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Progresses in Research of X-ray Scattering Group

Department of Life Science X-ray Scattering Group

In 2011-2012, X-ray Scattering Group operated SAXS
beamline (BL16B) and upgradedthe optics of the beam-
line and endstation. Some R&Ds of in-situ instruments
and experimental methodology for SAXS were executed
as well. On the other hand, a new SAXS beam-
line-BioSAXS beamline dedicated to protein solution was
under construction.

BL16B status

BL16B provided total beamtime about 10653 hours
for two years, of which 7892 hours were allocated to
users, and the failure time of the beamline and endstation
accounted for 0.4%. 59 users’ journal articles were pub-
lished.

Upgrading

BL16B changed its monochromator as flat double
crystals instead of sagittally focusing double crystals. To
compensate the absence of horizontally focusing, the
toroidal profile of the focusing mirror was adopted. The
upgrading gives users the same photon flux as that of the
sagittally bent mono but much lower background noise.
Another improvement of realization of new motorized
optical table achieved, which was more convenient and
quicker to change the sample-to-detector distance.

New beamline-BioSAXS

The physical design and engineering design of
Bio-SAXSbeamline completed by X-ray scattering group in
2012.

Instrumentation and methodology

About the new SAXS methodology and technology, the
sub-second SAXS experiment, Bio-SAXS and grazing
incidence small angle X-ray scattering (GISAXS) were
developed at BL16B. The anomalous SAXS study of alloy
and SAXS study of fiber system were alsoopen to users!,

A new peristaltic device for solution SAXS mea-
surement(Fig.1) and an in-situ stretching device (Fig.2)
weredesigned.

Fig.1 Peristaltic device.

Fig.2  In-situ stretching device.
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Fig.3 In-situ fiber spinning and stretching devices.

Scientificactivities

In-house researches are of importance. The Group
involved in studies of polymer radiation effects, fusion,
solidification and crystallization processes of alloy, nano-
fibrilla-doped polymer and characteristics of coherent X
rays'?#, which supported respectively by three projects of
the Major State Basic Research Development Program of
China, two projects of National Natural Science Founda-
tion of China, three projects of Knowledge Innovation
Program of Chinese Academy of Sciences, and one
project of Start Fund for Chinese Overseas Returnees.

We applied for a Patent for Invention of “An ion
chamber for photon flux detection” (Patent application No.
201210058796). A Patent for Invention of “in-situ fiber
spinning and stretching devices” was licensed. (Patent
No0.ZL201110173600.4).
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Operation Status of MX Beamline BL17U1

WANG Qisheng YU Feng LIU Ke XU Chunyan ZHANG Kunhao PAN Qiangyan
YANG Lifeng WANG Zhijun SUN Bo HUANG Sheng WANG Sisheng LI liang HH Jianhua
Department of the Life Sciences

Macromolecular crystallography group focus on the
beamline BL17U1 operation and research the related
technology to improve the beamline performance. During
last two years, we made effort to operate the beamline
high efficiently. Rational maintenance, relative flexible
user management and the training program also contri-
buted to the high productive yield. In the 2011-2012 year,
the operation status and the output from user community
as follow.

Both 2011 and 2012 year, BL17U1 beamline accom-

plished the operation plan and offered beam to users
more than 4000 hours every year. The statistics data are
shown in the table below. Due to the equipment upgrade
project in 2011 year, we need more time to assemble the
system and commissioning, the ratio of the failure to offer
the beam as planed the 1.191%. In 2012 year the system
works very well and the ratio number dropped to 0.2%.
During the operation, the technical parameters of the
beamline is better than the designed specifications.

Planed Beamtime Offered Beamtime Users Beamtime Beam Study Ratio of Unavailable
2011 5688 5318.6 4273 944.15 101.45
2012 5458 5347.05 4382.03 954.26 10.76

Within two years, the users of the beamline achieved
fruitful results. In 2011 there are 204 new structure de-
termined from the beamline deposited to Protein Data
Bank (PDB), and more than 123 papers published on SCI
journal. The number increased to 330 new structures in
2012 year, and the number of the paper increase to 158
also. There are many highlights research results pub-
lished on the top magazine, the total number is 21 which
published on Science, Nature and Cell.

Year 2011, BI17U1 use the limited beam study time
to execute the upgrade project which help the beamline
achieve to collect higher resolution dataset and automate
screening crystal. In January 2012, the project success-
fully passed the review from CAS. The hardware is up-
graded entirely, including the ADSC CCD detector, high
precision goniometer system and the auto robotics. Be-
sides the hardware the software also upgrade to inte-

grated BluIce which is adapted to the hardware.

Our group also carried out a series of studies to im-
prove the performance of the beamline. Research on the
undulator Gap let users can change the wavelength as
their wish in the energy range 5-18 keV. We also pursued
minibeam by compound refractive lens (CRL), the bubbles
type CRL can obtain the smaller beam with intensity gain.
We will keep this research to put the CRL in beamline as a
routine device. The consecutive improve on the software
make the user experience feel better, the automation of
the beamline make the remote access is realized.

We operated the beamline with high performance
and low failure rate, now this beamline is the important
platform for structure biological research to help users
carry out various projects. At the same time we also
explored the new techniques and experimental methods
to further improve the performance of the beamline.
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Structure Insights Into Mechanisms of ATP Hydrolysis and the Activation

of Human Heat-shock Protein 90

HE Jianhua LI Jian SUN Lihua XU Chunyan YU Feng TANG Lin ZHOU Huan
Department of Life Science

The molecular chaperone heat-shock protein 90
(Hsp90), which is up regulated in response to stress, is
essential for folding, maturation, stabilization, and loca-
lization events of the chaperone’s client proteins that are
involved in cell cycle regulation, signal transduction, and
cell growth regulation. Hsp90 can be divided into three
domains. The highly conserved N-terminal domain con-
tains an unusually shaped ATP-binding cleft and is thus
responsible for the catalytic activity of Hsp90. The middle
domain containing a large hydrophobic surface helps the
folding of its client proteins, while the C-terminal domain
is critical for the formation of Hsp90 homodimer. The
function of Hsp90 is tightly associated with the binding
and hydrolysis of ATP as well as the dimerization of the
chaperone. ATP binding in the N-terminal domain of
Hsp90 drives a structural rearrangement and changes the
surface properties of the N-terminal domain, which in-
duces the dimerization of the N-terminal domains and
influences the affinity of Hsp90 for client proteins.
ATP-mediated closing of the inter protomer space drives
client proteins remodeling. Once ATP hydrolysis occurs, a

conversion of Hsp90 to its ADP bound state leads to the
release of client proteins.

We have determined three crystal structures of the
N-terminal domain of human Hsp90 in native and in
complex with ATP and ATP analog, providing a clear view
of the catalytic mechanism of ATP hydrolysis by Hsp90.
The y-phosphate oxygen atoms form coordination bonds
with Mg?*. Gly132, Gly137, Glu47 and Arg400 are binding
with ATP directly or indirectly, while Arg46 and Glu47 are
key residues for ATP hydrolysis. Firstly, Arg46 forms
strong hydrogen bonds with the carboxyl group of Glu47,
which polarizes Glu47 and makes it as a general base.
Then, the polarized Glu47 nucleophilic attacks the water
molecule and absorbs the proton from the water molecule,
providing the electron to the water molecule and make it
more negatively charged. Finally, the negative-charged
water molecule nucleophilic attacks the phosphorus atom
of the y-phosphate, the covalent bond between B- and
y-phosphate is broken, and the products, a hydrogen
phosphate and ADP, are formed.
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Opening and Operation of BL14W1 XAFS Beamline

Department of Physics and Environment

1 Overall operation

From 2011 to 2012, BL14W1 XAFS beamline has
totally provided 7275 hours of beam time to the users, as
well as 1957 hours for beamline research. Over 400
projects have been completed, and 130 papers are pub-
lished.

2 Development of experimental tech-

nique

The main purpose of the beamline study is to im-

prove the stability of the beamline, to improve the data
quality, and to develop various in-situ experimental
techniques. All these studies would improve the perfor-
mance of the beamline.
Solid state detector The XAFS data quality of samples
with low concentrations largely depend on the perfor-
mance of the detector. A new 32-element germanium
detector (SSD) was used at BL14W1, and the perfor-
mance was fully optimized for the XAFS experiment. The
data quality, especially for the detection of high energy
element, was significantly improved compared to the four
element silicon drift detector (SDD).

T T T T T o T T T T T 1
30400 30800 20800 30700 20800 30i80 30500 30520 30840 30860 30880 30600

Fig.1 Comparison of 4-element SDD and 32-element SSD.

Automatic distribution system To obtain the best
XAFS data quality, precise gas proportion of the ion
chamber is necessary. Instead of the long-used manual
operation, a new automatic distribution system is devel-
oped at BL14W1. The accuracy of the gas proportion is
largely increased, and thus improved the data quality.

a m—

Automatic gas distribution system.

Fig.2

In-situ device To obtain the real structures during

10

Hard X-Ray spectroscopy Group

the reaction process, the in-situ experimental devices are
needed. For this reason, a Linkam-type variable temper-
ature apparatus is set up at BL14W1. The variation range
of temperature could be from -195°- 400°, with various
gas atmospheres. Both transmission and fluorescence
mode could be used.

Fig.3

In-situ sample chamber.

3 Research production of beamline users

Between the years of 2011-2012, nearly 1000 users
have carried out their experiments at BL14W1 beamline,
and implemented more than 400 projects including many
subjects such as catalysis, material, environment, che-
mistry, physics, and biology. During the 2 years, users
published 130 papers in total, including 40 high quality
ones appeared in Nature Chemistry, PRL, JACS, etc.

Zhang'’s group in Dalian Institute of Chemical Physics,
CAS, synthesized a novel catalyst that consist of only
single Pt atoms uniformly dispersed on a FeOx support of
high surface area, and characterized it by XAFS method.
Its catalytic reactivity is 2-3 times of traditional na-
no-catalyst. And this researching result has a great po-
tential to reduce the high cost of commercial noble-metal
catalysts in industry.
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Fig.4 The reaction pathways for CO oxidation on Pt1/FeOx.

Nie's group of National Center for Nanoscience and
Technology synthesized a kind of nanostructure with high
biocompatibility and low cytotoxicity which has a great
potential for biomedical applications. They studied the



bonding form between this nanostructure and target
protein using XAFS, that provided valuable support to
understanding the activity mechanism of this material.
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Fig.5 Schematic illustration of the synthesis of Au-Ft.

Yang’s group form Nanjing University of Aeronautics
and Astronautics investigated the microstructure of CuZzr
alloys by calculations based on the data from synchrotron
radiation-based XRD and EXAFS experiments. They pre-
sented that the atomic-level packing efficiency strongly
relates to their glass-forming ability (GFA). The best GFA
is located at the largest difference in the packing effi-
ciency of the solute-centered clusters between the glassy
and crystal alloys in both metallic glasses systems.
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io cu,.aazr,:/\jf\ ) 10Cuan 2 4
I sfowzn~ \/ﬁ /AN = osleyz \/ N\
T - | L 6438
i /\ \ N VAW,
Ofcu,, ZriT \ N b
. J \ !
2 4 6 10 2 4 6 8 10
x (A" (A
(c) (d)

Fig.6 EXAFS data in the CuZr alloys compared with si-
mulated curves.
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Academician Zhu'’s group in the Institute of Chemistry,
CAS, have studied the coordination conditions surround-
ing the Ni atom in organic thermoelectric materials. By
EXAFS analysis, they obtained the molecular configura-
tion of different stage in the formation process of this kind
of material, that provided important information to un-
derstand their key performance parameters, such as
thermal conductivity and the Seebeck coefficient.
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Fig.7 Normalized Ni K-edge XANES and EXAFS radial dis-
tribution curve of poly[Nax(Ni-ett)].
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Control Group Beam Instrument and Control Department

SHEN Liren Department of Beam Instrumentation and Control

During the annual operation of 2011-2012, the con-
trol group of Shanghai Light Source mainly focus on the
system maintenance and optimization and according to
the new requirements and the development of new
technology, we start the control system upgrade work.
The development of the control system mainly including
control system virtualization environment research,
feed-forward correction system of insertion devices, Top -
up operation mode and the light source run time database,
the research and development work of accelerator remote
monitoring, etc. The main results are as follows.

1 VIRTUALIZATION IN CONTROL SYSTEM
ENVIRONMENT

The virtualization of control system is a virtualization
of the control system application environment, the cha-
racteristic is used for application virtualization for control
system environment, including control system server
virtualization, application server template, network con-
figuration of virtual switches, application gateway virtua-
lization and automatic fault migration of control system
application. Especially for the configuration of virtual
switch in entire control system subnet, its characteristic is
that all the across the VLAN Settings of physical machine
corresponding virtual switch can made virtual machine on
the different device subnets migration between the dif-
ferent physical machine, that can realizes the high
availability of whole equipment control system subnet of.

By constructing a virtual server system based on SAN
storage system, the control system service process can
migrate online and avoid fault cause by the failure of a
server in control system. The virtual machine system
including 16 Dell 2950 racks of servers and 1 CX-320 EMC
SAN storage system. In the early stage of the system test
and a lot of preparation work, the system completed
during the 2010 summer maintenance stage. All the work
include the migration of server and OPI console system to
the virtual machine system and all the server operating
system update from fedora Core 7 to the Cent OS 5.4 7 at
the same time. It implemented the seamless docking of
new system and old system and the EPICS application
stability was improved.

Through the running of past two years, it proves that
the hardware resources needed for the control system
environment are well integrated by virtualization tech-
nology. The high availability features got by the virtual
machine system realizes the automatic fault migration of
control system environment and ensures 100% availabil-
ity. Through the virtual switch Settings, it realize the
seamless migration of the application in different control
system subnet.
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2 Safety Interlock Implementation of
Top-up Operation in the SSRF Control
System

The SSRF has performed two years stable operation
on decay mode. In order to realize the top-up operation,
the upgrade of control system has been carried out for
top-up trial run. Control system sets up the operation
mode control center and accomplishes the upgrading of
the MPS system. According to the requirements of the
physical design, control system accomplished the design
and implementation of the interface for interoperate with
PPS system, beam diagnosis system and power supply
system and set up the interlocks of the radiation dose,
energy, injection efficiency, beam current and beam life in
top-up mode. The kernel of top-up operation safety in-
terlock system is based on hardware interlock system and
also provides software interlocking as auxiliary. In the
meantime, the reliability of software interlock has been
improved.

According to the physical requirements, we establish
the Top-up operating mode control system and is embody
particular in the machine protection system (MPS). The
MPS set up a special operation mode controller and the
interlock signals that Top-up mode control relevant are
connected into this controller. The interlock control and
manual operation of Top-up operation mode are realized
by a set of logic control system constituted by the PLC
system and OPI operator panel. Overall interlock logic of
Top-up operation mode control is that the injection al-
lowed interlocking logic of the storage ring. That allows
two modes of the storage ring injection: Decay modes
and Top-up mode. Fig.1 is a block diagram for the overall
implementation of Top-up operation mode.
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Fig.1 The diagram of structure of Top-up running mode.

3 Feedforward control system of the in-
sertion devices

The insertion device is one of the important equip-
ment of modern light source, its quality directly affects
the overall performance of the Shanghai light source. Due
to limitations of the construction and installation process,
the magnetic field of insertion device will affect the sta-



bility of the beam orbit. To reduce the disturbance of the
beam, we add the correction coils at the beam position of
the inlet and outlet of insertion device to get the auto-
matic compensation function. So we designed and tested
a feedforwardsystem based on EPICS. The feedforward
system has a simple kindly user interface and complete
and reliable real-time feedback control that canimprove
the stability of the beam and provides guaranteeof the
stable supply light for experiment station.

The Core part of the feedforward control system
structure consists of three function independent of the
10C (Input Output Controller), residing on an embedded
Controller and through the Ethernet and CA (Channel
Access protocol for interconnection. One of the most
important is to design a independent of the 10C to realize
the feedforward logic in dedicated, through CA protocol to
real-time detection of the GAP and SHIFT reading value of
10C for the PLC control, then lookup the table that stored
in the I0C to obtain the corresponding correction coil
power value and set the correction coil current imme-
diately by the 10C of power supply monitor. The feed-
forward system achieve the closed-loop control through
three EPICS I0OC coordination and at the same time,
connect thelocal PLC and power supply controller to the
whole EPICS control system of light source through the
10C protocol conversion.

Under the framework of EPICS, we successfulim-
plemented a feedforwardsystem for insertion deveice of
Shanghai light source and connect to the EPICS control
environment of light sourceseamlessly. According to the
demandof different equipment, we exquisitely designed
three separate 10C to complete the control of various
equipment and the simple and clearupper layer user
interface. Through the interrupt and FLNK incentives in
the 10C driver and run time database, effectively reduce
the system resource consumption cause by the query
method of and improve the system running speed.
Physics experimental results confirmed that the feedfor-
ward system structure is complete and high reliability that
can reduce the effect of primary and quadratic integral-
magnetic field of insertion device to the beam and en-

hanced the stability of the beam orbit. Fig.2 show the
results ofbeam orbit stability after opening and closing
the feedforward system.
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Fig.2 The beam orbit result at the feedforward ON/OFF.

4 The construction of alarm and archive
system based on Oracle RAC

The development work for alarm and RDB archive
system based on CSS (Control System Studio) software
ware carried out and got some progress. The main work
includes performance study of RDB archive system based
on Oracle RAC (real application clusters, real-time appli-
cation clusters). The alarm system run since August 2010,
including Alarm record, message subscription sent, etc.
From May 2011, RDB Channel Archive system began to
record data, it record the same number of channels as the
original Channel Archiver about 9000 channels and 2.5 GB
of data volume per day, this laid a foundation for archive
and alarm system based on RDB system.

The whole system consists of 4HP 580 g 3 PC server
as the database server, SAN storage network system as a
data storage device, each server use two pieces of SAN
fiber card connected to the optical fiber switches, the
system architecture as shown in Fig.3.

IP Metwork+

EMC Gateway+

SAN Storage'Area Networke

i

ADIC Scalar iS00+
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tJ ¢
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Optical Switch+
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Fig.3 The Oracle RAC structure.

5 Fixed radiation dose monitor system
(RMS)
Fixed radiation dose monitoring system is an inde-
pendent control subsystem. The system is divided into
real-time monitoring and historical data storage sections.
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The RMS system now include 109 fixed monitor, 58 m G
(gamma) monitor and 51 N (neutron) monitor which
distribution in  linac, booster, storage ring, beam line, the
hall door and environment station.

The RMS real-time monitoring system adopts the



EPICS control system architecture and use the Mod-
bus/TCP communication protocol. Now all the functions
have been implemented and put into operation since
2010.

6 The research of remote operation pla-
form based on next generation internet

So far big science facility on the world are more and
more dependent on international cooperation, the remote
collaboration and application platform development of
accelerator is increasingly attention in world recently.
Since 2011, we carried out the research projects of re-
mote operation platform in Shanghai light source, it
mainly including remote accelerator beam study platform,
remote diagnosis and maintenance platform and remote
application demonstration platform. Has now we have
developed and built the system are as follows:

Built a fault and event analysis system for the light
source operator to check the machine running events-

CNGI
SSRF

Fo

HE  mEEGE  AET

real-time and query historical fault events with the IPV6
network that provides an effective platform to diagnose
accelerator fault remotely. In the Control system, EPICS
gateway based on IPV6 provide the foundation of the
remote control and debugging services, and build the
foundation of the remote control system based on IPV6
for the light source. The real-time data query system
provides real-time channel data access of control system,
provides real-time monitoring of various accelerator-
parameters through the IPV6 and can provide running
state and parameter query for light source from outside.
The Accelerator historical data access make the operation
personnel remote query, download and analysis the ac-
celerator historical data and provides effective technical
means for remote data analysis. Furthermore we built a
remote data access system based on IPV6 for the light
source user, the user can through IPV6FTP to download
their experimental data. Fig.4 for the accelerator pa-
rameters real-time data access page.
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The Users of Hard X-ray Micro-Focusing in Shanghai Synchrotron
Radiation Facility Published Their Research in Nature

LI Aiguo Hard X-Ray Micro-Focusing Beamline (BL15U1)
Department of Materials and Energy Science

By utilizing the high brightness undulator X-ray rad-
iation light source and combining advanced X-ray optics
system, the hard X-ray micro-focusing beamline (BL15U1)
in Shanghai Synchrotron Radiation Facility (SSRF) gets a
high-throughput and energy tunable monochromatic
X-ray micro sized beam. In addition, this beamline
equipped with advanced detection system and became a
high-performance X-ray microprobe device. The experi-
mental methods in BL15U1 include micro beam X-ray
fluorescence analysis (4-XRF), micro beam X-ray absorp-
tion fine structure (U-XAFS) and micro beam X-ray dif-
fraction (U-XRD). In 2011-2012, the users of BL15U1
published 60 articles in international and domestic jour-
nals. Among them, the research of the new family of
iron-based chalcogenide superconductors’ phage transi-
tion under high pressure was published in Nature.

The recent discoveries of superconductivity at 30 K to
32 K in a new family of iron-based chalcogenide super-
conductors A;.Fe,,Se, (where A=K, Rb or Cs, with
possible Tl substitution) bring new excitement to the field
of superconductivity. These superconductors have un-
usually large magnetic moments up to 3.3 uB per Fe atom
and a Fe-vacancy ordering in the Fe square lattice. How
superconductivity with such a high Tc can exist on such a
strong magnetic background remains perplexing. It has
been established that superconductivity in strongly cor-
related electronic systems can be dictated by their crys-
tallographic structure, electronic charge, and orbital and
spin degrees of freedom, which can all be manipulated by
controlling parameters such as pressure, magnetic field
and chemical composition. Pressure is a ‘clean’ way to
tune basic electronic and structural properties without
changing the chemistry. High-pressure studies are thus
very useful in elucidating mechanisms of superconduc-
tivity as well as in searching for new high-Tc supercon-
ducting materials.

The scientists from Institute of Physics, Chinese
Academy of Sciences and Geophysical Laboratory of the
Carnegie Institution of Washington used their
self-developed combining high pressure - low tempera-
ture - magnetic field test system to study this new type of
iron-based chalcogenide superconductors’ transport and
magnetic properties in situ under high-pressure. They
found that such superconducting transition temperature
gradually decreased with increasing pressure at less than
10 GPa until the superconductivity disappeared. However,
when the pressure was higher than 10 GPa, the system
entered a new superconducting state unexpectedly and

the superconductivity reappeared. The pressure-induced
superconducting phase (SC-II) has a Tc of 48 K, which is
much higher than the maximum in SC-I. This temperature
was the highest Tc of the family of iron-based chalcoge-
nide superconductors’ phage transition which has been
reported. To clarify whether the reappeared supercon-
ductivity driven by pressure related to the changes in the
crystal structure, they measured the crystal structure of
this material under high pressure by synchrotron radiation
H-XRD technique with the great help of BL15U1 staff and
obtained direct experimental evidence between the
crystal structure and pressure. Their study not only pro-
vided inspiration for understanding the superconductivity
mechanism of the new family of iron-based chalcogenide
superconductorsin and exploring new superconductors,
but also proposed a new research topic on the mechanism
of high-temperature superconductors superconducting.
The study was published in Nature 483, 67-69 (01 March
2012).
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Nano-Probe System and the Research of Biological Effects of
Nanomaterials Using Synchrotron Radiation Ttechnology

Hard X-Ray Micro-Focusing Beamline Department of Materials and Energy Science

In early 2011, during the first nano-probe system
test, about 400 nm spot size is obtained using Fe film with
thickness of 8 nm by X ray fluorescence method. Ac-
cording to the test results, in Mar. 2011, an improved
mechanical design and testing program is designed. The
adjustment of zone plate and the sample stage is much
more convenient and the mechanical stability of platform

is improved, as well as the rigidity of the zone plate and
OSA support. The processing and installation of the sys-
tem is finished in Aug. 2011. The final design drawings
and photographs of the nanoprobes is shown in Fig.1. We
used Ni films with thickness of 70 nm to detect the spot
size of the system by X ray fluorescence technique. The
spot size is 119 nmx129 nm (@10keV).

Fig.1 Hard X-ray nanoprobe mechanical designs drawings and photographs.

Water-soluble quantum dots (QDs) is a type of
semiconductor nanoparticle exhibiting quantum con-
finement effect, it have been considered as alternatives of
conventional fluorescent dyes for biomedical imaging due
to their significant advantages, e.g. broad optical ab-
sorption, bright and tunable fluorescence, remarkable
stability against light and chemicals, and easy conjugation
with biomolecules.

In this study, Caenorhabditis elegans (C. elegans) is
used as a model organism for thorough investigation of
the fate and physiological behavior of QDs in bioentity.
The model is useful for toxicological studies of QDs from
whole-animal level down to single cell level. The re-
searcher evaluated the in vivo fate and physiological
behavior of quantum dots (QDs) in Caenorhabditis ele-
gans by GFP transfection, fluorescent imaging, synchro-
tron radiation based elemental imaging, and speciation
techniques. The in situ metabolism and degradation of
QDs in the alimentary system and long-term toxicity on
reproduction are fully assessed.

This work highlights the utility of the C. elegans
model as a multi flexible platform to allow noninvasively
imaging and monitoringin vivo consequences of engi-
neered nanomaterials.
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In situ elemental analysis and degradation of QDs.
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X-ray Diffraction Group- /n-situ Cells
Developments and Applications

X-ray Diffraction Group Department of Materials and Energy Science

1 In-situ Measurements Cells And Or-
ganic Solar Cells Developments

In-situ cell, which is designed for both X-ray diffrac-
tion and absorption spectroscopy measurements, was
invented for lithium battery electrodes’ structure-property
relationship studies. In-situ measurements have been
successfully carried out at both X-ray diffraction and
absorption beamlines and some of the results were pub-
lished. Gas-flow cell for /n-situ nano-material growth was
invented and preliminary work therein was accomplished,
which can guide future efforts.

Ambient pressure CDV graphene growth cell.

Besides, a series of P3HT/PCBM organic thin film
solar cells were fabricated. These thin films’
self-assembled microstructures were characterized using
in-situ and ex-situ synchrotron techniques and their
photoelectric conversion efficiency was investigated using
photovoltaic test system. In addition, ligated Au na-
no-particles were prepared and blended into the solar
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cells. The microstructures of the active layer can be
greatly influenced by the gold nano-particle self-assembly
leading to enhanced photovoltaic performances.

In addition, many other /in-situ cells were invented,
such as one with electric field, one for heating in a gas
environment, one at high temperature, and one at
high/low temperature.

2 The Applications of /n-situ Cells

2.1 In-situ cell for lithium battery electrodes studies

Our group studied the electrochemical performance
of BiFeO; vs Li battery. Its structural transformations
during the cycling were investigated by /in-situ X-ray dif-
fraction. The results show that Li* ions were firstly in-
serted into BiFeO; during the discharge. After certain
amount of Li* inserted, Bi was separated out of BiFeOs
crystal lattice with Li,Bi alloy formed. During the 2™
charge process, Li* ions were extracted out of Li,Bi and Li
doped BiFeOs. During the subsequent cycles, due to the
irreversible Li* insertion/extraction, Li,Bi was decom-
posed into metallic Bi.

* Li Bi

Intensity (aw)

Jtheta (degrees)

In situ observation of Li,Bi formation.

Using Bi Ly-edge X-ray absorption spectroscopy, we
further investigated Bi ions valence state change during
the discharge process. It was observed that Bi valence
state gradually decreased from +3 to 0 during the dis-
charge process, while Fe valence state remained un-
changed. This proves that Bi ions are active sites for
electrochemical activity. Combined /n-situ X-ray diffraction
and absorption spectroscopy, BiFeOs; vs Li battery dis-
charge mechanism was successfully revealed.

2.2 In-situ Gas Phase Nano-materials Growth Cell

Our group investigated Ce doped BiFeO; phase
transitions at different temperatures and found that the
precursor (Mixture of Fe, Bi and Ce Oxides synthesized
using co-precipitation technique) was transformed into
BiFeOs; phase during heating. After further analyzing the
diffraction peaks FWHM, BiFeOs particle sizes can be
calculated during the heating. It is observed that Ce



doping increases BiFeO3 formation temperature with their
particle size decreased. Actually, the particle size is only
~20 nm at 600 C.
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In situ observation of Bi** ions reduction during discharge.

2.3 Other In-situ Cells

Using other /n-situ cells, such as the one for gas
phase /n-situ growth, the one with electric field, the one
with high temperature, we collaborated with several other
groups on different projects and some of the joint works
have been published in Angew. Chem. Inter. Ed., Appl.
Phys. Lett. and Adv. Mater., etc.

3 Physics Laboratory

Physics Laboratory is equipped with ultra-high va-
cuum system for X-ray photoemission spectrometry,
which includes both X- ray tube and UV lamp sources. In
this system /n-situ thin film growth can be preceded. The
system has just been set up and further adjustments and
testing are underway.
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Ultra high vacuum photo-electron spectrometry.
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Research Development of X-ray Imaging Group

X-ray Imaging Group Department of Advanced Imaging and Industrial Applications

X-ray imaging group is mainly in charge of operation
and user support of X-ray imaging and biomedical appli-
cations beamline. During 2011-2012, this beamline has
supported beam time of 10,585.7hwith a low fault rate of
1%. There are 9026 hours provided for 1179 users from
the 317 proposals, whose research fields covering bio-
medicine, material science, archeology paleontology and
son on. And 86 papers have been published by users
during this time. The completed work about beamline
maintenance includes: maintenance of the filters, re-
placement of water-cooling tubes of monochromator,
adjustment of the layout of experimental station for dif-
ferent experimental methods; devices improvement of
the fast fluorescence mapping, development of the large
opening millisecond shutter and so on.

In addition, the physical design and project proposals
of four new beamlines have been completed: two new
beamlines of SSRF phase-Il project named as “Fast X-ray
imaging beamline” and “Nano 3D imaging beamline”,
“micro-CT beamline” proposed by Sinopec, “medical im-
aging beamline branch” proposed by Shanghai Jiaotong
University.

In order to meet the demands of users for different
samples, many X-ray imaging methodologies have also
been developed and explored with 23 papers (16
SCl-cited papers) and one patent, including phase re-
trieval algorithm of in-line X-ray phase-contrast imag-
ingl*®!, fast X-ray fluorescence micro-CT®®], coherent
X-ray diffraction imaging®®*®!, X-ray spiral micro-CTI'!,
Multi-energy absorption micro-CT combined with data
constrain model for quantitative analysis of materials™?2%!,
Ring Artifacts Correction algorithm in CT imagel*,
hardware and software setup for fast and remote CT
reconstruction!*®, research on the focusing characteristics
of Laue bent Crystalsi*®and so on. Moreover, the grat-
ing-based differential phase-contrast imaging (GDPC)
method has been built.

Some application researches have also been carried
out, including microscopic identification of Chinese herbal
medicine, nondestructive testing of bamboo structure,
quantitative evaluation on effect of osteogenesis of new
scaffolds for bone repair*”! and so on.

The ongoing projects include the National Basic Re-
search Program of China (973 Program) “The Novel X-ray
Medical Imaging Methodology and Key technology based
Synchrotron Radiation”, External Cooperation Program of
Chinese Academy of Sciences “The International Coop-
eration Program on the Novel X-ray Medical Imaging
Methodology and its Applications at Shanghai Synchro-
tron Radiation Facility”; the National Natural Science
Foundation of China “3D X-ray fluorescence CT based
SR” “The X-ray phase contrast microscope CT research
on structure of traditional Chinese medicine” and “Study
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of porous scaffolds made by Calcium silicate/corn protein
in bone repair” and so on.

In 2012, there are some new projects including the
CAS-CSIRO cooperative research project “Automated
Quantitative Analysis of 3D Angiogenesis for Early Diag-
nosis of Tumors using Synchrotron Radiation X-Ray Mi-
crotomography”, the National Natural Science Foundation
of China “Accelerating X-ray fluorescence CT based fast
scanning and OSEM”.

In 2013, besides the beamline operation and user
experiments support, design of new beamlines and per-
form theabove research projects, the group will focus on
the following research aspects including fast fluorescence
CT, spiral CT, quantitative CT, GDPC, fast CT reconstruc-
tion algorithm and further study on methodology and
related applications.
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Progresses in Development of DEPU for Dreamline at SSRF

Department of Mechanical Engineering

A soft X-ray beamline for ARPES and PEEM is being
built at SSRF. The source will be a pair of EPUs covering
the energy ranges from 20 eV to 2000 eV of arbitrary
polarized light with the first and third harmonics. DEPU
Project Group consists of staff from division of mechanical
engineering and SSRF administrative department, which
takes charge of development of magnet, mechanical
system, control system, vacuum, and so on.

DEPU consists of a low energy EPU (LEID) and a high
energy EPU (HEID). Period length of LEID is 148mm while
that of HEID is 58mm. The two EPUs have the different
period lengths but the roughly same magnet array
lengths, 5 m, and cover the energy ranges from 20 to
200 eV and from 200 to 2000 eV, individually. The de-
velopment of DEPU for Dreamline has the characteristics
of complex structure, high precision, assembly of high
precision, large size and constraint of space. Based on
experience of equipment design and development for
SSRF accelerator, DEPU Project Group first designs a
common support system with H-type in DEPU, with the
whole structure seating on a base with linear guides,
which enables transverse movement for selecting the
working EPU. Conceptual design of DEPU was passed in
March, 2011. In the following days, parts manufacture,
standard parts procurement, equipment assembly, mag-
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netic field measurement and shimming have been carried
out. The development of DEPU was finished by the end of
2012. The shift driving systems for polarization adjust-
ment, which are set on top of the backing beams for the
constraint of space, are sophisticated designed to assure
position stability under longitudinal magnet force change.
The difficulty of magnetic field measurement because of
limited space is also solved successfully. The work has
prepared enough for tunnel installation and guarantees
the whole Dreamline project.

DEPU for Dreamline.
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Development of Cryogenic Calorimeter for Investigating the Heat Load
of Superconducting Undulators

XU Jieping

CUI Jian LI Wei

LI Ming ZHANG Zhengchen

Department of Mechanical Engineering

Introduction

Comparing to conventional permanent insertion
devices (IDs), superconducting insertion devices can
enhance magnetic field strength signally. Therefore,
superconducting IDs have been widespread applied in
synchrotron light sources to increase the brilliance and
photon energy. Beam-based heating, magnet measure-
ment system working with cold magnet, and phase cor-
rection, are three key remaining issues to be resolved in
the R&D of superconducting undulators. Beam-based
heat loads are dynamic heat loads which include image
current, synchrotron radiation from upstream bending
magnet, E-cloud and RF effects.

To optimize the design of cryogenic system and
undulator magnet, LBNL and SSRF collaborate to build a
cryogenic calorimeter to quantify beam-based heat load.
The scientists of LBNL propose the original concept of
cryogenic calorimeter. SSRF is tasked with implementing
the cryogenic calorimeter, and first installation and ex-
periments on SR of SSRF.

Cryogenic system

The calorimeter is a cryogen free system which has
simplicity and flexibility for the design of cryostat, and has
easy maintenance. It uses two sets of Pluse Tube cryo-
cooler which has lower vibration comparing to Gif-
ford-McMahon cryocooler. One model SPR-082B of Su-
mitomo cold head and one model PT415 of CRYOMECH
cold head cool the thermal shield and beam plates. The
first stages of two cryocoolers cool the 50 K thermal
radiation shield. Two paralleled beam plates are con-
nected to the second stages of those cryocoolers via the
measurement blocks. Beam plates should work below 15
K without beam.
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Mechanical structures

The calorimeter has been installed in the straight
section of storage ring of SSRF. It mainly consists of two
beam plates, two UHV sleeves, two Pulse Tube cryo-
coolers, one 50 K thermal shield and one UHV chamber.

Two paralleled beam plates which is 1 meter length
and coated by 80 pm film of copper. When the electron
beam goes through them, beam-based heat load will
deposit on the copper films.

UHV chamber is 1.4 meter length and 400 mm di-
ameter. Its vacuum system uses one 400 L.s™! ion pump
and two 400 L.s™! NEG pumps to meet the requirement
of SR. UHV sleeve is a part of vacuum chamber. The goal
of using UHV sleeve is to separate the UHV of beam
chamber and HV of cryocooler. That means we can
bakeout this system without cryocooler. Also it's con-
venient to maintenance of cryocooler.

First online experiment

Since September of 2012, this calorimeter started to
perform online experiment. After 24 hours cooling down,
the temperature of 1% stage and 2" stage reached stable
condition. Without beam, thermal shield reached at 55 K,
beam plates reached at 15 K and 2" stage reached at 4.4
K. Temperature rising of beam plates could be as high
as 25 K while 200 mA beam with decay pattern and 20
mm gap.

Summary

With two cryocoolers of cooling system, the beam
plates and thermal shield of this calorimeter can reach
expected temperature. The first online experiment shows
that beam-based heat load is higher than we expected.
Further measurement and analysis will show the amount
of beam-based heat load in following several months.
That will help the design of cooling system and undulator
magnet.
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Construction of Canted Beamlines for Protein Science at SSRF

ZHAO Yan QIN Hongliang Mechanical Group Department of Beamline Engineering

Two beamlines for protein science have been con-

structed at Shanghai Synchrotron Radiation Facility (SSRF)

which are funded by National Facility for Protein Science.
They are named canted beamlines, which are complex
crystallographybeamline (BL19U1) and biology X-ray
small angel scattering beamline (BL19U2), because they
are originating from the same undulator source. The
greatest challenge for designing the canted beamlines is
setting up optical components at very limited space be-
tween two beamlines. To separate sufficient space be-
tween two beamlines, two reflecting mirrors which are
mounted in one chamber are set up downstream of
double crystal monochromator (DCM) respectively. The
layout for BL19U1 beamline is, DCM, horizontal reflecting
mirror, toroidal mirror and sample point are located 22.5
m, 22.75 m, 33.1 m and 40.8 m from the center of the
2ndundulator source respectively. The layout for BL19U2
beamline is, DCM, horizontal reflecting mirror, horizontal
focusing mirror, vertical focusing mirror and sample point
are located 23.6 m, 28.2 m, 31.2 m, 34 m and 56 m from
the center of the 1stundulator source respectively. This is
illustratedin Fig.1.
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Fig.1  Layout of the canted beamlines.

The layout of two DCMs for canted beamlines are
illustrated in Fig.2. The distance between two beams is
134mm at the center of the first crystal of the DCM (left)
and 143 mm for the DCM (right) respectively. A pair of
Si(111) are adapted for both DCMs which energy range
are the same, from 5 keV to 18 keV. Specifications of DCM
adjustments are shown in Table 1.
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Fig.2 Layout of the two DCMs for canted beamlines.

The Deflection Mirror system shared of two
beam-lines works in the ultra high vacuum. Deflection
Mirror system consists of plane mirror, mirror set, ad-
justment mechanism of mirror, support system, vacuum
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system, control system, etc. Adjustment Mechanism of
Mirror contains the motion of pitch and X direction, and
the installment accuracy of roll is less than 0.1°.

Tablel Adjustment specifications for DCMs

Adjustment  Range Accuracy Resolution
Bragg With -50-40° 0.36"(per full step) <1”
encoder 0.05" <0.2”

Roll 1% +10 <0.5" <1”

T2 10-30mm  <0.5 um <1 pum
Pitch 2M +10 <1” <2”

Piezo 100” <0.05" <0.2"”

The deflection mirror adjustment mechanism as
shown in Fig.3. Parameters of deflection mirror adjust-
ment are specified in Table3.

Fig.3 Adjustment Mechanism of Mirrors.

Table3 Parameters of Deflection Mirror Adjustment

Motion Parameter BioSAXS E(r)yrzg::)(graphy
Range +0.5° +0.5°

Pitch Step 0.2"” 0.2”
Repeatability <+1” <+1”

Roll L’lﬁf;on <40.1°

) Range +5 mm +5 mm

I(-I;)rlzontal Step 5 um 2 m

Repeatability <£10pym <£10 pm

Complex Crystallography beamline (BL19U1) and
BioSAXS (BL19U2) has been completed beam tuning and
parameter optimization, and it will be opened to users.
Multiple canted beamlines will be built in the two phase of
SSRF. We have accumulated a wealth experience from the
achievement of the canted beamlines for protein science
which will contribute to the design and commissioning for
canted beamlines during SSRF II.
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Extraction Mirror System for SSRF Infrared Beamline

LI Yongjun ZHANG Mi

Infrared beamline BLO1B for National Facility for
Protein Sciences(NFPS) is the first infrared beamline at
SSRF. It has been successfully constructed and measured,
and will be open to users in 2014. The design of the IR
beamline utilizes infrared synchrotron radiation from both
bending magnet radiation and edge radiation.

Fig.1 is the layout of Infrared beamline. M1, which is
the first mirror called extraction mirror, is one of the key
components for the beamline. With an incident angle of
45°, M1 is used to collect infrared radiation, exclude
X-rays and UV beam, redirect infrared beam toward M2.

Fig.1 Layout of Infrared beamline.

The divergence angles of incident beam from storage
ring are 40mrad in horizontal and 20mrad in vertical. M1
is located at 1815mm from the source, where the total
power is about 2904 W and peak power density is
205W/mm2. The power density map is shown in Fig.2. To
avoid overheating by the X-ray beam, M1 is designed to
have a central slot of 2.6 mm, thus the excluded energy
will be more than 99.5% while the flux at 10 pm will
decrease only 13.28%.

a0 o o W
Verical position (mm)

Fig.2 Power density map at M1.

The extraction mirror M1 is indirectly back cooled by
water. With a coating of Aluminum, its substrate material
is Glidcop. Materials of the mirror support and water pipes
are both OFHC, and they are brazed to maintain a higher
thermal conductivity. Finite element analysis shows that
the highest temperature is less than 19.3°C and maximum
equivalent stress is only 78.7 Mpa.

(a) Temperature distributing
Fig.3

(b) Equivalent stress
Finite element analysis of M1.
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Department of Beamline Engineering

An all-metal CF200 valve is mounted between the
chamber of storage ring and M1 system to fully isolate the
two parts in the event of maintenance. Therefore, degree
of static vacuum for M1 system is required to be better
than 5x10™° Torr. M1 has three positions: working po-
sition, stand-by position and maintenance position. As
strictly constrained by space, M1 need a long vertical
travel range of 435 mm, and repeatability of the long
travel is required to be better than 0.01 mm. Six thermal
sensors close to the edges of the slot of M1 are mounted
symmetrically to monitor its temperature to protect M1.

i //

Fig.4 The extraction mirror system.

The vertical travel mechanism is actuated by a
stepper motor and an out-vacuum linear encoder is
mounted to read the real location of the mirror. When M1
is in the working position, the locking mechanism will lock
the shaft to decrease vibrations. Contrarily, the locking
mechanism will loose the shaft firstly if M1 need to leave
the working position. Fig.4 shows a model and a picture
of M1 system. Table 1 is the test results of several main
parameters.

Table 1 Test results of extraction mirror system

Main parameters of M1 Requirements Results
Travel range /mm >435 447.7
Repeatability /um <10 2.5

As shown in Table 2, all test results of infrared
beamline have met or are better than specifications,
which is at the advanced world levels.

Table 2 Test results of Infrared beamline

Items Specifications Results
Energy range /cm™ 10-10000 10-10000
Spectral resolution/cm™ 0.1 0.087
Time resolution/ns 10 10

Flux at the sample

(phs/sec/0.1% b.w.) 1x10% 1.3x10%

at 1 ym @ 300 mA
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An Optimized Side Cooling Scheme for a Collimation Mirror at the SSRF

XU Zhongmin WANG Naxiu Optical Group Department of Beamline Engineering

Usually, the first collimation mirror in SR beamline
will be subjected to high heat load from X-ray source. The
mirror surface deformation induced by heat load has bad
effect on mirror performance. The criterion employed is
the tangential slope error along the centreline of the
mirror. Generally, the value is expected to be as small as
possible. For side cooling, the length of the contact area
between the mirror and cooling blocks should be smaller
than the footprint length along the mirror. Then minimum
value of slope error can be obtained by optimizing the
length and the height of the contact area.

il

x=d

0.00 £0.00 (rmm)

Fig.1 3D illustration of the mirror and copper.

Fig.1 shows the 3D model of collimation mirror made
of single crystal silicon and cooling blocks made of OFHC
copper. Three dimensions of the mirror are 3 0 mm(X)
x250 mm(Y)x25 mm(Z). The maximum power and
power densitX absorbed by the mirror are 85.7 W and
0.13 Wemm °, respectively. The centre of the footprint (3
mm(X) x230 mm(Y)) is coincident with that of reflecting
surface on the mirror; The equivalent film coefficient
between mirror and cooling block is 3.0x1073 W/ (mm?-°C)
and reference temperature is 30 °C.

For optimization design, the length and width of
contact area are parameterized and designated as design
variables, DS_LENGTH and DS_HEIGHT, respectively. The
maximum tangential slope error along the mirror center-
line acts as objective function, my_MaxYSlopeError. Then
optimization design is performed by AnsysDesignXplorer.
After optimization, response surface plot (shown in Fig.2)
is obtained. It is helpful to rate how sensitive objective
function is based on changes in the design variables.
From these plots, it can be seen that MaxYSlopeError is
always increasing, when HEIGHT varies from 2 mm to 10
mm; there is a minimum for MaxYSlopeError when
LENGTH varies from 180-250 mm.

AOTSWS

Fig.2 Response surface plot for design variables
vs.maximum tangential slope error.
In order to analyze how the size of the contact area
affects on slope error of mirror, four kinds of schemes A, B,
C and D shown in Table 3 have been chosen, in which

37

scheme A is the traditional scheme, the length of contact
area and mirror is equal, while in scheme B, C, D the
length of contact area is smaller than that of the footprint.

slope error furad

distance /mm

Fig.3 Slope error curves for four Schemes.

When the length of contact area is bigger than that
of footprint, maximum temperature is located on the 1/4
model’s corner, which is approximately the centre of
footprint on full mirror model; if the length of contact area
is smaller than that of footprint for scheme B, C and D,
maximum temperature points all moved away from the
centre of footprint along Y direction similarly. So the
sidecooling method can change the temperature distri-
bution on the mirror fundamentally.

Table 1 Four kinds of different cooling schemes

Sheme Height /mm Length /mm
A 10 250

B 10 205.56

C 9 187.2

D 6 215

Four slope error curves are plotted in Fig.3. Among
the above four schemes, the scheme D is the best one at
present. Moreover, slope error value in 90 percent of
footprint is smaller than 0.3 prad and the RMS value for
the whole footprint is only 0.569 prad. It is clearly seen
that the slope error is more uniform in the scheme D,
which is advantageous for collimation mirror.
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X-ray Test Beamline

LI Zhongliang Optical Group Department of Beamline Engineering

X-ray test beamline

16 beamlines will be built in the Phase II, most ad-
vanced technology will be applied to the beamline
equipment. To ensure rapid and successful operation of
complex instruments, test facilities to ensure confor-
mance of optics and performance of detector system are
essential. To meet the goals, Test beamline is panned.

Test beamline is a flexible and versatile beamline for
testing beamline instuments, optical element and detec-
tor technology. The beamline provides both white and
monochromatic X-rays in two operational modes. The Test
beamline works closely with the Optics, Mechanical and
Control Group at SSRF, in order to promote the devel-
opment of beamline technology.

Outline specifications

Photon energy range: 4 keV to30 keV monochro-
matic focused

White beam: Monochromatic, white beam modes;
Beamline acceptance: 2 mrad (h) x0.1 mrad (v); Energy
resolution (AE/E): 5 x10™*; Monochromator: Water-cooled
Si(111) and Si(311)double crystal monochromator; Fo-
cusing by a toroidal mirror

A fixed exit double crystal monochromator will be
used. The main crystal set will be Si(111) and Si(311) that
will cover the 4 keV to 30 keV photon energy range. A
toroidal mirror after the DCM will provide focusing in both
directions. The mirror substrate would be Si while Pt
would be the coating of choice as it does not have any

discontinuity in the reflectivity in the 4 keV to30 keV range.

The beamline schematic is shown in Fig.1.

The beamline will be operatable in two modes by
removing the mirror and crystals. The beamline schematic
of the modes is given in Fig.2
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Fig.1 Schematic of the optical layout of the beamline.
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Fig.2 Test beamline schematic of the operational modes.

Diffraction, Imaging, Reflectometry techniques wil be
used for the characterization of optics, instrumentation,
and development of novel techniques and technologies.
Diffractometer

CCD and Ionization chamber were used for the test
experiments. Mechanical design of the beamline front end
has been finished, and the drawings is shown in Fig.3.
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Fig.3 X-ray test beamline Front end.
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Development of Nano-LTP Measurement at SSRF

HE Yumei Optical Group Department of Beamline Engineering

Introduction

A high accuracy slope profile measuring instrument,
the nano-radian Long trace profiler (Nano-LTP) was re-
cently development at SSRF for the large mirror surface
shape testing of grazing incidence optical components in
synchrotron radiation. As promotion of the previous LTP,
the accuracy of new instrument are possible improved to
100 nrad (rms) in one dimensional surface slope mea-
suring for plane mirrors lengths up to 1 m. We present the
feature analyzes of different sources of errors which
provide the important reference to the physics and en-
gineering design of the instrument. Appropriate solutions
have been investigated to reduce the effect of errors due
to optical scanning system, environmental temperature
changes, and vibration. System theory, physical analysis
and engineering structure design of the Nano-LTP are
presented in this paper, experiments are also researched
and the results analyzed.

The nano-radian Long trace profiler system.
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In the design, autocollimator is used to instead the
light source and detector, which can predigest the light
path structure of the measurment system. And
dual-reflectors instead traditional scanning pentaprism to
avoid the refractive index in homogeneity influence of
optical component on Nano-radian measurement. Control
the environmental impact from the entire process of
measuring, what focuses on the ambient temperature and
vibration.

This project is one of the NNSF  of China which
started in 2012, and everything is going according to plan.
Presently, system assembly finished based onthe com-
pletion of physical design, engineering design and in key
technologies including optical system, scanning system
and precise temperature control system. In the next step
of the project, by debugging and running working in-
stallation, every system can run according to the de-
signing requirement.
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Absolute Surface Metrology by Rotational Averaging

in Oblique Incidence Interferometry

SONG Li

Surface figure deviation has been a major consider-
ation in the use of grazing incidence optics in synchrotron
beam line instrumentation™!. Generally, optical surfaces
used to reflect x rays at extreme grazing incidence angles
have a long tangential dimension with up to 1 meter or
more. Owing to the nature of grazing incidence x-ray
optics, conventional interferometric techniques for sur-
face figure measurement are not easily employed in the
absolute testing. Proposed as an alternative to overcome
the aperture limitation, the oblique incidence interfero-
metry combined with multiple rotating measurements at
N equally spaced positions is performed to determine
absolute flatness of the overall 2D large surface. To obtain
the interferometry from the oblique incidence configura-
tion with a Fizeau interferometer, one more transmission
flat is required to return back the beam reflected by the
long test surface. The method can be illustrated in Fig.1

(a) =

1 Surface under test
______ Y
X
S

' N
Reference flat /

Transmission fat

-
N-position rotating i
A —;

X

Interferometer

(b)

Reference flat Transmission flat

Fig.1 Schematic representation of the absolute flatness testing
for long optics. (a) Configuration of oblique incidence mea-
surement in top view. (b) N-position rotating measurements

between reference flat and transmission flat in side view.

The method consists of two procedures: The first
step was oblique incidence measurement, and the second
was multiple rotating measurements. All the experiment
data were exported from the Zygo interferometer and
processed by our algorithm procedure. we selected
120x30 mm active area of the rectangular plane and
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carried out the measurements at four different oblique
incidence angles with varied rotating numbers. Mea-
surement results of the flatness of the rectangular plane
at oblique incidence angle of 38.9°, 61.0°, 72.8°, 81.7°
were shown in Fig.2

Fig.2 Measurement results of the flatness of the rectangular
plane at oblique incidence angle of 38.9°, 61.0°, 72.8°, 81.7°.

To compare the oblique incidence test results, we
calibrated the absolute figure of the rectangular plane in
active area within the aperture of interferometer, using
modified three-flat test approach based on simple mirror
symmetry described by Griesmannl?.

From comparison with modified three-flat test results,
the difference between two methods is estimated to be
better than 0.7 nm rms. The systematic uncertainty is
calculated to be 0.036 nm rms while the random uncer-
tainty based on reproducibility is 2.6 nm rms. As com-
pared to other methods of the large surface figure mea-
surement the absolute oblique incidence test is particular
simple. This approach could be implemented to facilitate
the task of absolute flatness measurement of large syn-
chrotron beam line optics.
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Beamline Control System

ZHENG Lifang Department of Beamline Engineering

The primarily responsibilities of the Beamline Control
Group of SSRF are controling and monitoring the opera-
tional status of each beamline’s optical equipments, re-
cording and analyzing of every information, providing the
proper synchrotron radiation lights which are required by
experiment station users. In 2011 and 2012, we have
completed the engineering construction of X-Ray Inter-
ference Lithography(XIL) branch beamline, the domestic
manufactured step motor driver and related research
works.

1 Beamline Engineering Construction

From January 2011, the ordered equippments of XIL
branch beamline are transferred to the site of SSRF. All
the work changed to the equipment debugging and in-
stallation. We completed the on-line debugging works of
slits, BPMs, mirror chambers, shutters, masks and other
devices before August 31.We began the first round
commissioning from September 17 to 19. The work was
so succeed that we obtained the required monochromatic
light form the end of experiment station at that time.

The engineering construction of the Dreamline and
the Protein Science Research (Shanghai) Facilities started
at 2011.We undertook the work of system design, expert
review, manufacture and purchase. We completed the
debugging and acceptance of their frontend control sys-
tems successfully at August and September 2011.

During the construction, the ServiceBus function of the
two-phase step motor driver was adopted first time. In
order to satisfy 0.1um resolution of slit, we configured
1/128 step resolution of the driver and applied it to PI
235.22S stage successfully. Also it was the first time to
drive the PicoMotor that is a good experience for future
construction.

The control system of the beamlines which were set
up in SSRF applied EPICS(Experimental Physics
and Industrial Control System) [,  EPICS was created by
APS(Advanced Photon Source) in USA, and used in many
Synchrontron Radiation Photon Source of the world.

The control system of the beamlines has a distributed
structure, as shown in Fig.1:

I0Cs (Input Output Controller) have two kinds.
Some 10Cs run on VME system which use MVMES5500 as
CPU board and vxWorks as operation system. Vx Works is
a realtime operation system. Two or three MAXv8000s
slotted into the VME crate are Motion Controllers, and
comtrol the motors with SLS motor drivers. The other
I0Cs named SoftlOC run on the industrial computers,
which use Linux as operation system. SoftlOC access the
€863 motion controller by serial port server.

Motion control system use motor module in sysApps
software package of EPICS which is particularly devel-
oped for beamlines. Motor module includes motor record
type, support routines and the drivers for many sorts of
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motion controller. The transform record type in the calc
module is also used in the motion control system to
change the motor motions to the device motions or to
energy plots.

OPI
\ Contro] LAN
serial port
VME-IOC SoftIOC server
SLS Motor C863 Motion|
Driver Controller

Fig.1 EPICS Structure.

OPls(Operation Interface) run on the computers
using Linux as operation system. EDM displaying inter-
faces and python scripts both are running on OPIl. EDM
interfaces display the motor status and positions and
support the text input for user. Python scripts carry out
some automated controlling tasks. The real time motor
positions also are saved on OPI, which will be restored
after 10C rebooting.

2 Homemade Motor Driver

A great amount of step motor driver units are used in
the beamline control system. The units used in the
Phase- I project of SSRF don’t meet the new needs arose
along with the operation of SSRF. Therefore, it is neces-
sary and urgent to improve and integrate the stepper
driver techniques so as to develop one high performance
and standardized step motor driver integration system.
On December 30, 2011, experts are invited to review this
integration system after the scheme design, technical and
reliability test, and great comments are given on this
system. As shown in Fig.2, the homemade motor driver
and power rack have been deployed on beamlines at
SSRF.

Fig.2 Motor driver and power rack.



Some of the beamline control engineers have learned
more deeply about the low level hardware techniques
through R&D of the step motor driver system. The ability
of R&D as well as handling the motion faults has therefore
greatly improved. As a result, control engineers can most
efficiatly design and develop the more optimum stepper
motion solutions when a new motion controller comes
with instrument in our beamline project.

3 Other Research Works

There are two water-cooled monochromators at the
BL14B1 and BL16B1 beamline at SSRF. The software of
the control system is developed by LabVIEW and the
hardware is provided by the manufacturer. It is inconsis-
tent with the EPICS motion control platform which is
unified applied at SSRF. We started technical studies at
our control lab from April 2011. We simulated the func-
tions of the water-cooled monochromator, including mo-
tor control, temperature monitoring, coordinated control,
etc. At last, we gave a comprehensive and systematical
technique summary which will apply to the monochra-
mator of new beamlineand the two existing monochra-
mators in future.

Although the functions of data acquisition and de-
tector controlling are not referred now, we still set about
studying it at our control lab for the further Phase Il
construction. We studied the application of EPICS plat-
form of SIS 3820 counter, Hytec 8401/8402 ADC/DAC
convertor, CCD detector and so on.
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TR-XEOL(Time-resolved X-ray excited optical lumi-
nescence) is one of the subtasks of the 973 program
named {characterization techniques of nanostructures
based on synchrotron and studies on some key scientific
problems) . Synchrotron light source produces pulsed
X-rays with pulse width of about 100ps and dark time gap
of 2 ns to some ms between consecutive pulses. Other-
wise, the wavelength of the synchrotron X-ray can be
tuned continuously which makes it the most suitable light
source to excite the optical samples. We have accom-
plished designing. model selecting . purchasing and
testing of the hardware including a spectrometer with
PMT . atiming system and a set of NIM-based electronics.
We have extended the multi-level SSRF main timing
system by adding a new level at the experiment hall
which has the capacity to provide timing signals to each
beamline. We schedule to integrate and debug all the
subsystems in laboratory before the mid of 2014 and to
implement the TR-XEOL experiment on beamline BLO8U1
at SSRF.
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The Design of Safety Interlock System and XBPM for NFPS Engineering

Department of Beamline Engineering

The NFPS (National Facility of Protein Southern
project) beamline engineering design is one of the main
tasks in two years (from 2011 to 2012), the duty of our
research group is to design safety interlock system and
various XBPM detectors, include fabrication and assembly.
This is, afterwards SSRF phase_I, another large-scale
system design and equipment installation tasks.

Safety interlock system brief

Safety interlock system of the protein project in-
cludes front end interlocking control system, personal
safety interlock protection system, beamline equipment
protection system and vacuum fast protection system.
There are total five beam lines and six experimental sta-
tion, one is a bending magnet beamline and is a ID (In-
sert Device) beamline, which have the same equipment
layout with before, the other two is Canted beamline, the
fifth is a infrared beamline which there are two
end_stations. The Canted and infrared beamline are first
design in SSRF. The purpose of safety interlock system is
to protect experimental operator and equipment safety, in
the event of an emergency, to close the photon shutter or
to kick off the electronic beam of the storage ring.

The front end of the Canted beamline is the two U20
ID located in a straight section to feed two different beam
lines indevidually. There are some optical equipments to
share, not only to meet the interlocking control logic each
beamline, but also to ensure the two beamline experi-
ment do not influence each other, live in harmony, how-
ever, also must use a simple operation.

The Canted beamline shares one FOE (First Of En-
closure), when a beamline need to enter the FOE for
maintenance, they must take into account the operation
each other, can not close photon shutter or open the hut
door as one pleases. Therefore, safety interlock system
set up a beamline arbitration signal, to realize the inter-
lock requirement, when one’s arbitration signal is invalid
the other can do the operation, otherwise, no operation.
There is oneself arbitration signal for each beamline, the
arbitration signal can come from a switch button set, can
also be taken from each beamline shutter signal combi-
nation (this is our selection after more discussion and
investigation). When the respective PS2 and SS2 are
opened, as the beamline arbitration signal effectively,
another beamline can not switch shutter or hut door. If
the PS2 is opened and the SS2 is closed, it usually means
users is going to change the sample, also the arbitration
signal effectively. When the PS2 and SS2 are both closed,
no light on the beamline, the arbitration signal of the
beamline must be regarded as invalid. While the PS2
closed, the SS2 is opened, nor the beamline with light, the
arbitration signal can be regarded as invalid for the
beamline. Of course, the beamline arbitration signal can
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also be the fusion of the combined shutter and button set.
It's to make up for each other's deficiencies, to further
guarantee the harmonious coexistence of the two beam
lines. But it will increase the complexity of the system
design and the operation failure rate etc. The use of the
arbitration signal, simplifying the design of safety inter-
lock system, and their programming complexity increases
not much, in the acceptance test, safety interlock of the
Canted beamline and the other 3 beamlines all have been
achieving physical design requirements.

Engineering design of XBPM detector

The XBPM detector of the NFPS is the sum of a blade
detector, fluorescence screen detector, wire scanning
detector. The blade detector located in front end of the
beamline is currently one of the key equipment which
monitor X-ray beam position, since the 7 beamlines is
completed, the accuracy and precision of the light spot
position indicating agreement has been questioned, to
investigate its reason, mainly is no measurement data are
given to prove the strong. To the end, we did some test
and data analysis, to reduce the problem. First,we
measured the blade detector high voltage which experi-
ments were carried out to prove how its use is, the results
is consistent as other sources experimental, can ignore
this high voltage; therefore, we will no longer consider
high voltage of the blade detector in the future, can be to
simplify the design.

In the X-ray beam position stability problem, each
beam line previously recorded data analysis is not suffi-
cient, can not give each blade detector position measur-
ing accuracy. Therefore, after a comprehensive analysis of
historical data of the BL17U front end blade detector, we
found that the results are better than the original esti-
mate, and the position measuring accuracy can be up to 5
microns, position stability is generally 5 to 10 microns. We
further think: if the electronics equipment can be im-
proved, it is expected to achieve the measurement ac-
curacy of 2 microns; if the data sampling rate and storage
rate can further be improved, the measuring results will
not be questioned by anyone, at the same time, can also
provide a signal to feedback control in order to insure
stability of output of X-ray beam position.

On this basis, we designed a new type blade dector
to meet the performance requirements of the x-ray posi-
tion monitor for each beamline of the NFPS project, and
improved the thermal stability of the blade detector
bracket, and purchased new readout equipment Libera
Photon which is a professional instrument designed for
the XBPM detector readout system. In the final test of the
beamline performance, measuring accuracy of the X-ray
beam position is 2 microns in the horizontal and is 1
micron in vertical.



Similarly, the wire scanning detector adopt a new 1/V
converter which has the function of automatic range and
has faster response time, to improve its structure design,
its measurement precision is improved up to 100 microns,
it is a larger span. The main change is the wire scanning
detector adds the scale ruler and uses new model 1/V
converter. All of these improvements have been applied in
the design of wire scanning detector of the NFPS project.

The fluorescence screen detector, upgrading the
compact single color fluorescent detector, the original size
300 mmx=500 mmx780 mm (lengthxwidthx height) is
reduced to 87 mmx238 mm>383 mm, along the beam
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direction, its length was reduced by almost 4 times, and
no longer requires independent bracket, greatly reduced
the placing space. YAG crystal is adopt as a new detective
material, its sensitivity is higher. The installation and
debugging is more convenient; and successfully applied in
the design and manufacture of the NFPS project.
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Design of an Active Feedback Controller Used
In the Infrared Beam Line of SSRF

ZHANG Yongli

The active feedback controller is one of the key in-
struments used in the infrared beamline. It is applied in
front of the end station to stabilize the incident infrared
beam position which mainly disturbed by the external
environment due to long optical path from storing ring to
end station and all kinds of complicate optical compo-
nents. The task has been beginning to design by elec-
tronics and detector group from 2011, the infrared
beamline of National Facility of Protein Southern project
(NFPS) is the first infrared beamline of SSRF.

1 Optical path diagram

Fig.1[1,2] shows that the light direction can be al-
tered by the active mirror M3 and M4 driven by PIEZO and
the firmed mirror BS1 and BS2 or BS3. The PSD (photo
sensitive detector) can receive transmitted part visible
light to calculate the beam position. The beam position
can be locked on PSD1 by the M3-PSD1 close loop
feedback regardless of the incident light position on M3,
similarly the beam position can be locked on PSD2 by the
M4-PSD2 close loop feedback regardless of the incident
light direction on M4. And the special optical design is that
the distance from M4 to BS1 must be equal to the dis-
tance from PSD1 to BS1, as in order to guarantee the
beam position steadiness on the M4 as the PSD1. So
regardless of the incident light position and direction how
can do, the beam position stability outgoing from the
active feedback controller can be guaranteed, unless the
beam vibration exceeds the controller system regulated

range.
Incident Light Beam from the Storage Ring
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Fig.1 Light-path layout diagram of active feedback controller
system.

2 Scheme implemented

Fig.2 shows that the controller system consists of
PSD, PIEZO actuator, power amplifier, filter, compensator
and other circuit blocks. The PSD and its additional circuit
calculate the beam position, the power amplifier drives
the PIEZO and its load mirror to change the output light
direction, so the close loop feedback can be formed due
to controller. The beam position measured by PSD display
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in LCD, and can be used to indicate the steady error with
the maxim 5um position resolution for the controller, and
can be used to analyze its power spectrum.

x PIEZO P
Expected Beam N Fil Correction ()perang::!lr Beam
L " - ¥ -{ i e% »
Position \ Compensator N Positi
itior \3/ P Amplifier I osiuon

)I’SD Measure the Beam Positions«

¥

1. LCD Display the Beam Position
2. Magnitude Spectrum Analysis

Fig.2 schematic diagram of active feedback controller.

3 Testresult

The completed active feedback controller firstly ex-
ecutes the simulation test in electronics laboratory, in
order to adjust the controller characteristics parameter
under the different operating environment and to test the
controller performance with guaranteeing that the con-
troller's minimum effective band is 250 Hz and the
maximum steady state error is 5 um within the precondi-
tion of 10dB amplitude margin and 45 degrees phase
margin. The simulation test was as below. The tested
PIEZO and its load mirror is together driven by the power
spectrum signal source which is inserted into the light
path of the active feedback controller system. Using
He-Ne laser as test light source, so the light position
signal power spectrum can be given by PSD1 or PSD2.
And result of the signal power spectrum will be not
difference as the PIEZO driver signal source, when the
controller is in open-loop state, if the light position signal
power spectrum given by PSD1 or PSD2 is significantly
reduced amplitude when the controller is in close-loop
state, the controller performance will be verified is good.
As expected, the controller performs that the minimum
effective band is 300 Hz and the maximum steady state
error is 5 um within the precondition of 10 dB amplitude
margin and 45 degrees phase margin. But the test result
also shows the controller in close loop state will lead to
some additional small spectrum peaks in 10 kHz, it's
possible to due to PIEZO's resonant frequency affects
measurement result of the FTIR spectrometer of the end
station. It is necessary to optimize the controller charac-
teristics parameter pass through the ample field test in
the future.

References

1. Active Feedback Mirror System for the IR Beamline.pdf
[EB/OL]. 1999-09. http://infrared.als.Ibl. gov/pubs/ Acti-
veFeedbackCompendium99.PDF



LR AT R R B R G R InTUL R E
BOR B B R BIRE SRS

WL TR TZ4 kT

YR S B KT RS R G BB A KT
QI T B ARSI AL RGN BARKT,
7 [ A OGIRRE B I B S il o SRR KT U ik
RGAEL IR B SCENE L, 25 [E B4 2%
SRR SR E 53 D R AR ML E, JF H.,
PR BRI . VTR I LA BE #h 7E A (5
MBI TR . IR TR B A AN e . (R,
DRI L ] L, 378 A Rl T R S R IR AR S
BN T T B, T e B — M BE A R IR IR
RARHIN (8] AR AN B & o 1% A e B Aefi )
245 AR VR VA ST T o SRR 2 T VR RE AL

54

SEETER
R

2k o R i P | P SR B

T IS BRI W) R RS 7 A 5K o TV 2 L e UL
PERIRG . IR AR R (RIR AR . 28 A B
TR AL S e TE A AN A (e Ve T 2 Al 122 B K
L5, geid — Bt [l ikiz 47, 2011 it 46,
H AR P e LR IR IR A E B, AT T
BRI, IR D .

BRI SIS KT RIS R G I AR
SR SR I AR S 4 N P4 S B, T80 A2 T
RARPN UL LI AN I 8] 225K o SEBIE W] — 7
RBCRREF, HA .

ISR
=&

EEEFIFE I

HEBRLLHE



The Pre-Cooling Device of the End of the Beamline

in the Experimental Hall at the SSRF

ZHU Weihua SU Dong YANG Jianpin YANG Dong HUANG Zhenguo WU Zhengliang
Process Group Department of Beamline Engineering

The development level of the liquid nitrogen source de-
livery system in the hall at SSRF is close to the level of
similar sources of liquid nitrogen technology delivery
system in the foreign country, which has no precedent in
the light source device in our country. The branch line of
the liquid nitrogen of the insert line station should be
connected to liquid nitrogen cycle unit, what's more, the
transmission lines are lone. It can supply liquid nitrogen
for the liquid nitrogen cycle unit anytime, but the time is
too long and uncertainly. Therefore, to solve these prob-
lems, the pre-cooling device is added to the end of the
bench of insert line station, which is a kind of device to
shorten the time of transmission of the liquid nitrogen.

The pre-cooling device can be done by shortening

transmission time of the low temperature liquid nitrogen,
which meet the requirements of time and stability for the
liquid nitrogen cycle units. The pre-cooling device consists
of a temperature control box, temperature sensors, low
temperature solenoid valves, evaporators, vacuum liquid
nitrogen transfer pipelines and stainless steel gas pipe-
lines. After the device is complished, it has passed the
acceptance since a period of trial operation. Since the
pre-cooling device of the end of the beamline is our first,
we have applied for a patent, and success. The
pre-cooling device of the end of the insert beamline is
added to the holl of SSRF, which meet the requirements of
time and stability for the liquid nitrogen cycle units, which

has been proved well and advanced.

Cryogenic solznoid vahe

Safety vahes

OHF ball vahe=

Temperature control box  Temperature Probe

|

Vacuum shut-off vahes

Evaporator

The pre-cooling device controler of the end of beamline
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Development of 5.0 MeV/120 kW High-voltage and
High-frequency Electron Accelerator

ZHNAG Yutian Department of Applied Accelerator

The China’s first 5.0 MeV/120 kW electron accelera-
tor has been developed successfully in September 2011,
and put into production in Zhuhai Ruiou Science &
Technology Co. Ltd. The development is base on the
massive researches and abundant experience accumu-
lating by the researchers belong to the department of
applied accelerator in Shanghai Institute of Applied
Physics, Chinese Academy of Sciences.

The 5.0 MeV/120 kW electron accelerator has
reached performances that the noload-energy is 5.5 MeV,
the maximum beam current is 24 mA, the instability
values of energy and beam current are better than £3%,
the nonuniformity value of scan is better than +£10%, the
vacuum while accelerator working is better than 5x10
Pa. All technical specifications meet or even exceed the
design requirements, and conform the national standard
named “Standard of electron accelerator facility engi-
neering for radiation processing” (GB/T25306-2010). The
accelerator has passed the continuous running test of
national quality evaluation under the working conditions
of 5.0 MeV/24 mA and 5.0 MeV/20 mA.

The 5 MeV high-voltageand high-frequencyelectron accelerator.

It is a successful university-industry cooperation to
develop this accelerator. It has taken full advantage of the
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scientific research of applied accelerator from the re-
search institute and the abundant capital from the en-
terprise. The cooperative development agreement is
signed with Zhuhai Ruiou Scie. & tech. Co. Ltd. in 2009
after fully evaluate and finished abundant of research
plan, and then put into action.

The processed product of 5 MeV electron accelerator.

It is also a great progress in the field of applied ac-
celerator research that the 5 MeV/120 kW electron ac-
celerator is successfully developed. Hence, Radiation
Processing Professional Committee of China Isotope &
Radiation Association sent a letter for congratulations.
This one ,which is high-energy accelerator for irradiation
processing, is the first self-developed equipment deli-
vered to users for production in China. It marks a big step
forward in the technology of industrial electron accele-
rator for our country.

The successful development and application in pro-
duction of the accelerator have the important significance
to strengthen the level of applied accelerator manufac-
turing, to expand the social influence, to improve the
market competitiveness and to cultivate professional
talents. It also lays solid foundation for the development
of high-end product of heat shrinkable materials and
functional polymer materials, for the preservation of food
and agricultural and sideline products and for the sterili-
zation of medical and health products. It will certainly play
a positive role to the rapid development of radiation
processing industry in the nation.
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Physical Design and Analysis of TMSR Nuclear Energy System

Z0OU Yang WANG Naxiu CHEN Jingen GUO Wei

WANG Jiangiang  YANG Rui

FU Yao CHEN Yushuang ZHANG Jinhong HU Jifeng WANG Xiaohe SHEN Jiajie

GUAN Chengzhi

Being one of the six Gen-IV reactor candidates,
Molten Salt Reactors (MSRs) have two main subclasses.
The first subclass is also known as Liquid-fueled
MSR(MSR-LF), where fissile material is dissolved in the
molten fluoride salt and it serves both as fuel and coolant
in the primary circuit. Dry reprocessing can be applied in
MSR-LF system, so that fuel breeding can be achieved.
Such a scenario is particularly suitable for the use of
Thorium fuel. The second subclass is also known as Sol-
id-fueled MSR(MSR-SF),where the molten fluoride salt
serves at the coolant to a coated particle fuelled core
similar to that employed in Very High-Temperature
Reactors. This concept is an integration of proven tech-
nologies from other reactor types. It can achieve excellent
performance on safety and economy with a high tem-
perature output. It has outstanding suitability for the
Nuclear Hydrogen and small modular reactor application.

MSRs operate at high temperature and at near at-
mospheric pressure. MSRs are very suitable for Thorium
energy utilization and hydrogen production at high tem-
perature. These properties made MSR one of the best
approaches to solve energy and environment issues of
China.

Around the constructions of both a MSR-SF and an
MSR-LF in principle-test scales for experimental investi-
gations, our research covers neutrionicsand ther-
mal-Hydraulics design and analysis, nuclear data and
physical analysis for Th-U fuel cycle, integration of Hybrid
Energy System and its economy analysis, nuclear hy-
drogen production via high-temperature steam electroly-
sis etc.

Neutrionics design of 2 MW TMSR-SF1

Two design schemes of 2 MW TMSR-SF1 (Thorium
Molten Salt Reactor - Solid fuel 1) were accomplished by
the Core Physics Design Group. The random pebble bed
TMSR-SF (Scheme was reviewed by international spe-
cialists group in July, 2012. The ordered pebble bed
TMSR-SF scheme gained recognition at the IPR fourth
meeting in USA MIT University. Design covers lectotype,
core layout, neutronics design and analysis, transient
analysis, debugging and running scheme and so on.
TMSR developed the ability to complete the whole set of
core design and analysis and an in-depth research would
be performed in the key science and technologies of
TMSR-SF1.

1.1 Neutroncis design of 2 MW random pebble bed

TMSR-SF
Fig.1 shows the core layout of 2 MW random pebble
bed TMSR-SF with diameter 330 cm, height 470 cmfYl.
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The core active region is comprised of two parts: a cy-
linder with diameter 130 cm and height 280 cm, and a
circular truncated cone with coning angle 90°. Above the
circular truncated cone, attached a cylindrical discharge
tube with diameter 50 cm and height 100cm.The fuel
spheres circle the centered graphite spheres in the active
region and there are 10 control rod channels, 3sample
channels and 7 boron ball channlesdistributed homoge-
neously around the active region in the radial reflector,
with all centre distance from the active region is 81.5cm.
The overall physical parameters describe that the thermal
power is 2MW,the core inlet and outlet temperature is 620
°C and 600 °C, average core power density is 1.13
MW- m, the coolant mass flow rate is 41.3 kge s and the
average core coolant flow rate is 0.043 me ! (molten salt
fraction 40%). 10600 fuel spheres and 600 graphite
spheres locate in the core, and the total 2°U inventory is
10.9 kg. The general neutron physics parameters show
thatfollowing the reactor benchmark design cases (hot
state, coolant average temperature 610 °C), the core
excess reactivity is 0.050 and the core temperature reac-
tivity coefficient is —9.08 pcmoK_l. One set of reactivity
control system (10 control rods) and two sets of inde-
pendent shutdown system (10 control rods and 7 boron
ball system)are included in the core scheme.

7/cm
470

420

7.

330

Fig.1 Axial and radial profiles of 2 MW random pebble bed
TMSR-SF.

1.2 Neutroncis design of 2 MW ordered pebble bed

TMSR-SF

Neutronics design improves a lot in the physical de-
sign and analysis of the core in 2 MW ordered pebble bed
TMSR-SF. Taking into account of the characters of K-eff.
critical mass. neutron distribution. power distributiong,
ect., a serious of work been done, achieved a preliminary
scheme. Then running sate transient analysis and acci-
dent state analysis was performed, gave the parameters
of reactivity. power and temperature, which are also
treated as the feedback of the statics design and safety
design in neutron physics analysis. This provides a basis
for transient analysis and various parameters for the



safety analysis in accident state, and supplies stability
analysis results for reactor running. debugging and
controlling.
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Fig.2 Axial and radial profiles of 2 MW ordered pebble bed
TMSR-SF.

Fig.2 shows the core structure of 2 MW ordered
pebble bed TMSR-SF?. The reactivity area be piled up by
the graphite assemblies, appears octagonal shape and
contains 16924 fuel spheres with diameter 6.0 cm and
235U inventory 20.2 kg for initiate. The height of reactivity
area is 168.8 cm, and the opposite side distance of the
octagon is 153.0 cm and 154.0 cm respectively. The
volume of reactivity area is 3.1 m°, whose centre be
arranged 5 channels for irradiation experiment. control
rods or Boron absorption ball. The overall physical pa-
rameters show that the thermal power is 2MWth, In-
let/outlet operating temperature (°C) is 600 and 620
respectively, the mass velocity of coolant is 41.3 kg-s™,
the average mass velocity in the core is 0.031 m.s* and
coolant in the side-tube occupies 0.2 of the total coolant
volume. The neutron physical parameters illustrate that,
in the reference design case, the cold state core excess
reactivity is 9479 pcm, the temperature coefficient of
reactivity is —7.02 pcm.K™, and the maximum neutron
flux density is 2.31x10'® n/cm?/s. One set of controlling
system (12 control rods) and two sets of shut-down
systems (2 control rods and 2 sets of Boron systems) are
also desigened in this design scheme.

2 Thermal-Hydraulics Design and Analy-
sis of Molten Salt-cooled Reactor

The tasks of thermal hydraulics group are conceptual
design and V&V experiment on thermal safety of molten
salt-cooled reactor.

A preliminary conceptual design of liquid fuel-salt
reactor and molten salt-cooled pebble bed reactor has
been developed and reviewed respectively™!. Especially
the first edition of 2 MW orderly packed pebble bed
reactor design had been evaluated by the international
experts. The layout of 2 MW TMSR-SF1 is in Fig.3.

The experimental scheme of reactor core hydraulic
test bench and heat transfer coefficient measurements
in tube® has been evaluated. The preliminary result of
convective coefficient of nitrate in circle tube is obtained
in Fig.4.
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Fig.3 Layout of TMSR-SF1.

The reactor core hydraulic test bench in Fig.5 is
equipped with advanced instruments such as particle
image velocimetry (PIV) and ultrasonic Doppler veloci-
metry (UDV), flow meter and differential pressure
transducer etc. Scaling analyses have been performed on
the integral reactor vessel test facility, which simulates
flow distribution in reactor core, upper and lower plenum,
core bypass flow or leakage flow, core pressure loss and
the integral hydraulic simulation experiments. The flow
measurement parameters: 0 to 270 m*.h' (water); ve-
locity measurement dimension: one-dimensional to three-
dimensional.

Fig.4 Convective heat transfer coefficient of nitrate in circle
tube.
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Fig.5 The reactor core test bench.

3 Nuclear data and physical analysis for
Th-U fuel cycle

Th-U fuel cycle physics group focuses on the nu-clear
data measurement, evaluation and processing for Th-U
fuel cycle, which is the foundation of TMSR physical de-
sign. It is also concentrated on the physical analysis of
Th-U fuel cycle which aims at three types of reactors
including TMSR-SF, TMSR-LF and TMSFR-LF.



3.1 Evaluation of nuclear data for Th-U fuel cycle

Evaluation of the Th-U nuclear data contains the
development of the fission model, evaluation of the
complete neutron reaction data, producing of the Th/U
cycle special nuclear data library and the benchmark

testing to supply nuclear data for physical design of TMSR.

The requirement for Th-U nuclear data has been firstly
performed. Then the building of the software and hard-
ware platform for researching the Th-U nuclear data was
completed. With the platform, the complete C.S of 22Th,
33 and '™Gd (including the co-variance data) were
evaluated. The comparison C/E of Keff between KBR and
Thor (Fig.6) shows that the complete C.S of >*Th is better
than ENDF/B-VI1.0 in fast spectrum®.
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Fig. 6 C/E comparison of Keff between KBR and Thor.

3.2 Processing of nuclear data for Th-U fuel cycle

Based on the evaluated nuclear data, the processing
of nuclear data for Th-U fuel cycle is concentrated on
developing the method to deal with cross-section re-
so-nance, supplying nuclaer data Lib. for analysis soft-
ware of the physical design in TMSR and benchmark
testing of key nuclei. The complete neutron nuclear data
of 400 key nuclides were recommended and cross section
files with continuous energy at 24 temperature points
were processed in 2012. The benchmark testing of con-
secu-tive energy c.s and 69 groups for 233U in fast spec-
trum has been carried out to verify the reliability of nuc-
lear data.

3.3 Measurement of nuclear data for Th-U fuel

cycle

This subject is engaged in building a platform for
measurement of nuclear data of key nuclei in Th-U fuel
cycle. The conceptual design of neutron physical
ex-perimental device (i.e. whitle neutron source driven by
a 15 MeV electron linear accelerator) has been finished,
including the physical design of high average power
electron linear accelerator, integrated design of neutron
source generated target chamber system. The en-
gi-neering design of neutron generated target, shield,
terminal detector design and renewal of neutron phys-ical
experimental hall have been crried out. In the meanwhile,
the measurement project design of neutron reaction cross
section for Th-U fuel cycle has been proposed.

3.4 Physical analysis for Th-U fuel cycle
Based on TMSR, physical analysis for Th-U fuel cycle
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is implementing with future vision of nuclear park. Opti-
mization and physical analysis for Th-U fuel cycle pay
attention on three kinds of reactors (TMSR-SF, TMSR-LF
and TMSFR-LF) and three types of fuel cycle modes
(once-through fuel cycle, modified open fuel cycle and
closed fuel cycle). The fuel cycle based on TMSR is pro-
posed to compose the future nuclear energy park. The
fuel utilization compared between three kinds of
Th-based reactor designs is given in Fig.7. The re-sults
show that TMSR-LF with online processing can signifi-
cantly improve the fuel utilization for about one magni-
tude compared with TMSR-SF and realize self-sustain
breeding. However, the breeding perfor-mance of
TMSR-LF should be optimized in order to maintain the
self-sustain utilization of Th-fuel in the future nuclear
energy park.
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Fig.7 Resource utilization efficiency as a function of consumed
mass-in heavy metal [4].

4 The TMSR designing platform

The overall goal of TMSR platform is to build a
first-class computing platform system in China for dedi-
cated to the designing and opti-mization of the molten
salt reactors in China; to estabilish an internaltional rec-
ognized software system for MSR design and analysis by
exalta-tion of accuracy and efficiency through contin-uous
verification and improvement of the algo-rithm qualified
for designing variety molten salt reactors and small
modular reactor, and interna-tionally recognized MSR
designing and analysis software through improving the
accuracy and efficiency by continuous verification and
im-provement of the algorithm, ; tobuilt realize a digital
MSR simulation system for including roaming simulation,
Roaming Simulation , path optimization, dynamic visua-
lization, on-line monitoring, integrative terminal control
platform of reactors and nuclear databases.

The hardware system of TMSR designing platform
has already finished staged construc-tion task and begin
running in support of the related calculation jobs to
support the designing and analysis of TSMR TMSR. The
evaluation and processing system of nuclear data in TMSR
has already be qualified and applied on evalua-tion and
processing of the important nuclear da-ta. The first group
batch of analysis program modules of for Liquid Fueled
MSR-LF have already been completed.



4.1 Hardware system construction and applica

tion

The hardware system of TMSR designing platform is
composed with storage grid, grid computing, Internet
platforms and ancillary fa-cilities. By the end of 2012, the
bare capacity of on-line debugging storage grid is 0.8 PB,
with unified directory of parallel file system. The compu-
ting grid has completed the on-line opera-tion of 61
compute nodes. The compution peak of the sin-
gle-precision floating is 118 T per sec-onds; The internet
platform use optical fiber path. The highest aggregate
bandwidth after optimi-zation is 18 GB per second, the
average meas-ured speed of reading and writing with
different size files is 16GB per second.

Fig. 8 TMSR designing platform.

The TMSR designing platform use linux operating
system of CentOS 6.2 with 64-bit, and configure with the
C/C++/FORTRAN software development environments,
Intel MPI parallel development environments, Intel MKL
math libraries. Until the end of 2012, more than 100
accounts have been opened for seven technical depart-
ment which participating the TMSR spe-cial project. Since
the open running of platform in end of November 2012,
more than 14,000 us-ers’ jobs have been performed by
using 55,000 processor hours, in which usage rate of the
computing resource is up to 95% after middle of De-
cembert®,

4.2 The evaluation and processing system of

nuclear data in TMSR

Based on the nuclear data requirement of physical
design of TMSR, preliminarily builted the evaluation and
processing system of nuclear data which incude the
evaluation of the com-plete C.S. the covariance data and
the fission yield production and the processing of the
con-tinuous energy C.S and the multi-groups.

With the system, evaluated the complete C.S of 22Th
and Gd-155(include covariance of experimental data and
sensitivity parameters), and completed the benchmark
testing of 23U,

4.3 The Analysis program modules of LF-MSR

A series program modules of steady state and tran-
sient analysis for LF-MSR have been completed in 2011 to
2012, including: temperature reactivity calculation mod-
ule for LF-MSR, cou-pled module with neutron transport
and single group burnup calculation for LF-MSR,
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ze-ro-dimensional point group and one-dimensional
few-group diffusion transient analysis module for LF-MSR.

The temperature reactivity module of LF-MSR is
based on the proven two-step calcu-lation process,
using ultra-fine group (16,500) on the treatment of re-
sonance cross section, us-ing the collision probability
method for solving the neutron transport equation to
obtain uniform cross section of components, using fine
mesh grid finite difference method with triangular mesh
for solving the neutron diffusion equation™.

The coupled module with neutron transport and sin-
gle group burnup calculation for LF-MSR is based on the
coupling of neutron transport program by Monte Carlo
method and the single group burnup program, in order to
achieve the coupling calculation with neutron flux distri-
bu-tion and burnup™Y.

The zero-dimensional point reactor analysis module
of LF-MSR describe the concentration of several delayed
neutron precursors by the decay equations in first loop,
which can effec-tively describe the migration effect of
delayed neutron precursors by flow of fuel salt in the first
loop of LF-MSRIZ,

The one-dimensional few-group diffusion transient
analysis module of LF-MSR describe the dynamic behavior
of neutrons in reactor by using the one-dimensional and
time-dependent diffusion with two groups, us-ing the
one-dimensional The lumped parameter method to de-
scribe the heat-transfer process in first loop of reactor
system, which can be used to calculate power, flow,
temperature distribu-tion and so on*®!.

5 Nuclear Hybrid Energy Research in
TMSR

Nuclear heat from thorium molten salt reactor (TMSR)
can be used not only for electricity generation, but also
for hydrogen production, industrial process, and seawater
desalination. A hybrid energy system (HES) based on
TMSR will improve the energy utilization efficiency, meet
the clean energy demand, diminish the use of coal and oil,
and diminish the emission of pollutants.

Our current research covers three issues: integration
of TMSR Hybrid Energy System and its calculation and
economy analysis; nuclear hydrogen production via
high-temperature steam electrolysis (HTSE); synthesis of
catalysts for CO2 hydrogenation and large-scale methanol
production.

5.1 Integration of TMSR Hybrid Energy System

For the Gen-1V nuclear energy system, the utilization
of the nuclear heat, combination with fossil-fuel based
energy systems, and establishment of effective car-
bon-friendly hybrid energy system, are pioneering work,
which in turn will promote the development of Gen-IV
nuclear energy system. We have been cooperating with
the lIdaho National Laboratory (INL) in developing HES
based on advanced nuclear system. Fig.9 demonstrates a
sketch map for effective and carbon-friendly nuclear
hybrid energy system based on TMSR. And a comparative
evaluation of HES based on TMSR and high temperature
gas-cooled reactor (HTGR) has been finished.



Fig.9 A sketch for effective and carbon-friendly nuclear hybrid
energy system based on TMSR.

5.2 Hydrogen production via HTSE

Hydrogen production is an attractive option to import
nuclear energy to traditional energy utilization. And HTSE
has been recognized as one of the key technologies in
non-electric applications for nuclear energy by IEAS. We
have integrated the first 1 kW-SOEC hydrogen production
system of China and reveal the influence of different
parameters, such as current density, temperature and
steam concentration on the stack performance. The fa-
cility shown in Fig.10 has run stably for more than 1000
hours and the hydrogen production rate reaches more
than 100 L/min.

Fig.10 1 kW integrated SOEC evaluation platform.

One of the crucial issues relevant to the durability of
HTSE system is the degradation of solid oxide cell (SOC)
materials, such as Cr-contamination at the O,-electrode
side. Performance of the electrodes will decrease due to
the formation of Cr depositions on the electrode surface,
increasing the gas diffusion resistance. Therefore, we
have investigated several perovskite-structure O,- elec-
trodes, and choose the transmission X-ray microscope
(TXM) technique to clarify the 3D distribution of Cr de-
posits and the porosity change as a function of the dis-
tance from the electrode surface. Fig.11 shows the
morphology of Cr-deposition on porous LSCF electrode,
indicating that Cr species occupy the holes in the surface
layer.
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Fig.11 3D distribution of Cr deposition at LSCF electrode via
TXM technique.
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2011-2012 Biannual Report of Department of Reactor-Engineering

Department of Reactor-Engineering

Department of Reactor Engineering, is responsible
for the design and development of TMSR, including
reactor structural and structural mechanical, instrumen-
tation and control (I&C), and plant layout. The concept
design of TMSR-SF1 has been finished, and some critical
devices, such as prototype for the control rod drive me-
chanism, protect-system prototype, prototype for spher-
ical fuel handling system, et a/.

Development of control rod drive mechan-
ism prototype

Control rod, one of the key parts in TMSR-SF1, con-
sists of the core-rod made of boron carbide, and the
control rod drive mechanism included stepper motor and
planetary gear chain. The position of the control rod is
measured by a rotary transformer and a magnetic scale.
The rod (Fig.1), after one year hard work, has proved that
(i) the position resolution is less than 0.2 mm and no

accident happened, (ii) the drop time is less than 4.6s (Fig.

2), compared to that in HTR-10. Using this experiment
platform, lots of verifying tests, such as rod movement,
rod drop, and et.al have been done.

BHREERE

EHRax

Fig.1 Control rod drive mechanism prototype.

As the sub-system of the power control system, the
development of the rod control and position measure-
ment system is the basic design of the power control
system. Considering the systems reliability and security,
digital has been used for the rod control and position
measurement system, including digital controllers, net-
work technology, and hot-redundancy technology. And
then the rod control measurement system has such
functions, the rod logical-control and dropping parame-
ters measurement, alarming and online monitor, the
records of the rod position historical data and the rod
movement waveform, and the modification of the key
parameters with the advanced permissions.

The control rod drive mechanism consists of a
stepper as the driving source, a rotary transformer and a
magnetic scale as the position measurement mechanism.
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The detection hardware of the rod control and position
measurement system is independent, and the redundant
s7-400 PLCs are used, which greatly improve the system
security by their bumpless transfer.

The system servers, as shown in Fig.2, are based on
the ATCA architecture, more than 99.99% can used and
agile development and reuse of the configure supported.
By its excellent management function, any boards and the
inter-environment in the platform can be easily monitored,
including boards’ voltage and temperature, controller’s
CPU status, and the parameters of the chassis fan. The
security and reliability of the management system is
supported by the platform hot-plug function and con-
trollers working in the redundant way.

AR MRS HEGLIRSS 2% pEls e iNGIE

Redundant PLC- |
CPUs for control |

TLARBEFEPLC

ounter | Redundant PLC-
dies | CPUs for position

Contraler

Control
rod

Fig.2 Architecture of the rod control and position measurement
system.

The software of the system monitor layer is based
on the EPICS, and used the redundant EPICS-IOC for the
reliability request since its predictability for the system
errs and ability of redundancy switch, as shown in Fig.3.

At the heart of the redundant IOC is RMT, responsible
for choosing the IOC to take the control task according to
the status- information-RMT by the two Ethernet lines,
one for the status monitor, the other IOC driver commu-
nication. The two databases of the redundant IOCs are
synchronized by CCE. The redundant switch time of the
system IOCs is about 1-2 seconds.

BefE R FFE

TCP/IP

TCP/IP

IR EREA EEIBERER

Fig.3 The structure of the redundant EPICS-IOC.



After 3 months tests, the rod control and position
measurement system was safe without fault during total
153096.4m, and total 50 rod-drop times running. The
system has reached the design standard requirements
listed in Table 1.

Table 1 Parameters of the rod control and position
measurement system

Parameters Standard
Speed 10 mmes™
Switch time of the motion direction < 0.5s
Stop time <0.25s
Travel >1600 mm
Resolution of the position control < £2 mm

Prototype for spherical fuel handling sys-
tem

The spherical fuel handling system, one important
sub-system of the TMSR-SF1, consists of auto-ball-in,
auto-ball-out, auto-ball-separated parts, responsible for
the spherical ball management. The system was needed
to be designed completely from the simulator since no
similar system had been designed or used under the
molten salt environment.

After half of a year, the spherical fuel handling sys-
tem was designed successfully, as shown in Fig. 4. In the
next step, experiments as follows will be done, (i) simu-
lator spherical fuel auto-injected to the simulator reactor
core, (ii) simulator spherical fuel auto-removed from the
top of the simulator reactor core, (iii) simulator spherical
fuel auto-lifted and auto-separated, (iv) the flow and
distribution of the simulator spherical fuel in the simulator
reactor core and some waterpower researches.

~N

>

Simulator reactor core

Spherical fuel handling system

Fig.4 Prototype for spherical fuel handling system.

Mechanical analysis

(a) Thermal analysis and structural optimization of
loop system and equipment at Elevated Temperature in
FLiNaK have been finished. The analysis objects include
pipe, molten salt pump, heater, heat exchanger, storage
tank, Freeze-Valve, Freeze-Flange and weir tank, and so
on. (b) Flexibility support has been adopted to solve the
problem of high thermal stress according to the expe-
rience of MSRE, which can greatly reduce the thermal
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stress of entire system. (c) The structural evaluation of
engineering pump at elevated temperature has been
conducted based on the ASME NH code. The methods of
stress, deformation and creep-fatigue evaluation progress
had been studied. These methods can be further applied
to the safety mechanics evaluation of all equipment in
TMSR. (d) The strain tests of Freeze-Valve and molten salt
pump has been compared with the thermal analysis re-
sults. The key method of high temperature structural
mechanics test was mastered.

Fig.5 Parameter Z of test B-2 Fig.6 Equivalent stress of
In ASME. molten salt pump.

(a) For the graphite safety analysis, we have de-
veloped a methodology for stress analysis of irradiated
graphite and written a user subroutine for graphite
thermal analysis after irradiation. Furthermore we have
analyzed irradiated graphite brick under different brick
clearances, temperature profiles and fluence profiles. All
the stress analyses have been assessed according to
ASME HHA standard. (b) The structure of pressure vessel
has been assessed according to ASME NH standard.
Several analyses have been performed to optimize the
design of the pressure vessel including thermal stress
analysis, seismic analysis, buckling analysis and creep
analysis. Furthermore the pressure vessel subjected to
elevated temperature working condition has analyzed by
inelastic analysis. (c) For the mechanical analysis of the
control rod: fluid resistance calculation and rod drop
analysis, impact possibility of the control rod and the
graphite channel, preliminary analysis on the flexibility
design of control rod, theoretical analysis of the shock
absorber, orthogonal experiment design of the shock
absorber and absorbing test.

Fig.7 Stress distribution of the graphite brick (left).
Fig.8 Maximum acceleration of the shock absorbers (right).

FPGA-based Prototype Reactor Protection
System

TMSR intends to use FPGA-based digital system as
the safety system platform and use the independent
development of the FPGA-based digital reactor protection
system as the long-term technical reserves and training
platform, after combining the trend of modern nuclear
instrument & control system development with long term



planning of TMSR project and taking into account the
reliability and advanced pure hardware system.

The Prototype Reactor Protection System (PRPS)
focus on the realization of main function of the Reactor
Protection System (RPS). And it is used to verify the
feasibility and reasonableness of the solution of
FPGA-base system and get the relative technical expe-
rience, during the hardware design, producing and tests.
The PRPS have four redundant protection parts using 2
out of 4 logic with each part make up by signal condi-
tioning unit, comparator unit, 2004 logic unit and trigger
to execute unit showing as Fig.9. The protection related
signal inputs into the system after isolation compared
with the setting value of the comparator unit to generate
a protection logical signal of one part. This logical signal
with three other the same signal from other parts get into
the 2004 logic unit to generate the final shut down or not
signal of this part. The PRPS is made up with processing
motherboard, back line board, back board and ATCA
chassis. The processing motherboard within two FPGA
chips one of which does logical functions and another one
does communication function, work with modular I/O
child board to process the main signals and logical works
of the protection system. Due to the characteristics of the
protected objects, three different shut down logics are
designed. Meanwhile there are testing and display mini
system designed to make the PRPS tests easier.

[Board1 Board2. [Boards. Boardd.
T il Tools sunal Tolas Sigmal sclations

ADC. ADC ADC. ADC-
Comparator. Comparator- Comparator. Comparator:
[ 2004 2004 2004. 2004 —‘
lfDOl—- JfDOZ» ‘lfDO.;‘ ‘LDO'I

Fig.9 The Structure of PRPS.

Fig.10 shows the picture of the PRPS. The result of
logical function test shows the prototype’s functions reach
the design goals and in response time test the prototype
gets 30us with digital signal and 3.2 ms with analog signal
both of which achieve the design goal. Further, the PRPS
do send the right shutdown signal into the CRDM system
to cut the power of the driver motor of the control rods
during the combining test of the PRPS and the CRDM
system. Above all, the PRPS design is success and the key
technology of FPGA-based Reactor Protection System is
mastered.

=k |-"____. = |
e i i s o i

Fig.10 Prototype Reactor Protection System.
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The applied research work about ultrasonic
flow meter at HTS loop and FLiNaK loop

A series of applied research work about ultrasonic
flow meter is carried out by measured group.

1. In normal condition, calibration was done on the
water calibration platform, and installation and commis-
sioning skills was mastered in this process. Calibration
measurement result was confirmed by Shanghai Mea-
surement and Testing Institute.

2. Applied research for high temperature molten
salts is carried out at HTS loop and FLiNaK loop. Trans-
ducers of 4MHz frequency were selected according to
pipe diameter. Due to high melting point of molten salt,
heat insulation is needed to ensure melting molten salt
flow. Although FLEXIM ultrasonic flow meter uses a wa-
veguide plate, it is still needed to cool down the trans-
ducer when the temperature is above 400 ‘C. Therefore
in engineering process, it is hecessary to keep balance of
insulation and cooling solutions.

Since FLiNaK loop operating temperature is 550 de-
grees, and molten salt melting point is about 450 degrees,
so air-cooled modification is applied on ultrasonic flow
meter on FLiNaK loop, as shown in Fig. 11-b. Experi-
mental results show that when the pump frequency is
increased, the flow rate also increases, the fitting curve is
shown in Figure 11-c. The minimum flow is 17.7 m3-h71;
a maximum flow is 24.8 m>-h .

EREE G

Fig.11 The ultrasonic flow meter at FLiNaK loop (left); The relation
of the pump frequency and flow rate (right).

In calibration and loop application process, installation
and commissioning experience is accumulated and ul-
trasonic velocity of HTS and FLiNaK molten salt is also
obtained.

During 2011-2012, Reactor-Engineering Department
finished the developments of the prototype for the control
rod drive mechanism, the prototype for spherical fuel
handling system, protect-system prototype, as well as the
Mechanical analysis and the applied research work about
ultrasonic flow meter at HTS loop and FLiNaK loop. All of
these have supplied a strong guarantee for the TMSR
future work and laid a solid foundation for the next stage
of work of the Reactor-Engineering Department.
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Annual report of Molten Salt Chemistry and Engineering
ZUO Yong YU Guojun FU Yuan TANG Zhongfeng LI Yulan XIE Leidong

Department of Molten Salt Chemistry and Engineering

1 Molten Salt Chemistry

To obtain qualified fluoride salt reactor coolant, our
molten salt chemistry research group should master the
skill of the preparation, purification, analysis and detec-
tion of the fluoride salts. In the year of 2011 to 2012, we
have established research platform for molten salt che-
mistry as follows.

1.1 Physical Properties and Phase Diagram Lab

Physical properties and phase diagram research platform

Establish the physical properties and phase diagram
research platform, including density meter, hightempe-
rature DSC, surface tension meter, molten salt viscometer,
laser thermal conductivity meter, molten salt physical
properties comprehensive measurement instrument etc.,
possessing ability to study and measure fluoride molten
salts relative physical properties.

1.2 Analytical Chemistry Lab for Molten Satls

Establish the molten salts analytical technologies
such as ICP-OES, ion chromatography, potentiometric
titratoretc, and some conventional chemical analysis
technologies including weight method, volumetric method
etc.Possess the ability to analyze and measure compo-
nents and impurities in FLiNaK molten salt.

1.3 Molten Salts Purification Lab

Establish the molten salt purification research in-
struments including HF-H2 purification system, electro-
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chemical purification devices, molten salt water analyzer,
and molten saltoxygen analyzer. Possess the ability to
purify the fluoride molten salts by chemical and electro-
chemical methods. For the electrochemical purification
process, a FLiNaK product with oxygen content of 100
ppmwas achieved. And the life of molten salt reference
electrode developed by us was over 200 h.
| 3 g NSLEE S .

Molten Salt Purification Lab

2.2 Molten Salt Loop

This team devotes to the research& development of
molten salt loops and their key equipments. Technological
experience is obtained through the design, construction
and commissioning of the HTS thermal test loop and
FLiNaK high temperature test loop. Key equipments, such
as molten-salt pump, freeze valve were designed for the
loop’s functional operation. A series of thermal and me-
chanical research were conducted to provide the basis for
TMSR loop design, construction and operation.

So far, the HTS thermal test loop has successfully
fulfilled the design objects and conducted long-term
operation for thermo-hydraulics tests within stipulated
time and funds.As for FLiNaK high temperature test loop,
physical and engineering design was completed on
schedule, and the fabrications of major equipments were
finished as well. Tests and verifications of system para-
meters for key equipments and prototype instruments
were completed on schedule and on budget. Design
objectives were achieved.

2.1 HTS thermal test loop

The HTS thermal test loop consists of circulating
pump, main heater, radiator, interconnecting piping,
valves, test section, thermal insulation and heaters, and
measuring instruments, etc.

The centrifugal pump transfers molten salts to main
heater (simulating reactor) where they are further heated
and then flow directly to the circulating pump. Salts dis-
charged by the pump flow through the radiator where
they are cooled down (simulating conventional island),
and then flow back to the main heater to complete a
circulation. The thermohydraulic test is conducted on this



HTS thermal test loop.

The design of HTS thermal test loop was completed
in early 2011, fabrication started in October 2011 and
completed in January 2012. The HTS loop commissioning
was completed in February 2012. Later, researchemphasis
was mainly focused on operation and thermohydraulic
test. Experience was obtained as HTSloop yearly operated
for more than 1600 hours. Thermohydraulic test was
completed, which provided technical reference for the
design of FLiNaK high temperature test loop.

Table 1 System parameters of HTSthermal test loop

Category System parameters

Salts composition KNO;-NaNO,-NaNO; (53-40-7 mol%)

Structure material Incolnel 600
Operation temperature 250-450°C
System pressure/MPa <0.5

Flow /m’+h™ <2

2.2 FLiNaKmolten salt high temperature loop

FLiNaK(LiF-NaF-KF/46.5-11.5-42 mol%) salt has
thermophysical properties very similar to those of FLiBe
and is therefore an excellent simulant salt system for
FLiBe salt. However, it eliminates the safety issues asso-
ciated with berylliumcontaining materials, making testing
much less restrictive. Construction of FLiNaK high tem-
perature test loop aims to examine high temperature
resistance and corrosion resistance of loop and major
equipments, and to study flowing properties and heat
transfer charactors of fluoride salt, providing research
platform for key equipments, fluoride salts purification,
and for the system improvement of control, interlocking
and safty protection.

This team is responsible for the design of the system
and supervision of key equipmentsfabrication. FLiNaK test
loop consists of molten salts circulating system, storage
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system, gas circuit system and steel platform. Molten
salts circulating system consists of circulating pump, main
heater, air radiator, interconnecting piping, thermal insu-
lation and heaters, and supports, etc.The centrifugal
pump transfersmolten salts to main heater (simulating
reactor) in which they are further heated, and then flow
directly to the circulating pump. Salts discharged by the
pump flow through the radiator where they are cooled
down (simulating conventional island), and then flow
back to the main heater to complete a circulation. Molten
salts storage system consists of storage tank, freeze valve
(safety valve), level indicators, pressure-gages, heating
and insulating devices. The functions of the salts storage
system are as follows:

Before operation, FLiNaK salts are pre-heated and
moved to circulating system by pressurized argon.

After system shutdown, all the molten salts flow back
to storage tank in order to avoid salts solidfication.

In an emergency, for instance, operation faults,
system over-heating and power off, freeze valve will be
automaticly thawed to make sure the salts flow back to
tank by gravity.

Table 2  FLiNaKmolten salt high temperature test loop
system parameters
Category System parameters

Salts composition LiF-NaF-KF (46.5-11.5-42 mol%)

Structure material HASTOLLEY C276
Operation temperature 500-650°C

System pressure/MPa <0.5

Flow /m’+h™' >5

The 3D model for FLiNaK molten salt high temperature test loop.

By the end of 2012, the fabrication of FLiNaK high
temperature test loop and the construction of the steel
platform had been completed.

2.3 Molten salt pump

As the first high temperature sealed fluoride molten
salts pump in china, this pump is jointly developed by this
team and GUILIN GUANGHUI PUMP CO., LTD. This pump
was applied in FLiNaK loop. In the design, the highest
operation temperature was 650°C, the flow was >5m3/h,
the head was 20m, the rated speed was 1180rpm. The



flow passage componentswere made up of HASTELLOY
C276. The pump has a vertical shaft and an overhung
impeller which are equipped with self-lubricated ball
bearings and dry-gas shaft seal. Fabrication, assembling
and hydraulic tests of the pump were completed in De-
cember 2012.

The 3D model for FLiNaK loop molten salt pump.

2.4 Freeze Valve

Freeze valve, which has no moving parts, is controled
by freezing and thawing the salts plug in a specially fa-
bricated pipe. Nitrite salts are used as medium in the
valve. By the end of 2012, tests of valve open, close, and
temperature distribution had been completed through
multiple cycles and various heating-cooling rates tests.

-

The 3D model and pictures of freeze valve.

In addition, this team also developed equipments
such as mechanical valve and freeze-flange and designed
the molten salts hydraulic test bench. It also co-designed
the molten salt storage equipments with the design in-
stitute.

3 Molten Salt Corrosion in Superalloy

High temperature corrosion is the most challenge for
structural materials and components in TMSR. The cor-
rosion group was committed to the assesement and in-
vestigation of high temperature molten salt corrosion
behavior for several candidate materials, especially Has-
telloy N alloy. In the stage from 2011 to 2012, the major
task was to screen the commercial candidates, and to
evaluate the manufacture process of domestic Hastelloy N
alloy by corrosion testing.

3.1 Construction of test platform for static cor-

rosion

Static immersion was the most common method for
corrosion test in molten salt. The high temperature mol-
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ten salt corrosion test was demanding for test apparatus,
supplies and the operating environment. We take ad-
vantage of the international working experience and
improve our ability on molten salt corrosion testing. The
test platform for static corrosion was completely con-
structed. Moreover, the rigorous conducting process for
corrosion test was formed to make sure the reliability and
repeatability of experimental results.

The test platform and operating process for static molten salt
corrosion.From left to right and from top to bottom: molten salt
ingot and graphite crucible; glove box for test preparation;
graphite bearing small salt block; stainless steel capsule welding
shut; the welded capsule preparing for testing; taking out cap-
sule from high temperature furnace after exposure; inverting the
capsule to drain out the molten salt from test coupons; cutting
open the capsule after test.

3.2 Corrosion properties sorting and screening of
candidate alloys

It was confirmed that the corrosion property was
closely related to Cr (and Fe) content by sorting the
corrosion resistance to molten salt of Hastelloy N, Has-
telloy C276, Haynes 242, Inconel 600 and 316SS. The
resistance to corrosion decreased with increasing Cr
content. Considering the combination of such factors as
cost, high-temperature strength and corrosion resistance,
Hastelloy C276 was finally chosen as the structural ma-
terial for thermal loop.

Corrosion tests were performed on five types of
domestic Hastelloy N alloy. From these results, it was



concluded that the chemical component and microstruc-
ture were the most significant factors dominating the
corrosion behavior.

3.3 Study of corrosion mechanism inNi-base

alloy

Up to now,concensus oncorrosion mechanism of
Ni-base alloy in fuel salt had been formed. While the
fundamental understanding corrosion mechanism in
coolant salt was not yet clarified. We focused on the
corrosion products characterization of Hastelloy N, aiming
to comprehensive understanding of corrosion process and
mechanism. The corrosion products of Ni-base alloy in
FLiNaK molten salt were mainly such complex compounds
as K3MFg, K;NaMFg and KMF; fluoride. The main M6C type
and dispersed Cry3Cgcarbides were observed in the matrix
after corrosion exposure. The equilibrium concentration
could be derived by thermaldynamic calculation due to
the comfirmation of corrosion products. The total corro-
sion amount of Hastelloy N in the molten salt reactor
could be derived based on the equilibrium concentration.

As shown in Fig.1, EDS line scanning of the pits re-
vealed the enrichement of F and K, and the depletion of
Ni. The enrichement of Mo in the line scanning was cor-
responding to the precipitates in the matrix.

(a) (b)
Fig.1 SEM observation of Hastelloy N after corrosion tests in
FLiNaK at 700°C,(a) surface plan view and (b) EDS line scanning.

The Mo enriched precipitates were observed by TEM,
as shown in Fig.2a. The crystal structure and its lattice
parameter of the Mo enriched precipitate was identified
as M6C type carbides. In Fig.2b, the corrosion products
were observed as the bright area.The corrosion product
was comfirmed to be such complex as K3MFg and
K2NaMF6fluoride. In addition, some dispersed KMF; type

85

fluoride and Cr,3Cg carbide precipitates were observed, as
shown in Fig.2c and Fig.2d.

Fig.2 TEM images of Hastelloy N after corrosion tests.
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Materials for Molten Salt Reactor

ZHOU Xingtai

The department of nuclear materials science and
engineering was founded in 2011. Since that time, the
staffs in our division have been developing the materials
for Th- based molten salt reactor (TMSR). TMSR com-
ponents are made of materials, for instance, the reactor
container and tubes are made of a special Ni-based alloy
(Hastelloy N alloy), and the reactor reflector of nuclear
graphite. Currently, there are commercially available
Hastelloy N alloy but not nuclear graphite for the con-
struction of TMSR. In addition, either Hastelloy N alloy or
nuclear graphite has not been allowed to be exported to
China due to the sensitivity of the nuclear materials. Now,
we are trying to get the above materials in two ways for
the fabrication of the TMSR components. One is to apply
for the export and import permit so that we can order the
materials in the international market; the other is to de-
velop home-made materials for the TMSR. So, the duties
of our division are: a) the acquisition of the materials and
the fabrication of the components, b) the collection of the
data for the licensing of the materials, and c) the estab-
lishment of the platform for the nuclear materials analy-
sis.

Alloy

The 5 years’ target about the alloy is to provide the
alloy products with various sizes and the components
made of the alloy for the construction of TMSR. We have
been trying to get the alloy products in two ways (to order
the commercially available alloy-Hastelloy N products
from US and to develop home-made alloy-GH3535) and
to develop the fabrication techniques for these alloys. In
2011 and 2012, we are still applying for the export and
import permits from US and Chinese governments, re-
spectively. The home-made alloy GH3535 was developed
successfully in Institute of Metal Research (IMR), and now
the alloy ingot (Fig.1) with weight of more than 1000kg
can be prepared.

' =

Fig.1  An alloy GH3535 ingot with diameter of 360 mm.

Fig.2 Arolled alloy GH3535 plat with size of
4 mmx950 mmx=2000 mm.
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We also developed the rolling and welding tech-
niques for the alloy GH3535 and prepared the rolled alloy
plats (Fig.2), rods, wires and tubes. The quality of all
these alloy products is pretty good and their properties
are comparable to those of the commercial Hastelloy N
alloy.

Fig.3 Alloy GH3535 tubes prepared.

Nuclear graphite

The 5 years’ target about the nuclear graphite is to
provide the nuclear graphite products with various sizes
and the components made of nuclear graphite for the
construction of TMSR. Similarly to the alloy, we have been
trying to get the nuclear graphite products in two ways
(to order the commercially available nuclear graphite
products from other countries or to develop home-made
nuclear graphite) and to develop the fabrication tech-
niques for the nuclear graphite. In 2011-2012, based on
the evaluation of various commercial nuclear materials,
we chose 1G110, a commercial nuclear graphite made in
Japan, as the preferred TMSR reflector candidate material,
while a home-made graphite, NG-CT-10, as the alternate
reflector candidate material. We also finished the selec-
tion of the graphite used as the heating component of a
FLiNaK loop and the fabrication of the graphite balls
(Fig.4).

We focused on the compatibility between the nuc-
lear graphite we selected and fluoride salts. As FLiBe has
not been available in our lab so far, FLiNaK was used as
molten salt currently. The penetration of FLiNaK (pressure:
1MPa, temperature: 700°C) into graphite products was
analyzed. The quantities of FliNaK into 1G110, NG-CT-10,
and heating ball graphite are 15 wt%, 10.2 wt% and 13
wt%, respectively.

Fig.4 Graphite heating balls prepared.



Cabon-based materials

Carbon-based materials on which we are focusing
include composites (C/C. SiC/SiC) and sintered ceramic
(SiC). They can be used as TMSR components because of
their excellent properties at high temperature. Actually,
Carbon-based materials are looked as next generation
materials of TMSR, especially when the working temper-
ature of reactor becomes higher. The 5 years’ target
about the carbon-based materials is to make sure that
they can be used in TMSR and further to provide some
simple components with smaller size made of composites
for the construction of TMSR. In 2011 to 2012, we have
been trying to prepare a few small components made of
the above carbon-based materials, for example, a molten
salt tube made of C/C composite (Fig.5) and a heating pot
of sintered SiC (Fig.6).

Fig.5 A C/C composite tube prepared (38 mmx=440 mm).

Fig.6 A pot made of sintered SiC.

Evaluation of the TMSR materials

We have collected all the data in literature and fur-
ther figured out the data we should get by ourselves by
conducting experiments based on the ASME standards for
all TMSR materials. Actually, we did the measurements of
some properties of the materials (The anti-corrosion
behavior of the alloy, for example) and scheduled the
neutron irradiation experiments for the alloy and nuclear
graphite. The TMSR environments (High temperature,
strong corrosion and radiation) for all materials and
components are analyzed closely (Fig.7) and the simula-
tion about the evolvement of some materials in the TMSR
environments is also did.
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Fig.7 Environments for materials in the 2 MW TMSR.

Establishment of the labs for materials

analysis

In 2011-2012, we bought or developed some facili-
ties employed to do the evaluation of the TMSR materials,
for example, tensile testers, fatigue testers, creep testers
and impact testers for the measurement of the mechan-
ical properties of materials, a thermal expansion tester
and a thermal conductivity tester for the measurement of
the thermal properties of materials, optical microscopies,
mass spectrographs and a x-ray diffraction system for the
structural analysis of materials. A special system used to
do the analysis of the static corrosion behavior of mate-
rials in molten salts was also developed. Some labs for the
TMSR materials analysis are established (Fig. 8 to 10).

Fig.10 Lab for molten salt corrosion evaluations.
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The Development and Performance Testing of Advanced
Nuclear Reactor Materials

HUAI Ping Department of Reactor Materials and Engineering

Reactor materials play a key role in the development
of nuclear energy. Since nuclear fission reactors operate
in extremely harsh environment, nuclear materialsare
required to have enough strength and workability under
high temperature. More importantly, they should have-
superior resistance to neutron irradiation and corrosion.
In generation-1V reactors, Molten Salt Reactor is aunique
one thatis based on liquid fuel. Therefore, the nuclear
materials in TMSR have to work in extreme environment
with high-temperature, high neutron irradiation and high

molten salt corrosion, which rises a challenge for the
material research.

TMSR center has established comprehensive material
research platform for material preparing, machining,
analyzing and testing. Up to now, a series of laboratories
have been established, including nickel-based alloys and
nuclear graphite research laboratories (as shown in Fig.1).
We also own the capability to develop, test and product
high-temperature nickel-based alloys and high-density
nuclear graphite.

Fig.l  Labs of Molten salt reactor material research platform.

TMSR center has also established a comprehensive
materials irradiation platform for molten salt reactor(as
shown in Fig.2). Based on a 4MV accelerator, a new
radiation chamber has been built for the radiation effects
of TMSR material. The device can be used to test a variety
of nuclear materials, such as alloys, nuclear graphite, SiC,

etc. The irradiation damage rate is 108to 102 dpa-s ',
and the irradiation temperature ranges from liquid ni-
trogen temperature to 950 °C. The irradiation dose, un-
iformity and temperature are all controllable, so as to
provide support for material irradiation testing.
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Fig.2 The 4 MV accelerator and ion beam irradiation chamber.



Using advanced materials research method, TMSR
center has developed mature engineering materials for
molten salt reactor, and dedicated to improve MSR mate-
rials. We have developed a domestic GH3535 alloy ma-
terial for molten salt reactors and high-density nuclear
graphite for Liquid Fueled Molten Salt Reactor. Further-
more, we also obtained some achievements in fund
amentalresearch, such as the microstructure of material
and mechanism of irradiation damage.

Alloy

The nickel-based Hastelloy N alloy developed by Oak
Ridge National Laboratory (ORNL) in the 1960s, is mature
structural material for molten salt reactor up to 700°C.
The TMSR research center independently develops the
domestic high-temperature nickel-based alloys - GH3535
alloy for MSR (as shown in Fig.3), which has equivalent
performances as Hastelloy N alloy. Up to now, TMSR has
completed the preparation of small & medium batch
(tonnage) GH3535 alloy, and are ready for large-scale

production. The TMSR research center has been investi-
gated the corrosion & radiation resistances of GH3535
and Hastelloy N alloys. TMSR center has studied the
effects of welding process, such as heat treatment, plastic
deformation, welding wire, single/double-side welding etc,
and the corrosion behavior of the weld. The results re-
vealed that Argon arc welding exhibit a completely dif-
ferent way of corrosion compared to laser welding. As for
the radiation effects of alloys, the Ni-17Mo-7Cr alloy, as a
candidate structural material for Thorium-based Molten
Salt Reactor(TMSR), was irradiated by 132 MeV Nil0+
ions. The micro-indentation results revealed that the peak
of ion irradiation damage occur at a depth ranging from
8.1 to 12.3 pm, which is consistent with the theoretical
results calculated with TRIM. Meanwhile, the research
also shows corrosion by fission product Te on surface
morphology and internal grain boundaries of pure nickel.
The research aforementioned fills the gap in corrosion &
irradiation properties of high-temperature nickel-based
alloys.

ANEIE A 060=50 mm

Fig.3 Molten salt reactor materials developed by TMSR center.

Nuclear Graphite

TMSR center have developeda kind of high-density
nuclear graphite used in Liquid Fueled Molten Salt Reactor,
which significantly reduces molten salt permeation (as
shown in Fig.3). The molten salt impregnation in graphite
was investigatedby using X-ray diffraction and Raman.
Molten salt impregnation is induced bycompressive stress
due to difference between the expansion of the molten
salt and the graphite. Compressive stress reduces varia-
tion of inter-layer space and eliminates part of the micro
cracks in graphite, thereby increases the degree of gra-
phitization. In the study of novel nuclear graphite, the
nuclear graphite doped graphene was developed suc-
cessfullyt). It is proved that doped graphene improves
the mixing uniformity, the thermal conductivity and the
yielddue to lubrication action. The graphene has elevated
performance in material's thermal conductivity of 120.4
W/m.K, if graphene is dope by 0.8wt.% graphene.

Composites

We are developing Ceramic matrix composites with
high temperature resistance, radiation resistance and
corrosion resistance. Recently, we have fabricated SiC
fiber and fiber reinforced ceramic matrix composites for
molten salt reactor (SiC/SiC) (as shown in Fig.4). Our
studies reveal that the SiC/SiC composite weaved with the
first generation SiC fiber made by NUDT is corroded by
FLiNaK salt. Further studies reveal that there is no ob-
vious corrosion in SiC fibers made by SINAP and Xiamen
University. The SiC fiber made by SINAP has similar
properties as commercial SiC fibers made in US and Japan.
Systematic studies on SiC fiber pave the way for the
development of high quality SiC/SiC composite used in
molten salt reactor. Recently, we developed SiC/SiC
composite plates and SiC ceramic plates for heat ex-
changer applied in molten salt system.
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NUDT SiC fiber

SINAP SiC fiber

XMU SiC fiber

Fig.4 The corrosion testing results of the SiC fiber under FLiNaK molten salt (700 C).
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Modelling and Simulation

Theoretical studies of nuclear material focuses on the
key scientific problems in TMSR material, e.g. new ad-
vanced nuclear fuel, dry chemical separation of spent fuel,
new structural materials, new molten salt, and the inte-
ractions between structural materials and salts. TMSR
materials physics group has developed multi-scale simu-
lation methods to study MSR material. Some preliminary
results about nuclear material properties has been ob-
tained base on supercomputing.

The structural properties of U2@C61 were studied by
using DFT theory.U2@C61 is a fullerene system contain-
ing two uranium atoms(as shown in Fig.5). It was found
the interesting properties of bonding come from the
co-contribution of U atoms and spin-polarized C of the
surface defects in the fullerene. Electronic structure
analysis shows that the inner U atoms and the C ad-atom
on the surface of the cage contribute together to this spin
state. The high spin is induced by a ferromagnetic
coupling between the spin of the unpaired electrons of
the Uatoms and the C ad-atom'?. Based on this study,
chemical adsorption properties of the interaction between
UG, and graphite were also investigated!®..
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Fig.5 The structures of defective U2@C61.
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The radiation cascade process of Ni-Fe alloytriggered
by a 10 keV PKA was simulated by molecular dynamics
simulation® (as shown in Fig.6).. The results revealed
the evolution of defects are determined by both the de-
fect formation energy and atomic-displacement energy.
We further studied the properties of Ni, Mo and Ni-Mo
binary alloys toanalyze the effect of irradiation tempera-
ture and PKA energy.
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Fig.6 The evolution of radiation defects in nickel based alloy.

To understand the interaction between alloy and fis-
sion products, we systematically studied the behavior of
helium bubbles near the nickel surface. In order to in-
vestigate the interaction between the alloy and fluoride
salts, we studies fluorine atoms near the surface of me-
tallic nickel/nickel-chromium-doped. The results show
that the bonding of fluorine and chromium atoms may
make it easier for chromium to segregation from the
nickel surface 1,
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Research Progress of Th-U Radiochemistry

Department of Radiochemistry-Engineering

Radiochemistry engineering and technology de-
partment undertakes the task of supply and development
of fuel for TMSR, chemical separation and reconstituent
of irradiated fuel from TMSRs, and construction of radi-
ochemical facilities. In the past two years, our work fo-
cused on feasibility study of TMSR-SF1 fuel, development
of pyroprocess and aqueous reprocess technologies
planed to process irradiated Th-U fuel.

Performance of Spherical fuel element in
TMSR-SF1

Spherical fuel element (TRISO element), which has
been widely adopted in HTGR (such as HTR-10 of INET,
China) is a reliable selection for molten salt cooled reactor.

In TMSR, TRISO element will be immersed in molten
salt consisting of LiF and BeF,. In order to evaluate the
performance of fuel in service within the TMSR, both the
temperature distribution of the fuel elements and the
stress in SiC layer of coated particles are calculated and
analyzed according to the environments of fuel elements
in service (End of life burnup: 11%FIMA, power density:
189 W per element, average coolant inlet/outlet temper-
ature: 600°C/620°C), which are provided by pre- con-
ceptual design for 2 MW-TMSR (2012.6 version).

Fig.1 illustrates the temperature distribution of fuel
elements with the power densities of 0.19 kW/FE and
1.89 kW/FE, respectively. As we can see, even if the fuel
elements work on the high power density condition, the
maximum temperature of TRISO coated particles in the
fuel elements will not exceed its limitation under normal
operation, 1250 ‘C. In addition, according to pressure
shell model, the stress in SiC layer of TRISO coated par-
ticles with various Burnups and temperatures are calcu-
lated, the result is shown in Fig.2. As we can see, stress in
SiC layer is far below the ultimate tensile strength of 834
MPa or 687 MPa, each for un-irradiated SiC and fast
neutron fluence 1.8x10%* n-cm 2 (EDN).

Based on above results, both the spherical fuel ele-
ments and coated particles are working within safe scope
according to both the normal operation and accident
conditions provided by TMSR’s pre-conceptual design.

Fig.1 Temperature distribution for fuel elements and TRISO
particles with various power density and surface temperature.
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Fig.2 The relationship between stress in SiC layer and Burnup

or irradiated temperature.

Development of pyroprocess technologies

We have developed a pyroprocessing flowsheet for
TMSR fuel cycle on the basis of three technologies,
namely, fluoride volatility, low pressure distillation and
electrochemical separation techniques.

We have completed the construction of a set of
non-active fluoride volatility experimental equipment,
which constitutes of gas supply system, reaction tank,
volatile products purification (primary NaF tank), UF6
absorption tank (secondary NaF tank) and off-gas
treatment (Fig.3). Working on this setup, we have carried
out gas flow experiments at ambient and high tempera-
ture, the salt melting experiments, absorption experiment
of NaF, reaction process monitoring. we have operated
volatile experiments, using MoF6 as surrogate and also

monitoring the reaction process by FT-IR spectrometer.
r‘mpi ‘ . s

Fig.3 Fluoride volatility experimental setup.

In order to solve the corrosion challenge, especially
in fluoride volatility method, we planed to adopt a frozen
wall protection technique. The mechanism of frozen wall
protection technique is based on the temperature inter-
gradient of the inner and outer side of the reaction tank,
and then formation of a layer of solid salt, which have the



same constitution of the liquidus salt, at the surface of
reaction tank. The formation of frozen layer would protect
the attack to construct material from molten salt, fluorine
gas and could not affect the chemical constitution of the
molten salt.

Fig.4 Nitride molten salt frozen wall experimental equipment.

Initially, we have built up a molten salt equipment
operating with nitride salts. We have been developing the
formation and maintain techniques of a given thick frozen
wall. In the future, a equipment suitable for fluoride
molten salt will be designed. Now, the equipment is
composed of “tank-pump-experimental section” including
heating system, transport system, gas heating system
and flow controlling system, heating system for pipes,
experimental tank, oil cooling system for experimental
tank, off-gas treatment, and control panel. The develop-
ing of frozen wall technique has close relation to hydraulic
theory and heat exchange theory, and the key points
including the operation of molten salt pump and flow rate
control, the heat exchange technique for experimental
tank, precisely meaiurement of frozen wall etc.

Fig. 5 Vertical low pressure distillation experimental device.

To evaluate the feasibility of low pressure distillation,
we have designed a vertical three-gradient-temperature
device for measuring the relative volatility of rare earth
fluorides to LiF. The obtained results are 2.0x107? and
2.2x10™ for NdF; and SmF;, respectively, and the re-
covery of carrier salt is over than 95%.

A full function electrochemistry laboratory has been
built up. The fabrication of molten salt reference electrode
and the production of fixed area working electrode have
been developed. A kilo-scale molten salt electrochemical
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setup has been installed. Systematic investigation of
electrochemical behavior of Nd, Y, Gd, Eu and Sm in the
FLiNaK eutectic, such as the reduction potentials, diffu-
sion coefficients, and the exchange electron numbers of
the electrode reactions, have been performed. Prelimi-
nary electrodeposition experiments of Nd in FLiNaK was
carried out and the extraction of Nd from FLiNaK is over
than 86%.

Table 1 Key parameters of target elements in the

FLiNaK molten salt

Electrode reaction Reduction potential Diffusion coef-
E(V. vs Ni/NiFy) ficient
Gd**+3e —Gd° -2.02 3.2x10*
Y¥*+3e —Y° -1.96 5.4x10®
Nd**+3e” —Nd° -1.95 1.1x10°
Sm**+e —Sm?* -1.65 7.4x10°®
Eu*'+e —Eu?* -1.03 9.6x10°®

Development of aqueous thorium-uranium
fuel reprocessing process

Focus on developing the 233U extraction and THOREX
flowsheet based on liquid-liquid extraction technique,
including ThO, dissolution and feed solution adjustment
of the head-end process, the extraction separation of
thorium, wuranium and fission products, and an
ion-exchange process for further purification of uranium.
The operating parameters and experimental equipments
of above processes were preliminarily determinated and
developed.

In the research of #*3U extraction process, the pri-
mary processing parameters, including extractant con-
centration, acidity of feed, scrubbing and stripping solu-
tion, were firstly determinated by investigating the dis-
tribution coefficient of thorium and uranium under dif-
ferent conditions using single stage extraction. Then, the
number of stages of extraction, scrub and strip were
determinated, and the primary processing parameters
were further optimized by using multistage countercur-
rent extraction. On the basis of above experiment, the
233U extraction process was tested by using “cold” bench
experiment in the mixersettler. The total run time was 60h
and the results showed that the separation factor of Th/U
and recovery of U was above 2.5%10° and 99.6%, re-
spectively. The above work could provide preliminary
technical support for building a complete thorium-fuel
aqueous reprocessing process.

Fig.6 Mixer-settler.



SR IR 4R AR &

R A EARIREORES RER =5

NTRRIZISR S E BN SEBULRE AT s A Je
R TR RN BRI B8 HH 52 1) [ B o i o A Al 19
fit B L4510, (HAI IR ZA 3.3 ppb, MK
AR AR D = TR, B, R R
PEBE AR BA (KR B A4 R SE B RS AL e 7K S b 1
R PR DAHE 5 701 2R L (UHMWPE) 2] 4
NFER, IR IR PR IRAN I LR, AR
e A5 P P 5 A s i A B A2 D e 5 Bl e 5
FCASE (14 1 2 5 22 1 ﬁ(m@ﬁ%’%ﬂﬂ“&ﬁﬁﬂ £t

Transmittance (%)
NEO®
[=]=J=]=]
Ladadols)

0 é

T T T T T T T
3500 3000 2500 2000 1500 1000 500
Wave Number (cm™")

E 1 UHMWPE £ 4E(A )i T84 (B, b-d) R Z B 1k(CLe)
SRR JEAE K HR AN AR A B AT AN 1
LZERF W], UHMWPE 21 4E 505 AR} B4

AL 300% LA b, FERA IR G I AR o A I R A AR

PRI SR AR A AL o e R ) AN SR R SR T

LF YR B ) A 5 FE S e K, TR SR A

J¥ f Ak S S 214 7 2 VR R B2 e /0N o WP AR

100

i ARZ S TS L R )

X BRI 1 328 438 11 = 252 e s A S SR pHL B S,
4 1E pH B4 e IS 1) 2% W B A PR B B 2 2 D9 il oK
T 7E pH BRI 25 T 4% (1 I PR AR FR A B
BEAM/NT L. £ E R IR 050 = 7 Bk 17 1
42 d LS 7K B TR R B AR F A M B
J1N23mg-g .

3.0

] - ®  5kGy
T e 10 kGy
2.5 "y A 25kGy
= 1—'—.rr- i
o | |
%) {—=
£ . - W
2 2.0+ : T -
= la A A I
2] LY 2 K
) |*
= | |
5 1.5
@
10 T T T 1 )
0 15 30 45 60 75 90

Degree of Grafting (%)

B2 MR B 2R UHMWPE 214 4 {0 B 11 2 0

0.9
0.8
0.7
D 0.6

1 2 3 4 5 6 7 8
Adsorbents

B3 RIS T W B R Xl b AVERL P38 456 128 23 W

(24 h VR, 100 fE5HEK IR )

S

1.  Kim J, Tsouris C, Mayes RT, Oyola Y, Saito T, Janke CJ,
Dai S, Schneider E, Sachde D. Separ Sci Technol, 2012,
48: 367-387

2. Takahashi A, Igarashi S. Solvent Extr Res Dev-Jpn, 1999,
6: 61-71

3. LiuHZ YuM, Deng B, Li L F, Jiang HQ, Li J Y. Rad
Phys Chem, 2012, 81: 93-96

4. LiuXY,LiuHZ MaH]J, Cao CQ, YuM, Wang Z Q,
Deng B, Wang M, Li J Y. Ind Eng Chem Res, 2012, 51:
15089—-15095



Study on the preparation of adsorbent materials
for extraction of uranium from seawater

WU Guozhong LI Jingye HU Jiangtao MA Hongjuan YU Ming XING Zhe
Department of Radiation Chemistry and Technology

Uranium is an important resource for sustainable
development of nuclear energy. The total amount of
uranium in ocean is 4.5 billion tons, which is equivalent to
1000 times of that in terrestrial reserve. However, since
the uranium concentration is only 3.3 ppb in seawater, the
collection of uranium is more difficult from seawater than
from uranium mining. To realize the uranium collection
from seawater in large scale advanced adsorbent with
good performance and low cost has to be developed. In
this study, amidoxime-based fibrous adsorbent was pre-
pared by radiation-inducedgrafting of acrylonitrile and
acrylic acid ontoultra-high molecular weight polyethylene
(UHMWPE) fiberand subsequent amidoximation of the
grafted fiber.
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Fig.1 Photographs and FT-IR spectra of the UHMWPE (A, a),

UHMWPE-g-(PAN-co-PAA) (B, b-d) and UHMWPE-g-(PAO-co-PAA)
(C, e) fiber.

The results show that the degree of grafting can be
higher than 300%. The acrylonitrile molecule chain
segments comprise of a majority of the copolymer graft
chains. The tensile strength of the fibrous adsorbents was
primarily influenced by the absorbed dose and elution
with HCI solution, but independent of graft polymerization
and amidoximation. The selectivity between U and V
might be dependent on the pH value of the amidoxima-
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tion solution. In detail, adsorbents prepared at pH=8
exhibit higher sorption capacity of U than V, while ad-
sorbents prepared at pH=6.7 and 7 exhibit lower capacity
of U than V. The adsorption of uranium of the amidox-
ime-based fibrous adsorbent reached 2.3 mg -gf1 in the
adsorption test in seawater for 42 days, conducted in
PNNL of DOE, USA.
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Fig.2 Effect of dose, degree of grafting on the tensile strength

of the UHMWPEfibersamples.
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Fig.3 Adsorption capacity of U and selectivity between U and
V(24 h adsorption, 100 times C, as in seawater).
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Nuclear Polymer Materials and Its Resistance to Radiation Test

LI Jingye ZHANG Cong LI Linfan
Department of Radiation Chemistry and Technology

TMSR polymeric materials are used principally for
cable insulation and sheath. The nuclear cable, according
to the different service regions, usually can be divided
into two categories, inside and outside the containment.
However, according to the different functions, the nuclear
cable can be divided into power cables, control cables,
instrument cables and compensation wire.

Corresponding to different service conditions, nuc-
lear cables distribute in various regions of the nuclear
power plant. By now, the relevant standard shave been
established for nuclear cables in the second or third
generation reactors. The detailed technical specifications
have been proposed for different areas’ cables of nuclear
power plants.

Compared with the second and third generation
reactors, TMSR central region of the nuclear island has
higher operating temperatures, greater radiation doses.
But the work environments of peripheral areas in TMSR
are similar with the second and third generation reactors.
Therefore, TMSR nuclear cable can be divided into two
categories. The first, the relevant specifications cable in
accordance with the second and third generation reactors
(such as AP1000) can be used in the TMSR non-central
region. The second, for the TMSR central area, the cables
must meet the specific requirements including the normal
using in the accident state and sustaining long-term high
temperature and high radiation doses in the normal op-
eration state.
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The test report of developed class 1E K1 nuclear cable mate-
rials.

According with the relevant standards and re-
quirements, the three materials, inner insulation materials,
outer insulation materials and sheath material of
Kinuclear cable have been developed. Moreover, a K1
power cable and a K1 control cable are achieved by using
of three materials mentioned above. The performance
appraisals of these cables have been carried out by
Shanghai Electric Cable Research Institute.

The third generation nuclear power plants, such as
AP1000, the safety requirements are higher than the
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second generation reactor. Therefore, based on y ray
radiation test of the second generation reactor, more
stringent requirements in its equipment radiation aging
and accident radiation tests have been discussed. Thus,
the B ray radiation test has been proposed. In according
with the AP1000 B ray radiation test requirements, the
ray energy is 1.2 MeV, the radiation dose rate of the
accident conditions is 20 kGy -h!, the radiation total dose
is 3000 kGy, which were used to verify material aging
properties.

Under industrial dynamitron accelerator, by using
partial shielding method, a dose rate area 20 kGy-hfl
(£15% error) to be required to meet the AP1000 B-ray
radiation test experiments has been achieved successfully
after 1.2 MeV electron beam continuous irradiation. The
experiment was repeated under the same conditions and
the data errors were less than 10%.Using the same
technology, the 15+£15% kGy- h™' dose rate area can be
obtained by secondary scanning method. The research
objective to meet the requirements of the AP1000 3 ray
radiation test has been achieved.
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The Researches on Relativistic heavy-ion collisions

Department of Nuclear Physics

The Relativistic Heavy-Ion Collider at BNL created a
condition similar to the earlier universe at a few microse-
conds just after the Big Bang, thus it is the ideal lab to
understand the early state of the universe including the
antimatter. During 2011 and 2012, our research focus are
observations of antimatter helium4 and (anti) hypernuclei
in Au+Au collisions at RHIC-STAR. Meanwhile, we use
phenomenological models to study the partonic dynamics in
relativistic heavy-ion collisions.

1 Experimental researches at RHIC-STAR

We have observed the first antimatter helium-4 in
Au+Au collision with a combined of the available data ac-
cumulated by the STAR detector until 2010™. This is the
continual project after the observation of antimatter
hypernuclei?, which was also lead by our group. We also
proposed to carry out hypernuclei study in STAR Beam
Energy Scan program. The data analysis is on progress. We
studied the charm quark production mechanism by
non-photonic electron azimuthal correlation in pro-
ton-proton collisions at m =500 GeV.

2 Phenomenological study on partonic
dynamics in relativistic heavy-ion collisions

The mechanism of double peak and ridge structure in
dihadron correlation in the relativistic heavy-ion collision
experiment is intensively studied by using a multiphase
transport (AMPT) model. To distinguish the contributions of
triangular flow, hot spots and jet-medium interaction on
dihadron correlation, we use different fluctuations in initial
parton density®. By comparing the different structure
between photon jet and dihadron jet, which reveal more
information about the new partonic mediumt*®!, We have a
systematic study on the influence of initial fluctuation on
final-state anisotropic flow at the RHIC and the LHC ener-
gies'”). A study of elliptic anisotropy correlation at the RHIC
energy shows the correlation of elliptic fluctuation plays an
important role on the correlation function®. Considering
system-size dependence of dihadron azimuthal correlations,
we propose to use system-size scan to look for the QGP
phase transition and QCD critical point®. Our attempt of
the parton transverse momentum distribution from the
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experimental data at hadronization indicates a good
agreement with the idea of quark coalescence model™”, A
simple coalescence model is employed to investigate the
production of light nuclei, hypertriton and di-A, the results
agree with experimental data as well as thermal model
predictions*!], Utilizing a dynamical coalescence model
coupled with the ART model to study the production of light
nuclei at sub-threshold energy of A production, we find a
considerable yield of hypertriton at the CSR energy!?.
Within the framework of AMPT model, we introduce the
initial charge separation mechanism, our results show the
effects of final state interactions on initial charge separation
cannot be negligible®. We use quark mass densi-
ty-dependent (IQMDD) model to describe the properties of
both infinite nuclear matter and finite nuclei. Furthermore,
we extend the IQMDD model to finite temperature and
finite nuclear matter density, which can describe the satu-
ration properties of nuclear matter, and explain the quark
deconfinement phase transition successfully™. To study
the quark energy spectrum, a quark-meson coupling model
is adopted. It is found that when the temperature is less
than 50 MeV, the excited quark is suppressed, therefore the
corresponding thermodynamic potential can be theoreti-
cally simplified(**),
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Low and Intermediate Energy Heavy Ion Collision Physics

Department of Nuclear physics

This research field focuses on experimental and
theoretical studies of the following subjects: structure of
proton-rich nuclei, nuclear equation of state (EOS) and
density dependence of symmetry energy, the shear vis-
cosity and its relation with the liquid-gas phase transition
of nuclear matter formed during heavy ion collisions.

1 Experimental study on the momentum
distribution of the valence nucleon in 3!Cl

The experiment was performed at the RIBLL beam-
line in the Heavy Ion Research Facility in Lanzhou. Sec-
ondary beams were produced through the projectile
fragmentation of an 82A MeV 3Ar primary beam bombing
on a Be target (0.5 mm) at the target chamber (T0). The
produced exotic nuclei, such as 3'Cl, were separated and
selected by means of magnetic rigidity (Bp) and an Al
degrader and transported to T1 where the carbon reac-
tion target (1 mm) was placed. The particle identification
for the incident 3!Cl before the reaction target was made
by the Bp-AETOF method. From T1 to T2, RIBLL can be
used as a spectrometer to measure the momentum dis-
tribution (A;) of the *S fragment after one proton re-
moval from 3!Cl. We performed a few-body Glauber
model analysis for A, of the 3Cl — S process to in-
terpret the experimental momentum distributions. In this
model, a core plus valence proton structure is assumed
for the projectile. The calculation shows that the width of
the momentum distribution for a proton in an | = 2 orbit is
consistent with the measured P;, datal], which suggests a
dominant ¢ wave for the valence proton in 3'Cl as pre-
dicted by the shell model.

2 Nuclear Equation of State and density
dependent Symmetry energy

Nuclear Equation of State (EoS) is one of the most
important topics in nuclear study, due to its tight con-
nection with the unknown properties of nuclear force.
Especially, its isospin dependent part which is called
symmetry energy needs further study to uncover its
density dependent behavior. Using the isospin quantum
molecular dynamical (IQMD) model, we have done se-
rious of works on this topic.

A detailed analysis of the wide excitation function of
nuclear stopping has been conducted and a softer EoS is
proposed based on the quantitatively comparison be-
tween experimental results and our calculation ones?.
At subsaturation densities, it is suggested to probe the
density dependence of the symmetry energy via multi-
fragmentation’®!. While the sensitivity of neutron to pro-
ton ratio toward the high density is also discussion for
behavior of symmetry energy in heavy-ion collisionst*.
The dependence of the sum of the charge number for
fragments with Z>2 (Zbound) on the multiplicity of neu-
trons (Mn) from the projectile spectator fragmentation is
compared with the experimental results of the ALA-
DIN-2000 Collaboration, which also suggests a soft
symmetry energy™®). The sensitivities of isospin asymme-
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try and collision geometry dependencies of participant
-spectator matter towards the symmetry energy are ex-
plored. The difference of the number of nucleons in the
overlapping zone to the quasi-projectile-target matter is
found to be quite sensitive to the symmetry energy at
semiperipheral geometries compared to the individual
yield. It gives us a clue that this quantity can be used as a
measure of isospin migration [6].

3 Number-of-nucleon scaling of elliptic
flow for light particles and photo produc-
tion

The specific viscosity, defined as the ratio of shear
viscosity to entropy density, has been studied in the
intermediate energy heavy ion collisions both in the
Boltzmann-Uehling-Uhlenbeck model (BUU) and isospin
dependent quantum molecular model (IQMD). The spe-
cific viscosity is found to be a new probe of phase transi-
tion for the minimum is exhibited at the critical temper-
ature. The Au+Au head-on collisions are simulated, and
the nuclear matter in the central region of center of mass
frame is selected.

The Green-Kubo formula is employed to calculate the
shear viscosity and the Gibbs formula is used to calculate
the shear viscosity and in the BUU and IQMD. The cal-
culated results show that the specific viscosity decreases
as the increasing energy and shows a saturated value in
BUU™! or reaches a minimum in IQMD'®,

On the other hand, the Danielewicz's parameter formula
is also employed to calculate the shear viscosity, a min-
imum is also found in IQMD model®®’.

In a word, different methods are used to study the
specific viscosity of nuclear matter created in the inter-
mediate energy heavy ion collisions. And our results
support the conclusion that the liquid gas phase transition
could occur in this energy region. Besides, the minimum
value of specific viscosity is about 10 times of the pre-
dicted KSS bound.
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Shanghai Laser Electron Gamma Source (SLEGS)

Department of Nuclear Physics

Shanghai Laser Electron Gamma Source (SLEGS) is
the designed one of the high quality gamma sources
based on Laser Compton Scattering (LCS). The low and
high energy regions of SLEGS are 0.4 MeV t020 MeV and
330 MeV to 550 MeV, respectively. Based on the method
of photon nuclear reaction, SLEGS aims at basic physics
researches, such as nuclear astrophysics, nuclear physics,
polarization physics, and meson physics. In addition,
SLEGS also tends to carry out applied research relating to
aerospace, national defense, nuclear energy and other
strategic demand of our country, such as space radiation
effect research of the aerospace electronic components,
and accurate calibration of the gamma detector for aer-
ospace. The low energy region of SLEGS covers the hot
zone of photon nuclear reaction (hundreds of keV to
several MeV). More importantly, the energy of the gamma
ray in low energy region is continuously adjustable. The
high energy region of SLEGS covers part of meson physics
(such as Kaon and Pion). SLEGS is expected to become a
multi-function experimental platform for basic physics and
applied physics researches at low energy and high energy
in the future.

At present, SLEGS has been formally incorporated
into the second phase of the project of Shanghai Syn-
chrotron Radiation Facility (SSRF). Preliminary design of
SLEGS has been carried out from 2011 to 2012 (The
overall layout of SLEGSis shown in Fig.1). Details
are listed below:

1 Beamline

(1) Design index

Photon energy range: 0.4 MeV to 20 MeV in low
energy region: 330 Mev to 550 MeV in high energy re-
gion: Energy resolution: 5 % (using collimator); Flux:
10°-107 phs/s at low energy; 10°-10° phs/s at high

Dump

Bending

Bending Focusing
Magnet

Mirror

Dump E

Electron il
Beam Tagging
Counter

energy; Emittance: 0.5 mrad.

(2) Light source system and front end system. The
light source system includes LCS chamber, multi-way
component, laser system and measurement system. The
front end system includes vacuum tubes, vacuum pumps,
vacuum valves, shutters, collimators, and position moni-
tor etc.

(3) Major components of the beam line. 1) Laser: (a)
High power CW laser for Slanting Scattering mode (type:
Diamond GEM-100L, Coherent); (b) High power quasi-CW
laser for Backward Scattering mode (type: AVIA 355
series, Coherent); (c) collimators for the installation and
commissioning of laser. 2) Photon-flux instrument: for
measurement of the flux of gamma ray. 3) Gamma calo-
rimeter: for measurement of the gamma ray energy with
resolution of 5-10 %, and with range from several keV to
tens of MeV. 4) Gamma collimators: for narrowing the low
energy gamma ray. The collimators will be made of
plumbum and shaped into 200 mm long hollow cylinders
with external radius of 100 mm and inner radius of less
than 40 mm. 5) tagging counter: for tagging the high
energy gamma ray with resolution of 5 MeV to10 MeV,
and with range from 250 MeV to 550 MeV.

2 Experimental station

(1) Experimental methods. The methods employed
by SLEGS's experimental station are photon nucleus
scattering for measurement of photo fission cross section,
nucleus resonance fluorescence and gamma-ray imaging.

(2) The main configuration of experimental station
includes target chamber, experimental platform, detector
system, electronics and DAQ system.

The preliminary design of SLEGS lays a soiled founda-
tion for building SLEGS in the nearly future.

Experimental Room

Collimator

Fig.1 The overall layout of SLEGS.
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CUORE and PandaX Collaborations

Department of Nuclear Physics

The topic mainly focus on neutrinoless double beta
decay (OvDBD) and experimental study related with dark
matter and dark energy under conditions of underground
laboratory and non-accelerator. The later one was partially
supported by a sub-project named “Developing liquid xeon
detector for dark matter measurement” in a 973 project.
We have carried out a series of experimental and detector
investigations in nuclear physics and particle physics frontier,
such as ultralow background detector development. Some
interesting results have been obtained.

1 O0vDBD international collaboration

The aim of CUORE (Cryogenic Underground Observa-
tory for Rare Events) is to obtain mass spectrum of neutrino
by measuring half-life of the neutrinoless double beta decay
of 3%Te, The detector is made of TeO, crystals. We are
responsible for measuring background radioactivity of
crystal power, purity of raw materials and background of
comic ray. The contents of trace elements of such as Ag, Au,
Pt, Pb, Bi, Thand U in TeO, power, which is measured by
ICP-MS, must be guaranteed below the allowed value. We
developed detectors to measure low background Gamma
and cosmic rays. During 2011-2012, we continued to
measure the purity of samples for CUORE (45 samples,
8th-12th batch). Till Sept. 2012, we finished measurements
of total 12 batches, 91 crystal materials samples in almost
last 5 years (2008-2012). Our work provides strong support
for testing and assembling of crystals underground on time.

We participated in CUORE collaboration meeting in Dec.
2011. In addition, we took part in the shift for the CUORE-0
experimental preparation, also learn and involved DAQ
work at Gran Sasso from Jan. to Apr. in 2012 17,

detector damping
suspension

dilution unit

thermal shields

mixing chamber and
cold finger

TeO, detectors

lead shield o

The schematic diagram of CUORE detector
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2 The study of liquid xeon detector for dark
matter (PandaX)

The aim of PandaX (Particle and Astrophysical Xeon
TPC) is to build large scale time projection cham-
ber: Xe-TPC which is used to search for dark matter
and investigate properties of neutrino. The main task now is
to measure background radioactivity of shielding materials
and detectors, design and machine of Gamma counting
station, simulate and test He neutron proportional counter.

HpGe Gamma counting station has been assembled in
Shanghai firstly. The measurements of part of important
samples have been carried out in 2011-2012. The station
was transported to Jinping underground lab and reassem-
bled in July 2012. The measurement results show that the
background of cosmic ray is one order magnitude lower.
The 3He neutron proportional counter was tested using
natural neutron aboveground in 2011. The debug was
carried in Apr. and Jul. of 2012, respectively™®.

laboratory
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Neutron Physics Experimental Facility (White Light Neutron Source)

Department of Nuclear Physics

This topic is to develop measurement system and
method for TMSR key nuclear data, which is a sub
—project of reactor physics and project. The aim of this
project is to provide the basic, complete and accurate
neutron nuclear data for reactor engineering design. Our
task is to develop a white light neutron source driven by
15MeV electron LINAC accelerator. The work is related
with simulation and development of neutron production
target, neutron experimental terminal, neutron detector
etc.

The specific aim of the project is shown as following.
(1) Producing white light neutron spectrum used for
preliminary measurements of nuclear data related with
Th-U reaction chains. (2) Accumulating technical expe-
riences for higher energy (~ 100 MeV) white light neutron
source driven by electron LINAC accelerator. (3) Test and
calibration of neutron detectors using the white light
neutron source. Furthermore, to develop new type neu-
tron detectors. (4) Study the interactions among neutron,
Gamma, molten salts, fuels and light elements in canning
materials. (5) Study Gamma activation, irradiation effects
of materials and biology, shielding and Gamma irradiation
effects.

The whole facility consists of four main parts: elec-
tron LINAC accelerator, neutron production target, neu-
tron experimental terminal and DAQ & Control system.

1 Neutron production target

Tungsten (W) has high melting point, Young's
modulus and heat conductivity. Therefore, W is the pre-
ferred solid target material. Compared with Titanium (Ta),
the radioactive isotopes produced by photonuclear reac-
tions have lower yields and shorter half-life. The heat
conductivity of W is three times higher than Ta. Therefore,
W has more better heat dissipation effect. Our simulation
shows that yield of light overflow is lower than Ta. So the
light background is also lower than Ta. In addition, in
order to avoid the severe erosion of target from high
temperature cooling water under strong irradiation sur-
rounding, proper measures must be adopted. The W
target has the cylindrical shape with diameter 60 mm,
length 48 mm and purity 98%. In order to keep low
temperature and vacuum, cooling pedestal is made of Cu
and a stainless vacuum shell is adopted!*,

2 TOF measurement of neutron energy
spectrum

Time of flight (TOF) is the most direct and accurate

method to measure neutron energy spectrum. Later, with
the emergence of fast scintillation counter and the de-
velopment of nanosecond pulse technology, TOF is also
used for fast neutron, which has more high accurate and
resolution compared with other methods.

In order to measure the time of flight of neutron, the
starting time and stop time must be recorded. The later is
recorded by pulse time in neutron detector. The accuracy
depends on the path length of flight. In our scheme, 5 m
flight length is adopted due to limit space.

3 Neutron experimental terminal

The neutron beam needs to be filtered, collimated,
absorbed and shielded to reach neutron experimental
terminal after extraction. We designed stainless collima-
tion pipe. A 5 m long pipe will be used for 15 MeV facility.
Due to the main aim of our facility is focus on total and
capture cross section, we have developed °LiI[4], ®Li-ZnS,
bLi-Glass detectors to measure total cross section by TOF
method. C¢Dg, CsI(TI) array detectors are designed to
measure capture cross section.

Fig.1 Schematic diagram of neutron physics experimental
facility driven by 15MeV electron accelerator.
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Progress in Biosensor Research

FAN Chunhai

Relying on the Shanghai Synchrotron Radiation Fa-

cility and Laboratory of Physical Biology, our research
group is mainly engaged in the research of na-
no-biosensors, microfluidic  biochip,  bio-  photon-
ics and bio-electrochemistry, DNA computation and DNA
machine. Our research is aimed at developing next gen-
eration sensors to meet China's requirement for molecular
diagnostics, environmental monitoring and biological
safety. The next generation biosensors are meant to have
high sensitivity and selectivity, and to be cost-effective
with short detection time and capable of further devising
into portable chips.
DNA Nanotechnology DNA nanotechnology is a hot
research field in the world. We developed 3D
DNA nanostructures fixed on gold electrodes, which pro-
vided new evidence for the interface charge coupled
delivery mediated by double helix DNA™, This was also
used as the sensor for ultra sensitive detection of mi-
croRNA target of esophageal squamous cell carcino-
ma, with a detection limit up to aM (107*® mol-L?)
(<1000 molecules)™,

By combing DNA nanotechnology with DNA com-
putation, we designed 3D DNA nanostructure-based logic
gates, which could carry out complex molecular compu-
tation and cellular molecular imaging. The DNA logic
gates may provide new possibilities for intelligent drug
delivery systems,

A B | 3 {
; el R S0
¥ > s F Ly

DNA logic gates. DNA nanostrcure-Au sensor.
New Detection Platform We developed a strategy
based on gold nanoparticles (AuNPs) for high-throughput
genotyping of long-range haplotype, achieved high spe-
cific amplification of 34 kb human genome and obtained
clear capillary sequencing. AuNPs-enhaced allele-specific
sequencing may provide an in-depth understanding of
complex genetic diseases!®.

Based on the interaction between 2D graphene
oxide nanosheets and DNA, we reported a new concept of
adaptive “ensemble aptamers” and provided a new bio-
logical detection platform. We demonstrated that this
platform provides a highly discriminative and adaptive
tool for high-precision identification of a wide range of
targets for diagnostic and proteomic applications!™.
Multicomponent Nanoprobes We reported a novel
strategy for spatially controlled functionalization of AuNPs
with designed diblock oligonucleotides that are free of
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modifications!®, Poly adenine (polyA) can serve as an
effective anchoring block for preferential binding with the
AuNPs surface, and the appended recognition block
adopts an upright conformation that favors DNA hybri-
dization. The lateral spacing and surface density of DNA
on AuNPs can also by systematically modulated by ad-
justing the length of the polyA block. The diblock oligo-
nucleotide strategy results in DNA-AUNPs nanoconjugates
with high and tunable hybridization ability, which formed
the basis of rapid plasmonic DNA sensors.

ENFNINL

Anchoring Recognition
ﬂvi(

AuNP) [ o
3\{%

DNA-AuNPs Nanoprobes.

The Catalytic Properties of AuNPs Our research
indicated the catalytic activity of AuNPs is similar to nat-
ural glucose oxidase. Based on this, we proposed a me-
chanism of self-limitation growth of AuNPs”’. Through
real-time and dynamic observation using dark-field optical
microscopy, we observed that DNA molecules could re-
gulate the self-limitation growth of single gold nanopar-
ticlel®,

ABTS™ ABTS™ hy

adsorption probe /NS H20

HRP * luminol
pathb -

Self-limitation growth of AuNPs regulated DNA.
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Biological Effects of Nanomaterials

HUANG Qing Department of Physical Biology

Relying on the Shanghai Synchrotron Radiation Fa-
cility and Laboratory of Physical Biology, our research
group mainly focuses on interdisciplinary studies com-
bining nanoscience, chemistry, physics and biology.
On-going research programs include preparation and
characterization of nanomaterials, investigation on inte-
ractions between nanomaterials and biological molecules
and studies on biological effects and molecular mechan-
isms of nanomaterials, in which synchrotron radiation
techniques and super-resolution microscopy techniques
have served as important tools.

Cellular Bio-effects of Nanomaterials

The bio-effects of nanomaterials are directly affected
by their large surface area and extraordinary adsorption
properties. Our studies on cytotoxicity of graphene oxide
(GO) revealed that human cells were sensitive to the
presence of GO, which showed concentration-dependent
cytotoxicity at low concentrations of FBS (1%). The cy-
totoxicity of GO was greatly mitigated at 10% FBS, which
is the concentration usually employed in cell mediumt*.
For the cytotoxicity of nanodiamonds (NDs), the results
showed NDs adsorbed and delivered a large amounts of
sodium ions into cells in serum-free medium, which
induced the change of osmotic stresses and concentra-
tions of reactive oxygen species (ROS) to cellular damage.
In complete culture medium, serum proteins wrapped
around the NDs effectively and thus prevented the ad-
sorption of sodium ions onto NDs, therefore, NDs showed
no cytotoxicity!?.

The biocompatibility of quantum dots is the bottle-
neck for their clinical applications. We systematically
studied the cytotoxicities of a series of cadmium-based
quantum dots. The results showed the cytotoxicity was
resulted from cadmium ion dissociated from QDs". Addi-
tionally, the cellular toxicity is closely related to "na-
no-toxicity" caused by nano-size and surface effect of
QDs suggested by gene chip analysis and synchrotron
radiation X- ray microscopic techniquel*®l. This series of
research work provide a new perspective for under-
standing the biological security of quantum dots, which
can guide applications of QDs in biological imaging and
medical diagnosis and treatment.

-, CdTe QDs

The toxic mechanism of QDs.

The System of Nano-drug Dilvery

CpG oligonucleotides have been used as
an adjuvant for assistance in anti-infection and an-
ti-tumor treatment. The study showed CpG loaded on the
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surface of gold nanoparticles (AuNPs) was easily cellular
uptaken, which led to immune stimulation. The concen-
trations of cytokines, such as TNF-alpha, IL-6 and IL-12,
in cells stimulated by AuNPs-CpG are two orders of
magnitude  higher than those induced by
naked oligonucleotides. Moreover, delivery efficiency of
nucleic acids by AuNPs is significantly higher than lipo-
fectamin(®l. In the other study, when rigid DNA tetrahe-
dron structures were combined with CpG oligonucleo-
tides, we found DNA nanostructures can effectively carry
CpG into cells, which can stably exist for more than 8 h
in the cytoplasm, and thus greatly enhances the im-
mune effect induced by CpG. Additionally, as nucleic acids,
DNA nanostructures are bio-compatible, easily degrada-
ble /n vivo and exhibit no-immunogenicity, therefore, they
can be potentially applied in diagnosis and treatment”.
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DNA tetrahedron as drug delivery system.
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The toxicity of nanomaterials in animals

The study found the food intake of AuNPs by Dro-
sophila could significantly enhance the PI3K/Akt signaling
pathways, which are downstream of insulin and growth
factor pathways, which consequently improved cellular
uptake and use of nutrients in food. The results indicate
that the AuNPs have application potential in the treat-
ment of metabolic disorders such as diabetes. &

Drosophila larva
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Regulation of AuNPs on metabolic pathway in Drosophila.
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how this process happens. The strength of ideas such
is that it inspires experimental chemists to go make it
in the lab.”)
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Theoretical Physics for Nanobiology and Interfacial Water

FANG Haiping Department of Water Science Group of Computational Physics

The group is engaged in interdisciplinary studies on
theoretical physics and nanobiology, focusing on mole-
cular dynamics simulation and other computational stu-
dies on biomolecules and interfacial water. These provide
theoretical assistance to synchrotron radiation studies
and other experimental research programs at SINAP.
Collaborating well with the experimental groups, the
group has made remarkable progresses. It works on
other fundamental researches, too, such as nanobubbles,
nanochannels, biological channels and the structure of
biomolecules.

Is polar surface always hydrophilic?

The wetting properties of surfaces, named hydro-
phobicity and hydrophilicity, play a critical role in exten-
sive physical, chemical, biological and/or engineering
sciences, such as protein folding, self-assemble of am-
phiphiles, micro-fluids devices design, biosensors and
fabricating self-clearing materials. The misleading of the
surface hydrophobicity and hydrophilicity would lead to
the misunderstanding of the interactions and dynamics
property at the interface, thus greatly affect the analysis
and the design of the experiments.

As a polar molecule, water molecule has a high affinity
with other polar molecules/groups. Namely, the surface
with polar molecules or groups are easily hydrated by
water. Thus the surfaces with polar molecules or groups
are usually regarded hydrophilic. Actually, modifications
of polar groups are always chosen by the experimental
scientists to create the hydrophilic materials.

However, is the polar surface always hydrophilic?
Recently, Dr. Chunlei Wang and Prof. Haiping Fang at
Shanghai Institute of Applied Physics, Chinese Academy
of Sciences, have shown that the length of the charge
dipoles on the solid surface plays a key role on the wet-
ting behavior. Both the theoretical analysis and the mo-
lecular dynamics simulations show that there is a critical
length of the charge dipoles on the solid surface, below
which the charge dipoles on the solid surface plays un-
expectedly negligible role in the wetting property. The
solid surface still exhibits hydrophobic behavior when the
dipole length is less than the critical value, indicating that
the water molecules on the solid surface seem not to “feel”
attractive interactions from the charge dipoles on the
solid surface, no matter how large the moment magni-
tude of the charge dipoles is. When the charge dipole
lengths are greater than this critical length, it is found
that the surfaces become more hydrophilic with the dipole
lengths increase. Those results have been published on
Scientific  Reports (Sci. Rep., 2012, 2, 358)
http://www.nature.com/srep/2012/120411/srep00358/fu
[l/srep00358.html.

Those unexpected observations result from the col-
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lective interactions between the water molecules and
charge dipoles on the solid surface, where the steric
exclusion effect(crowded effect) between water mole-
cules prevents those hydrogen atoms of water molecules
from staying very close to the negative charge and those
oxygen atoms of water molecules from staying very close
to the positive charge, reducing the interactions between
the water molecules and the charge dipoles. Interestingly,
the steric exclusion effect was also important for surfaces
with charge dipole lengths greater than this critical length.
When the charge dipole lengths are greater than this
critical length, it is found that the surfaces become more
hydrophilic with the dipole lengths increase. Further
analysis shows that existence of the critical length is
universal for various types of surface. Recently, Wong’s
group researchers have experimentally (Phys. Rev. E 85,
031501 (2012)) shown that the surface with extremely
high dipole density displays similar hydrophobic property
on the basis of inelastic x ray scattering techniques.
UNSTABLE

S Ao

Fig.1 Upper Figure: the oxygen atoms of water (orange crying
face) and the hydrogen atoms of water (yellow balls) are bind by
the surface positive and negative charges. When the distance
between surface charges is small, the water molecules would be
very crowded and unstable. Bottom Figure: when the water
molecules relax themselves and distance between water mole-
cules is large, the system is stable. However, those hydrogen
atoms (yellow balls) of water molecules are prevented from
staying very close to the negative charge and those oxygen
atoms (green smile faces) of water molecules are prevented from
staying very close to the positive charge. This leads that the
water molecules cannot feel the interactions between the water
molecules and the charge dipoles, making the surface hydro-
phobic.

At the year 2009, this research group have proposed
that a stable liquid water droplet on a monolayer may
emerge on a well-defined charged solid surface at room
temperature, which is termed of “ordered water mono-
layer that does not completely wet water” (Phys. Rev.
Lett., 2009, 103, 137801; J. Phys. Chem. C, 2011, 115,
3018).In 2013, this phenomenon and the physical me-



chanism were highlighted in Nature Materials (Nat. Mater.
2013, 12, 289).These worksshed a light on the effect of
surface polarity on the surface wetting behavior, and
evoke several subsequent works in both theoretical and
experimental aspects. Scientists have found the similar
phenomenon “ordered water monolayer that does not
completely wet water” on talc surface, Pt(100) surface,
hydroxylated Al,Os surface, hydroxylated SiO, surface,
sapphire c-plane surface, self-assemble monolayer (SAM)
surface with the terminal of -COOHand BSA-Na,CO3(BSA,
bovine serum albumin) membrane surface. All of these
works draw a relatively complete picture on how the
surface charges and charge dipoles affect the wetting
property and have clearly shown that the polar surfaces
may be unexpected hydrophobic, contrary to our com-
mon sense.

This work was performed in cooperation by re-
searchers at Shanghai Institute of Applied Physics, Chi-
nese Academy of Sciences, Shanghai University, Sichuan
University and Zhejiang University. The funding supports
are from the National Science Foundation of China, the
National Basic Research Program of China, Shanghai
Leading Academic Discipline Project, E-Institutes of
Shanghai Municipal Education Commission, the Know-
ledge Innovation Program of the Chinese Academy of
Sciences, Innovation Program of Shanghai Municipal
Education Commission, China Postdoctoral Science
Foundation, Shanghai Postdoctoral Scientific Program and
Shanghai Supercomputer Center of China.

Intercalation and diffusion of lithium ions
in a carbon nanotube bundle by ab initi-
omolecular dynamics simulations

The intercalation and diffusion of lithium ions in a
bundle of carbon nanotubes (CNTs) are investigated
viaanab initiomolecular dynamics simulation method
based on the density functional theory. We found that
lithium ions quickly penetrate into the CNTs and the space
between neighboring CNTs. With a low Li ion density, the
Li ions tend to stay close to the nanotube ends. Interes-
tingly, Li ions are able to penetrate through the carbon
nanotube and move from one end to the other. We also
discovered that Li ions may remain between two neigh-
boring CNTs, which presents a new approach for Li ion
intercalation and storage. Importantly, Li ions located
among three neighboring CNTs have very strong adsorp-
tion potentials that are a factor of four larger than those
of Li ions located along the central axis of a single-walled
nanotube (SWNT). This indicates that Li ions located
among three neighboring CNTs would be very difficult to
remove from a nanotube bundle, which suggests that Li
storage capacity in this case is possibly irreversible, and
that keeping the nanotubes apart with an appropriate
distance would hinder or promote the formation of irre-
versible intercalation. Our findings contribute to the un-
derstanding of lithium intercalation and diffusion in CNTs,
which has implications for the experimental development
and application of rechargeable Li ion batteries.
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Fig.2 Typical initial conformation of the unit cell for ab initio
molecular dynamics simulations.
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Fig.3 Behavior of the eight Li ions intercalating and diffusing
inside or between the carbon nanotubes.

Design of a Gated Molecular Proton Chan-
nel

We have shown that the designed nanochannels can
conduct protons in a very efficient way when a suitable
electric field is applied. Analyzing the intrinsic conducting
rate proves that these devices are also switchable.The
opening of the gate requires both a strong electric field
and the binding of a proton. When the electric field is
small or turned off, the conduction of protons is turned off
as a result of the steric clash between the acetic acid and
the tube inner wall and because of its higher pKa. Since
the designed channel is “switched on” under stronger
fields and “switched off“under weaker (or no) fields, it is
possible to control the direction of the conduction, and
therefore establish and kinetically maintain a chemical
potential across the two sides of the devices. The mag-
nitude of the potential is controllable by adjusting the
chemical properties of the rotating group and the di-
ameter of the channel.

Fig.4 Mechanism of gated proton conduction in the designed
proton channels from snapshots of a complete conduction
process(space-filling model; oxygen atoms: red, carbon atoms:
green, hydrogen atoms: white).



Cation®3n: New Interaction Between Ca-
tions and Carbon

Cation-n or cation-n-n interaction between one ca-
tion and one or two structures bearing rich n-electrons
(such as, benzene, aromatic rings, graphene and carbon
nanotubes) plays a ubiquitous role in various areas. We
analyzed a new type interaction, cation®3n, whereby one
cation simultaneously binds with three separate
n-electron-rich structures. Surprisingly, we found an
anomalous increase in the order of the one-benzene
binding strength of the cation®3n interaction, with K*>
Na*> Li*. This was at odds with the conventional ranking
of the binding strength which usually increases as the
radii of the cations decrease. The key to the present
unexpected observations was the cooperative interaction
of the cation with the three benzenes and also between
the three benzenes, in which a steric-exclusion effect
between the three benzenes played an important role.
Moreover, the binding energy of cation®3n was compa-
rable to cation®2n for K* and Na*, showing the particular
importance of cation®3n interaction in biological systems.

A) ©+ B) "U c

8 !;o

) +5 c :
Cation®3n

Cation radius (A)

Fig.5 Cation®3n interaction compared with Cation-n interac-
tion. The big ball, small ball and the purple ball denote carbon
atom, hydrogen atom and cations (K*, Na*, Li*), respectively.
The red arrows stand for the interaction of Cation-n, the blue
arrows stand for the interaction of n-n. A) Cation-n interaction. B)
Cation®3n interaction. C) Cation®3n in water, hydration of
Cation®3n. The black dash lines denote interaction between
water molecules and cations. D) Cation®3n and Cation®2n
interaction varied with the size of cations.

New Advances in Hyper-coordinated Car-
bon

As the first and correspondence author, Yi Gao col-
laborated with the researchers from three institutes to
predicted the highest coordinated carbon species [CTi72+]
theoretically. As the most important element of the bio-
cycle, the coordination of carbon is always the most
fundamental question in chemistry. Since Kekulé pro-
posed the concept of tetracoordinate carbon in 1857,
Van't Hoff (First Nobel Laureate in Chemistry), Lewis (30+
Nobel Prize Nominees), Pauling (Nobel Laureate in Che-
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mistry and Peace), Hoffmann (Nobel Laureate in Chemi-
stry)have made the significant contributions in the coor-
dination of carbon.In particular, five experimental

,_,%,,

1 (Side View)

%,

2 (Side View)

2 (Top View)

Fig.6 Optimized structures of hypercoordinate carbon iso-
merland isomer2 of [CTi72+]. Gray spheres represent carbon
atoms, and purple spheres represent titanium atoms.

papers published in Science around 2000 confirm the
existence of CH5+, which arouse the enthusiasm to ex-
plore the higher coordinated carbon species. Yi Gao and
co-workers employed the state-of-the-art techniques to
combine the basin-hopping global-minimum optimization
method and density functional theory to predict the
highest coordinated carbon species [CTi,**] theoretically.
They also discussed the possibility to form
one-dimensional nanowire. Once this work was published
in The Journal of Physical Chemistry Letters (J. Phys.
Chem. Lett., 2012, 3, 224-2268), it was immediately
highlighted by the RSC flagshipjournal “Chemistry World”
as the cover story “Carbon Clusters Score Lucky Seven”in
the website’s homepage. Prof. Henry Rzepa from Imperial
College London commented: “New ideas are as likely to
come from computation as from experiment, and there is
a vibrant, fruitful, interplay between these. The CTi72+
system here is a wonderful example of how this process
happens. The strength of ideas such is that it inspires
experimental chemists to go make it in the lab.”

This research output was the nominee of “Top 10
Science News of China in 2012".
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Terahertz Technique and Applications

ZHAO Hongwei

ZHANG jingbing QI Wenpeng

Department of Water Science THz experimental group

The group is engaged in the studies on terahertz
(THz) technique and its applications. The research in-
cluding the detection of high power THz source based on
femtosecond accelerator and THz time-domain spec-
troscopy based on femtosecond laser and THz photo-
conductive antenna. The THz spectra of materials contain
plenty chemical and physical information. Mechano-
chemical reactions are usually effective and environ-
mentally benign and have the capability to control the
molecular configuration. THz spectroscopy and imaging
provide effective novel approaches to study the dynamics
and mechanism of chemical reactions.

Solid-State Reaction of Chiral Tartaric Acid

Solid sodium L(+)-tartrate was synthesized efficiently
by mechanical grinding, which is particularly sustainable
and environmentally benign. Distinct Terahertz (THz)
absorptions were observed for L(+)-tartaric acid, alkali
carbonate and the proposed products. The reaction
process could be clearly visualized by THz spectral pat-
terns at different grinding time. The reactions were
quantitative analyzed. The reaction kinetics could be
expressed by the Second-order equation and the Jander
equation which is consistent with a three-dimensional
diffusion mechanism. The study demonstrates that THz
time-domain spectroscopy is an effective novel tool to

monitor solid-state reactions in pharmaceutical industry.
— 28 %

1.09 THz

-1 20

Absorption coefficient / cm
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Fig.1  THz spectra of the reaction process of L(+)-Tartaric acid

and sodium hydrogen carbonate by grinding.

THz Radiation and Femtosecond Accelera-
tor

After two year’s efforts, we had designed, manufac-
tured and established a multi-purpose beam diagnostic
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test bed for the femtosecond accelerator, including the
vacuum chamber, diffraction target, CsI crystal target,
transformstage and Michelson interferometer. Success-
fully, we measured the bunch length about 500-600fs
with the coherent transition radiation (CTR), coherent
diffraction radiation (CDR) and Double diffraction inter-
ferometry (DDI) base method. Moreover, we observed the
(1, 2) (CChR) from the Csl crystal and measured the
angular distribution of CChR, which can be used to derive
the electron bunch length. With these two phase beam
experiment, we have successfully measured the bunch
length with a non-invasive way.

B L

s o,=250fs

o =100fs

b¥f)

Frequency £{THz=)

Fig.2 Bunching factor b associated with an identical Gaussian
electron bunch, where oy is the FWHM pulse duration. If the
criterion b2>0.2 is assumed, coherent radiation with frequency
below 2 THz could be significantly enhanced by use of a 250 fs
electron bunch.
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Industrial Application of Interfacial Water Research

HOU Zhengchi
Department of Water Science Group of Nanomaterials experimental

Basic and applied research radiation chemistry of
carbohydrates has long been engaged in this group, the
development of biological materials and nano-materials,
radiation modification of polymer materials, filtration
membrane structure and properties research. The main
study: modification of polymer materials and its applica-
tion in the preparation of membrane filtration technology
and organic-inorganic composite material, synchrotron
radiation applications and scientific applications of wa-
ter-based technology.

Polyethersulfone(PES) with two kinds of molecular
weights were chosen to prepare ultrafiltration mem-
branes by the nonsolvent induced phase separation me-
thod using N-methyl-2-pyrrolidone (NMP) as solvent and
polyethyleneglycol(PEG400,6000), polyvinylpyrrolido-
neK30(PVP K30) as additivesin the study. The effects of
additive species and concentrations on performance of
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ultrafiltration membranes with different PES molecular
weights were systematically investigated. Based on the
ternary phase diagram and cast solution viscosity data,
the experimental phenomena were explained from the
perspectives of thermodynamics, dynamics and polymer
aggregate dimensions. It was found that increasing PES
molecular weight would lead to higher permeability and
lower rejection with the same additive. Solute fluxes of
membranes increase in the order: PEG400< PEG6000<
PVP K30. Solute rejections of membranes with PVP K30
and PEG400 were higher than the membrane with
PEG6000.

With the same cast solution composition, increasing
additive concentration would increase the thickness of
membranes and lead to higher permeability and lower
rejection.
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Fig.1 Effect of different additives on membrane permeability(a) water flux of membrane; (b) PEG20000 flux and rejection of membrane
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1 R TRARK I T . WEERG-E 2011101528317 2011-6-8 KB ML FKITIK 1RERF ILEM MR
A B ot 2% 5 IR T B M
12 [ HR G R T LR 4T 4k 4 22 B 4% 2011101736004  2011-6-24 KU ZEFHFE URNI WIS FEE LR
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154



NO. EFIBHK HiES HigH KB REA
22 & TR 280 OB I B A Widk 2011200419055 2011-2-18  SEfH BT REE kiEm TR ERSEE
FEMZE W B R EH
23 A IR X SR ATIHMCRE R & M X 201120471638.5  2011-11-23  sefl ZE/hHe Ak WA K
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EAETP S iprs
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G Je Hom i 5k
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SRR S L
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42 — MR TR IR B NE S 201210288305.8  2012-8-14 kK HH B K TR BRETS XBEME
HERUE 7% AR

43 B s A R, EB2EYY 2012103528034  2012-9-20 KW GKEE ZESME ZEARE
&, Hl&TiEMRA

44 —FK PRI 25 A B R Heth] 201210356207.3  2012-9-20 K] REE MEN i
A &

45 — R R S HOE LR MR MY 2012104279359 2012-10-31 R GKIER FEP 24
e
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w5 AN e HEIE
52 — KR B A AR K 201210076705.2  2012-3-21 K] EAE RES R
Hol & 7%
53 — R AROIEEE RAM AT 201210099858.9  2012-4-6  REH HuEiE #A4l Ckisdh
%
54 —FhAE RS Hh FUB SRS EALAT 2012200239540 2012-1-18  sEH A BB A EUb
TR i
55 HEE OGRS AL 201220021293.8  2012-1-17 Al BRAS ATHERH =ATS
A
56 TREC IR BT TR 4L 2012200378327 2012-2-6 SEH RER
A
57 — PR S AR BE R B 201220037417.1 201226 SEAH MY FEAISE g
A
58 — Rt e 201220039006.6  2012-2-7 S k4 FRE REKE
A
59 — MR TR B, LB TR 2012200423017 2012-2-9 SH &R ALRE SR BEIE R
R A
60 — PR S 2 R 201220049270.8  2012-2-15  SZA  ERE I 25
A
61 — P FLA A LIRS A 201220049291.X  2012-2-15  sH  HRKiE
A
62 JHRL LA L 7R 2 201220051163.9  2012-2-16 LA EUE T G Rl FRE
R R
63  —HuPEbhkeE S R E 201220055917.8  2012-2-20  SER AN mJH ST EBIE
A
64 — PRk 4 P S S 201220055919.7 2012220 Al MY ERPHERLE Rl
A
65 — PR AR E 201220056839.3  2012-2-21  SEAH XURF M bt Mtk
A
66 — P AR PR A e 201220056838.9  2012-2-21  SEfH AKEGR
A
67 —RhERE L EOOGTIELE XGRS E 201220058907.X  2012-2-22  szHH kAl dtihE =0
B
68 —Fpor A R R R SR 201220058911.6 2012222 SR &ig0E Thor N T EEE M PRees
R RE
69 —Fb LS 5 201220062375.7  2012-2-24  s2f AR TR
A
70 — PR I AR 201220066560.3  2012-2-27  SEFH WA XM RIAE
A
71 — M T IR A A A 4] 201220070253.2  2012-2-28  SPH BRE R vhoRAfE 2=
L5 A
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72 Y BB ER N R E 201220053326.7  2012-2-17 St R X EAH ERN KiEz
B KRR EAE B8

73 — PR ER IR H S 201220084235.X  2012-3-7 S KR EEH 5% EEREM BHFE
R BT

74 — o X SR S A 2012200912757 2012-3-12  SEFH M R TREC e
B

75 — PR LR R & I IRT R4 201220095892.4  2012-3-14 A RJABR ZEEESR KK BREGE S8
B EEE =

76 — Pz RGFT KIS 2012200939035  2012-3-13  SZA CKiEE AT
B

77 — Pl AT = AR BN RS A 201220106923.1  2012-3-20 A R T R 5kE
B

78 —Fh = AN 2012201068883  2012-3-20 S ROFH ZEOCE KE Ror
B

79 — PR F AR UOE I R A 201220123901.6  2012-3-28  sA  BAIRE RXEILE BN
B

80 — PP ) 2R 201220146348.8  2012-3-31 LA EM BREEE X
B

81 —FE N RS RS AN & %A Yidr 201220138764.3  2012-4-1 SCH SRR Rk RS

RY B

82 — Pl il R G0 X 45 B 201220143366.0  2012-4-6 S BRIEE LN BREE
B

83 — P L BRI A 201220153457.2  2012-4-12  sZF FASISE B JERTOR
B

84 RSB PN R 1 B LR AR SRR 201220165867.9 2012-4-18 s RIBAE K BE

RE B

85 — e S v Rz P ik T 201220165870.0  2012-4-18 A AR KT HakE:
B

86 —Ph R AR 201220164110.8  2012-4-17  SEFH 9KOkOL WEEE FERRR
B

87 — PR L REAR I 2% 2012201989953  2012-5-3 SRR IR RIS X skokar
B EEE KRR

88 HE RSB = 201220235837.0 2012522 A kT MR EHIEE
B

89 FAXBIFERRSKE RS 201220235808.4 2012522 S REE B4l
B

2 AR it 201220238306.7  2012-5-23  SEfH BAA T dkiER HARE
B

91 g BB 3 FH 4% Ul H AR 201220260246.9  2012-6-4 S AR AT AR
B

92 AR it 201220417598.0 2012-8-21  sf OBALLE M sk
B

93 — PG SR IR AR 2012205249553  2012-10-12 =A AR AR rHEs
B

9% TR B IR R A e 2012205814252 2012-11-6  sLAH BUE i WER
B
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NO.  EFI&FK HiF5 HiFH RE RPN

95 —PhERA R AR E 201220656612.2  2012-12-3  SEH  BRE LE AT SKMET MRE
W EBXE THF T W R
9% J R HAk S R 201220005014.9  2012-1-6 S AT EE FRs
B
97 B4 e 2012200239555 2012118  SAl &M &iT
B
98 B EIKE R Z A E 201220021294.2  2012-1-17  SEf HEM®
B
99 HIIB S R4S 201220021527.9  2012-1-17 =LA @i EEE EH
B
100  HUERERS 201220027693.X  2012-1-20  SZAH A MEE EWN BAE 4B W
B[S I =Y < (1 o (B
101 —FhFR AR LIRS 2012200492905  2012-2-15  SEfH BIC4L
B

102 HT %6 XAFS MR HHR-RERSA  201220076905.3 2012-3-2 SEH EfE 2B ERE ZEW 20
B A SR R

103 HTHELH S LN S E 201220093587.1 2012-3-13  SEH AR R TAE M
Reii

104 —FHTHERERSMEGIZEE 2012201311926 2012-3-31  SEH AR RETS AR TAE
Reimi
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2011 EFIHAL

NO. HFIZH HiFS 4= KR LN
1 — A E A TTE R E ZL200510111758.3  2011-6-15 K SKATAE WA T R
fkas L)

2 KA BHENE B R4 K3 7L200610025545.3  2011-6-1 KM JERE PSS AR 54
771 g te

3 I % 1 o R A B FL A AR ZL200610027652.X  2011-4-20 i Fromuk R EHE KK
e, CARCEATS] S ik

4 MR RS E A S LA ZL200610117234.X  2011-7-27 KM KtF BER BiE
%

5 —FIIEE DUAR AL ORI 5 1% ZL200710036291.X  2011-6-15 K JALR Tk 518

6 — i SR ZE IR S5 MR AR AT 1 FE ZL200710046090.8  2011-8-3 9% B B XN
2% DNA A 77 v B Fol 7 &

7 B-Mi TR E AR AT A S & 7 ZL200710181826.2  2011-6-1 3| WEM £ SRR ML X
A % T T

8 —FRELI DNA (¥ i-motif FJ % [f162%%  ZL200710048136.X  2011-6-15 KH XMAs FAiHE B
ik

9 & BREAE S AP T 1R R 7L200710172972.9  2011-7-27 KH XUERTE 25/NE 25308

10 — Bl IR R G 284k S K o A ZL200810037644.2  2011-6-1 R ik BREHE FORR AT
M, B HH A% T AR EH Frufuk

1 — R IR R R ATAEY KR ZL200810037632.X  2011-4-20 R ik BREHE FORR AT
Vi) A2k 5 G o 6 D7 A 1 EH Frufuk

12 FIF THz-TDs %S5 ARFFEEIERIBR  ZL200810040557.2  2011-6-15 i A ks T4 CRIEE
B My ok

13 — R AR AR T AR B KRR SR A ZL200810040814.2  2011-7-27 KM AR XUk WERAR BN
DR THE HEL Bk

14 —FEE VBN AKE & 2L200810201238.5  2011-6-15 R Tz B4k FHK
HEEY. Hl&IiE kA&

15 — PR RS ZL200810203100.9  2011-1-26 KM KT SE

16 BB IR IR I BER AW M R 4 ZL200910053908.8  2011-2-16 4| TaE
W) K EATI ) 4% 7 VE RO g

17 DNA 7> T IS4 K T I F 2 757 ZL200710041865.2  2011-1-26 KH AR 8 Tk FVEMR £

18 HLAL 22 AR AR R AR ZL201020190473.X  2011-1-26 SEF AU RS EEEE BB K

A fkte ThE R

19 I8 TR 25 O S I B VR ZL201120041905.5 20111116 SR BAT RMME KiEs RIEH &

FE A B IHEE Xbent 4% 5
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2012 HFIFRAL

NO. ERIZIK HiFS BRH KR REA
1 — M B F AR R T Z0200910049959. 3 2012-2-22  KEH ZERUME BEK W T O
I 1] 5% 7 ¥ R BT LA B
2 —MFRICIR R ATAE Y R S REAY Z0200910051767.6  2012-10-3 K IR EME BEILE KA REH
o /NI IR R r R (A
3 FEFIHREE RS R HE &Y K 71L200910053907. 3 2012-8-15 KW T
BT T A &
4 —FihsekTe WEAH. Hl &7k, b ZL200910195514. 6  2012-10-3 KB vhEME FKITHE FMEL
Vi) 2 5 7 VR
5 —FH Y HREIRERAEE M, 71200910200308. X 2012-1-4 KW Ede RER xHEE
W7
6 —Fh B ORAE IR B A IS 4T 4 Z0201010108710.8  2012-5-30 kW] Fiff REE x|
Sk 9 5 1%
7 —Ff DNA Z=ZEGKGEMERE I HAL  Z0201010119941.9  2012-4-25  KH #Kilg R
=2 Rl WRrS
8 — G ] R 43 8 7 e L) % T vk 7L201010118153.8 2012-8-15 &I #KERR TUE K xlipss 255
g
9 P B REKR R . &IERR ZL201010115570.7  2012-10-3  kBH  kp XUfess skER 255
FAb G YMEM IR RKL T, B
HIEAR %
10 — MR E R ACKE M % SRR TS Z0201010172009. 2 2012-1-4 KU RS SR
%
n — R X S5 CT 7 7L201010171983.7  2012-7-4 R X R W ALERG AT
12 — R K RELL /KR E A ARG 70201010187582. 0 2012-8-15 kKW K BRI B 5AE
[iIE-WaRFS
13 214 e A/ 2 A 71.201010263877.1 2012-10-3  KRHA ZE5cMe SR Bk EGE En
14 — PR R B A v 7L201010515366.4 2012-8-15  KBH FKEZ kW 0 &G HEK
15 R W RS & Tk 7L201110004877. 4 2012-10-10 &H] ZEStME MK #RE KER
e R HiEE T
LAY AR KR
16 — i PVDF 54 NVP (K57 ) ek Z0201110027380.4  2012-11-28 K] {EEHE BHEME
BRI ILERY)
17 — TR AR RS K& 2L00910196047. 9 2012--5-2 KU BORF ZHF 5
Hk
18 AN X S RATHACEE A 2 X ZL201120471638.5  2012-7-11  s2H 2/ MR BH R
SHERAT IR B
19 TG X SR AT PR & & X ZL201120472297. 3 2012-7-11 s/ WA B 2/ ik
SHERAT IR B
20 R e 71.201120537974.5 2012-8-15  scA | &g WA R K
TRV SR LPRS S
21 PRI B 71201120538631.0 2012-8-15  SZfH O skME = BEE (R
TRV P
22 —AEmiRE S FE SRS R ZL201220023954. 0 2012-10-3 S RBH ZHEE E0
FAE B
23 T B LA R 4 71201220021293.8 2012-10-3  SZfH A ATERPH RAEW%
B
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NO. EFIBHK HiF5 BAH KM REA
24 R TR R A 71.201220037832. 7 2012-10-10 SZf  RER
B
25 — PP SR A R B 7L201220037417.1 2012-10-10 SZf 80 EHME b
B
26 — e S 4 71201220039006. 6 2012-10-3  SgfH  kdki ZFEE f5E%
B
27 —FR TSN EE R, K HX TR 71201220042301. 2012-10-10 StH MR KT4E SR HEIE FR
Bt EeEie]
28 — RIS E B 7L201220049270.8  2012-10-3  SZH &R T8
B
29 — B AR 3 LIRS 7L201220049291. X  2012-10-10 ScH BRI
B
30 R BB A A 7L201220051163.9 2012-10-10 StH  FIE e XFw i FFH
W R
31 — PPtk E S IR E 7L201220055917.8  2012-10-10 St AN R®iEE FoiM
B
32 — PR LR B S I A 7L201220055919.7 2012-10-10 S A1 BRFHEE [FRig
B
33 — PR EE AR E 7L201220056839. 3  2012-10-10 =2f xRl HEAE Fhok gtk
B
34 — ol E M R A s 7L201220056838.9  2012-10-10 SH #RE R
B
35 — R LB X OGTIEGE X OGAI3E Z0201220058907. X 2012-10-3  SzH MEF e (=Fim
# B
36 —Fhor R B R R 7L201220058911.6 2012-10-10 Sch  @gig phor A TEE
B WEE BREEEE TRE
37 — M EAE T R 71.201220062375.7 2012-10-10 s MRS A
B
38 — RN T I AR 71.201220066560. 3  2012-10-10 2 #ME XI/MME K I4E
B
39 — MR T I FRA e e RN A Z0201220070253. 2 2012-10-10  SEH  ERER R ZEE:
i B
40 Y B ER N EEE 7L201220053326.7 2012-10-3  SEH  ZMAR XITE B RA BN KBz
B SRR EE B
41 — PR ERI B = 71.201220084235.X  2012-10-10 SzH XNl T&#1 2F% FEH HE
B AP
42 b X GRS 71201220091275.7  2012-10-10 S/ dEfk R ME TR (e
B
43 — R G & R R 5 7L201220095892. 4 2012-10-10 SgH  4JEAfR ekEsE dkskar
B ARG S HEE E
44 — iz RETF R A B 7L201220093903.5 2012-10-10 =2f  Ki&4 FBWN Y
B
45 —FhH T = AR AR I I P Z1.201220106923. 2012-11-28  SCH P B RE
B
46 — R = AN 71.201220106888.3 2012-10-10 s2f R FH T kit Ror
B
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NO. EFIZHK HiE5 BAH KM RPN

47 — T RO R R 7L201220123901. 6 2012-11-28 =2fl  BX¥EH XL Sh/bpg
B

48 — PR s 1 ZL201220146348.8  2012-11-28  s£H #M47 BRaEE X4
B

49 — R R N FD R S N B 2 AP ZL201220138764.3  2012-11-28  SEH] ZEMELE RBME AEE

ARG i

50 — PP AR A ZL201220153457.2  2012-11-28 =g FESITE ARAE ZERGR
B

51 RATBI TR B R AR TR ZL201220165867.9 2012-11-28 s R K BE

B B

52 —Fl L B R S AR ZL201220164110.8  2012-11-28  s£f 3kokor R SRR
B

53 AN & 48 R & ZL201120559975. X 2012-10-3 SR #Rele BAR R
B

54 TR R R 7L201120561521.6  2012-10-3 SEH BHE X
B

55 B4 = ZL201220023955.5  2012-10-10  SZfH &#k 4T
B

56 A HKE R 2B R 7L201220021294.2  2012-10-3 S =
B

57 HI SRS 7L201220021527.9  2012-10-3 SH Al EFE E
B

58 HIERERR ZL201220027693.X  2012-10-10  SEF AN #FEE EFH HMAE 4B
B AR EfE ORI 2R FER

59 — P BAR D LR Bl # ZL201220049290.5  2012-10-3 SEH BAa
B

60 FIF 906 XAFS MR B3R R AE R4 ZL201220076905.3  2012-10-10 Sz T&fl ZI $LIAZE 2098 200
WA OBIANE KA EE

61 A TREALR SIS R E 7L201220093587.1  2012-10-10  SEAH IRAR R DAE My
B

62 —FH TR R RGREHIREE  ZL201220131192.6  2012-11-28  SEH] R4 REFS R TLME
B

63 TN R S ZL201220005014.9  2012-10-3 SR AR EE FRs £
B
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F#3% 5

2011-2012 big M F4ERFRE L. METFAR T

2011
No. Zfr 24 24 B wIEH BT A A
1 Mt ke RWTMESE WY LSRG S BRI R Y3y
R AL GIK TN
2 4 WAHEED Hi F#E HE B RSB R E AR IR A% AT R AR IR B R
AKRAM T iZ4EE H R
3 L RudE WF#EERE 7T KERENRICKENINCELNR ISR
R AV
4 Mt KEE WNTWESRE WY PSS SRR EFIN=EERS
R AV
5 it Z=F T ZH WORENIAE N AR T 5L YRR E ) 8508
6 i s A XIE K 500MHz B cell B Fm MR AR A BIEIEEAR R
7 Mt unE R TYESE SRR EEECH28XFIHRRZSEZNR R TYES R FZYE
R AL P ECERS H  B: SHe A 4He (1 HE MR AL 3
8 Mt 2 W5 E  REE  WRERLFEIRGCRE P AL PRIl R 55 B 40 K 45 44 A
TR Wt HAEH
9 Bt i T B AL AR BRI TS W R R SRR R
LG
10 #Ht+ oy T T HTHEMS T HPKOKZ B BT ey
il
11 {155 R L A= R o0 | K A= KEHE =PRI DRI A BT 5T YR AR
12 & ERER Y PRBE HIRYUORE S AR AR S A Z LYK 5 A M R 5
ERGHIE- S0
13t KKE Oy By T IhAE DNA MRS SRR AR 50 LS
14t EEFE BHAKNAH BT @BSSWHESRIHTR SR AR
15 L BEAR RNMFWHESE FAME BRETENAEBIRER T ERAY
AL
16 2 KSR SRR M EE THHERAC)SEE TR T SR IR 55
TR 55 SR T I 5 7 f ORI R A B
F RIPABL 7L
17 L avME R TFWRESE SRN FRFEORTREERES 22Mg XU HREEE B RN
R AL FRIGH T
18t BB BHEHARNA  BMCE REORER X HRIEEEROCREINT RS OGR &,
Res o R A
19 i+ pHW WrWE S R GOK R T PR R AR A B et TR
FEL il
20 Wt BAE kTWESE R SRFOLS E A EAE B EAERR R AT SRR 5 Y AE BE H
R AL il 5T
21 Mt FOLR AR RMNA HARTE  MT X WERATH G P m AL E R X SR RBOR
FEWE T =TT
22 fEE T FRES BRI ZIRE M NG LB % REYEMLE . SR
LG
23 Wt st TNk BRSSP R B KA R YK B 25
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2011

No. Zfr %4 ik I WIEH v
24 flE &L T RES  EFREESREERAEP SR SR, EAE
LTI £
25 i RFEE THUL BEW BT A BIGEYORIREAIIRELL DNA 707 AEYMERES A THLES
MBS I AE ML IR %
26 1L e HeE A ARSI B 4 PVDF DUREVEIERE 4 TR S ek
AR 5T
27t 5K T T R EAEAAEYROR RS PR RN E) S
ARG T
28 L sKonk N R BT WEIE 7> Tk AR T RGN 25
LG
29 flE ki T R Cyclofenil 73 T¥REF I %& X HAE ER 324K 40 T BA% KOst 264
BAZ AR
30 L EEE BEARLMNA O BRE  REREESEGEIMEKSI RGO 5
itk
31 i+ 7¥ BHEALNE  FEF ARSI FIBIENTF RS GEH, METHF5
THA
2 #E P BHAKNE RS WOE R Xy YGRS 7L R SRR WO IR, T
LR E) =S ERES T N
3B HE MEEE BREAREMAH O HETT XS EMAN G s AR ST X LB
il
3 WL EEsHE BEAREMNA O XEE RN E R RS R I g AR 5 8 H
35 L M BEARKRMNA e FERPEES X SEOGRG RN ERERRN  FPRHG R
WA
% Ml HmE BHEARKNH  HRRE BEREEHRIE BRI RE RN X FBRESEAR N A
SN R EBUR T
KA (U5 ol =S BHARKBR  RFEFK BT EPICS MRS MR SLiuhis M P E 6 R & uhiEs)
HIFEHE R R G AN E R AR
I (S S BHARERR  FGR HEUE IR RS %% A A NV K AR
9 WL AMEE N TYESESRE AEE  4REASTPDCHETIENERTR Je P RE S ER B AT
R
40 mE BKEE TG R YK E-BR A KA R ST G B 4 S S gl ok A ) 1) 1) 4% 22 AR
W7 2 IRNL
41 it WEER RTMESE XD TR G R KSR 2 53 (R R AE KEFE
R
42 Wit MM RFTRE AATEE R X UF SXDM % 7 iE A7 AR5
43 mid EfE BT SR R BT RS XAFS AR S T R st R
R AV HIBF 7L
4 Wit FlE BEARLKNA O EFE LG BLIAWI ISR XAFS ik X SRR N H
Y S K B FH A 7
45 Wi MR BHARNE 0 R%%E FAFEDES X SESTBRH S BP0 RN
G ETEIERLIRALY 0 H
46 WL B T R ST BRI & EUK AR R LR TR 4ERT A
LT
47 W RS T R PVDF SEAR SR K M Sk NVP (B 7T PVDF 4R e el
48 WL HES T R PR K FRIE RS VIS W= o1 RG24

g
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2011

No. Zfr %4 ik I WIEH v
49 Wi WKEa T X T KAFRYHE TR Z IR TTREIRIE S KRR FRY) 5 Je ok
B IR fFAT
50 Wit Z=R T FhEElE T A BB IE IR RE DR IR S R
51 wit A T ik RRAE TSR RL A D22 AT 9 S FTIE 249 P 3 ok 1) ) 4% e 2B
7 PPN
52 EIE XimEEy ML AT ]S S L [ A 2 B 3 RE AT 9 K2 AN 5
53 W X AL fate  BRSSSHEBCRA FRRSRNEWE EWRs T Bk
AL
54 miE Pl AL G2Y5) S FEL M I AR BRI A T ) % Bt RS T AR R
R FI T
55 hiE O ROERE BN REL RWHEE A 4 2450 1 AR A B AR R S
H Ve R R AL AT 2
56 Wit Mt T LM HET cyclofenil ) ERB 4 FHREFIIGMYE SRk, UL
LG
57 W ZEutER AL A AR R O A B R I A A A SR R T R R
w7t
58  miE  ikEFF ML JAMEE SRR B & RO R PERERT A SR 4 oK A B R R
il o3 R SR R T 5
59  miE AT TEHULE Bl BT R AN AR S Y S YUK AR B A A T LA
7 [¥) DNA £ 2R 7T
60  miE AR TN AL PR E A VATE STXM B FE R R, R X S 2R 5 B 4k
A 75V I 5T
61 it AFE RFTRE THFE DR R R AT N R AT R
il
62 Wil SFHEH ¥ THE T ARG I~ T 2 S 6% 1F1 % BB 55 R 5 e AR B AR
63 AL Lk He TR WARTE T GPU FRATH A Se Bl PuE 4 CT MR8
64  HIE  PMER BT BEAR JE Bt R G JAME TR T KU AT CAE 4y
Br
65 Wit B WM 5 XK 500 MHz ZER IR A MRS A ESRBK  RE# S E AR AR
HA il
66 Wit NI ML 5 AME SRR PRIE & S T T 5 YRA AL
HA
67 Wit R FEE5ELL BWHE SRERTHIER R fe R B T B T 2 T
i A aa it
68 Wit T S5 5EELA BE4& T CPUGPU RMERMER CT BGE EXEIGAH
i R =T LB A 5
69 Wit JHRKR FE5S5EEK RS BLIAWI XAFS R SR vE UK ESEE S 5E LM
i KERG
70 WL piEm FEE5ELL UL  HLELMEEZEE S RETHH BELRINE R H B
b
71 il kA BEES5ERL ERK  BURE B AAERRNS M BEEL SR BTSRRI RS
i MRS & S5 {5 B Ak
2 Wt BT FEEEHEEL FHT AL HEMNEARECRES ZEEE A XRFAAEWRAE
i IR H 5
73 WiE  fEr FEH5EEL T SR SN - RPR T D B 5 RS
b} AbEf
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2011

No. %41 %4 ik S WX H R

74 Wit 1%FE FE5EELA JiRIE TREKRS T BB E KR i
B

75 Wit BHZ SS55ELE4 AW INESBSZRAKERES LB AR FRNE SR
B

76 fit kE EES5EEL FBVY (KOWFEANRIRNAZGHR HEREAE IR )
B

77 WL BEHEIE O BEAKNA 0 ZEE LERTHETEESRREARSGOWE SRR KN

it

78 WL IEK  BEAENA  BEER EREREGMS SR AR L ESTN

79 Wit ZFUM O ES5EERA WHET _L¥GUE PDM ZR GG K S K N SEMERS N TG
iz

80 Wit A4 S5 H5EE A R SSRF LM KA T RS e R sk 2K e gzl J7 1)
iz RF BG5S RAE I R S

81 Wit R SEEHEELL BESE  MroSPECT H¥E IR A M & 5k 2B RE

bl
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2012

No. Zfr %4 ik S WIEH v
1 Mt KM 5E HiEr =BREEOE. ZRAUKERS5307) .
T N T I
it &2 UL T REHEE U MBUER R R AN TR
i+ W= - ‘ ANFEHEEFE T PKRAKEFZ ST H ) o
T TR PR — YK A
4 i+ T AR X ggmmﬁ$%ﬁ%%ﬁﬁmﬁ%m%ﬁ RS B A
5 i+ ®EE BHEARKME 6o X SRS E R E R R [F PR R IR
W 5E B R
6 Mt BRuU BTWES R EHETT 5B SG R DL E T A X ot
AL
7 Wt B R TrmES R R FEHI = oL 1R BT R B IEN R FELE R B
SR A Glauber BRI Y 8L A% % B 0 A
8 it 2k W5 E HE WP AR AR A R O B AR GUREE
TR (8 7 S L 3 MRS 5T
9 Mt A& RTMHESE