident cluster ion energy. On the other hand, the 
near-edge X-ray absorption fine structure (NEXAFS) spectra at the carbon K-edge region, suggested 
that the amount of C=C and C=O bonds in sputtered PMMA was influenced by the ion species and 
incident energy of ion. 

 
Introduction 

Ion sputter depth profiling has been widely 
used with X-ray photoelectron spectroscopy 
(XPS) or time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) for the 
characterization of thin film structures. However, 
the monomer ion sputtering causes significant 
damage to the structure of organic materials. 
Therefore, in case of sputtering polymeric thin 
films, those chemical bonding state or 
composition ratio are changed from original state. 
In order to improve this problem, the cluster ion 
sputtering method has been attracting attention in 
recent years. The cluster ion is a collection of 
atomic or molecule ions, it has been reported that 
it is possible to sputter organic materials at lower 
damage than monomer ions. In the previous 
studies, it was reported that cluster ions do not 
penetrate deeply into target materials because 
incident energy of each constituent ion was very 
low, therefore, the energy of their impact was 
deposited within the few nanometers of the 
surface [1]. However, the mechanism has not 
been completely clarified yet. Therefore, we 
investigated changes of surface morphology and 
chemical bonding state of cluster ion sputtered 
PMMA thin film to evaluate sputtering damage 
in an organic thin film. 
 
Experiments 
 PMMA (Sigma-Aldrich, Mw = 120,000) was 
dissolved in toluene as a 4 wt% solution. PMMA 
thin films were prepared by spin coating on an 
ITO/glass substrate with a thickness of about 150 
nm. PMMA were sputtered with an ion gun 
attached to the XPS (PHI 5000 VersaProbe and 
PHI Quantera) instrument. In sputtering, Ar gas 
cluster ion beam (Ar-GCIB) with a mean size of 
about 2500 atoms/cluster and C60 cluster beam 
were used. Moreover, Ar monomer ion was also 

used for the purpose of comparison with those 
cluster ions. The sputtering rate of each ion 
species for PMMA was evaluated by XPS. Table 
1 shows the sputtering condition at each ion 
species. After sputtering, the surface roughness 
was measured by AFM (Bruker Dimension Icon) 
and the chemical bonding state was measured by 
XPS and NEXAFS. For XPS measurements, a 
monochromatic Al Kα (hν = 1486.6 eV) X-ray 
source was used. The NEXAFS measurements 
were performed at NewSUBARU synchrotron 
radiation (SR) facility on beamline 7B. NEXAFS 
spectra were simultaneously measured by the 
Auger electron yield (AEY), total electron yield 
(TEY) and fluorescence yield (FY) methods. To 
reduce the SR irradiation damage of the samples 
during measurements, the samples were cooled at 
about 80 K and NEXAFS spectra were recorded 
at this temperature. 
 
Results and discussion 
 Fig.1 shows AFM images of each PMMA 
surface after sputtering. Scanned area was all 10 
× 10 μm. The value of average surface roughness 
(Ra) obtained from the AFM was described at the 
bottom of each image. It was confirmed that the 
each surface roughness of PMMA after 
sputtering increased as compared with that before 
sputtering. At the surface after the Ar monomer 
sputtering, a lot of hole with diameter of about 
150-200 nm were observed. Meanwhile, at the 
surface after each cluster ion sputtering, the 
granular structure was observed. Moreover, it 
was confirmed that the surface roughness after 
Ar-GCIB sputtering increased with increasing 
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incident ion energy. This was considered to be 
due to the energy of each constituent ion in Ar-
GCIB increased. These results suggest that ion 
species and incident energy have a significant 
effect on PMMA surface morphology. 
  Fig.2 shows the C 1s and O 1s XPS spectra of 
the PMMA after sputtering. Three peaks were 
observed at 288.6, 286.4, and 285 eV in C 1s 
spectrum. These peaks were assigned as C=O, C-
O, and C=C from PMMA, respectively. 
Furthermore, two peaks were observed at 533.5 
and 532 eV in O 1s spectrum. These peaks were 
assigned as O-C, O=C from PMMA, respectively 
[2]. After Ar monomer sputtering, the intensities 
of C-O and C=O peaks decreased while that of C-
C peak increased. Therefore, it was confirmed 
that the chemical bonding state of PMMA surface 

after Ar monomer sputtering was significantly 
changed compared with that before sputtering. 
Meanwhile, there was no significant change in 
the cluster ion sputtered surface. 
 Fig.3 shows the C K-edge NEXAFS spectra 
of the PMMA after sputtering. The NEXAFS 
spectra were normalized by the edge-jump 
intensity. Two peaks were observed at 285 and 
289 eV. These peaks were assigned as a transition 
from a carbon 1s to π* orbital of C=C, and to π* 
of C=O, respectively [3]. It is considered that the 

C=C peak is derived from sputtering damage, and 
the C=O peak from PMMA [3,4]. Next, we 
estimated the ratio of each bond intensity from 
the NEXAFS spectra for comparison. As shown 
in Fig.4, the amount of C=C was largest at Ar 
monomer, followed in order by C60, Ar-GCIB 
and before sputtering. Here, the amount of C=C 
after cluster ion sputtering was not significantly 
changed compared with that before sputtering. 
On the other hand, the amount of C=O bond was 
smallest at Ar monomer sputtering. The amount 
of C=O bond by the AEY and TEY methods 
indicated opposite trend against C=C. 
Furthermore, FY spectra showed that the Ar-
GCIB sputtering did not change in the chemical 
bonding state in PMMA thin film.  

Table.1 The sputtering condition at each ion species

Fig.2 XPS spectra of PMMA after 
sputtering 

Fig.1 AFM images of PMMA surface 
after sputtering 
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Abstract 
The molecular orientation of the pre-aligned photoreactive liquid crystalline polymer PMCB10M 
films has been investigated using the near-edge X-ray absorption fine structure (NEXAFS) at the C 
K-edge region. By combining the thickness dependence of PMCB10M films and three types of 
simultaneous detection methods of NEXAFS measurements, the molecular orientations of 
PMCB10M films at the near-surface (<2 nm), at the inner-surface (~10 nm) and in the bulk (>10 
nm) were evaluated.  In addition, it was found that the orientation of the liquid crystalline 
molecules near the surface was parallel to the surface irrespective of the thickness of PMCB10M 
films. 

 
Introduction 

The studies on the photoinduced molecular 
orientation of the polymeric films have attracted 
significant attention for a potentially wide range 
of applications such as birefringent optical 
devices, the photo alignment layer of liquid 
crystal displays, and optical memories. The 
polymethacrylate comprised of 4-
methoxycinnamolybihenyl (MCB) side groups 
connected via decylene spacers (PMCB10M) is 
one of photoreactive liquid crystalline polymers 
[1, 2]. It was reported that the molecular 
orientation of photoreactive liquid crystalline 
polymer controlled by the linearly polarized UV 
radiation and the subsequent annealing procedure 
[1, 2]. However, the molecular orientation of 
photoreactive liquid crystalline polymer near the 
surface and the interface between the film and the 
substrate is not clear. To investigate the molecular 
orientation of PMCB10M films, NEXAFS 
spectra at the C K-edge region were measured by 
three types of simultaneous detection methods 
with the different probing depth. 
 
Experiments 
 PMCB10M was synthesized as described in a 
previous paper [1]. PMCB10M films of 15-150 
nm thickness were prepared by spin-coating a 
tetrahydrofuran (THF) solution of the polymers 
onto ITO coated glasses. The pre-aligned 
PMCB10M films were prepared by irradiating the 
linearly polarized UV light to the films and by 
subsequently annealing at 120-240 °C for 10 
minutes.  

NEXAFS experiments were performed at a 
beamline 7B of the NewSUBARU synchrotron 
radiation (SR) facility, the University of Hyogo. 
NEXAFS spectra were simultaneously measured 
by Auger electron yield (AEY), total electron 
yield (TEY) and fluorescence yield (FY) methods. 

The sample could be rotated around a vertical axis 
to change the incidence angle of the SR to the 
sample surface. The direction of the linear 
polarization in the SR was horizontal. To evaluate 
the molecular orientation of PMCB10M films, 
NEXAFS spectra were recorded in parallel and 
perpendicular configurations, where the direction 
of linearly polarized UV light irradiated to the 
films was parallel and perpendicular to that of the 
linear polarization in the SR, respectively. 
 
Experiments and Results 

Figures 1(a) and 1(b) show the C K-edge 
NEXAFS spectra of pre-aligned PMCB10M films, 
measured by the AEY method, as a function of 
incidence angle of the SR in parallel and 
perpendicular configurations, respectively. The 
thickness of PMCB10M films was 150 nm. A 
sharp peak at 284.8 eV, which was assigned to 
transitions from the C 1s orbital to the unoccupied 
* orbitals originating from aromatic ring sites, 
was observed [2, 3]. With increasing the incidence 
angle, the intensity of the peak at 284.8 eV 
decreased remarkably in the parallel 
configuration while it was almost unchanged in 
the perpendicular configuration. This indicates 
that the orientation of the liquid crystalline 
molecules in PMCB10M at the near-surface is 
parallel to the polarization direction of the UV 
light. On the other hand, the angular dependence 
of the intensity at 284.8 eV in the TEY method 
became smaller than that in the AEY method as 
shown in figure 1(c). In addition, the angular 
dependence of the intensity at 284.8 eV in the FY 
method (not shown) had the similar angular 
dependence to that in the TEY. These results 
indicate that the orientations of the liquid 
crystalline molecules in pre-aligned PMCB10M 
films at the inner-surface and in the bulk are 
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different from that at the near-surface.   
NEXAFS spectra of pre-aligned PMCB10M 

films in the thickness of 15 and 55 nm were also 
measured in parallel and perpendicular 
configurations. In the case, the angular 
dependence of the intensity at 284.8 eV in the 

AEY method showed the similar behaviour to that 
in the thickness of 150 nm. Therefore, it was 
found that the orientation of liquid crystalline 
molecules near the surface was parallel to the 
surface irrespective of the thickness of 
PMCB10M films. 

  
 

 

 
 Fig. 1 C K-edge NEXAFS spectra of pre-aligned PMCB10M films, measured by the AEY and the 
TEY methods, as a function of incidence angle of the SR in parallel (a), (c) and perpendicular (b), (d) 
configurations, respectively.. 
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Abstract 

We observed a large takeoff-angle dependence of C-K emissions in highly oriented pyrolytic 
graphite (HOPG). The dependence changes by mosaic spread in HOPG samples and X-ray 
excitation energy. At the excitation energy of 310 eV, far from the absorption edge, we observed 
a large takeoff-angle dependence of π → 1s emission, which has never been reported. According 
to the band calculation for HOPG, the large angle dependency could be attributed to the resonant 
transition of 1s electrons to π* state at the 25 eV higher than the Fermi level.

Introduction 
The soft x-ray spectroscopy using highly brilliant 

synchrotron radiation is a capable tool for analyzing 
the local structure around an atom. In particular, 
high-resolution x-ray emission spectroscopy and x-
ray absorption spectroscopy in the soft x-ray region 
are well suited for analyzing the local and electronic 
structures of light-element materials because these 
spectroscopies can provide high-resolution 
elemental orbital information. Additionally, the 
combination of soft x-ray emission and absorption 
spectroscopies can investigate bandgap structure, 
because they directly reflect the valence and 
conduction bands, respectively. 

A number of studies [1-10] of the electron 
structure of gaphite has been studied in detail, 
especially with the absorption and emission spectra 
of the soft X-rays. The layered strucuture of 
graphite leads the separation of electron orbitals : σ 
orbitals spread in the basal plane, while π orbitals 
are perpendicular to the plane. This difference in the 
polarization of π and σ electrons is claritied by the 
dependence of X-ray emission and absorption 
spectra of graphite on the angle of incidence to the 
sample surface.  

We measured the takeoff-angle dependence of 
the C-K emission spectra of an HOPG with the 
newly constructed soft X-ray emission spectrometer 
(SXES) at the NewSUBARU SR facility [11]. As a 
result, we observed a large take-off-angle 
dependence of C-K emissions that has not been 
previously reported. Also the mosaic spread of 
HOPG and excitation energy dependence of 
emission spectra is distinguished clearly. 
 

Experiment 
Table 1 shows four type of commecially-available 

HOPG crystal samples and their mosaic spread 
(Union Carbide Co. and Optigraph Inc.). The SXES 
experiments were perfomed at the beamline BL-
09A [12] at the NewSUBARU SR facility. The 
samples are fixed in a copper holder to measure the 
C-K emission spectra. The angle between the 
directions of the incident beam and the take-out of 
the emission spectrum is fixed to 90 °. The takeoff-
angle dependence of the emission spectra was 
measured by rotating the sample varing from 15 ° to 
75 ° around a vertical axis. 

 
Table 1. Four type of commecially-available 

HOPG crystal samples and their mosaic spread. 
sample mosaic 

spread 
 

AGraphZ
ZYA 
ZYB 
ZYH 

0.4±0.1 ° 
0.4±0.1 ° 
0.8±0.2 ° 
3.5±1.5 ° 

Optigraph Inc. 
Union Carbide Co.
Union Carbide Co.
Union Carbide Co.

 
Results and Discussion 

Figure 1 shows the takeoff-angle dependence of 
the C-K emission spectra measured for the 
AGraphZ-HOPG. The excitation energy of the soft 
X-rays used in this measurement was 310 eV. 
Because the incident X-ray intensity changes upon 
rotation of the sample, all the emission spectra were 
normalized to unity for the emission peak intensity 
of the σ → 1s transition at around 276 eV. The peak 
around the energy 282 eV is found to have a large 
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angle dependence, and it is identified as light 
emission due to π → 1s transitions. 

In previous reports [1-10], the intensities of π 
emission were at most comparable or less to the σ 
emission intensity. We are the first to report the 
observation that the π emission intensity is much 
higher than the σ emission. 

Figure 1.Takeoff-angle dependence of C-K 
emisson spectra for AGraphZ-HOPG at the 

excitation energy of 310 eV. 
 

Figure 2 shows the takeoff-angle dependence of 
the intensity of π emission for four type of HOPG 
samples at the excitation energy of 310 eV, and the 
curves denote the calculated value using model of 
ideal graphite structure [13,14]. Because of mosaic 
spread of HOPG samples, takeoff-angle 
dependence were found to varied significantly. It is 
found that as the quality of the crystal structure of 
the graphite become better, the takeoff-angle 
dependence of π emission increases. 

Figure 3 shows the excitation energy dependence 
of the integrated intensity of π emission ratio (πθ / 
π75) and C-K absorption spectra measured for the 
AGraphZ-HOPG. It is found from the figure that the 
integrated intensity of π emission exhibits a large 
value at 284.5 eV where the sharp π* absorption 
occurs and 291.8 eV where a σ* absorption 
indicates an increase. Moreover, the integrated 
intensity of π emission ratio was also found to 
increase with a gradual curve at the excitation 
energy of around 310 eV, as reported in Figure 1.  

A shown in Figure 3, the large takeoff-angle 
dependence was observed at 284.5 eV and 291.8 eV, 
where the large resonant absorptions were also 
observed. When viewing only the C-K absorption 
spectra, particularly strong resonant absorption does 
not appear at 310 eV. However, in the band 
structure of the fairly high-energy side of the 
graphite calculated by R.F. Willis et al. [15], there 
is a portion of the high density of states named “π2” 
at 310 eV (25 eV higher than the Fermi level). The 
large takeoff-angle dependence of the π emission 
observed at 310 eV is believed to be related to the 
resonant photon absorption by the C1s → π2 
transition. 

Figure 2. Intensity of π emission ratio (πθ / π75),  
for various samples and calculated curve at the 

excitation energy of 310 eV. 

Figure 3.Excitation energy dependence of  
integrated intensity of π emission ratio (πθ / π75)  

for AGraphZ-HOPG. 
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Abstract 

In our previous study, we found that the TiO2 thin film prepared by sputtering deposition had 
oxygen deficiency. Therefore, we irradiated oxygen plasma to the TiO2 film to decrease oxygen 
deficiency and improve photocatalytic activity. Photocatalytic activity of the TiO2 thin films was 
evaluated by measuring the decomposition rate of organic dye (brilliant blue FCF) with UV 
irradiation. Composition of the film and irradiation damage were analyzed with X-ray 
photoelectron spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS) 
methods, respectively. As a result, O/Ti ratio at the surface of TiO2 thin films increased when 
oxygen plasma was irradiated. And there is a high correlation between photocatalytic activity and 
O/Ti ratio at the surface. 
 

Introduction 
TiO2 is known as photocatalytic material and used 

for many products. Therefore, it has been required 
to improve the photocatalytic performance. In 
generally, TiO2 are used as powder. However, 
using it as thin film is superior in transparency and 
uniformity. In our previous study, we succeeded to 
produce anatase type TiO2 thin films by sputtering 
on a glass substrate(1), and it had photocatalytic 
activity. However, we found that the sample had 
less activite than original single-crystal because of 
oxygen deficiency(2). Therefore, we irradiated TiO2 

thin films with oxygen plasma for intending to 
decrease oxygen vacancy density and to improve 
photocatalytic activity. 
Experiment 
TiO2 thin film was coated on a glass substrate 

using the facing target type magnetron sputtering 
equipment(1). Then oxygen plasma was irradiated 
to the films by dielectric barrier discharge system. 
The flow rate of oxygen gas was 15 ml/min and gas 
pressure and irradiation time were changed from 
10 to 1000 hPa and 60 to 180 min, respectively. In 
this study, substrate temperature was risen by 
plasma irradiation. Therefore, to clarity the effect 
of substrate temperature, we made another sample 
in which oxygen plasma was irradiated to the films 
for a short time while heating the substrate by a 
heater. Oxygen plasma was irradiated with five 
minutes at gas pressure 1,000 hPa and substrate 
temperature was changed from 30 to 200 ℃.  
O/Ti concentration ratio at the surface of TiO2 

thin films was evaluated by X-ray photoelectron 

spectroscopy (XPS, Shimadzu ESCA-1000). 
Etching damage was analyzed by near edge X-ray 
absorption fine structure (NEXAFS) of the Ti-L 
absorption edge at the New SUBARU BL-09A. To 
evaluate photocatalytic activity, TiO2 sample was 
soaked in brilliant blue solution and irradiated 
ultraviolet rays using a black light and measured 
the dye decomposition rate. 
Result 
The treatment time dependence of dye 

decomposition rate and the O/Ti ratio at the surface 
of TiO2 thin film were shown in Fig.1 (a) and Fig.1 
(b), respectively. The dye decomposition rate and 
the O/Ti ratio at the surface of TiO2 thin films 
shows good correlation. Photocatalytic activity and 
O/Ti ratio at the surface of TiO2 thin films 
improved when oxygen plasma was irradiated until 
60 minutes. However, the O/Ti ratio decreased 
when the oxygen plasma was irradiated more than 
60 minutes. We thought that it was caused by a rise 
in substrate temperature by the oxygen plasma 
irradiation. 
 The heater temperature dependency of dye 
decomposition rate and O/Ti ratio at the surface of 
TiO2 thin film were shown in Fig.2 (a) and Fig.2 
(b), respectively. The dye decomposition rate and 
the O/Ti ratio at the surface of TiO2 thin films 
shows good correlation. However, the temperature 
of substrate increased more than 30 degrees, 
photocatalytic activity and O/Ti ratio at the surface 
of TiO2 thin films decreased. Because diffusivity 
coefficient increased by substrate temperature rose, 
oxygen could be diffused. 
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NEXAFS spectra of the TiO2 thin films were 
shown in Fig 3. Etching damage was not observed 
in less than 1,000 hPa and at high temperature. 
Therefore, photocatalytic activity of the TiO2 thin 
films had little influence by etching damage. As a 
result, we succeeded to control an oxygen 
deficiency under a certain condition. To improve 
the photocatalytic activity, we have to suppress the 
rise in substrate temperature by controlling 
irradiation of the plasma and need to try further 
development. 
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Fig.1 dye decomposition rate (a) and O/Ti 
ratio (b) at the surface of TiO2 thin films 

Fig.2 dye decomposition rate (a) and O/Ti ratio 

treated with increasing temperature at the surface 

(b) of TiO2 thin film

Fig.3 Ti-L NEXAFS spectra of TiO2 thin films 

treated at 100 hPa and various treatment time 
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Abstract 
Low energy Ar ions were irradiated to horizontally aligned multi-walled carbon nanotube (HA-
MWCNT) films using an electron cyclotron resonance ion source at SPring-8 BL17SU. Soft X-ray 
photoelectron spectroscopy (XPS) and soft X-ray absorption spectroscopy (XAS) measurements 
were performed to characterize electronic states of the irradiated HA-MWCNT films at BL17SU of 
SPring-8 and BL10 of NewSUBARU.  

 
 
Introduction 

Nanostructured carbon materials such as 
carbon nanotubes (CNTs) and graphenes have 
been extensively studied toward realization of 
next-generation nanodevice applications. The 
morphology of the CNTs strongly relates to the 
device performance. For example, horizontally 
aligned multi-walled CNTs (HA-MWCNTs) 
have been demonstrated to be applicable to the 
nanodevices such as sensors, and LSI 
interconnects. On the other hand, irradiating 
nanostructured carbon materials with energetic 
charged particles, such as ions and electrons, is 
thought to be capable of tailoring their structure 
and properties, and can be applied to process of 
nanodevice fabrication. It was reported that the 
electrical transport properties and structural 
properties of the individual CNT were modified 
by the electron irradiation. Thus, many 
researches were focused on the charged particle 
irradiated individual CNT. However effects of 
ion irradiation on the structural properties and/or 
electronic states of ensembles of HA-MWCNT 
films have not been fully understood. 
 
Experimental 

HA-MWCNT films were grown by catalytic 
thermal chemical vapor deposition. Electron 
cyclotron resonance ion source at SPring-8 
BL17SU [1] was employed for irradiation of 
singly charged Ar ions with a energy of 5.0 keV. 
The structural properties of irradiated HA-

MWCNT films were characterized by scanning 
electron microscopy (SEM), Raman 
spectroscopy and transmission electron 
microscopy (TEM). In addition, soft X-ray 
photoelectron spectroscopy (XPS) and soft X-ray 
absorption spectroscopy (XAS) measurements 
were performed at BL17SU at SPring-8 [2] and 
BL10 at NewSUBARU [3], respectively. 
 
Results and Discussion 

Figure 1 shows the C K-edge XAS spectra of 
the HA-MWCNT films as-prepared and 
irradiated by Ar ions of different fluences. The 
intensity was normalized using the * peak 
height at 292 eV. The incident angle () of the SR 
beam to the sample plane was varied from 45 to 
90 (normal incidence). As shown in Fig. 1(a), it 
is apparent that as-prepared HA-MWCNT films 
shows an inverse dependence of the * peak 
height at 285 eV with increasing . On the other 
hand, for the irradiated HA-MWCNT films, there 
is no  dependence of the * peak height with 
increasing Ar ion fluence. These results indicate 
the amorphization of the MWCNTs after Ar ion 
irradiation.  

Figure 2 shows the C 1s XPS spectra of the 
HA-MWCNT films as-prepared and irradiated by 
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Ar ions of different fluencies, with HOPG and 
carbon black (CB, N330) as references. It was 
found that the shape of C 1s XPS spectra of HA-
MWCNT films was changed from asymmetry to 
near symmetry after Ar ion irradiation. The 
spectra of carbon black (amorphous carbon) are 
similar to those of the irradiated HA-MWCNT 
films. Since carbon black is composed of sp2-
hybridized carbon crystallites, sp2-hybridized 
carbon hexagonal ring network in the MWCNT 
may be destroyed and nonbenzenoid rings and 
edge  
carbon atoms may be formed after the irradiation 
[4].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Moreover, as shown in Fig.3, additional 

peaks appeared in C valence band XPS spectra 
after the irradiation. It is also worth noting that C 
valence band XPS spectra in the vicinity of the 
Fermi level of as-prepared and irradiated HA-
MWCNT films have different features. Theses 
peaks in Fig. 3 can be assigned to O 2s electrons 
[5]. Compared with C 1s spectra, valence band 
spectra were more sensitive to chemical 
environment. The valence band spectra showed 
that there were two different chemical states of 
oxygen. The oxidation of C atoms may be 
attributed to the defect on the MWCNT surface 
induced by the irradiation. Furthermore, C K-
edge and O K-edge XAS spectra of the irradiated 
HA-MWCNT films were compared with 
standard aromatic compounds having various 
oxygenated functional groups (fingerprint 
method [6]). As a result, carboxyl groups are 
considered to be introduced onto the MWCNTs 
after the irradiation.   
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For the analysis of fluorine materials and 3d transition metals by soft-x-ray absorption spectroscopy, A 
new diffraction grating with multilayer coating was installed at the BL-10 beamline of the NewSUBARU 
synchrotron light source. The target photon energy range of this grating is from 500 eV to 1,000 eV, which 
includes absorption edges of fluorine and 3d transition metals. The beam intensity of BL-10 in this range 
was very low due to low reflectance of the diffraction grating for the usage of monochromator. In order to 
obtaining high reflectance, we developed wideband W/Si multilayer and this multilayer was coated on a 
new diffraction grating. The reflectance of this multilayer was approximately 13-times higher than that of 
previous Ni single layer at the fluorine absorption energy edge of 697 eV. The beam intensity at the 
energy of 697 eV using the new diffraction grating was over 40 times stronger than that using the previous 
Ni-coated diffraction grating. As the result, using the new diffraction grating, it can be observed that the 
high-quality absorption spectrum of EUV resist at the  absorption edge of fluorine and standard materials 
of 3d transition metals. The results show that the W/Si multilayer coating significantly improved the 
performance of the grating at the target energy range. 
Keywords: W/Si multilayer, wideband multilayer grating, synchrotron light, soft x-ray absorption 
spectroscopy 

 
 
1. Introduction 
 Soft-x-ray absorption spectroscopy (XAS) is 
widely used for the analysis of light element 
materials, which measures absorption spectrum near 
the absorption edges. The XAS system at BL10 
beamline of NewSUBARU synchrotron light source 
[1-4]. For example, deterioration mechanism of tire 
rubber and engine oil were analyzed [2, 3]. In 
addition, we analyzed the chemical reaction of the 
extreme ultraviolet (EUV) chemically amplified 
(CA) resist using BL-7 XAS system [5]. We 
measured XAS spectrum around the fluorine 
absorption energy edge of 697 eV to evaluate the 
decomposition reaction of photoacid generator 
(PAG) of CA EUV resist during EUV exposure. 
However, this previous result had large noise due to 

low photon intensity in this energy region. In order 
to develop of high-sensitive EUV resist, it is 
necessary to measure the fluorine energy regions 
with low noise in and sufficient energy resolution. 
The main reason of the poor intensity own to the 
low reflectance of the diffraction grating in BL-7 
and BL-10 beamlines, which had a small deviation 
angle of 168° for the diffraction grating. 
Since in general, a CA resist is easy to deteriorate, 

it is important to analyze the resist by XAS near the 
resist process equipment for resist coating, baking, 
developing  spin coater, developer, and hot plate 
in the clean room. Thus a new diffraction grating 
which had high reflectance on 697 eV for the usage 
of XAS at BL-10 beamline of NewSUBARU 
should be installed. For considering general usage of 
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BL-10, target energy of the new grating was set 
from 500 eV to 1,000 eV, which includes absorption 
edges of fluorine and 3d transition materials. High 
reflectance of the new grating is essential for the 
precise reaction mechanism analysis of the resist for 
the semiconductor devices.  

The platinum coated grating would have not 
enough reflectance due to the small deviation angle 
of the grating for BL-10. For example in the 
soft-x-ray emission spectroscopy, wideband 
multilayer coating significantly improved 
reflectance of a grating [6]. Thus, we developed a 
multilayer coating and it was coated on the grating 
in this study to enhance the reflectance in the target 
energy region. The beam intensity and XAS 
spectrum were evaluated with the new 
multilayer-coated grating. 
 

2. Experimental 
2.1 Design of beamline BL-10 
The optical layout of BL-10 of NewSUBARU is 

shown in Fig.1. This beamline was originally 
designed for reflectometry of EUV optics, where a 
reflectometer is located at the end of the beamline. 
The vacuum chamber for the reflectometer was used 
for the XAS measurement. The entrance slit design 
is slitless. The M0 mirror is a concave mirror with a 
grazing angle of incidence (GAOI) of 3°, which 
horizontally focuses on the sample which was 
settled in the XAS chamber with magnification of 
three. The acceptance angle of the M0 is 5 mrad in 

the horizontal direction. The monochromator type 
which was utilized for BL-10 beamline is the plane 
varied line-space grating (VLSG), and it was 
described the paper written by Hettrick and 
Underwood [7]. The reflected light by the spherical 
concave M0 mirror focused on the exit slit in the 
vertical direction by M1 concave mirror and 
diffraction grating. Two gratings were installed in 
the monochromator, which had groove densities of 
600 mm-1 (G1) and 1,800 mm-1 (G2). The deviation 
angle of the grating is small as 168°, because BL-10 
was originally designed for low-energy use of the 
research for EUVL energy region. The G1 grating 
was originally installed for the EUV research. The 
G2 grating was installed for XAS measurement in 
2009. In this study, a new grating with groove 
density of 2400 mm-1 (G3) was installed. The exit 
slit is relayed up to 5.2 m downstream at unity 
magnification by a vertical refocusing mirror, where 
the focusing size is approximately 0.05 × 0.8 mm2 
on a sample. The all GAOI of the three glancing 
spherical mirrors such as M0, M1, and M2 is 3°. 
The mirrors were coated with single layer of 
platinum with the thickness of 50 nm. The deviation 
angle of the grating is 168°, and was corresponded 
to GAOI of 6° with specular-reflection condition. 
The G2 grating was coated with single layer of Ni 
with the thickness of 100 nm. The calculated 
reflectance of the glancing mirrors and G2 grating 
are shown in Fig.2. These two data were calculated 
value using the IMD software [8] in this paper. The 

Fig.1．Schematic layout of BL-10 of NewSUBARU. 
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surface roughness was assumed to be 1 nm. Since 
the reflectance of the glancing mirrors was 
approximately 30% at the photon energy of 697 eV, 
the reflectance of the grating requires higher than 
10% in the target energy region. However, since the 
reflectance of the G2 grating was less than 1% in the 
energy range higher 700 eV, the beam intensity 
becomes very low at the sample surface for XAS 
experiment. Thus, the high reflective coating is 
needed to increase the light intensity. And, the 
groove height of 4.2 nm for the G3 grating was 
optimized to achieve high diffraction efficiency at 
the photo energy of 697 eV.  

 
Fig.2. Calculated reflectance of BL-10 optical 

components of the mirrors and the grating (G2). 
 
 
2.2. Design of multilayer coating 
In this study, a W/Si-multilayer coating was 

developed for the G3 grating to enhance the 
reflectance in the target photo energy region. The 
material pair of the multilayer was chosen to W/Si 
because of high optical contrast and low absorption 
to achieve high reflectance. Figure 3 shows the 
calculated reflectance of aperiodic W/Si multilayer, 
periodic W/Si multilayer, Pt single layer, and Ni 
single layer, with GAOI of 6°. Platinum is generally 
used for mirror coating of glancing mirrors for the 
beamline of the synchrotron. Surface roughness of 
the single layer was assumed to be 1 nm with the 
thickness of 50 nm. Roughness of the multilayer 
interface was assumed to 0.5 nm. The periodic W/Si 
multilayer film had 10 periods of 3.0-nm-thick W 
layer and 7.0-nm-thick Si layer.  Reflectance of this 
periodic W/Si multilayer was approximately 30% at 
the photon energy of 697 eV, and has more than 
20% in the target photo energy region. As a results, 
an aperiodic design had wideband reflectance as 
shown in Fig. 3, and the structural design of the 

W/Si multilayer is shown in Fig. 4. As a results, it 
was achieved that high reflectance the diffraction 
grating of over 10% in the whole target energy 
region by coating an aperiodic-designed W/Si 
multilayer. 
 

 
Fig. 3. Calculated reflectance of single metal layers 

and W/Si multilayers for the grating coating. 
 
 
 
 
 
 
 
 

Fig.4. Structural design of the wideband 
W/Simultilayer. 
 
The multilayer had aperiodic structure which 

consisted of one periodic multilayer coated on ten 
periodic multilayer. And the multilayer thickness 
was optimized to obtain the high reflectance in the 
photon energy target region. The periodic structure 
reflects well in energy region from 800 to 1,000 eV, 
where the period thickness was optimized to reflect 
this region. And, the top two layers widely reflects 
low-energy beam below 800 eV, because reflectance 
of tungsten single layer was enough high in this low 
energy region. Thicknesses of the two top layers 
were optimized to make positive interference of the 
reflections from the top surfaces (vacuum/W, W/Si, 
Si/W and W/Si). Further, the thickness of this 
multilayer was easy to control in deposition because 
the thickness of the period structure was able to 
measure with high accuracy by x-ray reflectivity 
(XRR) measurement. 
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Fig.5. Schematic view of the magnetron-sputtering 

deposition system. 
 

2.3 Deposition system 
The W/Si multilayers were prepared by a 

magnetron-sputtering deposition system as shown in 
Fig. 5. A 6-inch RF cathode was used for Si layer 
deposition, and a 6-inch DC cathode was used for W 
layer deposition. Twelve samples of 6-inch Si wafer 
were usually settled by large holding plate with 830 
mm in diameter. Each 6-inch-wafer sample was 
settled at the distance of 300 mm from the rotation 
center on the holding plate. For each deposition 
layer, the deposition layer thickness was controlled 
by the rotation speed of the holding plate. The 
deposition system was pumped down to the vacuum 
pressure higher than 1.5 × 10-4 Pa, and typically the 
deposition was carried out at the Ar pressure of 1.7 
Pa. When W/Si multilayer was deposited on a Si 
wafer at the Ar pressure of 0.17 Pa, the film was 
peeled off due to high film stress. The Ar gas 
pressure was chosen to 1.7 Pa to reduce the film 
stress. At this Ar pressure condition, the deposited 
multilayer did not peel off. 
For the development of the multilayer, a Si wafer 

was used as a substrate. The grating substrate is 150 
mm in length, 30 mm in width, and 25 mm in 
thickness. And the groves were patterned in the 
region of 130 mm (L) × 22 mm (W). In deposition, 
the grating substrate was set the groove region 
parallel to the rotation direction of the holding plate.  
 

2.4. Measurement condition of reflectance 
Reflectance of W/Si multilayer on a Si wafer was 

measured at the reflectometer of BL-10. Reflectance 
of a 76.5-nm-thick Ni and 52.9-nm-thick Pt single 
layers were also measured. The G2 grating was 
chosen. When the width of the exit slit was set to be 
50 μm, the monochromated photon energy 

resolution of 600 can be achieved around the photo 
energy of 700 eV. A photodiode (IRD SXUV-100) 
was used as a detector to measure the beam intensity. 
GAOI was 6°. A 1-μm-thick Cu filter was installed 
to cut the high order light from the grating. The 
reflectance in photon energy range from 500 to 930 
eV, because absorption edge of the Cu filter was 
around 930 eV.  
 

2.5. XAS measurement of EUV resist  
 The sample was poly hydroxyl 
styrene-co-tert-butylacrylate (PHS-TBA) resist with 
a photoacid generator of tri-phenyl sulfonium 
nonaflate (TPS-nonaflate), which measured in 
previous paper [5]. The resist film thickness of 50 
nm was spin-coated on a wafer. EUV light of 91.8 
eV with the G1 grating was exposed on the sample 
with seven exposure dose condition from 0 to 98 
mJ/cm2. XAS spectrum was measured by total 
electron yield (TEY) method. The seven exposed 
position was measured around fluorine absorption 
edge of 650 to 730 eV with the G3 grating. The 
exit-slit width was 20 μm, where the energy 
resolution was 1,300 around 700 eV. 
 
3. Results and discussions 

Figure 6 shows the measurement result of the 
reflectance. At the photon energy of 697 eV for the 
fluorine 1s core level absorption edge, the 
reflectance of the Ni single layer, the Pt single layer 
and the wideband W/Si multilayer were about 0.7%, 
2.7% and 13.4%, respectively. The reflectance of the 
W/Si multilayer is 13 times higher than that of Ni 
single layer. And since the W/Si multilayer had high 
reflectance of more than 10% for the photon energy 
region from 500 to 930 eV, this multilayer was 
coated on the G3 grating substrate and it was 
installed in BL-10 for the soft x-ray absorption 
spectroscopy. 

Figure 7 shows the beam intensity measured by 
the photodiode with the G2 and the G3 grating 
without filters. The exit-slit width was 10 μm. The 
electron current measured by the photodiode with 
the G3 diffraction grating at the photon energy of 
697 eV was 69 nA and the photodiode current was 
40 times larger than that with the G2 diffraction 
grating. In addition, the photon energy region from 
500 to 1,000 eV, the photodiode current was 
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significantly improved and was more than 50 nA. 
This result shows the largest photon number can be 
obtained using the G3 diffraction grating in the 
target photon energy region. 
 
 
 
 
 
 
 
 
 
 
 

Fig.6. Reflectance of the wideband W/Si-multilayer, 
the Ni single-layer, the Pt single-layer samples 

 
Fig.7. Beam intensity with G2 and G3 gratings 

 
Figure 8 shows the result of TEY-XAS 

measurement of the EUV CA resist material. The 
absorption structure of fluorine 1s core level was 
measured with a high signal-to-noise ratio. We 
successfully observed the peak height of the 
absorption spectra decreased slightly with increasing 
the EUV exposure dose. This is indicated that the 
fluorine 1s core level of the anion of photo acid 
generator in the EUV CA resist decomposed during 
EUV exposure. Figure 9 shows the 1s core level 
absorption spectra measured by TEY-XAS method 
for the fluorine of the anion of PAG in the EUV 
resist and 3d-transition-metal compounds. All the 
spectra were measured with a high signal-to-noise 
ratio. The monochromator had enough energy 
resolution to evaluate the chemical bonding for the 
compounds. In addition to the target energy region, 
the absorption spectrum of Zn 1s core level around 

the photo energy of 1,020 eV was clearly resolved. 
The TEY-XAS method using BL-10 beamline has a 
good capability to measure the absorption spectra to 
evaluate chemical bonding in the photon energy 
region from 500 to 1100 eV. 
 
 
 
 
 
 
 
 
 
 
 

Fig.8. TEY-XAS measurement result of the resist at 
fluorine absorption edge 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.9. TEY-XAS measurement result of the standard 
samples such as (a) B2O3 and TiO2, (b) CaF, (c) CoO, 
(d) CuO and Cu2O3, and (e) ZnO compounds. 
 
4. Conclusions 
We developed high reflective and wideband 

multilayer coating for the photon energy from 500 to 
1,100 eV. This coating had aperiodic structure of 
W/Si with 11 periods. The reflectance of this coating 

(a) (b) 

(c) (d) 

(e) 
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was 13 times higher than the previous Ni single 
layer coating, and was over 10% in the target photon 
energy region. We deposited the wideband 
multilayer on the grating substrate of G3, which was 
employed as a monochromator of BL-10 beamline 
for the TEY-XAS measurement method. The beam 
intensity was significantly improved more than 40 
times at the absorption edge energy of fluorine 1s 
core level. And, high photon intensity can be 
achieved in the target photon energy region. We 
measured the resist sample using TEY-XAS method. 
The fluorine decomposition reaction of the resist 
was clearly measured with good signal-to-noise ratio. 
And, the absorption structures of standard 3d 
transition metal compounds were also resolved 
clearly. This result shows BL-10 beamline had high 
capability of XAS measurement in the photon 
energy region from 500 to 1100 eV with a sufficient 
energy resolution and high beam intensity. In 
addition, the reflectometer of BL-10 can measure 
the reflectance of the metal coatings on an optical 
element in this photo energy region, and it can be 
strongly contributed the development of soft x-ray 
optics. The well-developed W/Si aperiodic 
multilayer diffraction grating can provide significant 
improvement of beamline performance for the high 
energy photon region. 
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Abstract 
Soft X-ray absorption spectroscopy (soft XAS) can detect light elements at high sensitivity. In this 
study, about a material used for organic light-emitting diodes, was analyzed for its molecular 
orientation by using XAS. We were able to determine the orientation angle by confirming horizontal 
orientation of the molecules from the measurement results using XAS. As a result, we have 
developed the analysis method of organic thin films with depth information, which will contribute 
to the optimization of manufacturing process. 
 

Introduction 
Organic multilayered thin films are used for 

organic light-emitting diodes and organic solar cells. 
In the manufacturing process of these films, it is 
important to control accurately the thickness of each 
layer in nm because the mixing ratio between the 
constituents and their states affect the performance 
of these films. Controlling of their molecular 
orientation has recently gaining attention as it would 
lead to the improvement of thin film properties [1, 2]. 
Spectroscopic ellipsometry is known as a handy and 
effective method for determining the molecular 
orientation of single-layer thin films [1]. For thin 
films of several tens of nm in thickness, 
multilayered structure or mixed layers, whose 
analysis is more difficult due to detection sensitivity 
and effects from multiple elements, new evaluation 
methods are required. 

Soft X-ray absorption spectroscopy (soft XAS) 
can detect light elements at high sensitivity. A 
spectrum generated by this method reflects the 
electronic state of each element. Based on this 
spectrum, mixture ratio can be calculated by using a 
standard spectrum for each compound and 
molecular orientation can be determined by 
measuring incident angle dependence [3, 4]. The 
information depth is expected to be shallow because 
soft X-rays have lower penetrabilities. 

In this study, B3PyMPM (4,6-bis(3,5-di-3-pyri- 
dylphenyl)-2-methylpyrimidine), a material used 
for electron transport layer, was analyzed for its 
molecular orientation by using XAS. 
 

Experiment 
Fig. 1 shows the organic materials used and the 

molecular structure. The molecular orientation was 
analyzed using a thin film prepared by vapor 
deposition of B3PyMPM on a silicon wafer (Fig. 1a).  

 

XAS measurements were conducted at BL10 
in the New SUBARU. The specimen surfaces were 
irradiated with microbeam X-ray to obtain spectra 
by measuring the photoelectric current in the 
specimens with an ammeter (Total electron yield). 
The measurements were performed across the 
nitrogen k-edge and carbon k-edge (N K and C K). 
Each signal intensity was normalized by the 
intensity of peaks (σ*) generated by nitrogen (or 
carbon) σ bonds. 
 
Results and Discussion 

Fig. 2 shows the XAS spectra of B3PyMPM thin 
film obtained for different incident angles (θ) of soft 
X-ray to the substrate. 

At the N K edge of the spectra, the ratio of signal 
intensity to the peak intensity generated by π bonds 
between nitrogen and carbon became higher as the 

(a) 
 

 
 

(b) 

 

 

 
Fig. 1  (a) The structure of thin films, and 

(b)  Molecular structure of the 
B3PyMPM 
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incident angle of X-ray decreased (smaller θ). This 
was because the polarization direction of X-ray 
coincided with the direction of π orbital, indicating 
that the main skeleton, pyrimidine, as well as the 
four pyridine rings at molecular ends composing 
B3PyMPM were oriented horizontally to the 
substrate.  

 
These molecular orientations are in agreement 

with the results of spectroscopic ellipsometry [2]. 
Fig. 3 shows the signal intensity ratio of π* to σ* 

plotted against the soft X-ray incident angles. We 
referred to a method explained in a previous study 
[3] in calculating the angle (α) between the normal 
vector to the substrate surface and the π* orbital that 
is perpendicular to the molecular plane, assuming 
that all aromatic rings of B3PyMPM were on the 
same plane. In this calculation, molecular 
orientation to the substrate surface would be 
horizontal if α < 54.7° (the magic angle), 
perpendicular if α > 54.7°, and non-oriented if α = 
54.7°. 

 
The calculation results were α = 47° for N K 

edge, confirming horizontal orientation of the 

molecules. 
 

Conclusions 
Up until now, there has been only few methods 

available for accurate assessment of organic thin 
film's molecule orientation. In this study, XAS 
proved to be capable of analyzing materials used for 
organic light-emitting diodes. Also, calculations of 
information depth enabled the analysis of organic 
thin films with depth information, which will 
contribute to the optimization of manufacturing 
process. 
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Fig. 2 XAS spectra of B3PyMPM thin film 
for  

different X-ray incident angles(N K 
edge) 

 

Fig. 3 Molecular orientation of B3PyMPM 
thin film(N K edge) 
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Abstract 

To characterize graphitic carbon materials by soft X-ray absorption spectroscopy, XANES of many 
graphitic carbon samples were measured in BL10 at the NewSUBARU. It has been found that the 
relationship between the π* peak width and height in C K-XANES provides information on local 
structure of hexagonal carbon layers. Hence, we have proposed the relationship which is named as 
“π* peak map” for the significant index of local structure analysis of graphitic carbon materials. 

 
Introduction 
     Graphitic carbons have attracted much 
attention for energy and transparent electrode 
materials because of their superior electrical 
conductivity and low cost. The electrical 
conductivity is dependent on the π electron states 
of sp2-carbon atoms in hexagonal carbon layers. 
It is therefore required to develop a measurement 
technique for obtaining some information of 
local structure. We have previously found that 
X-ray absorption near-edge structure (XANES) 
in the C K region provides information of edge 
carbon atoms and/or nonbenzenoid rings in the 
hexagonal carbon layers [1]. In this study, we 
have measured C K-XANES of many industrial 
graphitic carbon materials and deeply discuss the 
π* profiles. 
 
Experiments 
     Samples were commercially available 
graphite, carbon nanotube (CNT), and carbon 
black (CB) of furnace carbon black, acetylene 
black, and Ketchen black. Physical properties of 
them are listed in Table 1. XANES 
measurements were carried out at BL10 in the 
NewSUBARU SR facility. Powder samples of 
the carbon materials were pressed and held on 
indium substrates, and total electron yield (TEY) 
was measured by monitoring the sample 
photocurrent in the C K region. Incident angle of 
SR beam to the sample plane was turned at the 
magic angle of 54.5º. A 1800 mm-1 grating and a 
20 µm slit were used for the C K-XANES 
measurements.  

 
Results and Discussion 
     Figure 1 shows the C K-XANES of the 
carbon samples and the highly oriented pyrolytic 
graphite (HOPG) as a reference. Compared to 
HOPG, the π* peak profile of carbon samples is 
generally broader. Such the broader π* peak 
profile should reflect the the π electron state 
variation of carbon atoms in hexagonal carbon 

layers. To clearly display the broader portion in 
π* peak of carbon samples, subtracted spectra 
between each carbon sample and HOPG are 
plotted on XANES with bold lines. The broader 
portion can be shown as two peaks at 284.5 eV 
and 286.2 eV which are named as peak a and b, 
respectively. From our previous spectral analyses 
by using the first-principle calculation code, 
CASTEP, such the peaks a and b can be 
explained by edge carbon atoms in hexagonal 
carbon layers [2].  
     To further discuss the π* peak profile, we 
have plotted the relationship between the π* 
peak height (π*/σ* peak height ratio) and width 
(peak a) in Figure 2, which is named as “π* peak 
map” [3]. In the map, carbon samples take 
characteristic distribution dependent on the kind 
of samples. The samples of graphite (denoted by 
GRA in the figure) distribute near HOPG, which 

Table. 1 Details of the graphitic carbon samples.
Sample name Surface area / m2g-1 Particle size / nm DBP absorption / cm3100g-1

FB1 250 15 52
FB2 12 122 41
FB3 220 16 105
FB4 560 13 91
FB5 350 11
FB6 125 20 115
FB7 79 24 150
FB8 370 13 77
FB9 260 16 69
FB10 180 18 55
FB11 290 14 98
FB12 290 14 98
FB13 25 225 155
FB14 142 18 130
FB15 244 16 80
FB16 119 22 144
FB17 79 28 101
FB18 56 38 158
AB1 39 48 140
AB2 69 35 160
AB3 370 12 250
AB4 156 26 220
AB5 380 282
AB6 63 234
AB7 58 218
KB1 800 40 360
KB2 377 300

GRA1 258.4
GRA2 9.9
GRA3 7.9
GRA4
GRA5
GRA6
GRA7
CNT1
CNT2
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is rational because graphite particles should hold 
large hexagonal carbon layers. Samples of CNT 
also distribute near HOPG, because CNT 
consists of hexagonal carbon structures. 
Acetylene black (AB) and Ketchen black (KB) 
distribute on left side of furnace carbon (FB). 
Such the distribution seems to reflect the 
electrical conductivity dependent on local 
structures; electrical conductivities of AB and 
KB are higher than those of FB. From these 
results, it can be considered that samples which 
distribute on left side in π* peak map hold larger 
hexagonal carbon layers and higher crystalline 
structures. On the contrary, the samples which 
have some structural defects like edge carbon 
atoms and/or nonbenzenoid rings are distributed 
on right side in the map. This consideration from 
the π* peak map can not be obtained by the 
physical properties shown in Table 1.  
    It is therefore concluded that the proposed 
π* peak map is useful for characterization of 
graphitic carbons from the view point of local 
structures.  
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Fig. 1 C K – XANES spectra of HOPG and graphitic carbon samples.
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Abstract 
The chemical state of oxygen in the rubber and brass adhesion layer was evaluated by using total-
electron-yield soft X-ray absorption spectroscopy (TEY-XAS). Fatty acids including in rubber 
compounds are influence to the adhesion of rubber and brass. Oxygen including in fatty acid on 
rubber surface was estimated. After adhering rubber compound and brass plate by curing, the 
adhesion layer was sliced. Each of the surfaces was measured by TEY-XAS at NewSUBARU and 
Advanced Light Source (ALS). The quantitative analysis of oxygen can be obtained from the peak 
height ratio Oσ*/Cσ* in the TEY-XAS. 

 
Introduction 

The adhesion of rubber and steel in tire is 
quite important for safety driving of automobile. 
If the adhesion systems do not work, the tire will 
be break soon. So some analysis for the adhesion 
system was evaluated [1, 2]. Fatty acids including 
the rubber compounds affect to decrease adhesive 
force of rubber and metal. Fatty acids are 
including in natural rubber, compounding agent 
or cobalt salt. To evaluate the chemical state of 
surface oxygen in the rubber and brass adhesion 
layer, TEY-XAS was used. After adhering rubber 
compound to brass plate by curing, the rubber 
layer was sliced. Each of the surfaces was 
measured by TEY-XAS at NewSUBARU and at 
Advanced Light Source (ALS). The quantitative 
analysis of oxygen can be obtained from the peak 
height ratio Oσ*/Cσ* from the results of TEY-
XAS. 
 
Experiments and Results 
 Rubber compound including natural rubber, 
carbon black, Zinc oxide, sulfur and rubber 
agents was mixed and prepared. After putting the 
uncured rubber on the brass plate, the rubber was 
cured at 170 °C for 10min. To make it easier to 
peel off, only 0.5phr sulfur was mixed to the 
rubber compound. The adhesion layer was sliced 
by cutting knife after curing as shown in Figure 
1. Each of the surfaces was measured by XAS. 

Soft x-ray absorption spectra of the samples 
were measured with the total-electron-yield 
(TEY) in beamline BL-10 at the NewSUBARU 
and in beamline BL-6.3.2 at the Advanced Light 
Source (ALS). Same samples were used for both 
measurements, and both XAS results were 
compared.  
   Figure 2 shows the results of XAS in the CK 
and OK region of adhesion sample. Stearic acid 
was used for standard sample of fatty acid. 
Acetone extracted brass plate was used for 
Normal brass sample.  

 
Fig.1  Adhesive samples for XAS measurement.

Fig.2  Soft x-ray absorption spectra in the CK 
and the OK region of Rubber and Brass 
adhesion sample. 
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   For rubber samples, * bonding in the CK 
region were observed at 285eV. Some impurities 
on the brass were observed from the result of 
Normal brass. The peak of * bonding of ZnO in 
the OK was shown at 538 eV. The peak of * 
bonding of carboxyl group in the OK was shown 
at 540 eV. ZnO was mixed in the rubber, so the 
ZnO component was detected by XAS 
measurement. 

Figure 3 shows that the peak height ratio O* 
/ C*.  The peak height ratio of Rubber surface 
and Brass surface are higher than that of Back or 
Inside. The ratio in the rubber increases as close to 
the brass. Oxygen including in fatty acid on rubber 
surface was estimated. In addition, the ratio of 
Brass surface and Normal brass are higher. Brass 
is originally stabilized by ZnO because of ZnO is 
formed on the brass surface. Thereby ZnO is 
detected strongly on brass surface by XAS 
measurement. The amount of oxygen derived ZnO 
on brass surface is common to be reduced by 
vulcanization of rubber. 

 
 
 
 
The peak height ratios measured at ALS were 

higher than that measured at NewSUBARU. The 
tendency of oxygen content in each layer is similar.  
 
Conclusions 
    The quantitative analysis of oxygen derived 
fatty acid or ZnO can be obtained from the peak 
height ratio Oσ*/Cσ* in the TEY-XAS. Oxygen 
content of the rubber close to the brass is 
increased. This result is due to fatty acids in the 
rubber. It is possible to know the tendency of the 
oxygen component in the rubber and brass 
adhesion layer.  
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Abstract 

Detonation nanodiamond (DND) is a carbon nanomaterial promising for various applications, 
and controlling its surface state is very important to express its functionality. For this purpose, 
we have started X-ray absorption near edge structure (XANES) measurements at BL-10 in the 
NewSUBARU SR facility.  

 
Introduction 

Detonation nanodiamond (DND) is nano-
sized synthetic diamond with 4 ~ 5 nm in average 
diameter of primary particle (Fig.1) [1]. It is a 
kind of “carbon nanomaterial” and greatly 
expected for wide range of applications by taking 
advantage of physical properties of diamond in 
combination with the characteristics of 
nanoparticles. DND is produced from explosives 
by detonation process followed by purification 
and dispersion processes (Fig.2). Daicel 
Corporation has installed a test facility for 
detonation process in Harima Plant (Hyogo, 
Japan). 

Due to small particle size, DND has large 
specific surface area more than 300 m2/g. 10 ~ 
20% of all atoms making up particles are exposed 
on the surface, where oxygen functional groups 
like carboxylate or hydroxyl group exist (Fig.3). 
The state of functional groups is affected by 
detonation and purification conditions, and 
affects the dispersibility in various media in 
various conditions. 

Analyzing surface state of DND precisely and 
control that properly is very important to obtain 
favorable dispersibility in target medium, by 
which the expression of distinguished 
functionality of DND is expected.  

For this purpose, we have started analyses of 
DND surface state with X-ray absorption near 
edge structure (XANES) measurement [2, 3]. 
 

 
Fig.1  Transmission electron microscope 
(TEM) image of nanodiamond (by the courtesy 
of Prof. T. Hayashi, Shinshu University). 

 

 

 
Fig.2  Manufacturing processes of detonation 
nanodiamond. 
 
 

 
Fig.3  Illustration of nanodiamond primary particle 
and its surface. 
 
Experiments 

XANES measurements were carried out at 
BL-10 [4] in the NewSUBARU SR facility. CK-
edge, OK-edge and NK-edge XANES were 
recorded by the total electron yield (TEY) 
method. 

DND sample was manufactured by Daicel 
Corporation. Average primary particle diameter 
of the sample was determined 4.1 nm according 
to Sherrer’s equation by HMFW of the 111 peak 
of powder X-ray diffraction analysis. BET 
specific surface area was 341 m2/g. Oxygen 
content of the sample was estimated ca. 13% by 
elemental analysis, and nitrogen content was 
2.5%. 

 Primary particle 

2 nm 
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Results and Discussion 
CK-edge XANES spectrum of DND is shown 

in Fig.4 together with that of highly oriented 
pyrolytic graphite (HOPG).  

Absorption peak at 285.1 eV is presumably 
the peak from * of sp2 carbon on the DND 
surface. The photon energy is slightly lower than 
that of HOPG (285.5 eV). It is supposed that sp2 
carbon of DND would be less ordered than 
graphitic carbon like HOPG. Further 
investigation for the exact structure is needed. 
Assuming that the intensity of * peak is liner to 
the sp2 carbon content and that of HOPG is 100%, 
sp2 carbon content of the DND sample is 
estimated 8.5% from the relative intensity of * 
peak for DND, with standardized at 293 eV 
(Table 1). The peak at 286.7 eV is supposed to 
come from hydroxylated sp2 carbon. It has been 
observed that intensities of those peaks vary, 
sometimes with subtle shift of photon energy, by 
manufacturing processes and treatment 
conditions (data not shown).  

OK-edge and NK-edge XANES spectra are 
shown as Fig. 5. We are presuming that the peak 
intensity of OK-edge XANES and that at 286.7 
eV of CK-edge XANES, and oxygen content by 
elemental analysis correlate one another. On the 
other hand, peak shape and intensity of NK-edge 
XANES is unchanged among various samples. 
Nitrogen in DND is derived from nitro group of 
explosives and nitrogen content in DND is almost 
the same among samples unless nitrogen 
containing group is introduced by additional 
treatment. 

We are working for various samples with 
different sources, processes and treatments for 
further elucidation. 
 
 
Table 1  Peak intensities of DND (standardized 
at 293 eV of CK-edge XANES) 

CK-edge XANES 
* (C=C) 
285.1 eV 

Relative intensity to 
HOPG * 

* (C-OH)
286.7 eV 

0.067 0.085 0.103 
 

OK-edge XANES 
* (C=O) 
530.9 eV 

* (OH) 
538.7 eV 

0.057 0.111 
 
 
 

 
Fig. 4  CK-edge XANES spectrum of DND 
 

 

 
Fig. 5  OK-edge XANES (upper) and NK-edge 
XANES (lower) spectra of DND 
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Abstract 

Soft X-ray absorption spectroscopy (XAS) is effective analysis method for characterizing 
chemical bonding state of carbon materials. For example, in the case of nano-graphite, we 
have obtained information of edge carbon atoms in hexagonal carbon layer by analyzing the 
XAS spectra in the CK region. In this study, we have evaluated variety of furnace carbon 
blacks (CB) by the XAS measurement. As a result, we have found the inverse correlation 
between the intensity of the peak attributed to edge carbon in hexagonal carbon layer and 
the nitrogen absorption specific surface area (N2SA), Di-butyl phthalate oil absorption (DBP), 
respectively. Furthermore, we have confirmed the difference of the local structure during the 
graphitization. 

 
Introduction 
As a raw material of tires and rubber products, 

CB is wildly used. In order to satisfy the 
customer’s requirements, variety of CBs are 
produced. For further understanding of chemical 
and physical bonding between CB and rubber, it is 
important to investigate the fundamental 
structure, especially, the chemical bonding state of 
hexagonal carbon layer. XAS measurement is a 
powerful tool to identify carbon double bond and 
single bond, in addition, the edge carbon atoms in 
hexagonal carbon layer. In this report, we have 
focused on the chemical bonding state change of 
hexagonal carbon layer in CBs from XAS 
measurements by changing the physical 
properties (N2SA, DBP, and graphitization) of 
CBs, and those results are issued.   
 
Experiments 
XAS measurements by total electron yield (TEY) 

were performed using synchrotron radiation in 
BL-10 at the NewSUBARU [1]. CBs provided from 
Mitsubishi Chemical Corporation have been 
measured. Those samples have N2SA in the range 
of 28-374(m2/g) and DBP in the range of 46-137 
(ml/100g). Graphitized CBs (Sample1 and 
Sample2) are also included. 
We have considered the chemical bonding state of 

carbon by using two parameters, π＊/σ＊and the 
normalized peak-a height. π＊/σ＊ is peak intensity 
ratios between the π* peak and the σ ＊ peak. 
Normalized peak-a height was obtained by 
subtracting the measured spectrum from the 
highly oriented pyrolytic graphite (HOPG) 
spectrum as a reference [2,3]. Peak-a, attributed 
to the edge carbon atoms in hexagonal carbon 
layer, appears approximately at 284 eV in the 
subtracted spectrum. For a reference, nano-
graphites obtained by mechanically grinding 
HOPG under Ar atmosphere were measured. 
 
 

Results 
Fig.1 shows the relationship between the π＊/σ＊ 

ratio and normalized  peak-a height (CB(●), 
nano-graphite ( )). Dotted line is the primary 
approximation line of nano-graphite.  
Plot of grinded nano-graphite shifted towards the 

lower right as we extend the grinding time. This 
shows that the grinding time increases the 
number of defect in hexagonal carbon layer.  
In case of CB, π＊ /σ＊and normalized peak-a 

height are in the range of 0.7-0.9 and 0.3-0.5, 
respectively. These plots are distributed along the 
dotted line.  
Focusing on Sample1 and Sample2, plot shifted 

towards upper left compared to Sample0. Since 
graphitized temperature is higher in Sample2 
than in Sample1, the number of defect in 
hexagonal carbon layer is expected to be lower in 
Sample2. Therefore, XAS could confirm the 
rearrangement of crystallite during the 
graphitization. 

 
 

Fig.1 Relationship between peak height 
ratio (π＊/σ＊) and peak-a height (CB (●) and 
nano-graphite ( )). 
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Fig.2 shows the relationship between N2SA and 
normalized peak-a height (2a), along with relation 
between DBP and normalized peak-a height (2b). 
Normalized peak-a height of CB linearly decrease 
as N2SA increase. Similar relation is observed for 
DBP. It is new to know that the number of defect 
in hexagonal carbon layer is affected by DBP, 
although it may take a little more time to identify 
the cause of observed results.      
Interestingly however, Sample1 and Sample2 

show totally different balance. This result 
suggested that we can produce CB with different 
chemical bonding state, independent of N2SA and 
DBP.  
As described above, XAS measurement is useful 

in comparing the chemical bonding state of 
hexagonal carbon layer of CB. In our future work, 
we would like to identify the effect of oxygen at the 
edge of hexagonal carbon layer by analyzing 
oxidized CBs. 
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Fig.2 Upper panel (2a) shows the relationship 
between peak-a height and N2SA (m2/g). Lower 
panel (2b) shows the relationship between peak-
a height and DBP (ml/100g). 

 
 

0.1

0.2

0.3

0.4

0.5

0.6

0 100 200 300 400

Pe
ak

-a
he

ig
ht

N2SA(m2/g)

Sample 0

Sample2

Sample1

(2a)

0.1

0.2

0.3

0.4

0.5

0.6

40 70 100 130 160

Pe
ak

-a
he

ig
ht

DBP (ml/100g)

Sample 0

Sample2

Sample1

(2b)

86



Development of Transmission Grating for EUV Interference 
Lithography of 1X nm HP 

 

Tsubasa Fukui, Hirohito Tanino, Yuki Fukuda, Masaki Kuki, Takeo Watanabe, Hiroo Kinoshita, and 
Tetsuo Harada 

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

3-1-2 Koto, Kamigori, Ako-gun, Hyogo, 687-1205, Japan 
tfukui@lasti.u-hyogo.ac.jp 

 
The advanced feature size patterning process of semiconductor conductor devices was being charged with 
the important role with development of an information-technology oriented society. Extreme ultraviolet 
lithography (EUVL) is expected as a leading candidate of the next generation lithography for semiconductor 
electronic devices. The development of EUV resist which has high resolution, high sensitivity, low LWR, 
and low out gassing is a second critical issue of the EUVL. Development of the two-beam interference 
exposure tool using the EUV light has been upgraded for the critical dimension of 10-nm-order in EUV 
resist patterining process. This tool was installed at the 10.8-nm-long undulator beamline BL09B of 
NewSUBARU synchrotron radiation facility. Using this EUV interference lithographic method, 15 nm hp 
resist pattern had been replicated on a silicon wafer. The transmission grating fabrication is the most 
significant key technology in the EUV interference lithography. The advanced fabrication process is applied 
for the transmission-grating fabrication for the EUV resist patterning beyond the feature size of 15 nm, such 
as 12.5 and 10 nm. 
Keywords:  EUV lithography, interference lithography, transmission diffraction grating 
 

1. Introduction 
EUVL [1] will be used in the semiconductor electronic 

device high volume manufacturing for the patterning in the 
16 nm feature size around 2016. The top three issues of the 
EUVL are the development of 1) source, 2) resist, and 3) 
mask. The critical issues of EUV resist are the 
simultaneous achievement of the high resolution, 
sensitivity, low LER, and low out gassing [2]. Currently, 
on Feb. 25, 2015, ASML press release announced that 
using ASML NXE-3300B exposure beta tool, the EUV-
light-source power increased to 90 W at the intermediate 
focus position, and TSMC semiconductor chip 
manufacturer exposed 1022 wafers in 24 hours. 10-nm-
feature-size-pattering technology is required in 2020 for 
the high volume manufacturing listed in the international 
technology roadmap for semiconductor (ITRS) [3]. 

The resolution specification of ASML NXE3300B 
EUV exposure tool is 22 nm. Thus it cannot reach to the 
resolution of 10-nm order. To accelerate the EUV resist 
development of 10-nm order, it is very significant to 
develop the EUV interference lithographic exposure tool 
for the resolution achievement of 10-nm order [4]. The 
EUV interference lithography had been developed and 
replicated 15 nm line and space (L/S) resist pattern by 
using two window-type transmission-diffraction grating 

(TDG) on which has 30 nm L/S grating pattern. In addition, 
28-nm-diameter-hole resist pattern had been replicated by 
four window-type TDG which has 40 nm L/S grating 
pattern [5, 6, 7]. The replicated 15 nm L/S and 28 nm hole 
resist patterns on a silicon wafer are shown in Fig. 1(a) and 
(b), respectively. 
 

 
 
 
 
 

 
 
Fig. 1 (a) 15-nm-L/S inorganic-resist pattern, and (b) 28-
nm-diameter hole organic-resist pattern using EUV-IL 

 
The reduction of the vibration amplitude from a dry 

pump is a significant factor for the resist patterning of a 
small feature size in the EUV-IL exposure. The 
displacement of the vibration amplitude between the TDG 
and wafer should be reduced to approximately 1/3 of the 
target resolution of 10 nm in EUV-IL [8]. The vibration 
amplitude displacement of the frequency range from 0 to 
50 Hz has been suppressed less than 3 nm. 

(a) (b) 
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However, with taking care of the vibration suppression, 
since the TDG fabrication for 10-nm-order EUV resist 
patterning is most significant, this paper focused on the 
fabrication of the TDG for the EUV resist patterning of 10-
nm-order resolution achievement using EUV-IL. 

 
2. Experiment 
2. 1. Interference lithography 

A schematic view of the interference lithography which 
was installed is shown in Fig. 2. An experimental chamber 
was installed at 10.8-m-long undulator beamline BL09C. 
The 1.0 GeV electron linear accelerator of the large 
synchrotron radiation facility of SPring-8 is used as an 
injector for the New SUBARU electron beam storage ring 
which is a medium scale light source. The circumstance of 
this ring is approximately 118.9 m and the schematic view 
of this facility was shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 A schematic view of the interference lithography 
which was installed  

 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 3 The schematics view of NewSUBARU 
synchrotron light facility 

 
  Configuration of the two beam interference exposure 
tool using the coherent EUV light is shown in Fig. 4 [9]. 

The TDG has two window. In general, the coherent light is 
diffracted into the 0th, ±1st, ±2st, …. -orders lights from a 
diffraction grating. The interference fringe is generated by 
interfering with the +1st order light from one window of 
TDG and -1st order light from another window of TDG, 
and the generated-fringe pitch has a half pitch of the TDG 
grating pattern. As a result, resist pattern pitch of the 1/2 
pattern pitch of the TDG can be replicated on a wafer when 
settle at the interference position. For example, a TDG with 
20 nm L/S grating pattern can form a resist pattern of 10 
nm L/S on a wafer at the interference position. 

In the resolution region of 10 nm and below, since the 
replicated pattern is easy to be affected by the flare of the 
imaging optics, the flare control of the optics is very 
significant. However, since in the case of EUV-IL, EUV-
IL need not to use optics, there is no flare to be affected to 
the fine pattern replication. Thus EUV-IL is a powerful 
exposure tool to evaluate resist resolution and LWR 
performance for the development of EUV resist material. 
 
 
 
 
 
 
 

Fig. 4 Principle of interference exposure 
 
2.2 Transmission-diffraction gratings 

A TDG is the significant key element of EUV-IL for the 
advanced fine resist patterning. A schematic view of a 
fabrication process of a TDG is shown in Fig. 5 [10]. 
Diffraction efficiency strongly depends on the absorber 
material and its thickness. TaN material was selected to 
employ as an absorber grating of the TDG because of the 
high diffraction efficiency, the good sputtering and dry-
etching performance. 

First, 25 nm TDG tried to fabricate. And then 20 nm 
TDG process was evaluated. To achive the advanced fine 
patterning for these TDGs, the following three specified 
process should be employed. 
1) The SiO2 hard mask process should be employed for 

the patterning of the TaN layer with aspect ration of 
approximately 3. 

2) The low stress sputtering of the TaN and SiO2 layers 
was required. 

3) The center stop process was employed to cut off the 
incident light for the interfrence patterning. 
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The transmission fabrication flow is listed as followings. 
1) The low stress 100-nm thick Si3N4 double coated 4-

inches Si substrate was performed as the TDG 
substrate.  

2)  The TaN and SiO2 layers which employed as an 
absorber grating and hard mask respectively were 
sputtered on the substrate. 

3) Electron beam resist was coated. 
4) The resist was patterned by 50-keV-electron-direct-

writing tool. 
5) The EB resist pattern was transformed to the SiO2 

hard mask layer by dry etching process. 
6) The hard mask pattern was transformed to the TaN 

absorber grating by dry etching process. 
7) The back side Si3N4 layer was dry etched. 
8) The back side Si was removed by the KOH wet 

etching process at the temperature of 90 ºC to perform 
the Si3N4 membrane. 

9) A 2 m thick EB resist was coated to perform the 
center stop layer to cut off the direct incident EUV 
light. 

10)  The center stop resist on the window area was 
exposed by EB, and development and rinse 
processing were carried out. 

11) The remained resist was removed by O2 ashing 
process. 

 
 

Fig. 5 Fabrication process flow of TDG 
  

2.3 Resist processing 
In this fabrication process of TDG, the electron beam 

lithography playes an important role to form a grating 
pattern with a small feature size. ZEP520A (Nihon Zeon) 
resist had been employed as the EB pattering of the TDG. 
However this resist resolution limit was 25 nm in the EB 
direct writing. A higher resolution EB regist is required to 

fabricate a TDG with 25 and 20 nm L/S. In addition, resist 
with higher etching tolerance is needed. 

gL3002T (Gluon Lab.) resist which is a revised version 
of ZEP520A resist and HSQ resist (XR-1541-002, Toray 
Dow Corning) were tried to use in the fabrication process 
of the TDG. The averaged molecular weight of gL3002T 
resist is 10 times larger than that of ZEP520A resist and 
also has higher resolution and process stability comparison 
to the organic positive type resist. 

HSQ resist is a negative type resist of on the basis of the 
silicon containing resist and has a resolution of 6 nm. 
However, the sensitivity of HSQ resist is approximately 10 
times lower than that of ZEP520A resist. 

As results, gL3002T and HSQ resists were employed 
for the fabarication of the TDG with a featsure size of 25 
and 20 nm L/S grating pattern. 

 
3. Results and Discussions 
3.1 gL3002T resist process 

The resist was spin coated on a SiO2 layer to be the 
thickness of 50 nm. Prebake was carried out at the 
temperature of 180 ºC in 180 s. O-xylene and 2-propanol 
was employed as a developer and rinse solutions, 
respectively. A SEM image of the cross sectional view of 
the replicated gL3002T resist pattern is shown in Fig. 6. 
Both scanning electron microscope (SEM) images of 25 
and 20 nm L/S resist patterns were replicated on a SiO2 
layer as shown in Fig. 6(a) and (b), respectively. 
 

  
Fig. 6 SEM images of (a) 25 nm and (b) 20 nm L/S 
gL3002T resist pattern on SiO2 layer 

 
A fine rectangular cross sectional shape of 25 nm L/S 

gL3002T resist pattern was formed. However, since it 
couldn't be formed in the case of 20 nm L/S resist pattern, 
gL3002T was employed in the fabrication of TDG with a 
feature size of 25 nm. 

SiO2 25 nm L/S pattern was formed by dry etching using 
the 25 nm L/S gL3002T resist pattern as a mask. The cross 
sectional SEM image of SiO2 25 nm L/S pattern is shown 

(a) (b) 
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in Fig. 7(a). For this CF4 etching process, RF and bias 
power were 100 W and 25 W, respectively. And chamber 
vacuum pressure was 1.3 Pa, and the CF4 gas flow rate was 
60 sccm. 

TaN 25 nm L/S pattern was formed by dry etching using 
the 25 nm L/S SiO2 pattern as a mask. The cross sectional 
SEM image of TaN 25 nm L/S pattern is shown in Fig. 7(b). 
For this Cl2 etching process, RF and bias power were 100 
W and 25 W, respectively. And chamber vacuum pressure 
was 1.3 Pa, and Cl2 gas flow rate was 25 sccm. 

  
Fig. 7 Cross sectional SEM images of (a) SiO2 and (b) 
TaN 25 nm L/S patterns formed after dry etching 
 

After the Si substrate back side etching and formulation 
of the center stop processes, 25 nm L/S TDG was succeed 
to fabricate. Using TDG, 12.5 nm L/S resist pattern will be 
replicate in the EUV-IL exposure. 
  
3.2 HSQ resist process 

Replicated 20 nm L/S HSQ resist pattern on a bare Si 
wafer using 50 keV EB direct writing tool is shown in Fig. 
8(a). However, HSQ resist pattern with a waving shape 
was replicated because of charging up in EB lithography. 
Since the exposure sensitivity of HSQ resist has 
approximately 10 times lower than that of ZEP520 resist, 
large amount of negative electric charges are accumulated 
on the resist surface during EB exposure. It is easier to 
occur this charging up phenomenon using low sensitivity 
EB resist material. Thus Espacer (Showa Denko) was 
employed as a top coating material to avoid charging up 
phenomenon. Espacer is water soluble and has a large 
conductivity. Fig. 8(b) shows the CD-SEM image of 20 
nm L/S HSQ resist pattern applied Espacer top-coating 
process before the EB exposure. As shown in this figure, 
the waving shape disappeared and 20 nm L/S HSQ pattern 
was succeed to replicate. The top-coating condition was 
2,500 rpm in 60 s using spin coater, after the HSQ resist 
coating on the substrate. For HSQ resist process condition, 
spin-coating condition was 2,500 rpm in 60 s and prebake 
was carrired out at the tempreature of 80 ºC in 80 s. And 

the initial HSQ resist thickness was 36 nm. The 2.38% 
TMAH alkali aqueous solution and deionized water were 
employed as a developer and rinse solution. 

Development and rinse conditions were at the 
temperature of 22 ºC in the period of 30 s, and at the room 
temperature in the period of 30 s, respectively. 
 
 
 
 
 
 
 
 
Fig. 8 20 nm L/S pattern (a) affected by charging up on Si 
substrate and (b) to stop the effect of charging up Espaser 
was employed 
 
  In the case of a TDG fabrication, resist pattern should be 
replicate SiO2 layer for the hard mask process. Figure 9 
shows cross sectional SEM image of 20 nm L/S HSQ 
pattern on a SiO2 layer. 

 
Fig. 9 20 nm L/S pattern with Espaser process 

  
2.38% TMAH alkali aqueous solution was employed 

for the development. The cross sectional resist pattern 
shape is not a rectangular. To obtain the rectangular cross 
sectional shape of HSQ resist pattern, the alkaline strong 
NaOH aqueous solution was employed. To raise osmosis 
of NaOH into the HSQ resist material, NaCl was added. 
Finally, mixture aqueous solution of 1% NaOH and 4% 
NaCl was employed as a developer. As a result, 20 nm L/S 
HSQ resist pattern with a rectangle-cross-sectional shape 
was replicated with employing the mixture developer 
solution of NaOH/NaCl. This cross sectional SEM image 
is shown in Fig. 10(a). The thickness was 36 nm. 

SiO2 20 nm L/S pattern was formed by dry etching using 

(a) (b) 

(a) (b) 
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the 20 nm L/S HSQ resist pattern as a mask. The cross 
sectional SEM image of SiO2 20 nm L/S pattern is shown 
in Fig. 10(b). Thickness was 20 nm. For this CF4 etching 
process, RF power, Bias power, chamber pressure, CF4 gas 
flow rate were 100 W, 25 W, 1.3 Pa, and 60 sccm, respectively. 

  
Fig. 10 Cross sectional SEM images of 20 nm L/S (a) 
HSQ resist pattern, and (b) SiO2 pattern after CF4 dry 
etching 
 

As shown in this figure, the cross sectional shape of 20 
nm SiO2 pattern is rectangle. TaN 20 nm L/S grating 
pattern could be replicate employing this SiO2 pattern as a 
mask in dry etching in Cl2 gas. 
 
4. Conclusions  

25 nm L/S gL3002T resist pattern with a rectangular 
cross sectional shape was formed. TaN grating pattern was 
formed by CF4 and Cl2 gas dry etching. Fabrication of a 
TDG which has 25 nm L/S grating pattern was completed 
by forming the back side etching of Si substrate and the 
center stop process. 

HSQ resist with 20 nm L/S rectangular cross sectional 
pattern was formed by employing mixture aqueous 
solution of 1 % NaOH and 4 % NaCl as a developer. 20 
nm L/S of SiO2 was formed by CF4 gas dry etching. 20 nm 
L/S of a TaN grating pattern can be transform by SiO2 20 
nm L/S pattern as a Cl2 dry-etching mask. Using the TDG 
with 20 nm L/S grating pattern, EUV resist will be 
evaluated in EUV-IL exposure. 
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Fig.1  Structure of PTFE-filled E-plane waveguide 
coupler. 
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Abstract 
We report a trial fabrication of the PTFE-filled E-plane waveguide coupler for short 
millimeter-wave based on the SR etching process of PTFE, with the aim of developing integrated 
waveguide circuits. In this report, an integrated PTFE pattern, in which the two 3-dB couplers are 
cascaded, is fabricated. Then, the frequency characteristics of the fabricated coupler are measured. 

 
 
Introduction 

The metal-covered waveguide circuits such as 
H- and E-plane waveguide circuits suit with the 
millimeter-wave and submillimeter-wave 
applications requiring refined configurations, 
because the structures are very simple and 
various desired performances are realized by 
optimization of the contour of circuit structure. 

Recently, various micromachining 
technologies such as laser cutting, lithography, 
etc. have been applied to the development of 
components in the field of microwave and 
millimeter-wave engineering as well as in the 
field of mechatronics, optics, and fluidics. Trial 
fabrications of a hollow waveguide horn 
antenna at W-band based on the fabrication 
process using SU-8 photoresist, a coplanar 
transmission line and its filter at microwave 
band based on the LIGA process, etc. have been 
reported. Also, it has been reported that PTFE 
(Polytetrafluoro-ethylene) microstructures can 
be fabricated by direct exposure to synchrotron 
radiation (SR) [1]. The SR direct etching 
process has been applied to the fabrication of 
various PTFE-filled waveguide circuits [2]. The 
fabrication process is considered useful to 
construct the components for millimeter-wave 
and submillimeter-wave frequencies. 

In this report, a PTFE-filled E-plane 
waveguide coupler for short millimeter-wave is 
fabricated based on the SR direct etching 
process of PTFE, sputter deposition of metal, 
and electroplating, with the aim of developing 
integrated waveguide circuits [3]. First, a 
cavity-type 3-dB directional coupler is designed 
at 180 GHz. Then, an integrated PTFE pattern, 
in which the two 3-dB couplers are cascaded, is 
fabricated. For the measurement, a frequency 
tripler is used to obtain the G-band (140-220 
GHz) signals from a V-band (50-75 GHz) source, 
and only the transmitted power is detected. The 

frequency characteristics of the PTFE-filled 
E-plane waveguide coupler are measured, and 
the validity of the fabrication process is verified. 

 
PTFE-Filled Waveguide Coupler 

Figure 1 illustrates a structure of PTFE-filled 
E-plane waveguide 3-dB coupler. It consists of a 
rectangular cavity (a  b  d) and four E-plane 
waveguides (w  d).The dimensions of the 
PTFE-filled waveguide were determined as 0.40 
mm  0.80 mm (w  d) for the 180 GHz 
operation. The dimensions a, b of the cavity and 
the position t were optimized to realize the 3-dB 
coupler, and a = 1.77 mm, b = 1.42 mm, and t = 
0.27 mm were obtained. 

In this report, an integrated PTFE pattern that 
the two 3-dB couplers are cascaded is fabricated, 
and the transmitted characteristics of the circuit 
are measured. 

 
Fabrication 

A trial fabrication of the PTFE-filled E-plane 
waveguide coupler for 180 GHz operation was 
performed based on the SR direct etching 
process, sputter deposition of metal, and 
electroplating. Figure 2 illustrates the 
experimental situation of the SR etching process. 
A stencil mask representing circuit pattern is put 
on the PTFE sheet (thickness: 0.80 mm). Then 
X-ray is irradiated to obtain the PTFE pattern. 

Figure 3 displays the integrated PTFE pattern 
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Fig.2  PTFE sheet is etched by direct exposure to SR. 

X-ray mask

PTFE sheet

hotplate

 
Fig.3  Integrated PTFE pattern obtained by the SR direct 
etching process. Two 3-dB couplers are cascaed. 

 
Fig.4  Integrated PTFE pattern covered with Au film by the 
sputter deposition and electroplating. 

 
Fig.5  Frequency characteristics of the integrated 
cavity-type 3-dB couplers. 

of the two 3-dB couplers obtained by the SR 
direct etching process. The amount of X-rays 
exposed is 1700 Asec. It takes about 1.6 hours to 
obtain the PTFE pattern. The fabrication 
accuracy is within errors of ±7.5m, which 
depends on the accuracy of the mask. Note that 
the stepped (4) transformers for impedance 
matching are also embedded in the pattern in 
Fig. 3. 

After etching the PTFE pattern, the 
waveguide structure covered with thin metal 
film can be realized by sputtering Au all over 
the surface of the PTFE pattern as shown in 
Fig.4. The PTFE pattern is exposed to Ar plasma 
for several minutes to perform surface 
modification. Then, Au is deposited on the 
entire surface. In this report, the Au film of 
about 500 nm in thickness is formed. To 
increase the thickness of the Au film, 
electroplating process is used. In this work, Au 
film is increased up to 5 m. After forming the 
Au film, the integrated pattern of the 
PTFE-filled E-plane waveguide couplers is 
obtained by removing the unnecessary frame. 

 
Measurement 

A measurement system is prepared using a 
frequency tripler (VDI WR5.13 Broadband 
Tripler, 140 GHz - 220 GHz) and a detector 
(VDI WR5.1 Zero-Bias Detector, 140 GHz - 
220 GHz) to measure the frequency 
characteristics of the 180 GHz PTFE-filled 

waveguides. A vector network analyzer (Agilent 
E8361C) is used for the V-band source (50 GHz 
- 70 GHz). The V-band signal is inputted to the 
tripler, and only the transmitted power is 
observed as DC-voltage. 

Figure 5 shows the frequency characteristics 
of the integrated cavity-type 3-dB couplers 
constructed of PTFE-filled E-plane waveguide. 
Solid red line indicates the measured 
transmission characteristics of the couplers. The 
frequency characteristics of the S-parameters 
using a high frequency structure simulator 
(HFSS) are plotted for comparison. It is found 
that the measured curve S21 shows similar 
tendency to the simulated S21 except in the 
proximity of 176 GHz and 183 GHz. Although 
the causes of the two falls of the transmission 
characteristics must be made clear, the 
combined output signal of the 3-dB couplers can 
be observed in the G-band. 
 
Conclusion 

Trial fabrication of the cascaded PTFE-filled 
E-plane waveguide 3-dB couplers for short 
millimeter-wave was demonstrated, and the 
transmission characteristics were measured. The 
fabrication process is considered applicable for 
the development of integrated waveguide 
circuits. 
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Abstract 

The Lab-on-a-CD is a kind of micro analysis system that implement unit chemical operations such as 
cleaning, mixing and so on. This device is circular and it manipulate solution by utilizing centrifugal 
force when rotated. As an application of device, ELISA is effective. ELISA is immunoassay that enable 
quantitative analysis by utilizing Antigen-antibody reaction. In this study, we fabricate Lab-on-a-CD 
using capillary, siphon valve and attempt high accuracy of sequential sending solution assumed ELISA.  

 
 
Introduction 
 In Clinical Examination, ELISA is 
famous method that examine pestilence 
maker such as protein and peptide and so 
on. ELISA enable quantitative analysis by 
utilizing antigen-antibody-reaction with 
enzyme. This is several types and explains 
sandwiches method for example. First, we 
uniformly fix primary-antibody to solid 
phase surface (Fig.1(a)) and inject antigen 
(Fig.1(b)). Then part of antigen adhere 
Primary-antibody. After washing extra 
antigen (Fig.1(c)), we inject secondary 
antibody fixing enzyme (Fig.1(d)) and 
likewise wash it (Fig.1(e)). Finally, 
substrate is injected (Fig.1(f)). Then 
substrate reacts with enzyme and varies  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

its spectrum of absorbance. Thus, 
quantitative analysis is possible to 
measure the absorbance. The 
reaction-stop-solution is actually injected 
because of suppressing excess reaction of 
substrate and Enzyme. 
For way realized this ELISA, there is 

method that use micro titer plates. But 
this method take long period of time and 
reduce reliability.  Also, the method 
using robot is very expensive. This 
prevents development to Clinic. For a 
means solving these problem, micro 
analysis system is attracted attention. 
 Micro analysis system is device that 
integrate unit chemical operation such as 
mixing, washing and so on by using fine 
flow-path. It is expected miniaturization 
of device, reduction of reagent, shortening 
of examination time and high precision. 
 There is Lab-on-a-CD in a kind of device 
that utilize micro analysis system. This 
device is disk-shaped and is formed 
Flow-path from center to outside. 
Centrifugal force is generated by rotated 
this and can send a liquid from center to 
outside. We can realize unit chemical 
operation by this. 
 In this study, we fabricate Lab-on-a-CD 
for ELISA utilizing capillary valve, siphon 
valve, mixing structure and attempt high 
efficiency and high accuracy. 
 
Design of Lab-on-a-CD 
 Material of device uses PDMS. One of 
two PDMS cut into a circle is dug 
Flow-path by Rapid-typing-method[1]. 

(f) Injecting Matrix and  
Emission 

(c) Washing Antigen 

Fig.1 Sandwiches method 

(a) Fixing Primary Antibody (b) Injecting Antigen 

(d) Injecting Secondary  
Antibody 

(e) Washing Secondary 
 Antibody 

The other is smooth. The Lab-on-a-CD 
complete by pasting two PDMS. However, 
the PDMS is applied Hydrophilic treatment 
beforehand. 
 Lab-on-a-CD using Capillary valve, Siphon 
valve, mixing structure is operated while the 
rotational speed up and down and realize 
protocol that need to analyze in low rotation 
speed. 
Fig.2 shows concept figure of capillary 

valve. Capillary valve is designed more 
thin than flow-path[2]. Liquid can stay by 
surface tension between Capillary valve 
and flow-path(Fig.2(b)). Design of 
Break-rotation-speed become possible by 
adjusting width of capillary valve because 
strength of surface tension depends on 
that of capillary valve, where 
Break-rotation-speed is rotation speed 
that solution of reserver flow out by 
Centrifugal force. Relation of 
break-rotation-speed 𝑓𝑓𝑐𝑐𝑐𝑐  and width of 
capillary valve is expressed by following 
equation. 
                           𝑓𝑓𝑐𝑐𝑐𝑐 = √ 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾

𝜋𝜋2𝜌𝜌𝜌𝜌𝜌𝜌̅𝜌𝑑𝑑𝐻𝐻
          (1) 

 
Where γ is surface tension of liquid, θ is contact 
angle, ρ is density of liquid, dH is width of 
valve, 
            ∆𝑅𝑅 𝑅𝑅  𝑅𝑅2 − 𝑅𝑅1, 𝑅̅𝑅 = (𝑅𝑅2 + 𝑅𝑅1)/2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Siphon valve utilize capillarity and the principle 
of the siphon(Fig.3)[3]. Liquid of reserver enter 
flow-path by capillarity and fulfill valve. Next, 
by increasing rotation speed, strengthen 
centrifugal force and send liquid by the principle 
of the siphon. Break rotation speed of Siphon 
valve is expressed following equation. 
 

            𝑓𝑓𝑐𝑐𝑐𝑐 = √ 𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾𝛾
𝜋𝜋2𝜌𝜌𝜌𝜌𝜌𝜌̅𝜌𝑑𝑑𝐻𝐻

          (2) 

 
 
Design of break rotation speed become 
possible.  Proposed  Lab-on-a-CD need 
operation mixing Substrate and 
reaction-stop-solution.  But quantity of 
solution dealt with micro analysis system 
is micro scale and the nature of the fluid is 
difference compared with macro scale. 
 There is two state of laminar flow and 

turbulence. Laminar flow is regular flow  
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
that the flow line of the fluid is parallel. 
Turbulence is irregular flow that the flow 
line proceeds while crossing. Reynolds 
number Re express the nature of the fluid.  
 
 

  𝑅𝑅𝑒𝑒 = 𝜌𝜌𝜌𝜌𝜌𝜌
𝜇𝜇                               (3) 

 
 
Where 𝜈𝜈  is flow velocity, d is inner 
diameter of Flow-path, 𝜇𝜇  is viscosity. 
Fluid that Reynolds number equals shows 
hydrodynamically the equivalent nature. 
Fluid becomes more irregular if this 
number is large. It switches from Laminar 
flow to turbulence at about Re = 2000. In 
micro analysis system, Reynolds number 
becomes comparatively small numerical 
number and the nature of laminar flow 
notably appear. In other words, the mix of 
solution is almost not occur in flow path in 
case of using Y-type-micro-mixer(Fig.4). 
Thus, we must wait mix of solution a few  
 

 
𝜃𝜃 

Reserver 

Center of CD 

R1 R2 

Fig. 2. Structure of Capillary valve 
(a) Capillary valve (b) Contact angle 

Flow-path 

Fig. 3. Concept of siphon 
valve 
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θ 
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R2 
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number is large. It switches from Laminar 
flow to turbulence at about Re = 2000. In 
micro analysis system, Reynolds number 
becomes comparatively small numerical 
number and the nature of laminar flow 
notably appear. In other words, the mix of 
solution is almost not occur in flow path in 
case of using Y-type-micro-mixer(Fig.4). 
Thus, we must wait mix of solution a few  
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minutes in resever. We propose mixing 
structure to solve this problem. Fig.5 shows the 
concept of device used verification experiment.  
Mixing area is formed between 1,2-reserver and 
down reserver. When the solution runs 
Flow-path, it yield vortex by using 
mixing-structure, which is explained as below. 
Velocity of fluid running pipe interior center is 
faster than pipe interior surface because of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
surface tension. Thus, Corioli’s force occurring 
when rotating CD is different pipe interior 
center and surface. The vortex occur by this 
action(Fig.6). Thus, liquid is easier to mix. 
 
 
Experiments and Results 
 We fabricate Lab-on-a-CD utilizing Capillary  

 
valve, Siphon valve, mixing structure and 
perform “Sequential-selection-solution-sending- 
experiment” assumed ELISA. Fig.7. shows 
concept of fabricated device. The capillary 
valve’s width of 1-6 reservers becomes thin as 
the capillary number is large. 6, 7-reserver is the 
same width. Thus, Break rotation speed increase 
as the capillary number is large. Also 6, 
7-reserver is the same Break rotation speed. 
Fig.8 shows the relation between break rotation 
speed calculated by actual width flow-path and 
measured by experiment. Measured value of 
respective break rotation speed is smaller than 
that calculated. As this reason, we consider that 
hydrophilic process of PDMS is not enough. 
Next, we perform the experiments assuming 
actual ELISA carried out by the sequential  
unit chemical operation. Respective reserver is 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fulfilled with solution and rise rotation speed by 
1000 rpm per second. We verify whether 
assumed experiment is possible or not. 
1-reserver(antigen) valve is open as rising 
rotation speed and solution is injected 
6-reserver(reaction field). This solution is sent 
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to 8-reserver(Waste-solution-reserver) using 
siphon valve. These operation is likewise 
performed 3-reserver(Primary-Antibody) and 2, 
4-reserver (Washing-solution). Next, solution of 
5-reserver(Substrate) is sent to 6-reserver. 
Capillary valve of 6,7-reserver is broken by 
rotation speed further, the solution is sent to 
9-reserver(inspection reserver) through the 
mixing area. Fig.9 shows the experimental result. 
Capillary valve, Siphon valve operate as 
designed and the solution is mixed and can be 
sent to inspection reserver. Thus we can realize 
Sequential-selection-solution-sending assuming 
ELISA. 
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Abstract 
We propose and discuss direct digital manufacturing (or three-dimensional printing technology) for 
the low-cost manufacturing of microfluidic devices. The difficulty of commercialization of 
microfluidic product and advantage of direct digital manufacturing are briefly discussed. Then some 
example of microfluidics manufacturing using direct digital manufacturing and flow pumping in the 
developed microfluidic chips using centrifugal pumping are introduced.  

 
 
Introduction 

It has been widely shared problem that the 
development cost of microfluidic system for 
chemical and analytical system is too high to 
realize product with reasonable amount of initial 
investment, since beginning size of the market is 
niche or too small to compare to the investment 
while it have to be grown in future. Direct digital 
manufacturing (or 3D printing technology) is 
becoming popular style in industry for 
production of final product. Especially in the case 
of small volume production of complex resin 
structure in niche market, it is advantageous since 
it does not require the production of expensive 
mold or molding facilities. In this report we 
would like to propose and discuss the potential of 
direct digital manufacturing for the production of 
microfluidic devices. 

 
 

Concept 
Figure 1 depicts the difference of microfluidic 

device production by conventional manner and 
direct digital manufacturing. In the case of 
conventional manner, the microfluidic system is 
developed in research and development process 
using small volume production method that 
typically utilized in research such as 
photolithography for the manufacturing of 
microfluidic chips. Afterward when the prototype 
of the product is developed the development 
phase shifts to scaling up. In this shift of the 
phase it is forced to change the way of 
manufacturing since typical research technology 
is not suitable mass production of product 
therefore there is great gap between research and 
scaling-up and there require great amount of 
investment, time, and patience. On the other hand, 
in the case of direct digital manufacturing, the 

Chips
Driver
Fluidic controller
Detector integration

Chip manufacturing
by direct digital 
manufactureing

Mass production 
Millions of $

Reagent few$/Kit
Existing 3D printer few 100s $
Mini‐centrifuge as driver few 100s $
Diverse way of use and application

Feed back

Investigation for 
commercialization

Time & cost

Death valley

Skipping Death valley

Reagent Device 10$/Kit
Driver 15,000$

Limited applications 
Limited users

Fig. 1 Comparison of conventional way of commercialization and proposed way of commercialization by direct 
digital manufacturing approach. 
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development of the research can be driven using 
the 3D printer that potentially used by end-user 
therefore once the product is developed in the 
research phase the product can be directly 
introduced to market since the product can be 
supplied with the style of electronic data. 
Therefore direct digital manufacturing of 
microchip is advantageous to greatly reduce the 
cost of initial investment for commercialization 
of microfluidic products [1]. 
 
Demonstration of direct digital manufacturing 
of microfluidic chips and centrifugal flow 
control 

Figure 2 shows the demonstration of centrifugal 
microfluidic pumping in monolithic microfluidic 
chip. Square shaped microchannels with 500 x 
500 μm2 and 250 x 250 μm2 are successfully 
embedded while some channels cannot flow 
through the liquid due to clogging of the 
microchannel due to residual resin in the 
microchannel [2]. We also attempt autonomous 

flow sequencing using water clock concept and 
successfully demonstrated four step flow 
injection at steadily rotating device that 
manufactured by the use of existing three 
dimensional printer [2, 3]. (data not shown) Refer 
the references for further detail of the research and 
development [1-3]. 
 
Summary  
 In this report we discussed the potential 
advantage of the use of direct digital 
manufacturing concept for the production of 
microfluidic product. Moreover the 
demonstration of microfluidic manufacturing and 
centrifugal flow control are introduced. Owing 
the concept of centrifugal microfluidic pumping 
is also advantageous since it is possible to utilize 
the mini-centrifuge, which already commercially 
available and cheap, as device driver.  
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Fig. 2 Demonstration of centrifugal microfluidic 
pumping in monolithic microfluidic chip with 500 x 
500 μm2 embedded microchannel. 
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Abstract 
We report the synthesis of metallic nano- and micro- particles from the corresponding liquid solution 
[gold(I) trisodium disulphite solution, electrical plating solution, including Na3Au(SO3)2 and 
NH2CH2CH2NH2 etc.] by X-ray radiolysis using synchrotron radiation. These results demonstrate 
the behavior of three-dimensional printers, enabling us to build composite material structure with 
metallic and other materials. 

 
 
Introduction 

The potential to fabricate metallic nano-and 
micro materials on silicon substrates or other 
substrates from liquid solutions is ideal for three-
dimensional lithography systems, drug delivery 
materials, Many methods are currently available 
for the synthesis of such particles. For example, 
synthesis of these particles has been successfully 
demonstrated by sonochemical reaction, 
chemical reduction of metallic ions in aqueous 
solutions, and laser ablation and laser-induced 
photochemical reactions, etc. 

X- or -ray irradiation has also been 
investigated as a radiation-assisted synthesis of 
gold particles on a silicon substrate was reported 
by Rosenberg and coworkers [1] and Yamaguchi 
et al.[2] The method for synthesizing nano- and 
micro-particles. Other groups also demonstrated 
the synthesis of gold and nickel colloical particles 
induced by synchrotron radiation (SR) X-ray 
irradiation. The formation of such particles was 
also performed using a laboratory X-ray source, 
however the synthesis rate was very slow. The 
physical and chemical mechanisms of particle 
formation through X- or -ray radiolysis have 
been investigated by X-ray photoelectron 
spectroscopy and optical spectroscopy. As a 
result, the metallic particles are essentially 
produced by a redox reaction induced by X- or -
ray irradiation within the solution. The X- or -
ray exposure enables us to easily induce chemical 
reactions to obtain metallic particles, as the 
irradiation provides hydrogen and hydroxyl 
radicals in the following matter: 

H�O �������� , H∗, OH∗, H�O�, H�.   
In this report, we demonstrate the synthesis of 

metallic particles from corresponding aqueous 
solutions by X-ray radiolysis. We reported the 
formation of gold, copper and iron particles. In 
the case of gold particles, the prepared substrate 

enabled the measurement of molecule through 
the surface enhanced Raman spectroscopy. 

 
Experiments and Results 

Various metallic particles were directly 
synthesized from appropriate solutions through 
X-ray irradiation using the SR. [2] The 
deposition experiment setup is schematically 
shown in Fig. 1. After SR X-ray exposure, the 
specimen was washed with deionized water to 
remove residual materials. All experiments were 

performed in air and at room temperature. 
  First, gold nanoparticles were prepared by X-
ray irradiation of electroplating solutions 
consisted of a gold (I) trisodium disulphite 2 – 3 % 
Na3Au(SO3)2 and 1.4 – 1.9 % NH2CH2CH2NH2 
etc. The solution was deposited on a 10 mm2 
silicon substrate sealed by a SiN membrane 
protected silicon and polytetrafluoroethylene 
(PTFE) plates. This assembly was covered by 
stainless steel frame holder. The PTFE plate 
between SiN membrane and Si substrate protects 
the solution seeping from the stainless steel frame 

Fig. 1 Experimental setup for the X-ray irradiation of the 
Na3Au(SO3)2 electroplating solution. Photon intensity 
obtained from A: synchrotron radiation, B: mirror, C: Be 
film, D: Al film, E: metallic solution and F: Stainless 
steel mask.  
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holder as shown in Fig. 1. 
Figure 2 shows SEM images of Au 

nanoparticles deposited on Si substrate in (a) 30 
and (b) 60 s by X-ray irradiation. As shown in the 
SEM images, quasi-spherical particles exhibiting 
almost uniform nanometric sizes were created in 
the irradiated area. In the electroplating solution, 
the radial reaction is induced and Au ion is 
reduced to the metallic Au as 

Au�SO����� � � � Au � �SO���. 
 The grains become denser and their 
interconnections remained random with 
increasing irradiation time. We found that 
elementary particles ranging from a few to several 
tens of nanometers gradually aggregated into 
larger particles and clusters. The surface 
roughness increase considerably up to a few 

hundreds of nanometers with increasing 
irradiation time. However, the film appeared 
discontinuous. The surface coverage was plotted 
as a function of the irradiation time as shown in 
Fig. 2(c). 
 Next, the surface enhanced Raman scattering 
(SERS) of 4, 4’-bypiridine was measured using 
the Si substrate on which gold nanoparticles and 
clusters was deposited. The SERS measurement 
was performed using a simple Raman 
spectrometer without any microscope (RAM-
100S, Lambda Vision Inc.) equipped with a 785 
nm laser (100 mW) with 2�2 mm2 squared leaser 
spot area. Figure 3 shows the density dependence 
of SERS spectra of 4bpy using the substrate 
prepared by 600 s of X-ray irradiation. 
Characteristic Raman peaks for 4bpy were visible 
at 1000, 1200, 1280 and 1580 cm-1. Some SERS-
active structures known as ‘hot-spot’ may exist on 
the Si substrate. 
 In conclusion, Au nanoparticles were 
synthesized by direct X-ray synchrotron radiation 
of an electroplating solution. Au cluster grew and 
aggregated to generate SERS-active structure 
‘hot-spots’ as the X-ray irradiation density 
increased. This direct X-ray irradiation induced 
metallic nanopartciles can also provide novel 
lithography process to construct the additional 
nanostructures onto the previously patterned area. 
This convenient and high-sensitivity in situ SERS 
platform can be used in Lab-on-a-Chip. 
References 
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Fig. 3 Surface-enhanced Raman scattering (SERS) 
spectra of 4bpy for different densities. The insets show 
molecular formula of 4bpy and an SEM image of Au 
nanoparticles.

Fig. 2 SEM images of Au nanoparticles acquired after 
X-ray irradiation times of (a) 30 and (b) 60 s. 
Corresponding high-resolution SEM images are shown 
in (a-i) and (b-i). (c) Substrate surface coverage by Au 
nanoparticles as a function of X-ray irradiation time. 
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Abstract 
Electron beam lithography (EBL) is an important technology as a nanofabrication process. To 
delineate a high-resolution pattern with a short EB exposure time, EB resists are being developed. 
NEB-22 is one of negative-tone chemically amplified EB resist. So far, it was difficult to fabricate 
less than 100 nm line-and-space (L&S) pattern of NEB-22. We attempted a 50 nm scale L&S pattern 
fabrication by EBL using a diluted NEB-22. 

 
Introduction 

Nanoimprint lithography (NIL) [1, 2] is a one 
of the nanofabrication technologies, and 
nanoimprint mold with a high resolution pattern 
is usually fabricated by electron beam lithography 
(EBL). The reversal pattern of the mold pattern is 
imprinted on the resin because NIL is a contact 
process. Hence, it is important to choose the 
positive- or negative-tone mold patterns 
depending on the intended use.  

NEB-22 (Sumitomo Chemical Co., NEB-
22A2) [3] is one of the negative-tone EB CARs 
[4] and has potential in the fabrication of less than 
50 nm line and space (L&S) pattern because a 36 
nm isolated line was delineated by EBL [5]. If we 
can fabricate 50 nm scale L&S pattern by EBL 
using NEB-22 with a low dose, NEB-22 becomes 
a workable choice for fabricating negative-tone 
less than 100 nm L&S pattern. We therefore 
attempted EBL using NEB-22 for negative-tone 
high-resolution L&S patterning. 

This study is published from Jpn. J. Appl. Phys. 
54 (2015) 118004. 
 
Experiments and Results 

A direct-write EBL was carried out by Elionix 
ELS-7500 system. The acceleration voltage and 
beam current were 50 kV and 50 pA, respectively. 
The exposed area was 300  1200 μm2. The 
exposure dose was 40 μC/cm2. we diluted NEB-
22 with 1-methoxy-2-propyl acetate 
(propyleneglycol monomethyl ether acetate, 
PGMEA), which is the solvent of NEB-22, at a 
weight ratio of 2:1. The NEB-22 film spin-coated 
at 4000 rpm was about 100-nm thickness, which 
was measured by using JEOL JSM-6700F SEM 
apparatus. A hexamethyldisilazane (HMDS) 
treated Si substrate was used to increase adhesion 
between the resist and the substrate. We carried 
out post-apply bake (PAB) and post-exposure 
bake (PEB) for 2 min. PAB and PEB temperatures 
were 90 and 95oC, respectively. A cold 
development was carried out for fabricating the 
high-resolution NEB-22 pattern [6]. The exposed 

NEB-22 substrate was soaked in 2.38% 
tetramethylammonium hydroxide (TMAH) at 10 
oC for 20 s. The rinse was done in deionized water 
at room temperature for 30 s. We observed the 
fabricated NEB-22 pattern by SEM. 

We first carried out EBL using undiluted NEB-
22 for delineating the high-resolution pattern. 
Figures 1(a) and 1(b) show the SEM image of top-
view and cross-sectional SEM images of the 
fabricated pattern. We confirmed from the cross-
sectional SEM image that the pattern was 
developed, but it was collapsed because the pattern 
height was about 200 nm. This result shows that the 
low height NEB-22 pattern fabrication is necessary 
to achieve the high-resolution pattern by EBL.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We next used the diluted NEB-22. Figures 2(a) and 
2(b) show the top-view and cross-sectional SEM 

Fig. 1 (a) Top-view and (b) cross-sectional 
SEM images of the fabricated pattern by 
EBL using undiluted NEB-22.  

(a)

(b)
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images of the NEB-22 pattern. The negative-tone 
NEB-22 pattern was clearly fabricated. The line- 
and space-widths were 40 nm and 60 nm, 
respectively. In addition, the pattern height was 
about 90 nm. We then calculated the resist contrast 
from the contrast curve in Fig. 3, as the slope of the 
linear portion of the rising section of the curve and 
obtained 2.9. These results indicate that we 
succeeded in the negative-tone fine pattern 
fabrication by EBL using diluted NEB-22. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conclusion 
  We challenged to fabricate the fine negative-
tone L&S pattern by EBL using diluted NEB-22. 
The NEB-22 film thickness was about 100 nm 
before EBL. The negative-tone pattern fabrication 
of 40-nm-line, 60-nm-space, and 90-nm-height 
was succeeded. NEB-22 has a resolution 
capability to fabricate 30 nm scale pattern. We 
further continue the research to achieve the 30 nm 
L&S patterning of NEB-22. 
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Fig. 3 Relationship between normalized 
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40. "EUV mask observations using a coherent EUV scatterometry microscope with a 

high-harmonic-generation source" 
Takahiro Fujino, Yusuke Tanaka, Tetsuo Harada, Yutaka Nagata, Takeo Watanabe, and Hiroo Kinoshita 
Photomask Japan 2015, Yokohama, Japan, Apr. 20-22, 2015 

 
41. "Fabrication of SERS Active Noble Metallic Nanostructure by Synchrotron Radiation Induced 

Photochemical Reaction" 
T. Matsumoto, I. Okada, I. Sakurai, Y. Utsumi and A. Yamaguchi 
International Conference on Electronics Packaging (ICEP2015), April 14-17 (2015), Kyoto, Japan 

 
42. "Fabrication and evaluation of dihedral corner reflector array for floating image manufactured by 

synchrotron radiation" 
T. Yamane, S. Maekawa, Y. Utsumi, I. Okada and A. Yamaguchi 
International Conference on Electronics Packaging (ICEP2015), April 14-17 (2015), Kyoto, Japan 

 
43. "Application of Gold Nanoparticles Self-assemblies to Unclonable Anti-counterfeiting Technology" 

T. Fukuoka, A. Yamaguchi, R. Hara, T. Matsumoto, Y. Utsumi and Y. Mori 
International Conference on Electronics Packaging (ICEP2015), April 14-17 (2015), Kyoto, Japan 

 
44. "Optofluidicdevices implemented 3D gold nanostructure enabling surface enhanced Raman 

scattering" 
Akinobu Yamaguchi, Takao Fukuoka, Ryo Takahashi, and Yuichi Utsumi 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 

 
45. "SERS active gold nanostructure by synchrotron radiation induced photochemical reaction" 

Takeshi Matsumoto, Ikuo Okada, Ikuya Sakurai, Yuichi Utsumi, Akinobu Yamaguchi 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 

 
46. "Surface enhanced Raman scattering sensing using a coffee-ring-type 3D silver nanostructure 

self-assembled on glass substrates" 
Akinobu Yamaguchi, Takao Fukuoka, Ryohei Hara, Yuichi Utsumi 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 
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47. "Gold nanoparticle self-assemblies for on-dose-authentication of medical tablets" 
Takao Fukuoka, Akinobu Yamaguchi, Yuichi Utsumi, Yasushige Mori 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 

 
48. "Sterically-bulky self assemblies of gold nanoparticles" 

Takao Fukuoka, Ryo Takahashi, Yuichi Utsumi, Akinobu Yamaguchi 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 

 
49. "Fundamental study of a microwave irradiation structure using transparent post-wall waveguide" 

Mitsuyoshi Kishihara, Yasuhito Minamiyama, Akinobu Yamaguchi, Yuichi Utsumi 
The International Chemical Congress of Pacific Basin Societies 2015, December 15-20 (2015), Honolulu, 
Hawaii, USA 
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(3) Academic degrees 
 
1. Master of Engineering 
 
Shodai Hirai (University of Hyogo) 
"Surface analysis of AlGaN films etched with Ar, CF4 and UV-assisted CF4 plasmas" 
 
Tsubasa Fukui (University of Hyogo) 
10 nm領域の EUV干渉露光用透過型回折格子の製作 
"Fabrication of an EUV interference-lithography grating for 1x-nm pattern replication" 
 
Masato Yamaguchi (University of Hyogo) 
軟X線吸収分光法による EUVフォトレジスト分析手法の開発 
"Chemical reaction analysis of EUV photoresist using soft x-ray absorption spectroscopy" 
 
Hirohito Tanino (University of Hyogo) 
EUV干渉露光装置の高度化 
"Improvement of EUV interference-lithography system" 
 
Takahiro Fujino (University of Hyogo) 
高次高調波を用いた回折顕微鏡による EUVマスクの欠陥観察手法の開発 
"Defect observation of EUV mask using an EUV diffraction microscope with a high harmonic generation EUV 
source" 
 
Masaki Kuki (University of Hyogo) 
500〜1,100 eV 領域用の高反射W/Si多層膜回折格子の開発 
"Development of a high-reflective W/Si-multilayer coating on a diffraction grating for 500 - 1,100 eV region" 
 
Takeshi Matsumoto (University of Hyogo) 
"Study on detection of mouse IgG through ELISA using Lab-on-a-CD" 
 
Motoki Murakami (University of Hyogo) 
"Study on fabrication of microfluidic chip and micro-total analysis system made of PTFE" 
 
 
2. Master of Science 
 
Karin Kobayashi (University of Hyogo) 
"Study of LEENA Electron Beam Monitor and Tuning of Accelerator" 
 
Takuya Matsumoto (University of Hyogo) 
"Simulation Study of Laser Compton Gamma-ray Beam Source" 
 
Norihiro Sugano (University of Hyogo) 
"ナノインプリント用PDMS離型剤含有HSQレプリカモールドに関する研究" 
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