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Update of digital LLRF in SSRF

LLRF (Low level radio frequency) is used to control the
amplitude, phase and operation frequency of accelerator ar-
chitecture. In additional, it need to realize the ramp of ampli-
tude and frequency in some special accelerator. Before the
beginning of this century, the analog and baseband technique
are used in the LLRF, but with development of large scale IC,
such as Field program gate array (FPGA) especially. The algo-
rithm of feedback can be programmed in the FPGA, so the
digital and immediate frequency technique are used in the
LLRF. The virtue of digital technique make it better precision.

From 2005, the LLRF had been developed based on digital
technique at SSRF. The commercial digital signal process board
which include FPGA, ADCs and DAC was adopted to build the
hardware architecture. The coaxial RF elements such as mixer,
amplifier and splitter were used to build the RF front-end. The
algorithm of field feedback loop, tuning loop was developed in
this stage. In the end of 2007, this digital LLRF controller was
operated successfully in the SSRF storage.

It was operated after six years. The shortcoming of com-
mercial board is showed up Because the board and independent
RF element are connected by several cables, the release of some
connection result the trip of LLRF so that we develop the
compact hardware board which only include RF front-end
board and DSP board. In the DSP board, it is consisted of four
ADC channels, two DAC channels, FPGA, digital /0O and
ethernet port. The RF front-end have six channels of up- con-
verter or down-converter which can be changed according to
your requirement. The coaxial RF element were replaced by
surface chips. The precision of LLRF controller was improved.
The stability of amplitude and phase respectively are (RMS)
0.015%, 0.014 degree. The peak to peak is 0.1% and 0.1 degree.
The data transfer and GUI are changed from LabView+
Share_memory on windows platform to EPCIS on Linux plat-
form. Those updates improve the robustness and stability of
LLRF.
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Fig.1 Shows the updated LLRF controller, stability and GUI
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2013—2014 annual report of pulse group on engineer technical development

Power Division, Pulse Group

During 2013 and 2014, Pulse Group undertakes more te-
dious engineer development tasks. These tasks mainly include:

1) Engineer design report on high-power pulse modulator
systems (HPMS) in LINAC of SXFEL, DCLS and Brazil
SIRIUS. Installation, verification test and commissioning of
modulation system in nuclear datum analysis accelerator
(NDAA).

2) Engineer design report on injection& extraction system
and slow extraction RFKO(RF-Knock out) system of Shang-

hai Advacned Proton Therapy Facility (SAPT);

3) Motion control of insertion devices (IDs) and
feed-forward control (FFC) of correction coil power supplies
(CCPS) in SSRF. Motion control of IDs, intersection devices
(BBA, phase shifter) and chicane in SXFEL and DCLS

4) Modulator-related technologies research on high
pulse-to-pulse amplitude stabilities and solid modulator.

Partly development contents are presented in the fol-
lowing texts.

1 High-power pulse modulator systems

Power parameters and development phase of HPMS in
different projects are as follows:

Table 2 Test parameters of modulator

Peak Repetition  Flat-top ~ Amplitude
Power Frequency  Flatness stability
Design 70 MW 266 Hz 1% 0.2%
Test 71 MW 133 Hz 0.5% 0.1%

Projecfara. Type Quan. | Power | Prog.Phase
NDAA S-Band 1 25 MW | Veri.Test
S-Band 4 50 MW | Eng.Design
SXFEL C-Band | 7 50 MW | Eng.Design
X-Band | 1 6 MW | Eng.Design
DCLS S-Band | 2 50 MW Eng.Des%gn
S-Band | 2 80 MW | Eng.Design
SIRIS S-Band 2 50 MW | Eng.Design
Prot.Mod. C-Band | 1 50 MW | Veri.Test

Several key technical parameters of modulator in NDAA
such as repetition frequency, average power and peak power
are respectively 266 Hz, 120 kW and 75 MW. Because of
large average power, parallel connection method is applied in
integrating capacitor charging power supply. Large charging
current and high repetition frequency are taken in to elaborate
consideration in hardware control circuit. In addition, parame-
ters confirmation of power components in PFN and heat dis-
sipation design are accomplished!"). Local operator is based on
touch screen. All these modulator design would be applied in
the later modulator system, especially offer some technical
accumulations for modulator system design in SXFEL. Some
pictures about NDAA modulator are seen in Fig.1. Preliminary
technical parameters test results are listed in Table 2.

Fig.1 Layouts of modulator and assembly parts of oil-tank

2 Injection and Extraction Systems of SAPT

Injection and extraction system is composed of two elec-
tric septums(ES), two bumps, three magnetic septums (MS)
and their exciting power supplies and control (Fig.2). Because
of severe space charge influence of particle under low energy
condition, single turn injection cannot meet higher ring current
requirement, multi-turn injection technology is adopted. That
is to say, each turn is injected into the different position in the
same phase space, thus uniform particle distribution in phase
space is acquired. Multi-turn injection components are con-
sisted of one ES, one MS and two bumps!. Application of
combination ES with MS are adopted in the design, in order to
make injection orbit (from low energy transfer line to storage
ring) keep way from dipole magnet located in beam transfer-
ring direction, and reduce amplitude of ES exciting power
supply. Under the excitation of resonant sextupole magnet, a
triangular phase space is formed. As the increment of the hor-
izontal emittance of particles, particles which become unstable
would move towards triangular separatrix of phase space!’..
MS (Magnetic field simulation result is illustrated in Fig.3)
placed at the appropriate position would deflect particles into
extraction orbit.

ector ik

Fig.3 Magnetic field simulation of septum

3 RFKO system of SAPT

The overall diagram of slow extraction RFKO system is
illustrated in Fig.4. The RFKO system is mainly composed of
RFKO controller based on PXI with Labview RT system, FM
generator, voltage control amplifier (used for AM), RF switch,
RF power amplifier, signal conditioning and RF-Kicker.
RFKO controller calculates the center frequency and band-



width of exciting signal according to the setting energy and
beam current from treatment control system, and generates
relating signal through FM generator®. After getting the
feedback beam current, the RFKO controller would take feed-
back and feedforward control to alter exciting amplitude!.

The beam on/off command is used to stop or start beam trans-
ferring, meanwhile, the stop function is required to get a 10 ps
response time. The RF-Kicker electric simulation is as fol-
lows:
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Fig.5 Static electric field simulation of RF-Kicker

Control of IDs and FFC of CCPS

Control tasks of IDs and intersection devices are mainly
consisted of engineer design on project of SXFEL and DCLS,
temperature monitoring and control of the first cryogenic per-

Fig.4 The overall control diagram of RFKO

manent magnet undulator (CPMU) in China, motion control of
EPU200 for Shanghai Institute of Microsystem and Infor-
mation Technology, and feedforward control of DEPU. Six
stepper motors are adopted to drive the movement of upper
girder and down girder of EPU200. Every axis is equipped
with one linear absolute encoder with 0.1 pum resolution to
measure its displacement. The core controller is based on
S7-300 PLC. In addition, apart from mechanic stop, three
layers of limit protection are offered to fully guarantee safety
motion. The overall control diagram is illustrated in Fig.6.
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5 Research on modulator-related tehcnologis

XFEL facility has strong requirements about high-quality
beam. High stability modulator design poses a crucial role for
guaranteeing high stable amplitude, phase and high-quality
beam. The measures taken to enhance modulator’s stability are
consisted of high precision data acquisition of PFN, high
speed and precision data acquisition of pulse voltage and
feedback control of charging supply. Presently, design of
hardware and software on high precision data acquisition sys-
tem is in progresst’. In addition, circuit simulation and IGBT
drive circuit design with relation to solid modulator are also
being carried out™.
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Electronics group

In December 2013, the electronics group visited LNLS.
We introduced the development and operation situation of
SSRF timing system. We introduced the hardware structure,
function and specification of SINAP timing system. We inves-
tigated the requirement of SIRIUS timing system and discussed
the framework of SIRIUS timing system. On the basis above,
we completed the preliminary design report of SIRIUS timing
system. LNLS decided to use hardware of SINAP timing sys-
tem. After the discussion, our institute would undertake the
responsibility of preliminary design report and design report of
SIRIUS timing system, providing SINAP timing modules as
hardware of SIRIUS timing system, software development of
SIRIUS timing system, giving assistance to LNLS in part of
hardware development of SIRIUS timing system, providing
technical support for test, installation, commissioning and
operation of SIRIUS timing system. At the beginning of 2014,
we signed the MOU for collaboration of SIRIUS timing system.

We provided main hardware of SIRIUS timing system,
including STD-EVO, STD-EVE, STD-MOE, STD-SOE and
SOE. LNLS would design the timing modules for BPM elec-
tronics in storage ring by themselves. STD-EVO, STD-EVE,
STD-MOE and STD-SOE are standalone modules with 1U
height and 19U width. STD-EVO can be configured as EVG,
EVR and FOUT by software. STD-EVE is used as EVR.
STD-MOE is multimode fiber O/E demodulator, which is used
with STD-EVO in pairs. STD-SOE and SOE are plastic fiber
O/E mo demodulator. All of the hardware modules are illus-
trated in Fig.?.

STD-EVO

STD-EVE

13

STD-MOE

STD-SOE

SOE

We used the independent modules in Sirius timing system,
and every independent module has the network interfaces; the
software of the timing system was running in the server, using
the model of soft IOC. According to this running model, we
redesigned the software and the FPGA firmware, to meet the
requirement of the network data transmission. We had delivered
the whole timing system including the software and the hard-
ware to LNLS in January of 2015.

On 21 November of 2013, SSRF organized the relevant
operation leaders of the accelerator and the beam line and the
leaders of the professional team to hold a review meeting for
the acceptance inspection of the fast orbit feedback system. The
10 people from the beam line and the accelerator formed an
expert group to inspect and review the design scheme and the
field test situation of the fast orbit feedback system. The system
had already been put into operation in SSRF, and it is running
stably now. It made the orbit stability of SSRF reach a new level,
for example, the beam orbit can be stable in sub-micron scale
within 100 Hz, and improved the performance of SSRF.

At the same time, the orbit feedback system operated in
the model of mixing slow orbit feedback and fast orbit feedback.
The mixed orbit feedback system adopted the methods of data
interaction to eliminate the cross-talk when these two orbit
feedback system was running independently and the algorithm
of the data interaction was in the upper software of the slow
orbit feedback system.

We can see the inhibiting ability of the mixed orbit feed-
back system over the noise of the beam orbit as below:
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The fast orbit feedback system was running with the slow
orbit feedback system, and we can set the reference orbit of the
fast feedback in real time through the slow feedback, so that we
can realize the steady running in a long term. The reference
orbit was the calculated value of the slow feedback system, and
we compared the running effect of the measured value with the
one of the calculated value. Then we found that the calculated
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orbit according to the variation of the slow feedback corrector
was more stable than the measured orbit through the practice.
We can see the orbit changes as below when the mixed orbit
feedback system had run for an hour: (the figure on the left is
the vertical direction; while the figure on the right is the hori-
zontal direction).
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Beam instrumentaion techenologies

Department of Beam Instrumentation and Control

The major missions of the beam diagnostics team this year
were to maintain the effective operation of the beam diagnostics
system and to upgrade the system for the higher beam current in
SSRF. Meanwhile, key techniques such as global data analysis,
Online MIA analyzing system, digital BPM signal processing,
bunch by bunch diagnostics were studied with the performance
improvement of the accelerator and the growing requirements
of the machine studies. Meanwhile, the prototypes of Cavity
BPM for FEL and BPM for proton accelerator were designed
successfully at this year.

Operation of the beam diagnostics system of SSRF

There were 8 equipment failures at 2013, including those
that did not affect the operation of the accelerator. The MTBF is
909 hours, which is a bit better than 2012. There were 10 fail-
ures at 2014, including those that did not affect the operation of
the accelerator. The MTBF is 734 h. Most failures are caused by
hardware, and solved by replaced with spare part!".

Upgrade of the beam diagnostics system of SSRF

In order to meet the requirements of the higher beam
current, a 6 dB attenuators were added on each channel of
Libera Brilliance, and BPM hardware and software were up-
graded. Additional noise appeared on the DCCT signal when
the storage ring run at high beam current. To avoid the affection
introduced by the noise, an extra data channel of BPM sum
signal is added to measure beam current.

®  Beam diagnostics system of other accelerators
Nuclear data platform
Updated engineering design report.

Detectors arrived, examined and installed.

Electronics arrived, and examined and installed.

Cable laying and connection.

EPICS development and commissioning.

Proton accelerator

Preliminary design, version I engineering design

report.

Key instruments prototype tested, BPM reached 0.1

mm resolution.

Preliminary design of Farady Cup.

®  FEL accelerator

® Key instruments prototypes
CBPM and profile.

® 4 MeV accelerator

®  Equipment procurement

®  System design, software development and lab tests.

design, including

Key techniques research of the beam diagnostics

Based on the beam diagnostic data warehouse, SSRF op-
eration performance was evaluated?], the long term stability of
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BI Group

the tune value was studied (Fig.1). Damping time difference
was observed during different operation cycle. At the same time,
the warehouse was applied on the study of the injection residual
oscillation, analysing beam lost reasons at 240 mA, and meas-
uring the spectrum changing during current increasing.
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Fig.1 The long term stability of the tune value tests with
diagnostic data warehouse.

An online MIA system has been designed based on MIA
algorithm, which was applied on monitoring machine parame-
ters. The beta function of 8,9 unit changing with current was
observed(Fig.2). The system can also be used on fault BPM

location!.
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Fig.2 The measurement of beta function of 8,9 unit with
Online MIA.

The application of bunch by bunch diagnostic method was
studied™®!. The injection performance and modes on injection
transit process were studied. And rebuilt the injection leak
field(Fig.3). Made cooperative study with physics group on
beam lost that introduced by strong current instability. The RF
front-end of the dedicated BPM processor was studied, simu-
lation and beam tests were carried on. The bunch signal was

broadened successfully.
EYPESEY T

look field ampltude | a.u
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Fig.3 Injection leak field rebuilt with bunch by bunch diag-

nostic method.



A small batch (5) self-designed digital BPM processors
were completed and tested. Performance evaluation showed
that they meet the requirements of SSRF and FEL, turn-by-turn

resolution is better than 2 um. Fig.4 shows the beam test re-
(o1

sults
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Fig.4 The beam tests of digital BPM processor.

A self-triggered module has been developed on the DBPM
hardware platform, it could be used to capture the data when
abnormal events appeared for analyzing(Fig.5).
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Fig.5 The beam tests of the self-trigger module.

Cavity BPM(Fig.6) and shoebox BPM are the key detec-

tors on FEL and proton accelerator respectively. Their proto-

types have been completed and made lab tests”.
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Fig.6 The CBPM processing
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Control group of beam instrument and control department

Control Group

From the year 2013 to 2014, the control group of Shanghai
Light Source keeps the stable and reliable running. Meanwhile,
they 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 the up-
grade testing of virtual server system, upgrade transformation
of storage system, fault-tolerance 10C testing, upgrade opti-
mization of MPS system, control of the new insertion device,
and so forth. In the meantime, the control group makes progress
in SXFEL experimental apparatus, relevant light source DCLS
at Dalian, Brazil SIRIUS light source linear accelerator, etc.

1 Upgrade testing of virtual server system

Shanghai light source virtualized server system has run for
3 years. Dell server, used in virtual machine system, has run for
6 years, existing the defect of aging equipment, obsolete virtu-
alization software version, and so on. In order to ensure the
normal operation of light source control system, we are in-
tended to transfer and update this system to a new software and
hardware platform. During high-temperature vacation in July,
2014, we upgrade owned virtualized system and equipment and
upgrade the testing events of virtual machine migration.

Owing to the upgrade of virtualized system and updating
of devices, the new host server functions well and the virtual
server can migrate back and forth, and also, it works well,
together with an increment of stability and performance. The
allocated space restriction of single disk increases from 2 T to
16T after upgrading to VMware ESXi 5.5. The whole storage
space satisfies the current data storage. As to the application
with a low CPU requirement, virtual machine can use FT
fault-tolerance function to ensure that the application won’t
interrupt service when the hardware breakdown occurs. Ac-
cording to the testing, it proves to be a feasible scheme, along
with good property improvement, planning to upgrade the old
virtualized system to a new one in summer vacation, 2015.

2 Transformation project of data storage system

Recently, light source data takes advantage of Channel
Archiver system. It is a file-storage category, its Driver cease
maintenance and updating after 2009. RDB Archiver is the data
storage part of CSS, its data storage is relational database. CSS,
as a toolset, integrates the data storage, data browsing, control
system diagnosis tools and operation interface, generating a
concise and efficient OPI port operation. Considering the
maintenance and updating of Driver in the future, the data
storage system requires to upgrade from Channel Archiver
system to RDB Archiver system.

In 2013, we conduct the historical-database testing based
on the distributed database system of Cloud Storage System.
This CSS primary testing configuration is consist of one ISM
Server, two mixed nodes of MDS and OSN, four OSN nodes,
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one interchanger and one client. ArchiverConfigTool imports
channel configuration of xml configuration file into CSS-D
database, utilizing RDB ArchiverEngine to collect mul-
ti-channel data or write programs to create multi-channel data,
and then, read and display channel data by CSS DataBrowser.
Obtaining channel data from field gateway, simultaneously
simulate on-site production environment, and generate a por-
tion of experimental data. Totally it contains 10 071 channels.
Analog data use four types of velocity in different frequencies
to create one-year data, the entire data is around 1.85 T Bytes.
In 2014, we upgrade the hardware and software of RDB
Archiver system. In the respect of hardware, we use two
Huawei Tecal RH2288H V2 rack server with 512 GB memory.
In the respect of software, we use Oracle limesten memory
database to store data, use Oracle database to search data. Data
storage process is RDB Archiver, the collected data from Driver
write into Timesten, and then, Timesten writes it into Oracle
database. The process of data searching read data from Oracle
database by parallel processing mechanism. Storage operation
by Timesten. Searching operation of parallel processing
mechanism makes a great growth of data storage and searching
speed. It can definitely meet our requirements ascribed to the

writing speed reaching 100,000 lines per seconds. In current,
hardware system building, Oracle server installation, Timesten
database installation, Oracle database installation, RDB Ar-
chiver driver revision, coupled with the added Timesten com-
munication interface and parallel searching function are ac-
complished. Nowadays, we achieve data storage as well as data
parallel searching of Timesten via debugging (Fig.1).

2.1 Co-Stud (on mysaih cOom

Fig.1 New data searching of storage system

3 10C polling system testing

EPICS 10C fault-tolerance system is now a study hotspot
of effectively available control system applied by EPICS sys-
tem, which offers redundant 10C that promotes availability of
system dramatically, ensures the long-term stability of key
system, boosts the whole control system MTBF particularly for
the part of software interlock existing in the current light source
TOP-UP interlock system. Implementing fault-tolerance 10C
system has huge and realistic significance.



In present, we have done several rounds of testing, uniting
polling-system developing manufacturer to improve and con-
ducting the testing again during summer vacation, 2014 for the
purpose of improving data synchronization of relevant CA in
redundant I0C system.

10C polling system includes two 10C server, running 10C
server program at the same time. One of the server is primary,
the other one is auxiliary. The pooling instrument relays the
request of IOC Client to the primary I0C Server, meanwhile,
transmits to auxiliary one. However, the pooling instrument
only relays returning results of primary I0C Server to 10C
Client. The returning results of auxiliary one will be discarded
by pooling instrument. The two front-end pooling instrument
#1 and #2, both use the same virtual IP address (VIP). 10C
users use VIP as destination address, operates load balancing
and simultaneously transmits users’ requests to the two rear-end
10C Servers by pooling instrument.

3.1  The testing results shows below:

Breakdown migration: complete the mutual switch of
primary and auxiliary I0C. Client can shift to another 10C
successfully including a system of normal service when the
single 10C break down.

Data synchronization among data: Client can synchronize
the writing data to the auxiliary IOC when trigger an AC Put
writing operation to 10C.

Later, we need to figure out the rebooting of I0C data
synchronization and the revision of SID between primary and
auxiliary 10C after an I0C breaks down.

4 Optimization and upgrade of MPS system

4.1 Revision of storage ring vacuum interlock

In order to prolong the replacement period of a unit vac-
uum filament, avoid to cause play beam problem resulted from
false alarm at the same time of two adjacent vacuum points
ascribed to the breakdown of vacuum gauge, the vacuum group
put forward vacuum interlock to the unit, the scheme of all
vacuum points joining interlock via previous design, and adjust
to the plan that randomly get two vacuum points joining inter-
lock. Aiming to this request, we rectify all the units of vacuum
interlock logic belonging to storage ring in the maintenance
period of summer vacation. After rectification, vacuum group is
able to set whether each vacuum point joins the interlock (En-
able/Disable) directly in the vacuum interlock region (Fig.2) of
each unit interlock interface.

Vacuum and Gate Valve Status
Signal ; garnning Alarm Bypass latched Reset

BAGT | X N ] 1l ==
secz (| B =
sacs \[H| [ ] ] [Reset] |
8464 @ H B i =
BAGS
BAGE

Fig.2 Unit interlock interface settings
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4.2 Canted interlock work

Canted interlock implementation of C19 unit double in-
sertion architecture is merged into MPS system after adjust-
ment of the scheme. Meanwhile, in order to avoid unreliability
of software interlock used in the first implementation, we
completely use hardware interlock plan. In order to not impact
the standard unit interlock system structure, MPS adds a set of
complementary interlock PLC in C19 unit, and makes the
canted interlock content achieved in single PLC software and
hardware system. This solution can be popularized to other unit
solving complementary interlock requests that standard unit
MPS can’t achieve. Fig.3 is the architecture schematic diagram
of implementation system.

C19 BT B H8REHIES
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s #iEHiE
IR PLC

lﬁwﬁﬁﬁﬁﬁﬁﬁﬁﬁ%
AT o Bt REEEES
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SHEREYIAER T

SYEfE MPS
PLC

Fig.3 Canted hard interlock implementation scheme archi-
tecture

5 New insertion device control

51 DEPU

The feedforward disposal of corrective coil power source
is achieved by PLC analog module. The difficulty lies in the
transportation and updating of feedforward list between PLC on
the upper and lower layer control system. Based on this, we
must modify driver program, which drives the EPICS driver
supporting transmission of big array. According to the re-
quirement of physics group, we update feedforward lists several
times.

Achieving compensation function of DEPU working spot,
control function of DEPU long coil. Completing testing.

5.2 IVU25

The movement control of IVU25 mainly achieved via the
supervision of upper layer EPICS to bottom layer Siemens PLC.
Taking advantage of the master-control interface combination
AUTOSAVE function, the operators import or correct four
corrective coils corresponding to GAP in the power source list
of interface, download the set current value to PLC, finish
feedforward function. This method has some merits such as
data storage, simple operation, etc.



5.3 1VU20

The movement control of IVU20 mainly achieved via the
supervision of upper layer EPICS to bottom layer Siemens PLC.
The master-control interface contains several subfunction in-
terface.

Because 1VU20 uses PLC control analog power source to
achieve feedforward, the main problem is how to transmit the
feedforward lists to PLC in accordance with EPICS driving
mode. We remodify EPICS driving program developed by PSI
laboratory. Targeting at RECORD DRIVER and DEVICE
DRIVER, we add support of WAVEFORM data. In current, the
transportation of big data array is achieved.

The previous power source doesn’t have the function of
CYCLE. Recently, the CYCLE function, used by the other
power source of light source, is achieved by difficult and trivial
DB. Therefore, reuse classical SNL language to achieve and
test CYCLE function aiming at 19 unit curved iron power
source, and then meet the requirement of physics group by
testing.

6  SXFEL experimental apparatus and DCLS control
system

SXFEL control system finishes research report and pre-
liminary design report, identifies the total design plan: 1. Based
on system design of EPICS distributed architecture, 2. Based on
control system project objective of completely open-source
software.

In accordance with the initial design report, we improve
the budget of SXFEL control system, identify the device control
plan of magnet power source, vacuum and various movement
control, safety interlock system plan, accelerator master timing
system design plan, create electrical construction diagram of
SXFEL control system, count the control signal of power
source, vacuum supervision, modulator, undulator, BBA, tim-
ing system.

Options for control system key device: based on the safety
interlock system of OMRON PLC, based on the accelerator
master-timing system of BNC high-precision digital delay timer,
based on the I0C controller of embedded controller, based on
the running environment of NIS and NFS control system, based
on the physical counting platform of Python. We point at key
device 10C for software integration development and testing,
furthermore, we can use one type of 10C controller to meet the
goal of all the device-control requirement.

DCLS control system has the same plan with SXFEL
control system, including technology plan, equipment selection
and control software.

In the technology design report, it completes Chinese and
English version of control system. DCLS timing sequence
contact sheet comes into being after the discussion with syn-
chronization, beam measurement, microwave and power source.
MPS interlock logical form and vacuum protection logical form
come into being after the request analysis of DCLS safety
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interlock system. It uses server, work station and DA662 10C to
set up the physical development application platform, and
establishes virtual PV channel of DCLS main accelerator con-
taining power supply, modulator with high voltage and phase to
serve beam tuning software development. It also identifies
DCLS control network, network address allocation of bot-
tom-layer device communication.

According to the requirement of assignment book, we
finish sample machine research of control system project,
including physical beam tuning software, running environment
of control system, upper-layer OPI operation interface, device
control 10C control software, etc. Moreover, we finish the
development of device control project sample machine of
Timing, modulator, vacuum, power supply, undulator and BBA
Mover according to the project plan.

Comprehensive design of FEL operation interface: edm
interface+WebOPI, two plans totally. edm uses lateral Global+
physical segmentation, graphical integration interface plan (Fig.
4) of vertical device controlling submenu options. WebOPI is
used in access based on Internet Browser. In the research of
sample machine, WebOPI interface achieves technology de-
velopment taking undulator and BBA electric displacement
platform as examples, and having access test to PC, IPAD and
cellphone.

e

DELS

Fig.4 FEL interface design

7  Brazil SIRIUS light source linear accelerator control
system

The control system of Brazil SIRIUS light source linear
accelerator project starts from the middle of 2013, ends up in
the end of the year 2013. This control system are all based on
network device (Fig.5), which coincides with EPICS regula-
tion.

The research of sample machines start from the beginning
of 2014, on the light source control system, dramatically up-
grade and revise the device driving program, add control tech-
nique such as system regulation software. In the end of 2014 we
generally finish the research and testing of sample machine, in
the meantime, the main devices are purchased and a portion of
them start to be installed and debugged.
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8  Proton therapy apparatus control system

Proton therapy apparatus control system further refines the
design plan and the interface file based on numerous research
work from 2013 to 2014. Ultimately ascertain the technology
route and scheme, accomplish the script of the system design
report, network project report and server system project report.
Initially conducting the study of part of sample machine with
partial system such as vacuum, power supply. Editing and
debugging control system software such as driver, server reg-
ulation, GUI required by various proton therapy.
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9 Research project of medical electronic linear acceler-
ator control system

We finish the control system research of the first CMAX
machine and pass the third-party inspection of SPDA. Currently
it is in the hospital clinic stage. We also finish the control sys-
tem research and debugging of IGRT (image guide radiotherapy)
model, containing the first domestic multi-leaf collimator
(MLC) research and IGRT interface based on FPGA, normally
accessing program library for the invocation of IGRT program
and arbitration administration of device controlling, sharing
database interface and completing connection with TPS (ther-

apy plan system).
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Research development of beamline mechanics groups duration 2013—2014

Department of Beamline mechanics Engineering

Our group is responsible for the mechanical system oper-
ation and maintenance of constructed beamlines, and mechan-
ical system engineering construction tasks of new beamlines at
SSRF. The stable mechanical system operation of constructed
beamlines and the continuously improvement of the equipment
reliability were the strong support for the stable operation of the
whole beamline system. Our group has completed the me-
chanical systems installation of the dream line and NFPS,
which mainly include mechanical test, installation and on site
alignment of 3 sets of cryo cooling DCM, 1 set of water cooling
DCM, 7 sets of mirror bender system and 1 set of deflection
mirror system for canted beamline. The mechanical system
integration of non-standard equipment for 4 beamlines of NFPS
has been completed. All the beamlines and key equipments
meet the requirements, have been completed beam tuning and
parameter optimization. The installation and commissioning of
main equipments supplied by domestic manufacturers has been
completed, including mirror systems, KB mirror systems for
ARPES and PEEM, 2 sets of YAG monitor, adjustment mech-
anism of thermal correction system, 2 sets of stray light aper-
ture and the mechanical system integration of non-standard
equipments.

Monochromator is one of the most important beamline
equipment, it is mainly divided into water cooling and cryo
cooling two kinds according to the cooling temperature. Cryo
cooling monochromator usually is used to insert device beam-
lines, and the water cooling monochromator usually is used to
bending magnet beamlines.

Fig.1 Water cooling monochromator

A water cooled double crystal monochromator for the
High Throughput Beamline will be placed at 24 m from the
source. The maximum incoming beam size will be 36 mm wide
by 2.1 mm high, and the maximum heat load density will be
0.17 W/mmZ The DCM will be used at an energy range be-
tween 5~20 keV, the energy resolution will be less than 2107,
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Two beamlines have been constructed at SSRF, they are
named canted beamlines, which are complex crystallography
beamline (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 between two beamlines. To separate sufficient
space between two beamlines, two reflecting mirrors which are
mounted in one chamber are set up downstream of DCM re-
spectively.

Fig.2 Layout of the 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, adjustment mechanism of
mirror, support system, vacuum 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<

Fig.3 Adjustment mechanism of mirrors

Complex Crystallography beamline (BL19U1) and Bi-
0SAXS (BL19U2) has been completed beam tuning and pa-
rameter 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 11



R&ETZHETE#HRE (2013-2014)
RLRHUR TR AR, Wk T 24

KA T EHE B H 5286w fAF 2 20 H
MR 2y A AT AR 2R, 58T 5
24 6 uh M A2 A7 Ve RIK. FUR . R4
J HE R 23k 55 2 BBt 2 8 4 B o6 202
RGNS I TTAR LA Bt R S, TERA 2
SHIE IR T A BUA5E i 5 26 6wl “A 2 287
R B M R R S R K FC A e R e
B IE G, R AR MR IR R, MR
Mt LS 2 g TEEK,

Bt 45 56 R U0 H 548 6 il “ 45 2 287 10
HEZHMK. TREYG EREARBH 546
AT “AE 2 27 TUH A B R SR S A
15 2 1) 58 FE ke v 2 P B AR SR S50 H 3k 6 47
(21 7D, L AW RG AL T 6 7, 2

"

il

AR 77 4y, Wit B4R 115 1 (549 5K).

AAEMARGRBE , BT C e gk X
A EKECHL S RG2S LW, 58 BT X K
A HLRGE A WA R ARG B 3T T O R
SEAEIK, BUH. RS L2, DR A
FH it 22 48 TR SRS .

5E AW R G0 T S O R 2R A A AT XA
Pt R G TR B Tt %
FRBEHRIR BTN TS 284 MRS S
F IR 3l 23 FH il 3R 0 1 46 22 2% TR, 4201 Rl 5E ik
80%I[1) ek TAE & il 58l “TU R G Bhdkul
AR RS LRAERHRE” (20 0. “Zuin
Mt R TR (46 70 7, 5Bk
THE4R 46 7K.

l_. &- -
il ;
lv'l;.._kﬂ“' . § 1.‘
== '—1":_'_'| ﬂé Ti™ BEELiE DI Tt =t 2|
r— E“."";:“"'—'li'—-—. g . Y E—— - .
B2 MRSk, B, ARG E
SE R 3 2 F 180Tt 8 o SR A A TR
ARHTER T X GEE R R o X A H 1%
W RGN TR, B TR W5
bR BTN T 52236 ) dnfil e . “X e o .

D' TR 2 3l i g [X 2 FH Wt 52 40 AR & v 15 B
2310 7, FERRITELR 10 Kk WA R T
YETHRITE 2015 4EFEERI B BGEAT -

SE B A A = AR 2R A E B 4 A B i R
GNP RIS - REEITHRGE; EP Ak

29

A3

AT Pt S I 4 0 e AR AT Jey s T



SER LR 2 vl 2 F it 3 Ge AN 2 B 4 R 4 GPL B, T TRESEHER CPM i,
ML R TREE S AT PGS, 2ol A VA J &R

Bl 4 bl bR SR R s

2yt TR,
o - 3. AR, XE. BURGOFTE SRR AR A P
LR, KUE. BORGOFTE SR X A o iy

WOt GE 0 LRE B i B 4.
2. IR, B2, XA RO BR et wirs X 23 I it 2 48

30



The progress of beam line process group (2013-2014)

Beam Line Mechanical Engineering Technology Department

Our group completedthe related equipment installation.
front-end debugging and beam line calibration for the protein
project "Five Lines With Six Stations" and the “"Dreamline”
project of SSRF; completed installation for equipment, system
testing and acceptance work of the water system, electricity
system, gas system, hut exhaust and liquid nitrogen delivery of
the 5-line 6-station and " Dreamline"; cooperated with each
beam line station to complete the light debugging; cooperated
to complete the optical radiation leakage test of radiation pro-
tection hut of the 5-line 6-station and "Dreamline”, and coop-
erated with the completion of beam line calibration of all line
stations. The results of online radiation leak test show that the
design, processing and installation of the hut could meet the
technological requirements.

Cooperated to complete test and project acceptance of
5-line 6-station and "Dreamline" project with the expert group;
Completed the file arrangement and archiving of 5 line 6 station
and "Dreamliner" utility system; Compiled and completed 6
copies of public utility system archive files of the line station, 6
copies of the technical summary of the utility system of the line

Fig.1

Beam Line Technology Group

station, 77 technical documents, 115 design drawings and 549
drawings.

Our group has completed the design of water, gas and
electric design of the bend magnet front-end area, and com-
pleted the detailed list and material list of water, gas and elec-
trical system equipment the front-end area for SIMIT’s project.
And completed the water, electricity and gas design of the beam
line station, as well as the design report of the utility system of
the line station were carried out.

Completed the engineering design, design review, con-
struction design, equipment installation and bidding, signing
processing and installation contract of the public utility system
of the SIMIT’s bend magnet beam line and insertion device
front-end area; The installation project of the utility system
equipment for bend magnet of SIMIT, with the planned com-
pletion of 80% of the installation work as planned; Compiled
"the utility system engineering design report of the bend mag-
net beam line for SIMIT " page (20), "the engineering design
instruction of the line station utilities systems (46 pages)",
completed the design 46 drawings.

The design drawing of water and gas system of SIMIT’s insertion device front-end area

Fig.2 The layout of water, electricity and gas utility system for SIMIT’s bend magnet beam line
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Fig.3 Schematic diagram of general layout of radiation protection hut of Sinopec line station.

Our group has completed the engineering design, design
review, construction design, equipment installation and bidding,
signing processing and installation contract of the public utility
system of the front-end area of X-ray optical test beam line.
Completed "the engineering design specification of the public
utility system of the front-end area of the X optical test beam
line station (23 pages)", completed the design drawings 10
pages; The equipment installation work is going to bein the
winter vacation and summer vacation of 2015.

Completed the preliminary design report and system op-
eration cost estimation of the hut protection and utility system
of the three line stations for Sinopec; Cooperate with Sinopec to
complete the basic design report of public facilities of the beam
line station.

Completed the budget of the utility system and the hut
protection system of the beam line station, estimate the oper-
ating cost, the preliminary design report of the line station
public facilities and the hut system, and made the CPM plan for
the implementation of the project.

Fig.4 Schematic diagram of general layout of radiation protection hut of the beam line station.

32



B FZ5RNEEENMRERE (2013-2014)
W TR B2 SR S 4

AR FERR T R AR E LR 7N A 2 2 10
H ARG B # 2e2s . miui AR R 4 e, IRkl
SEHLT BIEIREE — 4% Canted YEIRZR LRI AM 2k
i PRV B A 2 IR AR B R, L A5 4R e R 2R il 11
P REMNRIE BB b5 o 13 T 82 X 58 B 22 AT
45 1 20 SRR AT it 1) T A 18 4% JEAT DO RE PR DR,
DI B R B R AL T ERABE B AR X
S I R S [T A s AR 25 T ot XBPM R0 4% 5
TR Y S T 4 S A W ok T iy X LA A ) O % T
BB IER ST, AR EH AT RS
MRS

BRI E A 2 2R 1) ' AR 2k A 16 D e
W, RS AR R AN R PO S
XBPM Yt 5 H a7 B 0 2 R0 S ) 0 = T, 5%
T PR 2 SR 24 5 T P R ) o T iy SRR P A B 3
N2 32 R A S SR A 1 U P AR A SR AT

FRER T 5RImMKANE RS, 185 B R
TEAR R, AN FH0E 25 &5 2t &
AN, HE 0 IR (AR AR AN [F] o DR 4G R R B,
AT P O B I P E SR 200 mA DL R AR AL
B AR, ERIE BT Va5 R )
IR AELE BLISU I PS2 &, H 12.6°C, {H
HIR A EATE(29.6 °C), WMAE B IRETE R N .
HIEWNT S XBPM o A O B = B 1
JEN TR SA XBPM [N RS, AT
ERSUETE T, H XBPM R0 T 0t N 1 4
N Gap K/NGFEZ MR, A5 I % A 5
Ak B TR PRI R5CR E S0 B 3 e e 6 REL IS sz ok
SRR B AR I . 22 1 s AU BB AR ok
VT EE R KE 7 ) A% I A AR A ) S 5
45, BL17B 238, H XBPM M4 LF
A% B e s A 2R T RE v AR .

#Fz 1 HEKFEHEFTHNED XBPM FUE4ER CUEEA: mm)

HIEE 1k 19U1 XBPM(X,Y) | 19U2 XBPM(X,Y) | 18Ul XBPM(X,Y) | 17B_ XBPMI(Y) 17B_XBPM2(Y)
0 \ 0.576 -1.454 -0.669 | -1.478 | 0.084 0.524 0.109 0.221
Sh97 50 um | 0.563 -1455 | -0.703 | -1.471 | 0.058 0.524 0.109 0.221
W45 50 um | 0.598 -1.456 | -0.616 -1.475 | 0.116 0.524 0.109 0.221
A7 100 pm | 0.532 -1.451 -0.751 -1.470 | 0.023 0.525 0.110 0.221
M4 100 um | 0.612 -1.457 | -0.571 -1.478 | 0.141 0.525 0.108 0.221

PRI 200 mA B, 43585 Canted Fif i
MNENFR Gap: —AFE 8 mm, H—NHRFE
wmﬁm%HRWE%%%&iWEWEmﬁﬁ

—_— =

B350 A . B SR HAE RN 1 22 4 V5
W, HmigieEA 93~171 nSv/h, FFHIEN
4.1~22 nSv/h.

= =

W BL17UL I R7n2 08 T LR LATTIZ 17 2R3k 1 I 2 45 1
B1 Xy A E 4 (BLIOUIHZ). BLISUI(%%). BL17U1(4). BLI19U2((E))

33



HERZR i IS AT 4Ed 2 — T+ 7 B AE 55,
PRAIE 2% 06 R 2R3l 1) IE W I8 AT AT M RE$E T2 A
PRHUF R SEIG 45 R ATHE . 752 WA E B 5 B 1
BLI4W. BL15U. BL14B F1 BL16B fJ7{ % XBPM

TR T R SOEAES5, e T i oA 3 B 55

[FIIf 53 E APS J6IRA & Z I E T XBPM R #%
HKIETEREA; 4% BLITU ZJa, HOGPEALE &
FEEEMIAR] T 1 pm PR, SRR Rt —0

34

R M B3E 1 2T

S

1.

2.

3.

M, & FHEOGIR Canted JGIRZE 224N RS X
I, #EAR, 2014, 37(9): 090102.

TKKOL, 2. R EIRA A IR R 3 Bl I kg i 28 1
Wi, #HR, 2014, 37(1): 010102

XN 5%, FEE 5. Libera Photon AL 2S7E F i GIR
XBPM H R AW, %R, 2014, 37(5): 050102.



Research development of electronics and detector groups duration 2013—-2014

Department of Beamline Optics Engineering Electronics and Detector Group

Our group has completed the equipment installation,
front-end testing and adjusting the x-ray position for beamlines
of NFPS (Nations Facilities of Protein System), and success-
fully realized the safety interlock control and X-ray position
monitoring of first CANTED beamline and IR beamline at
SSRF. The result of test shows that the performance of each
beamline is in well accordance with the design target. The
front-end testing means testing the performance of equipment
of each beamline, finding if they meet the design requirements
of the optical path and the ability to withstand x-ray irradiation,
and calibrating the XBPM detector. And further check and test
the basic parameters of the beamline.

Functional testing of the front-end of the beamline of the
Protein project mainly include thermal load measurement of the
front end, the relationship of orbital adjustment and XBPM
beam center position measurement and radiation dose meas-
urement. The test results are the same as expected. The thermal
load measurement of the front end is mainly carried out by
monitoring the temperature change of the key components. The
temperature is not only related to beam current, but also the

tracks of the electron beam. The exposed point of x-ray is
different, and the change of temperature is also different under
different orbitals. Test results show that temperature raise of the
critical component of front-end is within the allowable range of
design under 200 mA beam current. The maximum temperature
rise occurred at 12.6 degrees centigrade when the PS2 of
BL18U was closed, but the temperature was not high (29.6
degrees C), and it was also within the temperature range of the
design.

To test the response sensitivity of each XBPM, we did the
orbital adjustment and XBPM beam center position measure-
ment. Because it is difficult to adjust orbital and the readout of
XBPM is depending on its corresponding ID Gap size, the test
did not achieve the desired results. But the experimental data
can also reflect the corresponding change rule roughly. We
measured the readout change of the XBPM by adjusting the
horizontal deviation of the track. The measurement result is
shown in tablel. The readout of BL17B is almost constant due
to BL17B is from the bending magnet. The recording curve of
figure 1 can more markedly show the trend of change.

Tablel The readout change of the XBPM by adjusting the horizontal deviation of the track

Change of track 19U1 XBPM(X,Y) 1902 XBPM(X,Y) 18U1 XBPM(X,Y) 17B_ XBPM1(Y) 17B_ XBPM2(Y)
0 0.576 -1.454 -0.669 -1.478 0.084 0.524 0.109 0.221
External 50 pm 0.563 -1.455 -0.703 -1.471 0.058 0.524 0.109 0.221
Indentation 50 pm || 0.598 -1.456 -0.616 -1.475 0.116 0.524 0.109 0.221
External 100 pm 0.532 -1.451 -0.751 -1.470 0.023 0.525 0.110 0.221
Indentation 100 pm || 0.612 -1.457 -0.571 -1.478 0.141 0.525 0.108 0.221

When the size of gaps for CANTED front-end are set as
8mm and 15 mm in current 200 mA, we measure the radiation
dose near its front end and its hutch. The result shows the ra-

—— | e

diation dose is in the safe range. The Gamma dose is 93~
171 nSv/h, and the neutron dose is 4.1~22 nSv/h.

Note: display of BL17U1 is to compare the measurement results of the previous beamline.

Fig.1 The recording curve of XBPM in X direction (BL19U1(pink), BL18U1(green), BL17U1(red), BL19U2(black))
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The operation and maintenance of beamline is a very
important task. To ensure the normal operation and perfor-
mance improvement of each beamline is the premise of good
experimental results. During the summer overhaul, we com-
pleted the upgrade tasks of BLI4W, BL15U, BL14B and
BL16B's front-end XBPM detectors, and replaced the elec-
tronics readout equipment. Meanwhile a collaborative study of
the XBPM detector is also carried out with experts from APS in
the United States. After BL17U, the measuring accuracy for
spot position have been achieved the level of 1 micron, which
created the condition for realizing further stable control of spot.
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A detector for measuring changes of spot size of X-ray due to thermal deformation
Department of Beamline Optics Engineering

coder. The software is also include the function of data wave-
form fitting, and just click on the operation button to get the size
of the X-ray after the data acquisition is completed. Fig.1 is the
photo of the X-ray BPM detector located at beamline.

The x-ray detector with seven wires is used to measure the
X-ray spot size of O diffraction order after the plane grating
monochromator by scanning. The maximum effect of the
thermal deformation of the mirror change the focusing condi-
tions of the VLS grating, and change the object distance of the
grating, so that the focusing conditions are not established. The
grating is a dispersive element, the X-ray of different energy is
scattered through the grating diffraction, and the required +1
x-ray is continuously distributed in the vertical direction of the
slit. Therefore, the effect of the thermal deformation of the
mirror on the X-ray transmission is calculated to predict the
effect of the +1 X-ray diffraction. After measuring the change
of 0 X-ray size, the effect of thermal deformation on energy
resolution is corrected by changing the Cff value.

The BPM detector is composed of parallel 7 wires, and
each wire is separated by a shield to prevent the signal inter-
ference between wires. Ashutter is designed in front of detector
to protect the detector filaments from being irradiated by X-ray.
A light barrier with a fluorescent target is designed to protect
the filament of the BPM detector, which is not affected by the
long life. When the detector works, the light barrier is to exit the
X-ray path.

Fig.1 The photo of the BPM detector

The wire of BPM detector is a gold-plated tungsten wire
with a diameter of 10 um, and the seven wires are connected by
the arrangement of internal wiring, and only four terminals are
required. Four channels signal is connected to I-V converter

The X-ray BPM detector was installed in August 2013 and
was tested online in September 2013. The X-ray size of the
theoretical calculation is 0.420 0 mm, and the test result of the
detector is 0.4314 mm, and tested curve is shown in Fig.2.

and then to the electronics system. The electronics system
includes data acquisition and motion control. The LabVIEW is
used to achieve the motor cntrol by stepper motor and data
acquisition synchronization, and records the return value of the

Through the test comparison, we believe that changes in micron
magnitude of spot size can be measured.
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Fig.2 Tested curve of X-ray spot size by the BPM detector
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Research development of beamline control group

Beamline Control Group Department of Beamline Optical Engineering

The beamline control group is mainly responsible for the
operation and maintenance of the beam line control system and
the project construction tasks of the control system for the new
proposed Beamlines. The beamline control system has been
running steadily and the functions of hardware and software
have been continuously improved, effectively supporting the
overall stable operation of the Facility. The completed work
about engineering construction includes: the Dreamline beam-
line control system and the protein projetct 5 lines 6 stations
beamline control system. In 2013—2014, a total of 4 research
papers were published and 21 technical papers were prepared.
The work about the operation maintenance includes: the update
of the control system for the two domestic-made monochrom-
ators at the SAXS beam line and the XRD beam line , the
optimization of the XBPM automatic scanning and data acqui-
sition program to improve the XIL automatic exposure system
efficiency, the development of a new version of the vxWorks
software , the upgrade of the OPI interface software, the re-
placement of the first batch old OPI computer, the update of the
old EPICS SoftIOC servers.

In addition to the operation, maintenance and construction,
this group was also responsible for the control system trans-
formation tasks for some experimental station. A 973 program
sub project was achieved. A portable motion controller hard-
ware and software was developed. In addition, the front-end
motion control system was completed for the newly built
beamline by the Shanghai Institute of Microsystem and Infor-
mation Technology, and the feasibility study report and pre-
liminary design report of the beamline control system and
experimental station control system in the SSRF Phase II Pro-
ject were completed.

In order to develop experimental station control technol-
ogy based on EPICS software platform, the group participated
in and completed the transformation of the control and data
acquisition system at the 14W1 XAFS experimental station.
The experimental station motion control was standardized and
unified. The hardware includes VME chassis, MV5500CPU,
MAXv-8000 controller and the group-developed SMD driver
units. The motion software is based on EPICS motor module.
The control and DAQ for ionization chamber, the 32-element
solid detector etc. was re-done with EPICS. The control of the
in-situ environment such as the automatic gas distribution
system is also done in the EPICS environment. On this basis,
EPICS SSCAN mechanism and EPICS Sequencer mechanism,
combined with the Python scripting language and CSS!!
graphical interface software was used to develop the XAFS
spectrum acquisition and the data storage.

In order to facilitate the off-line testing of the equipment, a
portable motion controller was developed based on the OME
module from Galil Corporation in the United States. The rele-
vant circuit board module was developed. The designed hard-
ware interface can be seamlessly connected to the standard
stepper motor drive units. The control software was developed
under EPICS. Based on the existing international driving tem-
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plate, combined with the actual situation of the local application
environment, after secondary development, the complete con-
trol software was constructed. A rigorous hardware and soft-
ware testing has been done. The controller has been used on
some beam line.

The group undertook and has completed one 973
sub-project, developing the time-resolved X Ray Excited Op-
tical Luminescence setup. A time-resolved X-ray excitation
luminescence spectroscopy system was developed for the first
time in China®’!. SSRF is the third generation synchrotron
radiation light source, its high brightness, the pulse time
structure of the stored-ring electorn beam and the continuous
adjustable X-ray energy of synchrotron radiation. Technology
to provide a good foundation for the TRXEOL experimental
consists of timing system, spectrometer system and nuclear
electronics system. The TRXEOL experimental technology
uses the synchrotron radiation X-ray pulse to excite samples,
during the following 200ns time interval to measure . record and
analyze the sample luminescence decay process. This tech-
nology, by adjusting the energy of synchrotron radiation X-ray,
selectively excited different elements in the sample, which can
determine the luminescence center of the sample, combined
with the luminous yield XAFS method, the local structure of
the luminophore in the luminescent material can be further
ascertained for better understanding luminescent behavior of
samples. TRXEOL provides an important research method,
especially for the study of luminescent materials with complex
structures, such as nanometer semiconductor materials, rare
carth scintillation materials, organic electroluminescent mate-
rials (OLEDs), molecular indicators (optics Markers and other
soft substances) and other luminescent materials, such as
light-emitting mechanism, has a very powerful and effective
role in these materials in optoelectronic devices, sensing, flat
panel display, medical marking and other fields have a wide
range of applications.

In order to achieve TRXEOL technology with time reso-
Iution of nanoseconds, two key problems are solved. First, the
storage ring electron bunches achieve a hybrid fill pattern. The
Accelerator Physics team achieved a mixed-fill mode! (5 mA
single beam and 225 mA multi-bunch, around 220 ns before
and after single bundle) after intensive testing within a limited
machine study time. The invention can not only provide the
single bunch and the time interval before and after the excita-
tion, but also can ensure the normal operation of other beamline
stations. Second, the time structure of the storage ring is cali-
brated and the luminescence time of the sample is accurately
determined. The timing system is an extension of Shanghai
Light Source Master Timing System at the beamline station.
The synchronization triggering pulse signal provided by the
system is synchronized with the X-ray pulse generated by a
single beam at the sample point. The synchronous precision is

less than 6 pst.
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Research development of macromolecular crystallography group

Macromolecular Crystallography Group

Macromolecular Crystallography Group (MX group) is
mainly in charge of operation and user support of the Macro-
molecular Crystallography Beamline (BL17U1). During
2013-2014, BL17U1 provided 10906.8 h beam time, of
which 9274 h were allocated to 598 research projects. 368
papers including 21 top ones in the journals of “Cell, Nature
and Science” were published by users during this period. The
number of structures deposited in the Protein Data Bank by
BL17U1 users in these two years ranked first in the world.

In order to ensure the safe and efficient operation of the
beam line, research and development of the new method and
technology of the beamline and the experiment station were
also carried out. Using the method of combination compound
refractive lenses (CRL) with pinhole, the spot size of ¢ 5 pm,
10 pm, 20 pm, 50 pm and 100 pm can be achieved in
BL17U1 (Fig.1). A position sensitive X ray intensity detector
was designed and developed to monitor the changes of
BL17U1 beam size in real-time, including the information of
the position and intensity of the focus spotst™. Fig.2 shows the
experiment results and accuracy of the equipment measured at
BL17U1. In order to improve the automatic screening and
processing technology of biological macromolecule crystals,
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Fig.2 Position sensitive detector installation and measurement results

In addition to the daily operation and maintenance of the
BL17U1, MX group is also responsible for the design and
construction of two new macromolecular crystallography
beamlines and a user laboratory in the PASEIl beamline pro-
ject. In the year of 2013-2014, MX group finished the physi-
cal design of the Biosafety P2 Macromolecular Crystallog-
raphy Beamline and the High Performance Membrane Protein
Crystallography beamline station two. The design reports were
also evaluated by international experts. We also finished the
proposal and feasibility study report of the biological and
medical auxiliary laboratory project, which were then re-
viewed by the experts.

MX group has also carried out a continuous study and
exploration in the structure and function of important proteins.
Xenon (Xe) was used as a heavy atom for the phase analysis
of TCS structure. The trichosanthin protein can be developed
to be a "universal" fusion protein tag to cryatallize and solve
the structures of unknown proteins by using its special charac-

Comunts

combining with foreign advanced experience, the BL17U1
beamline staff developed the Raster technique to position mi-
cro crystals automatically suitable for BL17U1 experiment
station system.

a)No Pinhole b) 100um c) 50um
d) 20pum e) 10um f) Sum

Fig.1 Focus spots obtained by using CRL
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ter of the epitaxial crystal growth on mica surface®. In addi-
tion, the crystal structures of cytochrome P450 enzyme TxtE
and human GDP fucose synthetase (Fig.3) * were also
solved by the MX group.

N

Fig.3 Crystal structures of TxtE (Ieft) and human GDP fu-
cose synthetase (right)



In 2013-2014, MX group also undertook some major re-
search projects, including the National Natural Science Foun-
dation "Structure and molecular mechanism study of cbIC type
methylmalonic aciduria and homocystinuria associated protein
MMACHC", "The structure and function study of human Gol-
gi protein GRASP55", "The study of automatic screening
method of biological macromolecular crystals in macromolec-
ular crystallography beamline” and “The molecular mecha-
nism study of Archaeal Recl-like nuclease involved in the
correction of RNA 3'-end of the primer mismatch ribonucleo-
tides" (in cooperation with Shanghai Jiaotong University).
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Research development of photoelectron group

Photoelectron Group

Photoelectron group (PE group) is mainly in charge of
commission, operation and user support of the DREAMLINE
beamline (High Energy Resolution and Broad Energy Range
Photoelectron Experimental System) and, for the PHASE-II
Beamline Projects, developing two beamlines, including
S?-line, E-line soft-branch, plus one user-supporting laborato-
ry—in-situ instrumentation lab.

For its final acceptance, the DREAMLINE beamline
passed a preliminary test in May and the final test in October
2014, both organized by CAS, with all specs achieved or sur-
passed. From November on, the beamline has entered the
test-running phase. Our group has been responsible for ratifying
physical specifications of the key device of the beamline—a
SX700-type plane grating monochromator (VLS), for preparing
bidding documents and for its final acceptance. Technical
negotiations and fault diagnosis were organized by the PE
group among the manufacturer and SSRF engineering staff.

Among the PHASEII beamline projects, the nanospin and
magnetics beamline (S%line) has been designed by our group.
The design work undertaken includes those for the beamline,
magnetic station, and the feasibility report has been completed.
For the E-line soft branch, the physical design for the entire
beamline and experiment stations was concluded, and summa-
rized in the feasibility report. For the user-supporting labora-
tory (in-situ instrumentation lab), the feasibility report was
resulted from consulting domestic and overseas labs’ plans,
inquiring various in-situ experiment needs from SSRF beam-
lines, surveying on numerous in-situ commercial devices,
interviewing with experienced users etc.

For the DREAMLINE beamlines, to pursue a good per-
formance of high energy resolution, researches have been
carried out in the aspect of: i. Beamline energy calibration via a
home-made MCP online ionization chamber through gas ab-
sorption spectra, direct measurement of beamline energy re-
solving power (@N, K-edge approaching 20 000); ii. Reveal of
the detection limit of energy resolution through gas absorption
method,; iii. Discovery of the deterioration of energy resolution,
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in addition to flux reduction, caused by carbon contamination
on mirrors; iv. Use of copper Fermi edge as an alternative for
gold Fermi edge based on a larger cross section in photoioni-
zation to enhance the signal intensity for a very high energy
resolution detection.

The ongoing projects include the National Basic Research
Program of China (973 Program) “Soft x-ray XEOL method
and its application”; two projects supported by the National
Natural Science Foundation of China, “Study on the coherent
beam propagation in SR beamlines”™ and “Soft X-ray 3D
imaging on living cells” (11305254), one project supported by
National Natural Science Youth Funds “Local structure study of
lead-free piezoelectric material by convergent beam electron
diffraction and X-ray total scattering technique” (11104306),
one project supported by Shanghai Youth Foundation
(14YF1407500) “Study on the charge recombination mecha-
nism of quantum dots” &4

In 2015, besides the beamline operation and user experi-
ments support for the DREAMLINE, its performance will be
further explored and broader energy range with polarizations
other than linear horizontal will be made available for users.
Development work at involved PHASEII beamline projects
will proceed, to be ready for domestic and international reviews
for E-line soft branch, S*line and in-situ instrumentation lab, to
refine beamline(lab) technical specifications as to transform
their feasibility reports into preliminary design reports.
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Research progress in soft X-ray group

Soft X-ray Group

Soft X-ray group is mainly in charge of operation and user
support of soft X-ray scanning microscopy (STXM) beamline
and soft X-ray interference lithography (XIL) branch beamline.
During 2013-2014, this beamline has supported beam time of
10875 h with a low fault rate of 0.5%. There were 8046 h
provided for 756 users from the 239 proposals, whose research
fields covering environmental science, material science, bio-
medicine, physics and so on. During this time 66 user papers
have been published on academic journals, including Phys. Rev.
Lett., Journal of Hazardous Materials, Biomaterials, Environ-
mental Science & Technology, J. Mater. Chem. A, Nanoscale
etc. 16 papers were publiched on the top journals (SCI-I). As
for the beamline maintance, the on-site carbon contamination
clearance of STXM monochromator has been implemented,
Oxygen gas is leaked into the chamber. The chemical reaction
occurred between the cataminated material and oxygen, ren-
dering the residual gas of CO, and CO. The photon flux can be
doubled by means of the on-site carbon contamination clear-
ance setup.

Besides the maintenance user suport work on STXM and
XIL stations, soft X-ray group takes charge of the physical
designing of Medium energy spectroscopy beamline; the
physical designing of Bending magnetic soft X-ray beamline
(02B) of National Major Scientific Instruments and Equipment
Development of NSFC (SiP MEZ2). The group has anticipated
in the partial designing and construction of Diagnostic beam-
line of XFEL Testing equipment.

In order to fulfill the requirements for user researches in
multiple areas. Sevleral experimental methods have been de-
veloped: 1) The scanning coherent diffraction imaging based on
STXM has been achieved during 2013—2014 period, the spatial
resolution for standard sample is better than 30 nm?: 2) The
soft X-ray excitation optical luminense(XEOL) detecting
platform has been developed. In combination with TEY method,
this method has the priorities of analyzing elements, chemical
state etc. 3) Nano-CT platform at normal temperature based on
STXM has been installed, and it has been opened to users from
2014, with the 2-D spatial resolution of 50 nm and 3-D resolu-
tion of 200 nm. 4) A new soft X-ray spectroscopy measuring
system has been designed. The photon flux can be doubled.
And The spectroscopy methods of fluorescence, XEOL, TEY
etc. can be conducted. The 3-D motion and rotation along
vertical axis can be achieved. The in situ environment of low
temperature and magnetization can be supplied on sample
position. The designing and purchasing of this system has been
completed in 2014. 5) A device was designed and assembled on
the XIL endstation to analyze the outgassing of photoresists
under EUV exposure. The XIL station, integrated with this
device, become a complete system for EUV resists testing; 6)
Large-area exposure pattern is obtained by applying an off-line
OSA-mask aligning technique developed by the XIL beamline.
On this basis, an in-situ  OSA-mask aligning system is de-
veloped by using trace high-order-harmonics from the undu-
lator; 7) Based on high spatial coherent beam, broad-bandwidth
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CDI was done in XIL station, with successful preliminary
results.

There are some progresses in application researches: 1)
The imaging of nanobubbles was obtained using STXM tech-
niques for the first time and gave the stiffness of single nano-
bubbles by atomic force microscopy techniques®*; 2) The
photon correlation spectroscopy based on laser has been im-
plemented, inprovements of the relaxation characteristic of
BaTiO; has achieved™; 3) The concept of extra-focus mono-
chromator for VUV range was proposed and verified, which
solves a long-term difficulty in the design of VUV beamline!®.

The ongoing projects include the Project of National
Natural Science Foundation of China, “Soft X-ray inteference
lithography based on new coherence optics”; The joint funding
key projects for large scientific facility, “study on nanobubbles
by synchrotron radiation”; The projects of the National Science
Foundation for Young Scientists of China, “Theoretical re-
search on the ion-beam fabrication and property of porous
graphene membranes”, “Application of X-ray speckle and
photon correlation spectroscopy on the dynamics research of
PNRs”, “Developmentof electrochemical method for nano-
bubbles based on synchrotron radiation; “ The study of detec-
tion technology for online non-invasive beam position moni-
toring of soft X-ray beamline and its application in nano-CT
and STXM”; National natural funding major pro-
ject-sub-project, “study on advanced experimental tech-niques
for water science”; Subproject of the National Basic Research
Program of China (973 Program),“Origin research for the
multi-dimensional microstructure and ultrahigh piezoelectricity
of relaxor ferroelectrics”; Project of Natural Science Founda-
tion of Shanghai, “The damage and recovery mechanism of
carbon nanotubes material in the radiation field of nuclear
batteries”.

In 2015, there are the following tasks of Soft X-ray group:
operation and maintenance of STXM and XIL endstation;
design of medium energy spectroscopy beamline; construction
of Bending magnetic soft X-ray beamline (02B) in Si.ME?
project; development of methodology in STXM and XIL end-
station, for better user support.
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Research development of X-ray diffraction group

X-ray Diffraction Group

X-ray diffraction (XRD) group is mainly in charge of op-
eration and user support at X-ray diffraction beamline. In
2013-2014, this beamline provided 11 001.9 h beam time with
a fault rate of 1.4%. There are 8 968 h allocated for 888 users
from 315 proposals, whose research fields covered material
science, chemistry, condensed matter physics, macromolecule
science, environmental and geological sciences. 122 papers
including 35 premium ones were published by users during this
period. The completed beamline maintenance work included:
the replacement of the Bragg axis for the water-cooled sagittal
focusing monochromator, the replacement of the first crystal
for the monochromator, the replacement of the communication
cable between the CCD and the control computer, as well as the
maintenance for the diffractometer control system.

Besides the routine beamline maintenance and user tech-
nical support, XRD group took charge of designing two new
beamlines (white beam Laue diffraction and surface diffraction),
the engineering material end station, and the sample prepara-
tion laboratory for material science in the second phase beam-
line project. In 2013—2014, the corresponding physical designs
and reports were finished.

In order to meet users demands from different research
disciplines, XRD group was dedicated to X ray diffraction
methodology developments and their applications with 9 pub-
lications!' ™ (including 6 SCI-cited) and 4 authorized patents.
The group members were committed to improve the experi-
mental skills, develop new experimental methods, design and
develop new type of in-situ instrumentations. In addition, to
further develop the existed instrumentation and methods (such
as low temperature diffraction method of thin films under
electrical field and PDF method), XRD group worked on res-
onance scattering method, the new 20 K in-situ low temperature
sample environment device, the integration of the My-
then1K/Mythen6K linear detector, three axis high resolution
diffraction system, as well as the integration of non-scattering
slit, other instrumentations, and other in-situ devices. The
current equipments have been further debugged and developed.
For example, Mythen 1K detector was calibrated and its con-
trol/calibration/data processing software were accomplished.
Moreover, research progresses were made in the fields of
structure-reactivity relationship of lithium ion batteryt*, surface
structure of thin films, application of atomic pair distribution
function™ and organic solar cells®.

The on-going projects were as following: (1) Hun-
dred-Talent Program (Chinese Academy of Sciences); (2) Na-
tional Science Foundation of China: “The study on the prepa-
ration of high quality nanometer containers and their charac-
teristics in biomedical and other fields based on synchrotron
radiation X-ray interference lithography and atomic layer
deposition techniques” and “Novel Coordinating Ligands Au
Nano-particle X-ray Detector; 3) Joint Funds of the National
Science Foundation of China: “The development and applica-
tion of synchrotron radiation PDF in the study of materials” and
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“The study of the structure of the filled cobalt ore and its filling
atomic area vibration behavior”.

The group also has 5 new grants approved. (1) The State
Key program of the National Science Foundation of China:
Study of the microstructure and the physical properties of some
perovskite oxide multilayer membrane interfaces using syn-
chrotron radiation; 2) Joint Funds of the National Science
Foundation of China: Construction of test platform for the
real-time characterization of the microstructural changes of
conjugated polymer films using synchrotron radiation two
dimensional grazing incidence X-ray diffraction; (3) National
Science Foundation for Young Scientists of China: “Synchro-
tron radiation in situ structure-activity relationship studies of
doping BiFeQ; lithium ion battery electrode materials”, “The
synchrotron radiation in situ research platform of the associated
system and its application in electronic ferroelectric materials;
(4) The Knowledge Innovation Program of Chinese Academy
of Sciences.

In next two years, besides the beamline operation, user
experimental support, the construction of new beamline and
materials sample preparation laboratory for material science, as
well as the above research projects, the group will continue to
develop new experimental methods and in-situ equipment to
satisfy different user’s demands, which includes single crystal
diffraction system and in-situ welding equipment with its de-
tector, debugging and online test software. In 2015 spring, the
group will upgrade and reform the X-ray diffraction beamline.
About the in-house research, XRD group will focus on high
resolution powder diffraction, organic semiconducting films,
structure-reactivity relationship of multi-ferroic materials, two
dimensional and Lithi-

graphene supporting materials,

um/sodium battery electrode materials.
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Research development of XAFS group

XAFS Group

XAFS group is mainly in charge of operation and user
support of X-ray Absorption Fine Structure Spectroscopy
beamline (BL14W1). During 2013-2014, this beamline has
supported beam time of 8 504 h for users and 2 160 h for
in-house research. Users from all over the country have finished
346 proposals, whose research fields covering chemistry, ma-
terial science, physics, environmental science and son on. 230
papers have been published by users during this 2 years, 73 in
which were published on SCI-I journals.

A series of work has been carried out at BL14W1 to pro-
vide the optimal experimental conditions for users.

High-pressure is one of the important research fields in
synchrotron radiation. At the beginning of the SSRF construc-
tion, there is no effective EXAFS technique for the investiga-
tions on local structures of sample at high pressures. The typical
spot size of 300 pmx300 wm at BL14W1 limited further in-
crease on pressure. Recently, Kirkpatrick-Baez optics based
focusing technique has been used at BL14W1 to reduce the spot
size at sample to less than 50 umx50 pm. Now, pressure above
30 GPa can be reached for the related EXAFS study. Several
groups have carried out their high-pressure experiments at
BL14W1 with fairly good results.

X-ray emission spectroscopy (XES) utilizes high-index
surface of crystals to achieve high energy resolution. It is an
effective and powerful tool to provide valuable information
with respect to the electronic structure as well as the ligand’s
environments for 3d transition metals. BL14W1 is a multi-pole
wiggler beamline with the photon flux at sample position up to
10" photons per second. Such high flux is good for XES. At
BL14W1 beamline, the XES instrument based on horizontal
Rowland geometry has been set up. The diameter of Rowland
cycle can be adjusted between 1 m and 182 mm for high reso-
lution and high counts, respectively. For manganese com-
pounds, good performance with high quality and high resolu-
tion was achieved.
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Cooperating with other groups, time-resolved X-ray ex-
cited optical luminescence (TRXEOL) method is implemented
to measure time structure of the storage ring, and the meas-
urements performed on BL14W1. This method provides an
important research tool for in-depth understanding of the lu-
minescent behavior of luminescent materials, especially for
studying the luminescent mechanism of light-emitting materi-
als with complex structure, it plays a very strong and effective
role.

A series of work has been carried out at BL14W1 to pro-
vide the optimal experimental conditions for users. The detailed
steps are: developing the automatic gas distribution system;
developing a new ion chamber system, which is effective for
the high-flux conditions; designing a set of Soller slits for the
solid state detector to reduce the background. After the 2 year
efforts, the data quality has been significantly improved, and
various auxiliary methods and equipments have been developed
to meet the users’ requirements.

Our group are responsible for 28 ongoing projects, and
take on funds of 17 million yuan +200 thousand dollars.
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Progresses in research of X-ray scattering group

Department of Life Sciences X-ray scattering Group

1 Operation status and user results of BL16B1 beamline

In the two years of 2013 and 2014, BL16B1 provided
about 9 182 h user beamtime, and about 1 965 h for beamline
study. At the beamline, 303 user subjects have been finished in
2013 and 2014; the users have published 113 papers (SCI in-
dexed) based on the research results of the beamline, in which
32 papers published on top 5% journals.

2 Beamline upgrading and Developing in Experimental
techniques and methodologies

In 2013 and 2014, BL16B1 beamline performed the fo-
cusing mirror upgrading. The vertical focusing mirror was
replaced into Toroidal mirror. The upgrading effectively en-
hances the beamline flux. In developing experimental tech-

.

niques and methodologies, Anomalous SAXS technique and
in-situ solution peristaltic device are developed. At the end-
station upgrading, the SAXS camera system performed eccen-
tricity setting, and developed the g continuous measurement
technique by combining SAXS and WAXS; at the endstation,
in-situ GISAXS device (temperature: —100°C~500 °C) was
developed and has opened to users; the endstation also has
upgraded the control system in the two years.

2.1 ASAXS technique

At BL16B1, Anomalous SAXS (ASAXS) technique was
developed. Based on ASAXS, Al alloy samples was measured
(Fig.1). The results showed there was Zn element precipitation
in Al alloy, which was coincident with TEM results.
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Near Zn absorption edge

Near Cu absorption edge

Fig.1 ASAXS measurements of Al alloy

2.2 Scattering vector continuous measurement by
combining SAXS and WAXS

Fig.2 Eccentricity setting SAXS camera system

By eccentricity setting SAXS camera system (Fig.2), q
seamless connection was performed. Combined SAXS and
WAXS Synchronous measurement, the scattering vector g can
continuously cover 0.06~34.8 nm * (Fig.3).

Intensity (arbitrary unit)

a(m)
Fig.3 1D g continuous measurement data by combining
SAXS and WAXS
2.3 in-situ GISAXS device

At SAXS endstation, in-situ GISAXS device (temper-
ature: —100~500°C) was developed and has opened to us-
ers(Fig.4).
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Fig.3 In-situ GISAXS device

3 Research activities

In the two years of 2013 and 2014, In-house study has
been developed at BL16B1 in the field of high-perfomance
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fibers and polymers™ ™. The X-ray scattering group has pub-
lished 16 papers (SCI indexed) in the two years.
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Construction of canted beamlines for protein science at SSRF

Mechanical group Department of beamline engineering

Two beamlines for protein science have been constructed
at Shanghai Synchrotron Radiation Facility (SSRF) which are
funded by National Facility for Protein Science. They are
named canted beamlines, which are complex crystallography
beamline (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 between two beamlines. To separate sufficient
space between 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, to-
roidal mirror and sample point are located 22.5 m, 22.75 m,
33.1 mand 40.8 m from the center of the 2nd undulator source
respectively. The layout for BL19U2 beamline is, DCM, hori-
zontal 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 56m from the center of the 1st undulator
source respectively. This is illustrated in Fig.1.

Fig.1 Layout of the canted beamlines

The layout of two DCMs for canted beamlines are illus-
trated in Fig.2. The distance between two beams is 134 mm 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
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The deflection Mirror system shared of two beam-lines
works in the ultra high vacuum. Deflection Mirror system
consists of plane mirror, mirror set, adjustment mechanism of
mirror, support system, vacuum 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<
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Table 1 Adjustment specifications for DCMs

Adjustment  Range Accuracy Resolution
Bragg With -540° 0.36”(per full <17
encoder step)

0.05” <0.2”
Roll 1 +o <0.5” <17
T2 10~30  <0.5um <1 um

mm

Pitch 2" +o <1” <2”
Piezo 100” <0.05” <0.2”

The deflection mirror adjustment mechanism as shown in
Fig.3. Parameters of deflection mirror adjustment are specified
in Table 2.

Fig.3 Adjustment Mechanism of Mirrors

Table 2 Parameters of deflection mirror adjustment

Motion Parameter BioSAXS Complex
Crystallography

Range +0.5° +0.5©

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

Roll Installation <101
Accuracy

. Range 5 mm 5 mm

Horizontal

X) Step 5 pm 2 pm
Repeatability <#0pm <+0um

Complex crystallography beamline (BL19U1) and Bi-
0SAXS (BL19U2) has been completed beam tuning and pa-
rameter 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 11
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Research development of X-ray imaging group

X-ray Imaging Group

X-ray imaging group is mainly in charge of operation and
user support of X-ray imaging and biomedical applications
beamline. During 2013-2014, this beamline has supported
beam time of 11150.3h with a low fault rate of 0.5%. There are
9143.6 hours provided for 332 user proposals covering bio-
medicine, material science, archeology paleontology and so on.
And 106 user papers have been published. The beamline
maintenance includes: replacement of bellows between
mono-beam slit and the safety shutter, maintenance of the
filters, replacement of 2nd crystal of the monochromator, re-
placement of the beryllium window and the sample stage. The
detector was upgraded and the stability of the exit beam from
the monochromator was enhanced based on beam intensity
feedback system.

In addition, the feasibility report of two new beamlines
have been completed which are “Fast X-ray imaging beamline”
and “Nano 3D imaging beamline”.

In order to meet the demands of users for different sam-
ples, many X-ray imaging methodologies have also been de-
veloped and explored. 24 papers have been published in-
cluding beamline method development!*?, X-ray fluorescence
micro-CTE4 local CTE®, nano imaging™, grating imaging™,
image processing!, optics design for nanofocus™ and detec-
tor development™. Some application researches have also
been carried out, including microscopic identification of Chi-
nese herbal medicine, nondestructive testing of bamboo struc-
ture, polystyrene colloidal crystal 22°,

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

In 2013-2014, some new projects have been approved in-
cluding the CAS-CSIRO cooperative research project “Auto-
mated Quantitative Analysis of 3D Angiogenesis for Early
Diagnosis of Tumors using Synchrotron Radiation X-Ray
Microtomography” (No. GJHZ1303), the National Natural
Science Foundation of China “Accelerating X-ray fluores-
cence CT based fast scanning and OSEM” (No. 11275257),
"Study on millisecond dynamic quantitative microscopic CT "

62

(No. 11375257), Joint fund key projects™ In vivo and in vivo
dynamic study of ischemic stroke in small animals" (No.
U1232205), National forestry public welfare industry special
project” Nondestructive testing technology of wood and bam-
boo based on X ray imaging"(No. 201304513).

In 2015, besides the beamline operation and user experi-
ments support, design of new beamlines and perform the
above research projects, the group will focus on the combina-
tion of imaging and multiple experimental methods including
SAXS CT, diffraction CT, fluorescence CT and further study
on related applications.

Reference

1. Xie Honglan, et al. X-ray biomedical imaging beamline at
SSRF[J]. Journal of Instrumentation, 2013, 8: C08003

2. Chen R, et al. X-ray imaging for non-destructive microstructure
analysis at SSRF[J]. Advanced Materials, 2014, 26(46):
7688-7691.

3. Qun Yang, et al. X-ray fluorescence computed tomography with
absorption correction for biomedical samples[J]. X-Ray Spec-
trometry. 2014, 43: 278-285.

4. Deng Biao, et al. The progress of X-ray fluorescence computed
tomography at SSRF[J]. Nuclear Instruments and Methods in
Physics Research Section B, 2013, 305: 5-8.

5. Chen Wen Hao, et al. A synchrotron-based local computed
tomography combined with data-constrained modelling ap-
proach for quantitative analysis of anthracite coal microstruc-
ture[J]. Journal of Synchrotron Radiation. 2014, S1600:
5775-14002793.

6. Chen Wenhao, et al. Pseudo-global tomography for local mi-

cro-CT with high brightness synchrotron X-rays[J]. Chinese

Optics Letters, 2014, 12(2): 023401.

Biao Deng, et al. Full field X-ray nano-imaging at SSRF, Proc.

SPIE 2013, 88511D.Qi J C, et al, Acta Physica Sinica, 2014, 63

(10): 104202.

Qi J C, et al, Acta Physica Sinica, 2014, 63 (10): 104202.

Liang C H, et al. Acta Optica Sinica, 2015, 35.

10. Chen Zhi, et al. Towards one nanometer X-ray focusing: a
complex refractive lens design, Chinese Optics Letters, 2014,
12(12).

11.  Zhang R X, et al.Nuclear technique, 2014, 7: 7-12.

12.  Peng Guanyun, et al. Holzforschung. 2013, 0018-3830.

13. Peng G Y, et al. Spectroscopy and Spectral Analysis, 2013,
33(3),829-833.

14. Fu Y N, et al.Applied Physics A-Materials Science & Pro-
cessing,2014,115(3)781-790,2014

15.  YeL L, etal China Journal of Chinese materia medica, 2014,
39(14): 2619-2623

~



X St BB FHALESE (SXFEL) #HAILIELESEHEMER
[ EH T O 2

[ 5% B R RH R B X 52k B B oot
BE (SXFEL) #E N2 RS Br. X $2kH
P IO IR I B B O E B E NS E I A

PIZR i 8 S BB 5 s R GE LA s 2 i

TR R L o s ) S ORD N D RE A Rt S 4
o ZEE MK 300 m, EIRE H TR KL
SXFEL WK WL iIT: B RER—/
RIS E, HTHREIIFFA FEL M50

BRI E P — B
SXFEL ek B e Ll E 50, HE
Je 5T 840 MeV [ H 28Ik #8774 8.8 nm (1) 4= 4H

TR X PR, IR R S AL B
& B AT AL . SXFEL iRI6 3 B T 2014 4
12 AJFT, 2015 4F, AEihiEdThE. 7 000 m
) L i R PS4 58 . 2016 4F 4 A,
SXFEL 56 2 B b 1 R 1 7 7 AR 2k i 40 5 1
HArB R B T & w3 T, 2016 4EJK, SXFEL
BRI B IR A PG A B % DA e
SERK 2016 HEJi, HLFAE LT SXFEL 56 2% B ik
8 SO G AR T S — ARG . R, SXFEL
R P 3 B R 21 2016 4E 11 A ERIF T

63



The Shanghai soft x-ray FEL facility start construction

Free-Electron

The Shanghai Soft x-ray FEL facility enters into the con-
struction phase. The Shanghai soft X-ray Free-Electron Laser
facility (SXFEL) is being developed in two steps: the SXFEL
test facility (SXFEL-TF) and the SXFEL user facility
(SXFEL-UF). The SXFEL-TF is a critical development step
towards the construction a soft X-ray FEL user facility in
China, and is under commissioning at the Shanghai Synchro-
tron Radiation Facility (SSRF) campus. The test facility is
going to generate 8.8 nm FEL radiation using an 840 MeV
electron linac passing through the two-stage cascaded
HGHG-HGHG or EEHG-HGHG (high-gain harmonic genera-
tion, echo-enabled harmonic generation) scheme. The con-

struction of the SXFEL-TF started at the end of 2014. One
year later, 547 pile foundations, a total area of about 7 000 m?
of civil construction, and a concrete tunnel were completed. Its
accelerator tunnel and klystron gallery were ready for equip-
ment installation in April 2016, and the installation of the
SXFEL-TF linac and radiator undulators were completed by
the end of 2016. In the meantime, the SXFEL-UF, with a des-
ignated wavelength in the water window region, began con-
struction in November 2016. This was based on upgrading the
linac energy to 1.5 GeV, and the building of a second undula-
tor line and five experimental end-stations.
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Application of CW-type HV power supply and EB/X-Ray conversion

Department of Applied Accelerator

High-voltage generator technology and electron beam
X-ray (EB/X-ray) conversion technology are the key technol-
ogies in the development of accelerator for irradiation pro-
cessing. In 2013-2014, we continued to study on the Cock-
croft-Walton (CW) type of high-voltage power supply and
developed the 800 kV/30 mA accelerator, we also made an
EB/X-ray convertor for 5 MV/20 mA accelerator and realize
the fabrication of the Ta-Cu composite target sheet.

1 Research on CW type of high-voltage accelerator
technology

The high-voltage power supply is an integral part of ac-
celerator technology, as its stable and reliable output is an
important guarantee for accelerator properly working. We have
studied the CW type HV generator driven by 50 Hz™ and
developed three accelerators with output of 1.2 MV/50 mA,
300 kV/60 mA and 800 kV/30 mA. The newly developed 800
kV/30 mA accelerator has the advantages of simple structure,
low construction cost and easy maintenance.

@ (b)

Fig.1 800 kV/30 mA accelerator and its structurel. (a) Ac-
celerator. (b) Structure of the power supply.

Table 1  Power supplies of CW type driven by 50 Hz.

\olt. Stage
Type rip- num- Application field
ple(%) ber

Perfor-
mance

1.2 MV/50  Symmet-

) <=10% 3 Flue gas treatment
mA rical
Rubber vulcaniza-
300 kV/60  Asymmet- .
. <=5% 1 tion/Surface cur-
mA rical .
ing
800 kV/30  Symmet- Wire and cable
. <=5% 3 .
mA rical processing

2 Research on EB/X-Ray conversion technology

X-ray conversion is frequent need for irradiating the
products that cannot be processed by electron beams, due to
their limited penetration capacity in materials, in radiation
sterilization of disposable healthcare products and food irradi-
ation.

The X-ray conversion efficiency, i.e. ratio of the total
X-ray power to the incident electron-beam power, is 8%—9%
at 5 MeV. The 100 kW converter we designed is shown in FIG.
2, with composite structure of Ta (1 mm), Cu (1 mm), water (4
mm) and Al (4 mm).

Fig. 2 Prototype of EB/X-ray converter

The target prototype using a composite sheet. We have
overcome the welding and forming processes and declared 5
patents for inventions. The test of the target sheet shows that
its thermal properties are excellent’™ and its heat dissipation is
very well in the actual working condition.

.....

&
Temperature (1)

(b)

Fig.3 Testresult of the target sheet
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Progress in reactor physics

Reactor Physics Division

Background

This project is based on the general technical route
"Technology of Experimental Reactor-Demonstration Reactor
-Commercial Reactor", which is planed by the center for Tho-
rium Molten Salt Reactor system (TMSR) for the research and
development of Molten Salt Reactor (MSR) nuclear energy
system. This project is aimed to complete the physical design
of a series of molten salt experimental reactors and research in
neutron physics and thermal hydraulics in MSR. Meanwhile,
10 MW solid fuel molten salt experimental reactor
(TMSR-SF1), 2 MW liquid fuel molten salt experimental re-
actor (TMSR-LF1), and high-power molten salt cooled pebble
bed reactors are designed and analyzed.

For the design of 10 MW(th) solid fuel molten salt reactor,
conceptual design and preliminary physical analysis were
completed and the design ofneutron physics and thermal hy-
draulic reached a preliminary design level.

For the 2 MW(th) liquid fuel molten salt experimental
reactor design, the conceptual nuclear design was completed.

For the design of high-power molten salt cooled pebble
bed reactors, the concept design of 100 MW(th) pebble bed
reactor and 600 MW(th) random arranged pebble bed fluoride
salt cooled high temperature reactor were completed.

In addition, in order to meet the requirements of the
thermal-hydraulic in molten salt reactors, basic researches
such as the convective heat transfer coefficient in molten salt
pipes, data analysis and assessment, and flow field measure-
ment of pebble bed reactor cores have been carried out.

Desigh of 10 MW(th) solid fuel fluoride salt experimental
reactor

The 10 MW(th) solid fuel experimental reactor
(TMSR-SF1) will be the first experimental reactor for the
TMSR project and also be
high-temperature reactor in the world with a well-constructed

the first fluoride-cooled

plan.

The overall scheme and parameters of TMSR-SF1 are as
fllowes. 1) The rated thermal power is 10 MW. 10 800 fuel
pebbles are used respectively in the initial stack and full stack
are 14 650 fuel pebbles. The fuel is loaded in three batches,
and the equivalent full power operation is 250 days. 2) TRISO
coated fuel is used, the diameter of fuel pebbles is 6 cm. 3)
Primary coolant is 2LiF-BeF,, abundance of Li-7 is approxi-
mately 99.99%, the secondary coolant is FliNaK. 4) The core
include fuel zone and the reflector in its periphery. Fuel peb-
bles in the fuel zone are randomly arranged. The inlet/outlet
temperatures of core coolant are 628 °C/600 °C. 5) Control
rods are used to achieve reactive control functions such as:
temperature regulation, power regulation, fuel consumption
compensation and shut down. 6) From inner to outer, the re-
actor consists: core active zone, the reflector layer, the core
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barrel, the down comer and the upper and lower chambers, the
reactor vessel, the argon layer, the reactor container, heat
shield and insulation layer. The maximum pressure in the re-
actor vessel is less than 5 atm. 7) The loop system includes the
primary loop, secondary loop, gas loop and molten salt detec-
tion facilities and so on. 8) The decay heat is discharged by the
passive decay heat removal system when the loop cannot work
normally. It is discharged by the loop system under other con-
ditions. 9) The pebbles are loaded in turn by the buoyancy of
molten salt and are discharged from the channel directly above
the core. 10) The materials of container, inner structure and
circuit are mainly Hastelloy-N alloys. The reflector is nucle-
ar-grade graphite, the control rod sleeves are SiC/SiC compo-
sites or C/C composites; 11) The safety facilities include con-
tainment bodies, passive decay heat removal system and other
facilities. The physical scheme of TMSR-LF1 is shown in
Fig.1.

Fig.1 Physical solution of 10 MW(th) solid fuel molten salt
experimental reactor (TMSR-SF1)

The design of 2 MW(th)
ex-perimental reactor

liquid fuel molten salt

The 2 MW(th) liquid fuel molten salt experimental reac-
tor (TMSR-LF1) is the first reactor in 50 years after the end of
the MSRE project at the Oak Ridge National Laboratory in the
United States.

The basic parameters of TMSR-LF1 mainly include: 1)
the **°U enrichment is less than 20 wt%; 2) the molten salt fuel
is LiF-BeF,-ThF;-UF,, and the molar ratio is 70.2%-
26.8%-0.073%-2.927%, in which the Li-7 abundance is
99.95%; 3) the initial residual reactivity is 2 000 pcm; 4) the
molten salt fuel contains a small amount of Th to verify the
thorium-uranium conversion; 5) the control of reactivity is
achieved by using a control rod, shut-down margin at a depth
of 3$. In addition, for the measurement, monitoring, and ex-
perimental needs, four Hastelloy sleeve channels (see Fig.2
right) were used for neutron sources, physical startup, power
monitoring, and irradiation experiments, respectively. The
physical scheme of TMSR-LF1 is shown in Fig.2.



Fig.2 Physical scheme of 2 MW(th) liquid fuel molten salt
experimental reactor (TMSR-SF1)

Design of high-power molten salt cooled pebble bed
reactor

High-Power Molten Salt Cooled Pebble Bed Reactor,
which is aimed to demonstrate the safety, economy, sustaina-
ble development of fluoride salt cooled high temperature re-
actor in the long-term goal, is an important part of the TMSR
project to achive the transition from test reactor to commercial
reactor. It inculds two kinds of reactor designes according to
the reactor core: 100 MW(th) and 600 MW(th) flowing packed
pebble bed.

The main goals of the 100 MW flowing pebble bed rea-
cor include: 1) To demonstrate the economical efficiency of
fluoride salt cooled high temperature reactor and to realize the
integrated application of efficient power and high temperature
hydrogen production; 2) To demonstrate the utilization of Th
resources in fluoride salt cooled high temperature reactor; 3)
To implement the integration and application of the technolo-
gy of the industrial scaled fluoride salt cooled pebble bed re-
actorto demonstrate promotion for commercial application,
and lay a solid foundation for the research and deveopment of
GW level TMSR.

The nuclear power system of the 100 MW flowing
packed pebble bed reacorconsists of nuclear island and con-
ventional island. Nuclear island includes reactor proper, cool-
ant system and related ancillary facilities, the main function
are to generate heat and transfer it to the conventional island.
Conventional is land mainly includs steam turbine generator
set, high temperature hydrogen production system and the
supporting facilities, the main function is to implement the
application of the nuclear thermal.

o

L

Fig.3 Schematic diagram of the reactor proper of the flowing
packed pebble bed reacor

In 2014, TMSR designed a 600 MW(th) flowing peb-
ble-bed flouride cooled high temperature reactor, named
TMSR-SF2. Core of TMSR-SF2 adopts the ring structure with
control rod channel arranged in the middle graphite reflector
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(inner reflector). The physical model of the reacorcore is
shown in Fig.4. in which the purple refers to fuel, yellow for
the coolant and grey for graphite.

1

l!!:. .
il |

Fig.4 Longitudinal section sketch of the reactor core of

TMSR-SF2

Basic research on thermal hydraulics in molten salt
reactor

The measurement of the forced convective heat transfer
coefficient in the smooth tube was completed based on the
nitrate loop (HTS); the result is between the results of the
ORNL measurements and Beijing University of Technology,
as shown in Fig.5. Meanwhile, the convective heat transfer
coefficient in pipe with molten salt was evaluated.

T=300C KNOs-NaNO,-NaNO, £ i 6 44 5 il £&
Jeo i g g 2 HEA

= Gnielinski

LU

“Re

Fig.5 The forced convective heat transfer coefficient in the
light tube based on HTS

A flow field measurement system was estabilished based
on the Particle Image Velocimetry(PIV). The scaled model
was devised according to TMSR-SF1. Experiments were con-
ducted to investigate the flow field in the complex geometry
area of the core. The flow field among the fuel pebbles and the
reconstruction data are shown in Fig.6.

Fig.6 The flow field among the fuel pebbles and the recon-
struction data
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Research on thorium-uranium fuel cycle

Reactor Physics Department

Background

This research is under the framework of the TMSR stra-
tegic pioneer science and technology project of CAS, aiming at
the optimization of thorium utilization in molten salt reactors
(MSRs). Several aspects of thorium-uranium fuel cycle re-
search have been carried out, such as thorium uranium fuel
cycle analysis, thorium uranium nuclear data research and
accelerator driven neutron physics experiments.

The software platform has been improved especially in
the field of solid fuel management (batch feeding), burn-up
calculation optimization, on-line feeding, and pyro-processing
process of liquid-fuel MSR etc. Based on the platform, two
kinds of MSR including the solid-fueled molten salt reactor
(TMSR-SF) and liquid-fueled molten salt reactor (TMSR-LF)
were analyzed. The neutronic characteristics including neutron
spectrum, effective multiplicity factor (K.), and temperature
coefficient of reactivity (TCR), breeding ratio, transmutation
behavior and burnup have been studied. Furthermore, the Th-U
fuel cycle for some new conceptual reactors like EM2 and
CANDLE has also been analyzed.

The special nuclear data library has been established based
on the analysis requirements of Th-U fuel cycle. The CENDL-
TMSR Library has been developed with the thermal neutron
scattering data for FLiBe. Furthermore, the uncertainty analysis
and database benchmarking of ACE and WIMS have been
completed based on the CENDL-TMSR library. Besides,
SAND-I1642 has been developed based on ENDF/B-VII.O.

Besides, a 15 MeV electron linac-driven neutron source
was constructed for key nuclear data measurements of Thorium
Molten Salt Reactor (TMSR) project.

Thorium uranium fuel cycle physical analysis software

The coupling software MOCBurnup based on MCNP and
Origen has been completed and the post-processing software
based on SCALEG6 has been developed.

MOCBurnup is a criticality and burnup calculation soft-
ware compiled with MATLAB. The powerful data processing
ability and simulation ability of MATLAB can be used to ana-
lyze thorium uranium fuel cycle, including K., neutron flux
distribution, power distribution, the nuclear reaction cross
section, nuclide evolution, burnup, and radio-toxicities etc.

The existing SCALEG6 software cannot handle the simula-
tion for continuous feeding and on-line reprocessing in MSR.
Therefore, a processing program has been developed based on
SCALESG. This software can maintain minor actinides (MAs)
mass conservation and reactor criticality during operation. The
flowchart is shown in Fig.1. The calculated parameters include
k.s, neutron flux, neutron spectrum, breeding ratio, nuclide
evolution and radio-toxicity etc.

76

Statistics

I—@iﬁ)

~Nextstep—————

Fig.1 Flowchart of fuel cycle analysis software

Physical analysis of thorium uranium fuel cycle

Based on the above two softwares, the physical analysis of
solid-fueled MSR, liquid-fueled MSR and new concept reactor
were carried out.

In order to utilize thorium in Fluoride salt-cooled
High-temperature Reactor (FHR), neutronics analysis for tho-
rium based fuels (233U+Th, 25U+Th and 239Pu+Th) was carried
out in a whole-core model of pebble bed FHR. Uranium (***U)
based fuels with the above three fissile nuclides were also
analyzed for comparison. Neutron characteristics including
neutron spectrum, effective multiplicity factor (K.q), tempera-
ture coefficient of reactivity (TCR), conversion ratio (CR) and
burnup for the six fuel options were discussed. Results are
shown in Fig.2 and Fig.3.
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Breeding capacity is one of the most important characters
of TMSR. The feedback coefficient and the breeding ratio are
optimized based on the fuel-to-graphite ratio variation for a
thorium based MSR (TMSR). A certain thermal core with
negative feedback coefficient and relative high initial breeding
ratio is chosen for the reprocessing scheme analysis. Results
can are shown in Fig.4.
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Fig. 4 Temperature feedback coefficient and initial breeding
ratio with different moderation ratios.

Effective transmutation of minor actinides (MA) could be
achieved in this kind of fast reactor, which is of importance in
the future closed nuclear fuel cycle scenario. The reactivity, the
fuel temperature coefficient, the effective delayed neutron
fraction, the U depletion and the MA transmutation capability
were analyzed for different MA loadings. The result in Fig.5
shows that for all the operating powers the depletion ratio of
MA to HN increases with time and reaches a maximum value.
And additional MA should be fed into the fuel salt before the
MA depletion ratio reaches the peak value to improve its
transmutation capability. The net mass of the transmuted MA
during the 50 years operation for 500 MW(th) is 5 620 kg which
is very close to that for 1 000 MW(th) .
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Fig.5 Time evolutions of FT for different MA loadings
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The Energy Multiplier Module (EM2) is a compact
gas-cooled fast reactor as one of candidates of the Genera-
tion-IV nuclear energy systems. Th-U fuel cycle has been
analyzed in EM2 and can be used as reference for the design of
TMSR.

EM2 core includes the starter zone, the fertile zone, the
inner Be,C and the outer graphite reflectors. The analysis gives
an insight into the pros and cons of U-Pu and Th-U fuel cycles
in terms of the breeding capability and the discharged ra-
dio-toxicity. The contribution to k. from key important acti-
nides can be seen in Fig.6.

The semi-CANDLE is able to reach high burnup with
once-through fuel cycle. This implies that the self-organizing
nuclear burning regime, i.e. the equilibrium state of the
semi-CANDLE core can be achieved after a time span of tran-
sition. In this state the shape of neutron flux, nuclide density
and power density keep almost constant but move with a ve-
locity proportionate to operating power. And a very high heavy
metal utilization of ~50% can be achieved. It proves that con-
structing the ignition scheme with refer to an ideal equilibrium
CANDLE is an effective way for building the startup of a
CANDLE reactor. The results are shown Fig.7.
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Fig.6 Contribution to K. from important actinides.

—a=— pre-CANDLE core
—s—semi-CANDLE core

10000 15000 20000 25000 30000
Burnup days (day)

T
0 5000

Fig.7 Symbolic k. versus burnup of the pre-CA (square
point line) and the semi-CANDLE (circle point line).

Thorium-uranium nuclear data research

Nuclear data of U-235 has been developed for decades,
which are relatively complete and accurate compared to the
data of Th-U fuel cycle. In order to solve the problems of lack
or error of Th-U nuclear data, a special nuclear data library of
TMSR has been developed which is called CENDL-TMSR.
CENDL-TMSR includes the preferable evaluated data of the
five international databases, and the FLiBe thermal neutron



scattering data for TMSR, and 35 key nuclides with high sen-
sitivity.

SAND-II 642 has been developed based on
ENDF/B-VII.1 which includes 51 nuclides, 4 temperature
points (30 °C, 550 °C, 600 °C and 650 °C) and 84 reaction
channels. The cross section processing has been established as
shown in Fig.8 for faster manufacture of databases.

Fig.8 TMSR-SAND-II cross section processing

Besides, the macroscopic examination of CENDL-
TMSR-WIMS and CENDL-TMSR-ACE with 69-group has
been completed. And the processing of MCNP photon nuclear
database and the measurement of ThO, leakage spectrum have
been carried out.

Photo-neutron Source Driven by 15 MeV Electron Linac

An electron linac-driven neutron source was constructed at
the Shanghai Institute of Applied Physics, Chinese Academy of
Sciences (SINAP-CAS), as shown in Fig.9. The neutron source
was designed for key nuclear data measurements for the TMSR
project. The linac delivers an electron beam of 15 MeV, with a
beam current of 0.1 mA, and avariable repetition rate from 1 to
266 Hz. The neutron yields under average electron beam pow-
ers from 10 W to 500 W, with beam pulse width of 5 ns, 50 ns,
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and 1.5 ps, were measured, as shown in Fig.10. The ToF spec-
trometer was constructed with several kinds of neutron detec-
tors combined with Flash ADC digitizer and VME electronics
systems.

Fig.9 Layout of the Photo-neutron Source
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The research of reactor engineering technology

Reactor Physics Department

This project focused on the research and development of
molten salt reactor's key engineering technology and equipment,
as well as the engineering design of molten salt experimental
reactor. The progress of this subject mainly included solid
reactor design, structural mechanics evaluation, instrumenta-
tion and control system design and development.

Following the reactor physics design plan, The design
evolvement from orderly accumulation of 2 MW to 10 MW,
10 MW orderly stacking to 10 MW random stacking was
completed, and a core graphite component prototype was de-
veloped.

The structural mechanics group completed the mechanical
analysis of graphite components, pressure vessels, control rods,
molten salt pumps and pipes.

For the design and development of the molten salt reactor
control system, the architecture design of the 1&C system, the
software structural design of the control system, the functional
development of the core software package, the protection sys-
tem, and the development of the high temperature stepper
motor prototype were completed.

In the design and development of the molten salt reactor
instrumentation system, the neutron flux measurement program
design, high-temperature ultrasonic flowmeter calibration
platform design, and the development of the TMSR-SF1 reac-
tive instrument prototype, and the development of the ther-
mo-parameter measurement instrument prototype were com-
pleted.

Reactor body structure design of solid molten salt re-actor

The TMSR-SF1 has undergone a design evolution of
2 MW ordered stacked with non-centered graphite col-umns,
10 MW ordered stacking to 10 MW disordered stacking. The
design of the reactor body structure has also been changed
following the physical design.

We had completed the engineering design of SF1 reactor
body structure, control rod drive mechanism structure, fuel ball
loading and unloading mechanism, and the rabbit running
device inside the reactor. We had also completed the graphite
core design, single structure reach of control rod drive mecha-
nism, fuel ball loading and unloading mechanism, spectral
measurement, such as running rabbit mechanism, what belong
to prototype development and experimental work.

At present, the TMSR-SF1 reactor body engineering de-
sign scheme is shown in Fig.1. The reactor body mainly in-
cludes the following equipment: reactor core, reactor internals,
pressure vessel, control rod and its drive mechanism, monitor-
ing sample pipeline system, and core measurement instrumen-
tation system, etc.

The core is mainly composed of an active core region and
a graphite reflective layer assembly; the internal components
are mainly composed of graphite structure, core surrounding
cylinder, pressing device, upper inner member of the reactor,
and other subsidiary structures;

The pressure vessel is the coolant pressure boundary and it
is mainly used to load the reactor core, the internals and the
coolant, which is high temperature and high corrosion. And it is
also used to contain radioactive sub-stances;

The control rod drive mechanism has two types: the
sprocket-chain control rod drive mechanism and the line- ar-
motor control rod drive mechanism. The control rods adopt the
single rod structure.

The 1/4 graphite core prototype of SF1 structure, shown in
Fig.2, is mainly used to test the manufacturing process of
graphite components, and used to test the gap between graphite
components, graphite pin and T-key gap. Those results can used
to determine a reason-able clearance value, and also make sure
the designs of graphite components lifting tools are reasonable.

The single structure reach of control rod drive mechanism
is shown in Fig.3. A centrifugal friction and speed limiting
damper was introduced in the structural design to enable the
control rod drive mechanism to have better speed following. It
also use the design of ceramic ball bearings and dry film lu-
brication, etc.

The prototype is mainly used to make sure whether the
function of the centrifugal friction and speed limiting damper
can meets the requirements of design, and whether the design
specifications of the prototype can meet the requirements in the
normal temperature environment, and whether the long-term
operation reliability can meets the requirements.

Fuel ball loading and unloading mechanism of SF1 is
shown in Fig.4. It can used to simulate the fuel ball operation
and storage system of solid-state molten salt reactors. It also
considers the radial core partitioning experimental require-
ments to achieve fuel ball unloading, loading, transmission and
detection and separation.

Fig.1 Reactor body structure design of TMSR-SF1



Fig.3 The single structure reach of control rod drive mecha-
nism of TMSR
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Fig.4 The fuel ball loading and unloading mechanism of
TMSR-SF1

Structure evaluation of TMSR-SF1 reactor

Based on the current design version of TMSR-SF1, the
safety assessment of equipment structures has been completed,
including the graphite core components, reactor vessel, control
rod, molten salt pump and loop piping, etc. The effect of neu-
tron irradiation on thermal conductivity and irradiation induced
creep are considered in the stress analysis of graphite core
components. Fig.5 shows the von-Mises distribution in an
irradiated graphite core component. The value of stresses at
different positon with different irradiation fluence and different
strain are compared and optimized. According to ASME-NH
code, the load-controlled stress in pressure vessel is evaluated
by using elastic analysis, while the strain and deformation of
pressure vessel is evaluated by using simplified inelastic anal-
ysis. The contours of stress distribution in pressure vessel is
shown in Fig.6. In addition, the stress in molted salt pump is
analyzed and evaluated based on ASME-NH code. The con-
tours of stress distribution in molten salt pump is shown in
Fig.7.
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Fig.5 Contours of stress distribution in an irradiated graphite
core component of TMSR-SF1
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Fig.7 Contours of stress distribution in molten salt pump of

TMSR-SF1

Design and development of the molten salt reactor control
system

According to the conceptual design of the TMSR-SF1, the
architecture design of the 1&C system, the software structural
design of the control system, the functional development of the
control system core software package, the protection system,
and the development of the high-temperature stepper motor
prototype were completed.

The entire 1&C system adopts a digital distributed control
system architecture and adopts a standard four-layer design,
including supervisory control layer, network layer, process
control layer, and field device layer. The control system soft-
ware consists of four parts: core software package, hu-
man-machine interface software, database software and con-
figuration software.
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Fig.8 TMSR-SF1 I&C system overall architecture

The main development content of the control system
software is the development of the EPICS core software, in-
cluding device driver development based on RT-Linux em-
bedded 10C, human-machine interface software development
of control system, and application development based on Ora-
cle database.

The protection system principle prototype mainly solves
the key technical problems of the FPGA-based protection
system, verifies the feasibility of the solution, focuses on the
realization of the principle and functions, and combines the
prototype to carry out key technology research. At present,
prototype development and most of the key technologies have
been completed. Prototype logic function tests meet the design
requirements. The prototype of the protection system is shown
in Fig.9.

Fig.9 TMSR-SF1 protection system principle prototype

Design and development of the molten salt reactor in-
strumentation system

The design of neutron flux instrumentation and the elec-
tronic prototype development of corresponding reactivity were
completed.

The preliminary scheme of external neutron measure-
ment system for the reactor is shown as Fig.10. It is composed
of three separate sequence, each sequence contains a source
detector, an intermediate detector, a power detector. The three
ranges overlap, and the nuclear power measurement from start
to full power is realized. The detector signal is processed by the
electronic instrument, and it is sent to the protection system as
an important protection variable and a signal source of the
power control for the reactor.

|

Fig.10 The preliminary scheme of the external neutron
measurement system for TMSR-SF1
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The conceptual design of thermal instrument and calibra-
tion of the platform for molten salt loop of TMSR were com-
pleted. The calibration platform integrated advanced technol-
ogy such as pressure gauge, heating thermocouple liquid level
sensor and electrode liquid level switch, etc. The system
composition is shown as Fig.11.

+— ESWA

e provyee

S

Fig.11 Flow calibration system for TMSR-SF1.

The design and review of the principle prototype of reac-
tivity meter is completed. It adopts portable system design,
which consists of neutron detector, electronics system, signal
acquisition module and notebook computer. The neutron flux
rate signal of the reactor is collected by the detector, processed
by electronic system, and then sent to the laptop for analysis
and calculation. The reactivity value is calculated by inverse
dynamic method and periodic method. Related equipment
purchases have been completed. The software development and
test of the reactivity measurement system were completed, and
the function and algorithm of the prototype were verified on the
low-enriched micro-reactor critical device of the atomic energy
institute. The actual measurement results are shown as Fig.12.
In the process of rising power, the reactivity is determined, and
the measurement results also reflect this process. When the
control rods move, the reactivity is introduced, and the process
is measured correctly. It shows that the system can handle pulse
and current signal correctly ,and then get reactivity.
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Fig.12 The actual measurement results of the reactivity
measurement system for TMSR-SF1. The process of rising
power (above); the process of control rods moving (under)
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Thorium-uranium nuclear safety and engineering

Nuclear Safety and Engineering

Nuclear safety is the lifeline of nuclear energy develop-
ment. As one of the Generation IV reactor, MSR has a favour-
able inherent safety. Thorium-based Molten Salt Experiment
Reactor with Solid Fuel (TMSR-SF1), which shall be the first
kind of FHR around the world, will face unknow nuclear safety
challenge; Also Thorium-based Molten Salt Experiment Re-
actor with Liquid Fuel (TMSR-LF1) will pay more attention on
the radiation containment and protection. After Fukushima
nuclear accident, the public and Government regulators have
raised the requirement of nuclear safety to an unprecedented
level.

Thorium-Uranium Nuclear Safety and Engineering is a
vital component of TMSR. The goal of this project is to guar-
antee the nuclear and radiation safety of above two molten salt
experiment reactors in the whole life, and pass the technical
review and supervision from National Nuclear Safety Regula-
tory Authority (NNSRA) in each phase to obtain necessary
licenses. In order this project is devided into TMSR Nuclear
Safety, TMSR Radiation Safety, Thoirum- Uranium Radioac-
tive Waste Disposal and Thoirum-Uranium Environmental and
Occupational Health four tasks.

During the year from 2013-2014, many remarkable pro-
gresses such as site selection, the safety system design and
analysis, safety design criteria and standard, radiation safety
and radioactive waste disposal have been made. All work of
nuclear and radiation safety, licenses application for reactor
construction is compeleted on the schedule. Moreover, safety
standard and other safety specification of molten salt reactor
have pushed ahead, which shows a good start from experiment
to demonstration and commercialization of MSR.

Site Selection and soft soil foundation

The work of site selection is to obtain the site selection
review submissions issued by NNSRA in three phases of re-
gional survey, site census and detail probe. We have succes-
sively established site evaluation criteria and site review prin-
ciple of TMSR-SF1, and finished experts’s consulation orga-
nized by NNSRA. It will lay the foundation for the third phase,
including field investigation.

We successfully address the aseismatic design issue of
research reactor on the soft soil foundation, making it possible
for building the experiment reactor in the site of Dafeng. At
present, the nuclear plants in our country have built and been
building on the bedrock to satisfy the seismic requirement, and
all research reactors refer to this standard. None domestic
design institutes has experiences to design reactors on soft soil
foundation. After a comprehensive investigation, we proposed
the suggestion that the seismic design of 11 class reactor (molten
salt experiment reactor is classified as Il class reactor) can be
carried out in the current aseismic design code for civil build-
ings, seismic force is set as basic earthquake action plus 1 in the
region, anti-seismic measures is set as basic seismic intensity
plus 1 in the region. It has passed the experts’s argumentation
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organized by NNSRA, which makes it possible to build mol-
ten salt experiment reactor in the site of Dafeng. The investi-
gation will expand buildable area of domestic nuclear power
facility.

Safety System Design

Safety system design can be devided into three stages, as
for concept design, preliminary design and detailed design. We
have finished concept design in 2014, and preliminary design is
under way by cooperating with domestic design insititute. The
work strictly follows the schedule of TMSR, and ensures the
design progress of molten salt experiment reactor. During the
desing of Dafeng campus, we aslo finished the design, reform
and construction of radiation shield and monitoring system,
radioactive waste disposal system in Jiading campus, which
improved the ability of radioactive management. On one hand,
it has created necessary conditions for the key researches such
as radiochemical separation of thorium-uranium fuel cycle,
data measurement of thorium and uranium nucleus, and mate-
rial irradiation. On the other hand, it has accumulated many
valuable experiences for the safety system of MSR.

The safety analysis of MSR is Carried out

for the construction permit, and the safety analysis report
calls for the review of National Nuclear Safety Administration.
The safety analysis of solid fuel molten salt reactor is different
with the other types of reactor, such as the flow and heat
transfer characteristics of the coolant which lies in the pebble
bed reactor core, the special physical and chemical properties of
molten salt coolant, the law of migration for radioactive mate-
rial in the molten salt system. The antifreezed fluoride molten
salt also needs to be focused on. The initial development of the
safety analysis method has been able to adapt to the needs of the
preliminary safety analysis. Based on the existing calculation
methods, the project added a special model of molten salt re-
actor (implanted a conservative convective heat transfer for-
mula which is suitable for the core of the pebble bed reactor,
and the heat transfer formula is conservative, which accords
with the safety requirement of the conservative model in safety
analysis). The project has prepared a preliminary safety analy-
sis report, and the safety analysis and calculation work is in
progress. The method of safety analysis, the framework of
security analysis report, both has been dissussed by the national
nuclear safety regulatory authorities, as well as the technical
support units of the national nuclear safety, such as the national
nuclear and radiation safety center, the nuclear safety center of
Suzhou thermal engineering center, and other organizitions, as
the experts of ORNL, UC-Berkeley, and so on which laid the
foundation for the application for the construction of license
and the security review.
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Fig.1 Experimental loop of natural circulation
for molten salt

The project has made important progress in the safety
analysis software, by completing the adaptive modification of
RELAPS5 program, the problem of non-applicable software in
solid fuel reactor system safety analysis is assloved, and the
progress of safety analysis is ensured. The project has also
made important progress in the following aspects: 1) the ex-
periments of heat transfer in molten salt natural circulation; 2)
The finishment of design and construction of the experimental
loop of nitrate natural circulation (Fig.1); 3) The undergoing
experiment of the eddy current diode. Natural circulation cir-
cuit and eddy current diode are the key equipments of passive
decay heat elimination system for high-powered molten salt
reactor. In the future, the anhydrous cooling can really be
achived in high-power molten salt reactor, and serious acci-
dents which similar to Fukushima can be completely avoided.

Safety analysis

The Safety analysis can be divided into four stages. The
first stage is, the safety analysis report frame and the contents
to be determined; the second stage is, the preliminary safety
analysis report to be completed, the preliminary safety analysis
method to be established, and the test-verify plan to be put
forward; the third stage is, the experimental verification and
the final safety analysis report to be carried out; the fourth
stage is, according to the reactor test results the operation ex-
perience, the safety analysis method to be revised and per-
fected. The safety analysis is completed strictly in accordance
with the requirements of the global progress. In 2014, the first
stage has been completed, the preliminary safety analysis
method has been promoted, the preliminary safety analysis has
been made for the conceptual design of solid fuel molten salt
reactor, and the first draft of safety analysis report has been
completed.

Safety design criteria and safety standards

The related work of safety design criteria and nuclear
safety standards can be divided into three parts: the establish-
ment of safety design criteria, the drafting of review principles
and the establishment of safety standards. At present, safety
design guidelines have been basically established and evalu-
ated by the technical support units of the national nuclear
safety supervision department, and the design guidelines of all
the process systems will be reported to the national nuclear
safety supervision department. The drafting of the review
principles is now being carried out. At the aspect of security
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standards, study on safety standards work for the fluoride salt
cooled high-temperature reactor (which called as solid fuel in
molten salt reactor by China) has been lauched by a joint
working group, combined with the well-known research insti-
tutions. companies and government departments in the United
States, including ORNL, INL, SNL, MIT, UC-Berkeley,
Westinghouse, NRC, and national nuclear and radiation safety
center in China. The plan has been approved by the Nuclear
Facilities Standards Committee (NFSC) of the US nuclear
society, and the standard number ANSI/ANS-20.1 is expected
to be completed in about five years. After completion, it will
become the national standard of the United States.

Through the cooperation with the United States for the
developed safety standards of the molten salt reactor, we have
entered the core club of the safety research of the solid fuel
molten salt reactor. It has been synchronized with the most
advanced international level in the safety concept. the research
method. the technical route of the nuclear molten salt reactor.
The phased achievement of this standard research work and its
final establishment will provide a systematic solution for
solving the safety problems of solid fuel moten salt reactor
construction and operation in China.

Radiation monitoring system of Jiading Park

The project is basically built in Jiading Park, which is a
real-time monitoring system for the rearch of thorium-uranium
fuel cycle. It provides the monitoring means for long-term
radiation safety in Jiading park.

During the construction of the project, the characteristics
of radionuclides which involes thorium-uranium fuel cycle, In
accordance with the national standards which related to radia-
tion monitoring, based on physics experiment and industrial
control system (EPICS), used of network technology, The
system integration monitoring of different detector types is
realized, such as the laboratory work, effluent discharge and
park environment, and gamma monitor for semiconductor
regions, gamma monitor for ionization chamber area, neutron
regional monitor, gamma monitor for environmental, alarm
system of personal dose meter, radioactive aerosol monitor,
process gamma radiation monitor, hand foot clothing surface
contamination monitor and small object monitor, which has
strong expansibility and wide application prospect for devel-
opment, and realizes the reasonable and advanced of the de-
sign.

(@) Environmental gamma monitor



(b) Radioactive waste liquid monitor
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Fig.2 Radiation monitoring equipment and software
in Jiading Park
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Renovation of waste disposal facilities in Jiading Park

The popurse for radioactive waste treatment facilities
renovation in Jiading Park is to meet the needs of radioactive
waste treatment for TMSR Th-U nuclear fuel cycle experiment
which to be carried out in the next 20 years. The renovation
project includes the wastewater treatment plant in 104 building,
the solid waste impoundments in 106 building, and the
transport and storage system for low level liquid waste at
Jiading park. The treatment of low level wastewater can meet
the "comprehensive wastewater discharge standard” (DB31/
199-1997).The total alpha radioactivity is less than 1 Bg/L, the
total beta radioactivity is less than 10 Bag/L, and for effluent
water to reache the standard, the treatment process of low level
wastewater is shown in Fig.3. The flocculation, residue and
waste resin produced in the treatment of waste water are fixed
by cement. The functions of the waste bank include the reduc-
tion of compressible solid waste and the temporary storage of
solid waste. After completion of the renovation, the facility is
a more advanced, largest and most fully functioning radioac-
tive waste disposal facility in the nuclear technology utiliza-
tion unit of the east China.

Fig.3 Process flow chart of low r adioactivity
wastewater treatment
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TMSR design platform

Department of Reactor Physics

The RMSR design platform sub-project has vision to
provide design codes and tools for design & analysis of Molten
Salt Reactors (MSR), as well as long-term ability build-up. The
sub-project advances both in calculation infrastructure con-
struction and in MSR design & analysis software development.

A super computer system and a CAVE system dedicated to
TMSR project commissioned during last two years, providing
large scale hybrid high performance computating resource and
full-immersed 3D virtual reality display techniques respec-
tively.

A framework of deterministic analysis code package for
MSR has been established, as well as model, algorithm, codes
and modules within the framework. Also, an investigation on
the applicability of designing softwares for solid-fueld MSR
has been conducted.

Construction of TMSR super computer system

The Super Computer System (SCS) of TMSR has a
CPU-GPU hybrid architecture. The feasibility study and unit
test of TMSR SCS started on May 2011, the first phase of
construction was finished on December 2012 and the seconde
phase of construction was finished on August 2013; those
construction phases are shown as Fig.1. At the full commission
of TMSR SCS, configuration of the core hardware system is
shown as Fig.2; the single precision floating point performance
can be as high as 204 TFLOPS, one third of the performance is
proved by CPUs, the rest is proved by GPUs; the storage grid
has a raw capacity of 1.2 PB, where the working domain has a
volume of 960 TB, and the back-up domain has a volume of
276 TB, the combined parallel file system has a bandwidth as
high as 16 GB; the high-speed internal linkage within the
TMSR SCS is based on 40 GB Infiniband PBXs, both the
measured delay and bandwidth has a beter performance than
target values.

0.8 PB— : j @; 0.4P8
GPU: 60 Units GPU: 24 Units
40960 Cores
102 THlaps
CPU; 152 Units
976 Cores——
30 Tlops

hRRED

12288 Cores
30 Tlops

EHRED

CPU: 168 Units
~—1328 Cores
42 Tflops

AT/ T R | mmmen |
May Jan hES TERES

| Oct ‘ Jan Sep ‘ Jun
2011 2012 2014

Fig.1 The construction phases of the TMSR SCS and
performance accordingly
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Fig.2 The core hardware configuration of the TMSR SCS

The trail operation of TMSR SCS started right after the
construction phase-I, softwares and codes of reactor neutronics,
thermal-hydraulics, shielding, and material scince are deployed.
By the end of FY 2013, numbers of total user accounts on
TMSR SCS reached 150, more than 90 000 computing jobs
were executed, the overall walltime reached 3 100 000 pro-
cessor hours; by the end of FY 2014, number of total user
accounts on TMSR SCS reached 173, more than 170 000
computing jobs were executed, the overall walltime reached 11
000 000 processor hours. The walltime in hours and the CPU
load ratio of TMSR SCS during FY 2014 are shown as Fig-3.
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Fig.3 The walltime hours and the CPU load ratio of the
TMSR SCS, FY 2014

Construction of TMSR CAVE System

The CAVE System (CS) of TMSR has advanced virtual
reality technologies such as 4-channel cave-like full- immersed
circumstances, active 3D projection, human positioning and
motion capture, etc., to establish deep interactions between
users and digital contents such as 3D solid models, through
which users can experience vivid and immersive perception and
cognition. The TMSR CS was built on June 2013 at the
Shanghai University of Science and Technology, a digital con-
tent of liquid-fueld MSR conception was deployed on TMSR
CS. The TMSR CS was relocated to SINAP JiaDing campus at
the end of FY 2014. The equipment layout of TMSR CS is
shown as Fig.4.



Fig.4 The equipment layout of TMSR CS

Research and development of the deterministic analysis
code package for MSR

The Deterministic Analysis Code Package (DACP) for
MSR has a long-term goal to accomplish determinis computer
code for design analysis and safety assessment of target molten
salt reactor types and models. One the level-0, The DCAP has a
4-layer architecture, as shown in Fig.5. Where the public dy-
namic data consolidates entire physical data within DCAP, a
growing group of functional modules implement the demanded
calculating and solving functions, a group of general modules
conduct the function of user interfacing and match functions
among functional modules, the main message loop controls the
running procedure by calling those functional and/or general
modules.

Gen. Modules

Main Message
Loop

Fun. Modules

Pub. Dyn. Data

Fig.5 The level-0 architecture of DCAP-MSR

The R&D on model, algorithm, codes and modules of
DCAP-MSR is unfolded in both reactor neutronics and ther-
mal-hydraulics, including: 1) one-dimensional transient analy-
sis code for solid-fueled MSR, 2) two- dimensional transient
analysis code for pebble-bed MSR, 3) cell-level code of the
macroscopic group-constants generator of TRISO-based peb-
ble-bed reactor.

The one-dimensional transient analysis code for sol-
id-fueled MSR is based on a point kinetics model developed by
Xi’an JiaoTong University, integrated with a lumped parameter

95

model used by High-Temperature Gas Reactor; the physical
model is shown as Fig.6.
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Fig.6 The physical model of one-dimensional transient
analysis code for solid-fueled MSR

The two-dimensional transient analysis code for peb-
ble-bed MSR can be used to simulate procedures such as re-
actor start-up, shut-down, power-up, power-down, and beyond
design basis accidents (BDBA) like rod ejection, reactor scram;
the physical model is shown as Fig.7.

Secondary loop

Control rod

Primary loop

Fig.7 The physical model of two-dimensional transient

analysis code for pebble-bed MSR

The macroscopic group-constants generator code of
TRISO-based pebble-bed reactor is composed with two mod-
ules, cell-level module and assembly-level module. The
cell-level module homogenizes the fuel cell and/or the poision
cell by Collision Probability Method (CPM) and provide
cell-homogenized macroscopic cross- section; the assem-
bly-level module establish neutron transportation equation set
within a fuel assembly, and slove the equation set using
Transmission Probability Method (TPM). The few-group
macroscopic cross- section calculated by the assembly-level
module will be used in solving neutron diffusion equations for
the reactor core. The cell-level code of the macroscopic
group-constants generator of TRISO-based pebble is developed;
the flow diagram is shown as Fig.8.
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Fig.8 The flow diagram of the cell-level code of the macro-
scopic group-constants gener-ator of TRISO-based pebble
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Investigation on the applicability of designing softwares for
solid-fueld MSR

After a detaild survey of the required software applicabil-
ity description in Preliminary Safety Analysis fow a given
nuclear power plant, Final Safety Analysis for experimental
reactor, an investigation on the applicability of designing
softwares for solid-fueld MSR—*“Assement report on the ap-
plicability of designing and safety analysis softwares for
10MW solid fueld Thorium- based Experimental Reactor
(TMSR-SF1) »— was done with collaboration from 4 depart-
ments, 6 groups. The report starts from investigations across the
relevant existing legislation on design of safety for research
reactor, the research reactor safety objectives and main features
are generalized, requirements on applicability description for
design and safety analysis softwares are summarized; basic
concepts and characters of solid-fueled MSR are introduced,
overall design of TMSR-SF1 was summarized; general de-
mands of design and safety analysis software for solid fueled
reactors are analyzed, specific demands for TMSR-SF1 design
and safety analysis are stated, the completeness of TMSR-SF1
design and safety analysis tools are discussed; the applicability
of major design and safety analysis tools for TMSR-SF1 are
physics, ther-
mal-hydaulics, structural mechanics and earthquake-resistant,

described, in such categories: reactor

radioactive source term and radiation calculation, safety anal-
ysis.
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Molten salt loop technology

Molten salt chemistry and engineering department

Molten salt loops are the assurances for reliable and ef-
fective operation of molten salt reactor, supply reactor with
fuel and transfer nuclear fission (heat). That needs high re-
quirements for safe sealing performance, high temperature
resistant performance, corrosion resistant performance and
reliability operation of the loop. The main task of the molten
salt loop technology is developing the key equipments with
high temperature corrosion resistant performance, including
high temperature molten salt pump, freeze valve, molten salt
regulating valve, freeze flange, double sealing flange, thermal
insulation, etc., and establishing the related test loop to do
performance test, which guarantees safe and reliable operation
of the molten salt loop.

The developments of advanced freeze valve and freeze
flange have been completed. The design of double sealing
flange used in pipe and the test of high temperature gas seal
performance test and the common seal compression mechanical
properties have been completed. Primary circulation prototype
pump of 304 stainless steel was developed, and completed the
water test and hot performance test, to validate the pump
structure design, calculation and simulation methods and offer
the optimization direction and technology accumulation for
subsequent pump used in Thorium-based Molten Salt Reactor.
TMSR is developing primary circulation engineering prototype
pump built with Hastelloy N. The fluoride salt pressure gauge
and differential gauge have been developed. We have devel-
oped a mechanical valve engineering prototype. TMSR com-
plete the pump test-bench design using molten salt, the primary
circulation engineering prototype pump high temperature per-
formance test conducted on the bench. We also developed the
preheating insulation engineering prototype for the equipment
and pipe and the performance test has been completed. The
thermal test section has been built and run on the basis of
FLiNaK loop.

Freeze valve is one of the key equipments for molten salt
reactor. It is the important equipment for connecting between
reactor and emergency drain tank, mainly used as globe valve in
molten salt storage system, both used as overheat safety dis-
charge valve. Freeze valve uses "passive” concept, namely
natural convection and condensation principle to realize the
valve open and closed. Freeze valve is mainly composed of
flatten section of pipe and the heating, cooling equipments.
Normally, the working cooling equipment makes the salt in
valve frozen, which block the salt flow. When the accident
occurred or cooling equipment closed, the frozen salt in valve
absorbs heat and melt. The melt salt in valve can flow through
the pipe, making the salt inside the reactor drain to the tank,
which reduces the probability of reactor accident, realizes the
passive safety of the reactor.

DN40 and DNS50 of advanced freeze valves have been
designed (Fig.1). The thermal performances of DN50 freeze
flange have been tested on test bench. The result shows that the
temperature on half the diameter was lower than the center
temperature about 100 °C. If replace the gas in the test with

FLiNaK molten salt, which melting point is 450 °C and oper-
ating temperature is 550 °C, the salt in the gap torus at the half
the diameter of the flange is frozen, forming frozen salt seal.

=Y

Fig.1 The structure diagram of freeze-valve

In June 2013, advance freeze flanges (Hastelloy C-276),
including freeze flange with finned, as shown in figure 2, fin-
ished manufacture.

Fig.2 The figure of finished freeze flange

In 2012, TMSR developed the principle prototype pump.
The pump has been successfully operated in FLiNaK molten
salt high temperature test loop for more than 1 000 h. Its main
design criterions criteria are:

Design temperature: 500~700 °C

Rate of flow: 5~15 m*/h

Head: 20 m

Shaft seal assembly consists of dry gas seal, labyrinth seals
and assisted seal of purge gas whose inlet is at pump adaptor
flange. Bearing oil seal with non-contact oil sealing device,
compared with the traditional contacting mechanical seal, the
service life improved. Based on the principle prototype pump in
2013, TMSR developed chemical pump with large flow rate,
amplified the flow consists of 15 m*/h to 300 m*/h. The overall
structure is as shown in Fig.3.

Fig.3 The structure diagram of pump
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The high temperature molten salt throttle valve’s design
was carried out during 2014.5-2014.9, based on the structure of
MSBE throttle valve. Its operating conditions are similar to
ours. The overall structure design of valve with double bellows
seal structure is showed on Fig.4.

BE R

1 Upper Flange (High Temperature)

2— Diaphragm

3— Welding Tsui

4— Capilllary

5— Protector Tube
6— loint Head

7— Pressure Transmitter

8— Transmitter

Fig.5 The structure diagram of high temperature molten salt
throttle valve prototype

Develop the pressure gauge and the differential pressure
gauge (Fig.5), applied to fluoride salt. The highest working
temperature of two gauges is up to 700 °C. The ranges of the
pressure gauge and the differential pressure gauge are 1 MPa
and 200 kPa respectively. The accuracy is 1% of the full range.

The pure nickel diaphragm and double diaphragm of
pressure gauge and differential gauge are being tried to manu-

100

facture. The connecting seal technology is developed, such as
pipe connecting sealing flange (Fig.6), high temperature gas
seal performance. We also studied a variety of preheating in-
sulation methods for pipe, such as ceramic heaters, electric
heating rods, electric heating with tropical, high (medium)
frequency induction heating, far infrared heating, forced con-
vection heating.

Partial Enlargement Drawing B

1. Female flange 2. Male flange 3.Graphite winding gasket
4.metal C ring seal 5.bolt and nut

Fig.6 The structure diagram of double sealing flange

TMSR complete primary circulation prototype pump of
304 stainless steel design, processing, installation, debugging,
cold and hot state performance testing. The design of primary
circulation engineering prototype pump built with Hastelloy N
is completed. The design and analysis of mechanical valve
engineering prototype has been completed, the manufacturing
is being carried out. Complete the opening and closing per-
formance test of advance freeze valve under different operating
temperature test, analysis the rule of body temperature distri-
bution in the process of cooling/heating .Complete frozen
flange test-bed installation and debugging. The design of the
pump test-bench using molten salt is completed, and start
equipment manufacture of the bench .The loop gas heating and
insulation device has been completed. Complete the FLiNaK
high temperature molten salt test loop technical renovation,
successfully operation.
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Testing platform of molten salt loop

Department of Molten Salt Chemistry & Engineering

The purpose of construction of molten salt test loop plat-
forms is to R&D the molten salt circuit system and its related
equipment which is fluoride salt resistance and can perform
well under high-temperature condition. It also serves as the
platform for study of flow characteristics (flow rate, pressure
loss) and heat transfer performances (coefficient of heat trans-
fer, heat transfer area, heat loss) of fluoride salt under high
temperature, research of mechanical characteristics of key
equipment, verification of gas circuit design ability, test of
materials compatibility of alloy and graphite, and study of
control, safety interlocking and safety improvement, etc. A tail
gas treatment system is also included in this test loop, the ef-
fect of which is to provide a cold state workbench for the de-
velopment of tritium control system using in molten salt reac-
tor and to support the scheme design of the tritium monitoring
system by offering basic data.

A series of works have been done throughout 2013—-2014.
The hydraulic test-bed of molten salt pump was upgraded at
first, then maintenance and upgrading of the HTS molten salt
thermal test loop was finished. The FLiNaK high temperature
molten salt test loop was successfully operated as well. The
following results are obtained on basis of the HTS loop and
the FLiNaK loop.

By the two years' efforts, the engineering-scale FLiNaK
high temperature molten salt test loop, as shown in Fig.1, was
firstly constructed, and has then been successfully running for
a relatively long time. Experience about operation of molten
salt and test loop was accumulated simultaneously. At the
same time, it also provides a research platform for the opera-
tion and verification of key devices, thermal hydraulic and
mechanical tests, and optimal design of control and safety
interlocking system.

The TMSR-SF1 molten salt loop system design was car-
ried out according to the operation experiences and experi-
mental results of the above test loop, especially the corrosion

control and the preheating and thermal insulation technologies.
The design criteria and reference codes or standards that the
loop structure design followed include but are not limited to:
the HAF201 research reactor design safety regulations, the
HAF202 research reactor operation safety regulations, the
ASME-III rules for construction of nuclear facility compo-
nents, specifically the subsection NH, NC, NF in division 1,
and some design criteria of high temperature gas cooled reac-
tor and sodium reactor. The schematic diagram of the system
is shown in Fig.2.

Fig.2 Schematic diagram of TMSR-SF1 loop design

Table1 Major parameters of 10 MW TMSR-SF1 Loop

Contents

Coolant (Molten Salt)

Range of primary pump mass flow (kg/s)

Head of primary pump

pressure drop between Core inward and outward (x10°Pa)
Temperature of IHX heat exchanger out/inlet (degree celsius)
Power of IHX heat exchanger (MW)

Power of molten salt- Air heat exchanger(MW)

Temperature of molten salt- Air heat exchanger out/inlet (°C)

Primary Loop Secondary Loop
2LiF-BeF, FLiNaK
45~150 161

4 3

<1

600/628 530/563

1~10 (low power operating condition at 0.02~0.2)

1~10 (low power operating condition at 0.01~0.1)
260/40

The heat transfer power of loop can be adjust by chang-
ing the flow of primary and secondary loop pump. When the
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reactor operates at the rated design condition 10 MW, accord-
ing to the thermal hydraulic design, the primary loop inlet (the



core outlet) temperature is 628 °C, whilee the loop outlet (the
core inlet) temperature is 600 °C. The secondary loop inlet
(IHX inlet) temperature is 530 °C, and the outlet (IHX outlet)
temperature is 563 °C. Both the rated thermal power of IHX
heat exchanger and molten salt-Air heat exchanger are de-
signed to be 10 MW, so as to assure that the maxium10MW
heat can be finally transmitted from core to the air. The secu-
rity functions of the loop system, control and safety interlock-
ing, measurement requirements and so on were also fulfilled.

The primary loop system consists of reactor vessel, pri-
mary pump, molten salt heat exchanger, an overflow tank,
piping and other auxiliary systems. When the molten salt
flows through the reactor core, it would exchange heat with
the fuel balls and takes the fission energy out. The heated
molten salt will then be driven into the heat exchanger by the
primary pump and transfers its heat to the secondary loop.
After that the low temperature molten salt flows back to the
reactor core and begins a new heat transfer circulation.

Fig.3 Mmolten salt loading and discharging system structure
of the primary and secondary loops

Valves are used in the molten salt loading and discharge
system of the primary loop. After molten salt is completely
loaded or discharged, they are closed to isolate the loading and
discharge system from circulating loops. The valves are called
frozen ones since they have no mechanical moving compo-
nents, which improves its operational reliability.

The secondary loop system composes of coolant pump,
heat exchanger, overflow tank, piping and other auxiliary sys-
tems. The difference between these two loop systems is that
the heat exchanger here is a salt-to-air one which transfers heat
to environment. The molten salt of secondary loop is heated in
the salt-to-salt heat exchanger firstly, and is then driven by the
secondary coolant pump to the salt-to-air heat exchanger in
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which the heat will be exchanged to air. The cooled molten
salt will be pumped back to the salt-to-salt heat exchanger to
start a new heat transfer circulation.

Based on the succeeded design and operation of the test-
ing loop, a prototype of tritium monitoring system which is
able to determine different forms of tritium in molten salt re-
actor has been constructed. The principles of the online moni-
toring system are illustrated in Fig.4. The system is able to
determine not only the total concentration of tritium but also
the activities of different tritium pieces (such as HTO and HT).
Furthermore the system has also the ability to detect the radi-
oactive inert gas and to compensate for the gamma.

' [ 11—

-2 -3 | c-4

K%

Fig.4 The principles of tritium online monitoring system

The design of the gas loop system for TMSR-SF1 has
been completed. The process flowsheet of the gas loop is
shown in Fig.5. The gas loop system consists of four subsys-
tems, which are gas supply, off-gas treatment, gas heating and
pressure stabilizing and overpressure protection subsystems.

Fig.5 TMSR-SF1 Gas loop process flowsheet

Working characteristics of the molten salt pump have
been extensively studied through the operation of the high
temperature molten salt engineering test loop. By upgrading a
small flow hydraulic test stand of the molten salt pump, re-
search progress has been made in the R&D of large flow high
temperature molten salt pump. The hydraulic characteristic
curves and online degasification function were tested via water
medium in this stand, in which the flow field distribution has
also been observed.
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Molten salt chemistry study platform

Department of Molten Salt Chemistry and Engineering

A molten salt chemistry study platform was built to meet
the knowledge and technology demand of molten salt reactor
design and construction. The main task of this study platform is
to provide qualified molten salt for the experimental reactor
along with various physical and chemical property data and
chemical safety knowledges. These studies will help us have
the ability to fully evaluate the performance of molten salt
coolant, which can provide constructive suggestions for the
selection of molten salt reactor coolant and the development of
quality standards. In the year 2013—2014, we made following
important progresses.

A perfect lab for testing thermophysical properties of
molten salt is established. The sample preparation and pre-
treatment equipment such as sample preparation furnace,

quenching furnace and infrared heating furnace were developed.

Sample preparation and pretreatment methods were established
according to the characteristics and requirements of different

thermophysical parameters. The viscosity at high temperature
of molten salt can be tested through the rotating method, the test
range of 1.6~16 cP with the accuracy of less than 0.2 cP. By
laser flash method, the thermal diffusivity of liquid molten salt
can be determined, the test accuracy of less than 10%. The test
methods for measuring the physical properties of molten salt
such as melting point, specific heat capacity, enthalpy, contact
angle, surface tension, viscosity, thermal conductivity, density,
liquidus temperature and electrical conductivity were obtained.
On the basis of the literature data, the thermophysical data
assessment report of FLiBe and FKZr molten salt systems was
completed. The method of extrapolating multivariate phase
diagram through the thermodynamics database of the binary
system was mastered. By this method, the six sub-binary sys-
tems and four sub-ternary systems of FLiBeThU was thermo-
dynamically assessed, and the thermodynamic database of the
fuel molten salt was established.

Table 1 FLiBe physical properties

Density Viscosity Heat Thermo- con- Vapor Surface Melting Electro- con- Melt
capacity ductivity pressure tension heat ductivity point
Unit g/eny’ cp JgK  WmK mmHg N/m J/g ohm'em’  Kelvin
Value
1.938 5.502 2.391 1.113 0.05056 0.179 444898 2.850 733
Temp.
Uncertain- 973K 973K 973K 973K 1173K 973K 733K 973K
ty
+2.15% +2% +3% +3% +3% +2% + 10K

The process and method for quantitative analyzing four
major components of FLiNaK was established. Gravimetric
method was employed to determine the content of lithium and
potassium with choline phosphate and sodium tetraphenyl-
boron respectively. The percentage of sodium was measured
with ion selective electrode method. Potentiometric titration
with lanthanum nitrate was used for the analysis of fluorine ion.
The protocol for the determination of main components of
FLiBe and FKZr was also clarified. The method to analysis
conventional anion in molten fluorides including Cl', NO, ,
NO;~, SO,> and PO,* by ion chromatography was established
with recovery rate 98%~110% and relative standard deviation
less than 1%. The minimum detection concentration of anionic
impurities was 2 pg/g. A semi-quantitative method for solid
FLiNaK has been established with laser-induced breakdown
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spectroscopy (LIBS). A prototype sample compartment of
synchrotron radiation-XAFS suitable for liquid nitrate and
carbonate has been developed. The chemical specifications of
coolant and fuel salt for TMSR were drawn based on the re-
quirements of physical design, the compatibility between mol-
ten salt and structural materials, the technological level of
purification and the detection limit of chemical analysis.

In the area of advanced analysis technique, UV-visible
absorption spectrometer, turbid meter and in situ electrochem-
ical device applied to molten salt were built and applied in the
research on physical chemistry properties including thermal
radiation absorption behavior, turbidity and oxide precipitation
behavior in molten salt reactor.
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Fig.1 Molten salt turbid meter (left), molten salt spectrum cell (middle), in situ electrochemical analysis research (right)

A pilot plant with a capacity of 5 kg/batch was set up and
test-operated to produce high quality FLiNaK by the classical
H,-HF process. Oxide content of the product was kept stable
and lower than 100 pg/g. The knowledge obtained was then
used for design of full-scale production systems and commer-
cial products. 1 030 kg of FLiNaK was produced and trans-

ferred into a closed-loop pump-driven high temperature test
equipment. Furthermore, in order to isolate FLiNaK from air
during transferring or sampling, an interlinking valve between
storage tank and test loop, as well as a sampler was newly
designed and tested.

Fig.2

i

‘l LT el

Pilot plant with a capacity of 5 kg FLiNaK per batch (up left), photograph of high quality FLiNaK (up right), 3 D models of of

online sampler (down left) and transferring valve (down right)

Nuclear-grade FLiBe was successfully prepared. The
contents of impurities in FLiBe after purification by us were

12 4

=

less than those purified by MSRE. The specific data were
compared in Fig.3.
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Fig.3 Comparison of contents of impurities in FLiBe after purification between

In order to meet the needs of disposal of berylli-
um-contained waste gas, a impinging stream bubble capture
tower has been developed. This equipment can work effectively,
produces no secondary pollution and has no personnel damage
caused by maintenance.

The key problem of beryllium safety protection is beryl-
lium-contained waste gas treatment. Traditional dust filtration
with bag method has a lower dust removal efficiency and pro-
ducing secondary waste when changing bag, which does not
meet the requirements of this project. Although using large
electrode could improve the electrode dust removal efficiency,
it is unsuitable because of the strong causticity of fluoride salt.
The conventional gas washing tower method is also inappro-
priate, as a result of waste water emission that containing be-
ryllium fluoride, this method could take the fluoride salt espe-
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cially beryllium fluoride dissolved in the water to the atmos-
pheric environment and cause pollution. Therefore, an effec-
tive method should been chosen to disposal the waste gas be-
ryllium fluoride.

The project developed a impinging stream bubble capture
purifier of beryllium fluoride successfully during 2013 to 2014,
that is combining impinging stream and bubble capture. It is
verified that its total dust removal efficiency is more than 98%
when the beryllium concentration in air is 4 pg/m®. Meanwhile,
when the concentration of total particulates is 0.12 pg/m’ in the
air of workshop, the beryllium concentration in waste gas
decreases to 0.08 pg/m? after the first purification. This disposal
result is far superior to the national emission standard
0.5 ug/m3), It shows that this purifier can resolve the treatment
problem of beryllium-contained waste gas. On the basis of the



research, a beryllium-contained waste gas disposal system has been developed with a processing capacity of 10 000 m*/h.
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Fig.4 The dust removal efficiency of laboratory air purifier composed of impinging stream bubble capture tower.

Fig.5 The beryllium-contained waste gas disposal system with a processing capacity of 10 000 m*/h
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Reactor fuel technology research group

Department of Radiochemistry and Engineering

During 2013—2014, the reactor fuel technology research
group carried out mainly the following work among others: the
computational analysis of the broken rate and fission products
release of the TRISO-coated particle fuel elements; the devel-
opment of thorium-based fuel pebbles, including the prepara-
tion of thorium fuel kernels, the design and the manufacture of
a Fluidized Bed-Chemical Vapor Deposition (FB-CVD) sys-
tem; the pressing of spherical fuel elements employing spe-
cially designed compacting molds; the characterization meth-
ods of fuel pebbles, including the chemical analysis of impuri-
ties in thorium compounds; design and manufacture of fabri-
cation facilities for uranium-adsorption materials, and the
experimental study on the extraction of uranium from simu-
lated and real seawaters.

Safety analysis of spherical fuel elements

A method for the probability analysis of the TRI-
SO-coated particle fuel performance was established, and the
broken rate analysis and the fission product release analysis of
TMSR-SF1 fuel elements in normal operation and accident
conditions was completed. The results (Fig.1, for example)
showed that the release fractions of Cs, Sr, Ag, I and other
important radionuclides from the spherical fuel elements,
either in normal operation or in accident conditions, were all
less than 107, which satisfies the design requirements of the
TMSR-SF1 reactor.
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Fig.1 The release fractions of *’Cs, '"""Ag and *’Sr under
normal(left) and accident (right) conditions of TMSR-SF1

Fabrication of spherical fuel elements

A nuclear fuel R&D laboratory was established, with a
total area of 520 m>, 300 m? for fuel preparation and 220 m?
for fuel characterization. Its main task is currently the devel-
opment of new-type fuels for TMSRs. The thoria kernel prep-
aration devices were built, with a capacity of 100 g ThO, ker-
nels per batch. Using ZrO, as a modeling compound, good
spherical sized ZrO, sintered particles with smooth surfaces
were obtained. Then, the preparation of ThO, kernels was
studied extensively. Both the external gelation method and the
internal gelation method were studied, and finally the external
gelation method was adopt for its operation convenience. The

sol-gel process for preparing the gel particles was studied and
the process parameters were optimized (Fig.2, for example).
As a result, the gel balls we obtained have good appearance.
However, in the heat treatment processes (especially calcina-
tion and sintering) much of them were cracked for reasons not
identified.
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Fig.2 Effects of sol velocity on the spherical appearance and
the size distribution of thoria gel balls

Simulation experiments were carried out upon a room
temperature fluidized-bed device, and the results were used to
optimize the design of high temperature FB-CVD. The design
of the FB-CVD system was completed (Fig.3), including a
high temperature fluidized bed reactor and its auxiliary devic-
es for process controlling, gas supply and exhaust gas treat-
ment, and so on. The whole system will be set up and tested in
the next year.
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Fig.3 Fluidized bed-chemical vapor deposition system

Spherical fuel elements are prepared by a cold (quasi)
isostatic pressing method. Fig.4 shows the developed sili-
cone rubber mold, which consists of three parts: upper mold,
middle mold and lower mold. Spherical matrix elements with
60 mm diameter were successfully pressed by using the de-
veloped silicone rubber mold.

Fig.4 Design sketch and photos of Silicone Rubber mold



Uranium Extraction from seawater.

Fiber transmission system under beam of 0.5 MeV EB
and the amidoximation equipment were designed and ordered.
The EB irradiation equipment and associated equipment are in
place, and the commissioning work will be finished in January
2015. The acceptance inspection of the grafting equipment and
amidoximation equipment will be performed in March 2015.
Amidoxime-based (AO) ultrahigh-molecular-weight polyeth-

ylene (UHMWPE) and high density polyethylene (HDPE)
fibers were synthesized. Simulated seawater flow-through
equipment was operated and 50 batches adsorption test were
finished. Capacity from one type of the AO-UHMWPE fibers
reached 3.3 mg U/g. Three places for natural coastal marine
seawater adsorption were investigated and one of them was
confirmed to carry out seawater adsorption test (Fig.5).
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Fig.5 Ecological powered offshore floating detection platform
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Molten salt reactor structural materials

Departments of Molten salt Engineering and Reactor Materials

A series of studies have been conducted on the domesti-
cally fabrication and performance evaluation of structural
materials for the first domestic molten salts reactor (MSR),
supported by the Strategic Priority Research Program of the
Chinese Academy of Sciences “Thorium-based Molten-Salt
Reactor (TMSR) nuclear energy system”. The structural mate-
rials include alloy and nuclear graphite. The domestic-made
alloy is named by GH3535 alloy, and the nuclear graphite is
ultra-fine graphite.

The key challenges of R&D of GH3535 alloy include trace
element control, precipitates in large-scale ingot, cracking
control in hot working and stability of the product.

Reactor structural material division mainly serves as an
important link between factories and design, to find, analyze
and solved problems, which can improve the optimization of
materials, ensure the material performance, develop suitable
materials, and finally effectively guarantee the safety of MSR.

Alloy materials
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Fig.1 Microstructures of the GH3535 alloy sample before
and after irradiation

Several nanoscale black-dot defects can be observed in the
sample irradiated at low ion dose. According to the previous
studies, these defects were believed to be some interstitial-type
dislocation loops. It can be found that both the size and number
density were increased with increasing ion dose.
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Fig.2 Te distribution of GH3535 alloy after corroding by Te
at 700 <€ for 100 h.

Fig.2 shows Te distribution of GH3535 alloy after cor-
roding by Te at 700 € for 100 h measured by EPMA. The
diffusion type of Te in GH3535 alloy is intergranular diffusion.
With the increase of Te content in the environment, the Te
content in the grain boundary also increases, as the black ar-
rows in Fig.2 shown.

Fig.3 First successfully developed tube

The tube of GH3535 alloy with various sizes were suc-
cessfully developed. After estimating their tensile and flatten-
ing properties, as well as nondestructive inspection, the tubes
meet all the supposed performance index. The yield of the
seamless tubes should be improved in the future.



Fig.4 Densities and microstructures of carbides in the
GH3535 alloy with different Si content.

TEM-EDX results show that in the GH3535 alloy with
0.188%, 0.319% and 0.562%, the Si content of carbides is in
direct proportion to that of the matrix, and the maximum Si
content of carbides reach 600% of that of matrix. Si can im-
prove the stability and formation of the M6C carbides, leading
to the change of densities of carbides. It should be noted that the
saturation content of Si is 3.5%.
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Fig.5 Mechanical performance of Hastelloy N
and GH3535 alloy

Fig.5 shows the difference in mechanical performance of
imported Hastelloy N plates with thickness of 15.88 mm and
domestically made GH3535 plate with thickness of 20 mm,
where the shadow part is the quality acceptance criteria of
ORNL. It can be observed that the ultimate tensile strength
(UTS) of GH3535 is 50MPa lower than that of Hastelloy N,
while yield strength (YS) of GH3535 is 30 MPa lower than that
of Hastelloy N. The elongation of GH3535 alloy is similar with
that of Hastelloy N at room temperature and 600 <€, which is
5%~10% exceeds that of Hastelloy N at 650 € and 700 <. The
scatter of the data of GH3535 alloy suggests the relative het-
erogeneity of the GH3535 alloy. at 650 €€ and 700 <€, with the
aging time increasing, the YS of GH3535 keeps stable but the
UTS of GH3535 slowly increases, while the elongation and
section shrinkage increase in the first 1 000 h and then decrease.
The creep rupture life of the improved GH3535 alloy (4 mm
and 20 mm plate) at 650 <€ increase a lot, which is slightly
higher than that of imported Hastelloy N. As shown in Fig.5,
the high-cycle fatigue measurement of improved GH3535 plate
show the alloy has about 10 million cycles life at the stress
310 MPa (YS at room temperature), suggesting a good
high-cycle fatigue performance at room temperature.

120

Nuclear Graphite
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Fig.6 Graphite mechanical properties

Weibull distribution is an important indicator of nuclear
graphite mechanical strength dispersion. According to German
tensile strength measurement standards DIN 51914, 136 sam-
ples were taken from bulk graphiteNG-CT-10 (bulk size is 400
mm>400 mm>600 mm), the Weibull distribution of tensile
strength of NG-CT-10 was measured. The elastic modulus and
shear modulus of graphite 1G-110increase slowly with the
temperature, indicating that trend of elastic modulus and in-
tensity with temperature is consistent. The effect of solid mol-
ten salt on the elastic modulus and shear modulus was deter-
mined. The results show that both of elastic modulus and shear
modulus increased after molten salt infiltration.

Fig.7 shows the SEM images of three carbon / carbon
composites after different pressure molten salt infiltration. The
SEM image of 703 sample shows no molten salt infiltration
were observed at lower infiltration pressure (Fig.7(a) and (b)),
which means the infiltration capacity of 703 sample was very
low. When the infiltration pressure increased to 6x10° Pa (as
shown in Fig.7(c), molten salt impregnates the interior of the
composite along the pores between the fiber bundles. However,
IMR samples have been 6.05% impregnated when 2x107° Pa
infiltration pressure (Fig.7(d-e)). Fig.7(g-1) show that the infil-
tration of molten salt inside the composites is mainly along the
macropores in the fiber bundles, between the fiber bundles.

Fig.7 The the SEM images of three carbon / carbon compo-
sites after different pressure molten salt infiltration: (A), (B),
(C) 703 samples; (D), (E), (F) IMR samples ; (G), (H),
(NTOYO samples
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Fig.8 FLIBe salt infiltration experiment about ditterent
shapes of graphite

The infiltration capacity of FLiBe salt in graphite samples
with different shapes and sizes was compared. A large number
of samples are studied. Figure 8 shows the placement of sam-
ples of different shapes. The infiltration capacity of FLiBe salt
in graphite NG-CT-10 is similar to that in the graphite NBG-18
at 510" Pa pressure, the infiltration capacity is 4%~5%. The
size of infiltration has a certain impact, but the difference is
small.

The high temperature compressive strength of NG-CT-10
and 1G-110 after infiltration of 1010 Pa molten salt was
studied. The experimental results show that the compressive
strength of graphite decreased after molten salt infiltration, the
strength of 1G-110 decreased ~10%, while the strength of
NG-CT-10 decreased ~5% (Fig.9, left). The change of com-
pressive strength is related to the infiltration of molten salt in
graphite. The greater the infiltration of molten salt, the more
serious the decrease of strength (as shown in Fig.9 right).

B 1G-110 virgin
I 1G-110 10 am (i 16.6% ) 100 .
120 I NG-CT-10 virgin = -
- NG-CT-10 10 atm (16 86%) | & g - .
£ S % L
3 =] b ot
£ = gy T
B = L,
2 = 70 *e
-4 =
H = 60 . NG-CT-10
8 - * 1G-110
50
0 4 8 12 16 20

virgin  10atm virgin  10atm HEREN (wt%)

Fig.9 Mechanical properties of graphite after infiltration of
molten salt

Fig.10 Anti-molten salt infiltration of fine graphite material
D400x400 mmprocess witness picture

Properties such as the microstrcture homogeneity, stress,
density of the graphite product change with the magnification
of the graphite size specification, isostatic pressing process is
particularly prominent. This year through several batches of
process tests, capture a large sample size forming technology. If
the surface of the graphite green body is irregular, it will lead to
poor uniformity of the material structure, uneven distribution of

121

internal stress and density, influence on the thermodynamic
properties of the final graphite product, and even cracking of
the baked product.

Fig.11 Micro-CT of SiC/SiC composite tubes

Micro-CT of SiC/SiC composite tube shows the porosity
of SiC/SiC composite. The result of pressure-resistant test
shows that the SiC/SiC composite material leaked 10 kPa in 1
=10° Pa Ar gas for 10 h, and the leakage rate of SiC/SiC
composite material in 1x10° Pa Ar gas is calculated to be
2.75X10°° Pa:m¥s. After CVD SiC coating on the SiC/SiC
composite surface (~0.4 mm thick), the SiC/SiC composite
leaked 0 kPa after 10 h in 110 Pa Ar gas and 0 kPa after 10 h
in 5x10°Pa Ar gas, revealing Surface CVD SiC coatings im-
prove the air-tightness of composites and may help to prevent
penetration of molten salt.

Fig.12 Micro-CT of SiC/SiC composite tube after molten
salt infiltration experiment (Note: green represents molten salt,
black represents hole, red represents fiber bundle, blue repre-
sents matrix)

The FLiNaK molten salt infiltrated into the SiC/SiC
composite was <5% at atmospheric pressure and 5x10° Pa
pressure. Figure 12 shows the microscopic CT of SiC/SiC
composites after 5x10°° Pa molten salt infiltration. The results
show that the molten salt only infiltrated into the surface layer.
The SEM results show that the surface pores of SiC/SiC com-
posite have been filled with FLiNaK molten salt. In atmos-
pheric pressure and pre-charged molten salt experiments, the
composite material was filled with Ar gas at atmospheric
pressure and 1.5%10° Pa. After the molten salt entered the
surface pores, a larger pressure was formed in the pores, so that
the molten salt could not penetrate into the internal pores.

Conclusion

1) Part of ion irradiation tests were completed and the al-
loy irradiation damage mechanism was explained; Process of
tube extrusion was successfully developed and seamless tube
with large diameter was fabricated; The relation between Si
content and carbides was explored and the optimum Si content
is obtained; The mechanical performance of imported Hastelloy
N and domestically made GH3535 alloy is similar to each other.

2) The influence of molten salt on the elastic modulus,
shear modulus and mechanical properties of graphite was
evaluated. Both of elastic modulus and shear modulus increased
after molten salt infiltration. Advanced CT imaging reveals the
molten salt infiltration mechanism of the composite.
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Research on material engineering physics for TMSR

Division of Material Engineering and Technology

Group of reactor material engineering and physics con-
ducted experimental and theoretical studies of irradiation ef-
fects and corrosion behavior of molten salt reactor materials.

A comprehensive understanding of corrosion mechanism
and corrosion process of high-temperature alloys in molten
fluoride salt is gotten, which lays a foundation for standardiza-
tion of corrosion test and research on corrosion control tech-
nology. The comparison test shows that the corrosion resistance
of the homemade Hastelloy N alloy is equivalent to that of the
import Hastelloy N alloy. A corrosion control technology of
316 stainless steel in FLiNaK molten salt has been preliminarily
explored.

Quality assurance system of material irradiation has been
established. In-pile irradiation of alloy samples has been fin-
ished, and the temperature reached the designed value.
Post-irradiation examination (PIE) is under way and part of the
PIE results is achieved. Graphite samples’ conditional irradia-
tion test has been finished. Energetic ions have been used to
study irradiation effects in alloys and SiC materials. It was
showed that the third generation SiC fiber has much higher
crystallinity than the second generation SiC fiber. Home-made
alloy responds to irradiation in a way similar with the imported
alloy.

The interatomic potentials are developed for metals e.g. Ni,

Mo, Cr, Fe and binary alloy e.g. Ni-Mo. The cas-cade processes
in the early stage of radiation damage are studied systematically
by using molecular dynamic method; the aggregation and
release processes of helium bubble at near-surface area of
nickel are also clarified; the effective diffusion and corre-
sponding energy barrier of fission products in grain boundaries
of SiC are ob-tained. The electronic structure, defect and
thermal dynamics properties of actinide oxide and carbide are
systematically studied; the behaviors of water on the surface of
actinide oxide, the microstructure and prop-erties of actinide
molecule in water and molten salt environments are also stud-
ied.

Test and evaluation of material corrosion resistance
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Fig.1 Static immersion corrosion procedure

The evaluation of corrosion resistance is an important link
in the homemading of Hastelloy N alloy. Our evaluation
roadmap is to use the accelerated corrosion test under static
conditions to compare the corrosion behavior of the homemade
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Harris N alloy and the imported Harris N alloy. The detail
process is as follows. Firstly, a standard test procedure should
be established. Because the molten fluoride is very sensitive to
the environment, the corrosion test must be carried out in ex-
tremely harsh conditions. For this reason, a special packaging
equipment, including glove boxes (water content kept below
110, oxygen content under 10x10°®), capsule type reaction
kettle, was set up (see Fig.1). Secondly, an appropriate system
is used to accelerate corrosion testing, which is due to the
reason as follow. A preliminary conclusion of corrosion re-
sistance should be made in a relatively short time, in order to
match the smelting process of the homemade Hastalloy N alloy.
After comprehensive consideration, graphite (high in strength,
purity and density) as the container, high pure FLiNaK molten
salt as the medium, isothermal immersion were selected. The
third is comparison contents including corrosion characteristics

and corrosion degree.
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Fig.2 Weight loss per unit area of GH3535, imported N alloy

and several reference alloys
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Fig.3 Comparison of corrosion depth and corrosion charac-
teristics between GH3535 and imported Hastelloy N alloy

Through comprehensive comparison, it was confirmed
that the corrosion characteristics of GH3535 and imported
Hastelloy N alloy are the same. They are all uniform corrosion
caused by dissolution of chromium. The corrosion degree is
closed to each other. Under accelerated corrosion condition, the
weight loss (Fig.2) and the chromium depletion depth (Fig.3)
are equivalent. Therefore, the corrosion resistance of GH3535
alloy is equal to that of the imported Hastelloy N alloy.



Tests and evaluation of irradiation resistance of materials

Quality assurance system and irradiation program

Division of reactor materials and quality assurance group
of TMSR investigated the quality assurance outline, process
quality plan, test program and test outline that prepared by
Nuclear Power Institute of China, and set up control points (H,
W, R), aiming to control the quality of neutron irradiation tests.
The group of material irradiation also prepared the rules of
sample delivery, including the format of documents.

dEHUBOTEEr R ST O MmO 0D

Fig.4 The irradiation channels in HFETR.

Based on the demand, the high flux engineering test re-
actor (HFETR) was chosen for material irradiation. the G7
channel was used for graphite irradiation, and the 9# channel
in the reflector was used for alloy irradiation (Fig.4). Test sec-
tion contained the samples, flux wires and thermocouples. The
test sections of one alloy irradiation equipment and two graph-
ite irradiation equipment have lengths of 335 mm, 330 mm
and 370 mm, respectively. By calculation, the temperatures in
alloy irradiation section and graphite irradiation section
reached the design values (650250) °C.

Alloy irradiation and post irradiation examination

f Art ( il ( I‘ " ‘Il lIJ”,lH,IHINJ‘Vll

Fig.6 Inserting irradiation equipment into reactor.
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Alloy samples are shown in Fig.5. The group of material
irradiation examined the pre-irradiation conditions, and in-
spected the alloy irradiation equipment (Fig.6). The irradiation
equipment met the design requirements. The irradiation
equipment was protected and inserted into reactor carefully.

The condition test of alloy irradiation was started in July
1st 2014 and finished in July 7th 2014. Following the condition
test, the alloy irradiation equipment was inserted into reactor in
July 14th 2014. The temperature was maintained as request by
using a temperature controlling system, and was recorded once
in every two hours (Fig.7). The irradiation equipment was taken
out of reactor in July 31st 2014. The post irradiation examina-
tion is underway. The measurements of dimensions, density and
hardness, tensile test at room temperature, and Charpy impact
test below 350 °C are finished.
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Fig.7 Temperature data recorded during irradiation.

Graphite irradiation test

The first batch of graphite samples and new materials
samples were prepared (Fig.8). After machining, the samples
were labeled by using the laser engraving method. The samples’
sizes were measured before heating and package. The second
batch samples were labeled by using laser engraving method.
The sample sizes were measured. The salt infiltration experi-
ment is underway and will be finished in January 2015. The
condition test of graphite irradiation was started in the end of
November, and finished in the beginning of December. The
irradiated equipment for condition test is cooling down in hot
cell. The temperature reached the desired values.

Fig.8 First batch of NBG-18 graphite.



Theoretical Simulation and Properties Prediction of Nu-
clear Materials

Radiation damage and Helium embrittlement of Nick-
el-based alloy

Precise interatomic potentials are established for metals
such as Ni-Ni, Mo-Mo, Cr-Cr, Fe-Fe and Ni-Mo. The dis-
placement cascade processes in the early stage of radiation
damage are studied systematically for simple metals e.g. Ni,
Mo, Cr, Fe and binary alloy, e.g. Ni-Mo by using molecular
dynamics method based on the new developed potentials. The
aggregation and release processes of helium bubble at near-
surface area of nickel are also clarified (see Fig.9). It shows that
release rates of helium bubble increase with the pressure and
temperature of the bubble. The mechanism of defects creation
induced by helium are studied by using MD simulation as well
as the interaction mechanism between helium and vacancy
clusters, or dislocations.
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Fig.9 (&) The release processes of helium bubble with dif-
ferent pressure as function of release time; (b) Atomic config-
urations of helium bubble release processes.

The diffusion of fission products in SiC

The leakage of the fission products (FPs) in the TRISO
fuel would cause pollution to the reactor loop and further af-
fect the in-pile life of components. Therefore, the diffusion
properties of FPs in carbon-based materials can help to under-
stand their behaviors in the reactor. The diffusion processes of
Cs, Xe and Ag atoms in X9 grain boundaries (GBs) of B-SiC
are studied by using density functional theory (DFT) as shown
in Fig.10. It shows that the diffusion energy barrier of Ag is
lower than that of Cs and Xe. The 8-atom-ring structure of GB
in SiC is a proper diffusion channel for Ag penetration through
SiC layer in TRISO fuel.
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Fig.10 (a) Schematic diagram of TRISO fuel with typical
fission products; (b) Typical SiC grain boundary; (c) Sche-
matic diagram of the diffusion processes of FP in SiC.

Studies of Actinides Crystal

The stability and diffusion behaviors of fission products
(He, Ne, Ar, Kr and Xe) in thorium dioxide are studied sys-
tematically. The results indicate that Schottky defect induced by
different noble gas has different of lowest energy configuration
depending on the size of noble gas atom. The diffusion and
breakdown process of water molecules on the surface of ThO,
are studied theoretically, as shown in Fig.12, to clarify the
mechanism of surface diffusion of water molecule. It is found
that surface defects can reduce the potential barriers of de-
composing but raise the diffusion barrier. Such mechanism
indicates that the surface of ThO, can be catalyst for water
decomposing.

Fig.11 The adsorption and dissociation of H,O on the
ThO,(111) surface.

Studies of Actinide molecules

The structures and electronic spectra properties of UO,F,
and its hydrate are studied by using spin-orbit ab initio calcu-
lations. The optimized geometrical parameters are consistent
with the EXAFS results. The complexation of uranyl with
amine ligands in aqueous solution under different pH levels are
examined using density functional theory calculations. The
geometries, relative stabilities of complexes, and changes in
Gibbs free energies for different complexing reactions were



investigated. The results help to understand the role of amine
ligands in the processes of extraction uranium from seawater.
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Fig.12 The orbit profile of uranyl ion.

Studies of the interaction between actinide and molten

salts

The local structure and properties of LiF-BeF, molten salt
have been studied by using the first principle method. The local
structure, the vibration modes between the atoms and phonon
spectra properties have been obtained. The local structure and
the diffusion behavior of actinide (U) compounds molten salt
have also been studied. It reveals that the existence of network
structure in the contained actinide compounds molten salt. The
local structure of ThF, in LiF, FLiBe, FLiNaK and other molten
salts with different concentrations and temperatures were sim-
ulated by molecular dynamics simulation. And their dynamic
properties (diffusion coefficient, viscosity) were predicted.
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Fig.13 Local structures of Thy+ and Be2+ in FLiBe
molten salts.

Conclusion

According to the annual plan, the group completed the task
of material corrosion and radiation testing, and conducted
theoretical simulation research on corrosion, irradiation, fission
products and properties of actinide materials. These work lays
the foundation for the standardization of the test of the reactor
structure materials. In the next year, the corrosion test specifi-
cation will be improved, the corrosion control technology will
be deepened, and more radiation data will be obtained. A more
thorough and comprehensive study will be carried out in the
theoretical simulation.
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Progresses in developing other materials for the reactor

Reactor Materials Science and Engineering Division II

There are three subtopics in the other reactor materials for
the reactor, the study on the high performance silicon carbide
fiber, the polymer materials for the reactor and the 1.5 MeV
electron beam irradiation platform construction.

Study on preparation technology of high performance SiC
fiber

Study on radiation curing process of polycarbosilane (PCS)
fiber. Because the PCS green fiber is very fragile, first the
problem of transporting the fiber was solved, and then the
technical docking problem of PCS fiber from the purchase,
irradiation and subsequent sintering were optimized. The irra-
diation of bulk fiber was achieved and the radiation curing of
PCS fiber was completed by about 15 kg. The results showed
that the oxygen content of the irradiated PCS and SiC fibers
was less than 3% and the minimum was only 0.7%, which
achieved the oxygen content index of the high performance SiC
fibers.

PCSET 4 [F) it = 4R

Fig.1 Radition cured PCS fiber

Study on sintering process of SiC fiber. SiC fiber was
prepared by sintering the radition cured PCS fiber. The labor-
atory focuses on two-step sintering process. The results showed
that the SiC fiber was successfully prepared by the two-step
sintering process with radiation cured PCS fiber as raw material.
By optimizing the sintering process, the basic process param-
eters of two-step sintering were preliminarily determined,
which laied a foundation for subsequent mass sintering.
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Fig.2 From PCS fiber to SiC fiber sample

The established of TMSR new material preparation la-
boratory. The sintering experiment line of SiC fiber was de-
signed and fabricated. The goal is to prepare SiC fiber from the
radiation cured PCS fiber, and the main equipment of the sin-
tering experiment line has passed the factory acceptance. This
line adopts two-step sintering process, which is designed to
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process 100 kg of second generation SiC fiber, and can also be
upgraded for third-generation fiber sintering. In the laboratory
reform, according to installation conditions the sintering ex-
periment line was overall designed. Laboratory renovation
started from July 2014, completed at the beginning of Decem-
ber. At the end of the year, the SiC fiber sintering equipment
was installed. Based on the analysis and test conditions, the
performance analysis and testing platform of SiC fiber was
established, and used to quality control of fiber development
process. The process control and product quality control system
are established gradually with the development of SiC fiber
process.

Fig.3 SiC Fiber sintering Laboratory

Polymer materials for the reactor

The main course of polymer materials for the reactor is the
conventional (the service temperature is about 90 °C) and the
high temperature (the service temperature is about 250 °C)
nuclear power cable materials study and preparation. The main
progress is as follows from 2013 to 2014.
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Test Report

Fig.4 60 years nuclear power cable material thermal life
assessment report (partial)

The test has been completed for the 60 years hot life
evaluation of the nuclear power cable material. the 3 mmx
10 mm 1E/K1 power cables for under 0.6/1 kV power prepared
by cable insulation and covering materials with 60 years of
service life have been evaluated thermal life test (150 °C/
2376 h aging) by the national electric wire and cable quality



supervision and inspection center (CT13-4973). The 1 500 kGy
%Co gamma-ray irradiation aging experiment was underway.

The high temperature nuclear power cable (the service
temperature is about 250 °C) prepared with PEEK materials has
been evaluated the thermal life test (280 °C/168 h aging) and the
gamma-ray irradiation aging experiment by the national electric
wire and cable quality supervision and inspection center
(CT14-2984).
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Fig.5 The PEEK high temperature nuclear power cable and
the gamma-ray irradiation aging experiment

It has been tested for the full-peformance evaluation about
the nuclear power K1 heat-shrinkable tube. The nuclear power
K1 heat shrinkable cable accessories have been prepared with
60 years service life.

Table 1 The performance of 60 years snuclear power K1 heat
shrinkable cable

Item Unit Result

Tensile strength MPa 11.2

The break elongation % 272.8

The performance after180 °C/150 h thermal aging

The break elongation % 152.1

y-ray irradiation test after 180 °C/150 h thermal aging (10
kGy/h)

500 kGyThe break elongation % 119.0

1 000 kGyThe break elongation % 71.2

B-ray irradiation test after 180 °C/150 h thermal aging (20
kGy/h)

500 kGy The break elongation %
1 000 kGy The break elonga-
tion

128.7
% 583

It has been completed that the installation and debugging
of torque rheometer, high temperature single/twin-screw ex-
truder and its supporting equipments, which endues the labor-
atory with the ability of high temperature cable material for-
mula research and high temperature cable preparation. Adding
electronic tensile machine, melt index tester, oxygen index
tester and UL-ageing oven, there is a set of processing and
evaluation platform about nuclear power cable.
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Fig.6 The experimental machine about high temperature
nuclear power cable

1.5 MeV electron beam irradiation platform construction

1) It has been completed that the installation and debug-
ging of the mechanical, electric, control system about the elec-
tron accelerator and its supporting water/air/electric system,
shielding system, beam equipments system, safety interlock
system, and so on, which signs that the construction of 1.5 MeV
electron beam irradiation platform construction was over. In
July, 2013, the stable beam current with designed energy and
current have been achieved successfully. After a series of dose
measurement and detection, the environmental radiation dose
surrounding their radiation platform dose was lower than de-
sign value, which achieves the goal of protection design re-
quirements.

Fig.7

1.5 MeV electron beam irradiation platform

2) After a series of debugging experiments, it has been
achieved that the low dosage p-ray irradiation conditions by the
shielding method or the second scaning technique when the
electron energy is 1.2 MeV. The dosage experiment with good
repeatability shows that 20 kGy/h can be obtained, which signs
that the low dosage B-ray irradiation condition for third gener-
ation nuclear power plant, such as AP1000, can be carried out
in our country. Moreover, other low dosage B-ray irradiation
condition, 10 kGy/h, 30 kGy/h,50 kGy/h and 70 kGy/h, have
been further achieved also.
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Fig.8 The low dosage B-ray irradiation experiment

3) The ESR/alanine dosimeter dosage monitoring system
has been founded. The use of alanine dose reader and a standard
alanine dosimeter established a set of standardized operating
procedures, rules and regulations, formed ESR/ alanine do-
simeter dose monitoring system for radiation dose measure-
ment, which obtained calibration certificate from China na-
tional institute of metrology.

*EERRTE R Qw
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Fig.9 The ESR/alanine dosimeter dosage monitoring system
and the certificate

4) Passed successfully the CNAS laboratory accreditation
and obtained acceptance from China Energy Bureau expert
group. 1.5 MeV electron beam irradiation platform not only can
satisfy the common beta-ray irradiation requirements of scien-
tific research, but also meet the beta low dose rate irradiation
test conditions for the third generation of nuclear power plant
through further independent research and development. The
beta ray irradiation processing can be provided for material
modification and scientific research experiment. It has been
writed that the radiation laboratory technical data files about
personnel, equipments, materials, regulations, and so on, in-
volving 1.5 MeV electron beam irradiation platform and other
three sets of cobalt source, which is helpful to pass the CNAS
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laboratory accreditation and obtain successfully the relevant
qualification.

On June 9, 2014, the technological achievements verifi-
cation meeting of beta irradiation testing device was organised
by China Energy Bureau in Shanghai. the experts from Uni-
versity of Science and Technology of China, Nuclear and Ra-
diation Safety Center, Shanghai Nuclear Engineering Research
and Design Institute, China Nuclear Power Engineering Co.,
Ltd., and other units, listened to the device's research report,
investigated the design technical data and validation test doc-
uments, witnessed the beta-gay irradiation demonstration test.
The dosage rate of the beta irradiation test device can be ad-
justed and the function can be expanded, which can create good
resolution for the scientific research experiment about the
related technology field, at the same time fill the domestic
blank in the field of nuclear power plant equipment appraisal
about beta irradiation, and reach the international leading level.
It is of great significance to promote the development of Chi-
na's nuclear power plant and relevant domestic equipment.

Fig.10 The CNAS laboratory accreditation and the techno-
logical verification meeting of beta-ray irradiation
testing device

The development of high performance SiC fiber is pro-
gressing well, the laboratory has the ability to prepare the
second generation SiC fiber. The polymer materials for the
reactor will continue to develop conventional and high- tem-
perature nuclear cables using the nuclear power cable pro-
cessing and evaluation platform and carry out testing and
identification about various properties of nuclear power cable.
After 1.5 MeV electron beam irradiation platform providing
beta-ray low dose rate irradiation test, it will become the only
beta-ray irradiation test facility for nuclear power plant mate-
rials and equipments, which will provide strong technical
support for test verification and quality identification for nu-
clear cable materials and related equipments in our country.
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Material evaluation test platform

Department of nuclear materials SSRF

Supported by the strategic precursor project of the Chinese
Academy of Sciences "Future Advanced Nuclear Fission En-
ergy - Thorium-based Molten Salt Nuclear Energy System",
based on the performance evaluation and special process pa-
rameters of material used in the first molten salt reactor in
China, a series of material testing equipment for molten salt
reactor were developed and purchased, and the material evalu-
ation test platform was established.

The material evaluation test platform includes: ther-
mal/mechanics test platform, component analysis platform,
microstructure analysis platform, material corrosion perfor-
mance test platform, high temperature ion beam irradiation
platform and synchrotron radiation in situ experimental plat-
form. The platform has more than 100 facilities, with fixed
assets over 100 million RMB

The material evaluation test platform can accurately de-
termine the various material data required for reactor design
and safety assessment, including the ability of comprehensive
analysis of nicle based super alloy and high-density graphite.
The platform has the ability of batch assessment and screening
of nuclear materials, and provides strong support for the im-
plementation of TMSR.

General test equipment

o
(c) 250 kN
trometer

(e) Residual stress analyzer  (f) Low cycle fatigue testing machine

Fig.1 Typical equipment in material evaluation
test platform
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Conventional analysis and test platform for molten salt
reactor materials composition, organization, mechanical /
physical / chemical properties is established (Fig.1). The com-
prehensive testing capabilities have reached the international
advanced level. At present, microstructure and properties of
alloy and nucleated graphite before and after corrosion and
irradiation were studied by using this platform. The micro-
structure and mechanical properties at high temperature were
obtained, which provided the basic data for R & D, evaluation
and service of nuclear materials.

In 2013 and 2014, the installation, commissioning and
acceptance of a series equipments have been completed. These
equipments include: electronic probe, scanning electron mi-
croscope, 250 kN universal testing machine, low cycle fatigue
testing machine, X-ray fluorescence spectrometer, isostatic
press, composite material crack detector, X-ray stress analyzer,
universal vacuum high temperature testing machine and three
coordinate measuring machine, wire cutting machine, CNC
milling machine, pipe bender and other equipment.

Overall, all the equipment is working well. The usage of
some instruments such as electronic probes, scanning electron
microscopy, low cycle fatigue testing machine exceeds 95%
every year. The comprehensive ability of nuclear material
mechanical properties testing, microstructure analysis, material
processing and preparation has been enhanced.

In order to evaluate the high-temperature mechanical
properties of graphite materials, in May 2014, the technical
specification of vacuum high-temperature universal testing
machine was completed, the pre-bidding meeting was com-
pleted in August, the bidding was completed in October and the
contract was signed in November. The device arrived in August
2015.

Therefore, the nuclear material evaluation test platform is
gradually being improved. The daily use and maintenance
management of each equipment is the responsibility of profes-
sionals. In order to ensure the accuracy of test data, mechanical,
thermal and other major related test equipment regularly is
calibrated every year. A series of material analysis and testing
methods have been established, some of the testing standards
have become ASTM standards, and the CNAS conformity work
in the laboratory has been actively promoted.

Test equipment of materials-molten salt compatibility

A molten salt corrosion laboratory which is leading do-
mestic level was established for reactor structures evaluation in
corrosion resistance. A linkage device (Fig.2) capable of
weighing and electrochemical detection was assembled. In this
device, corrosion weight loss and corrosion product concentra-
tion in molten salt could be monitored in real-time. An enter-
prise specification for high temperature fluoride salt corrosion
test was set.



(a) FLiNaK corrosion experimental equipment
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(b) FLibe corrosion laboratory

©

)
s

)/ 1

(c) Schematic diagram of an on-line detection device for mol-
ten salt corrosion

Fig.2  Testing platform for materials corrosion resistance

A natural convection corrosion test loop was designed.
The convection of molten salt in the loop pipe is realized
through temperature difference. Corrosion behavior of reactor
material in slow flow molten salt was simulated, consequently
quantitative corrosion data of temperature difference driven
mass transfer could be obtained.

Fig.3 Schematic diagram of the convective corrosion loop
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Fig.3 is the schematic diagram of the equipment in the
loop, which is mainly composed of the main structure of the
loop, molten salt transport tank, central control system, heating
and insulation device, gas and vacuum system, ventilation
alarm system, liquid level gauge and support platform. The
contract signing of each subsystem has been completed,
equipment purchase and custom-made processing are being
carried out.

Several molten salt environment in-situ materials testers
were developed in order to determine various properties of the
materials under molten salt environment. During 2014, a mol-
ten salt environment in-situ materials tensile tester was fabri-
cated, installed, adjusted, and met the requirements of ac-
ceptance. Preliminary tensile tests under argon atmosphere has
started with the tester. The photo of the tensile tester is shown in
Fig.4. Amolten salt environment in-situ materials creep-fatigue
tester was designed for testing the high temperature creep and
rupture property of metallic materials in fluoride salts. The
creep-fatigue tester consists of a loading unit, sample clamps,
an autoclave, furnaces, tanks for injecting and dumping salts,
gas path, a vacuum pump, and a control system. This tester has
passed the design review and procurement process, it is now
under fabrication.

Alm -

(F943)

Fig.4 Molten salt environment in-situ materials tensile tester

Material irradiation and test equipment

Because the TMSR reactor material needs the ion beam
irradiation and ion beam analysis methods, the 4 MV acceler-
ator was upgraded (Table 1). The ion beam irradiation device
and the ion beam analysis device were developed. Now, the
4 MV accelerator Lab have two main functions: ion beam
analysis and ion beam irradiation, and improved the level of ion
beam application technology. So, it provided a platform for the
research of the material in TMSR project.

The design, installation and commissioning of the 4 MeV
irradiation device were successfully completed. The upgraded
accelerator voltage reached 4.3 MV and the beam quality (beam
energy, beam current, focusing characteristics, stability, etc.)
was improved, and meet the requirements of light or heavy ions
lon beam irradiation, as well as ion beam analysis needs. The
new developed ion beam analysis system and its data acquisi-
tion system can be used to Rutherford backscattering, pro-
ton-induced X-ray fluorescence and elastic recoil analysis at
high and low temperatures (liquid nitrogen temperature to
700 °C). In China, the ion beam irradiation device is the first
time successful development at high and low temperature



(liquid nitrogen temperature to 950 °C). The sample can be
changed online without vacuum broken. The main function
indicators of this device has reached same level of similar

equipment in the world. The studying on TMSR material irra-
diation effect and lon Beam Analysis can be carried on.

Table 1 4 MV accelerator performance indicators

The main function indicators Before upgrade After upgrade
Rated terminal voltage 3.0 MV 4.3 MV
\oltage stability <43 KV < KV

H+:0.3 MeV, 3 PA, 3.0 MeV, 3 PA;

He+: 3.0 MeV, 1 PA;

Beam current Ar+:3.0 MeV, 1.1 LA

Beam cross section <3 mm
Beam current ripple <5%
Vacuum (with beam ) 7x10°Pa

Control mode

Beam diagnosis method Faraday cup

Electromechanical, analog control

H+:0.3 MeV, 8 DA, 3.0 MeV, 5 P4;
He+:2.0 MeV, 2 DA,

Ar+:3.0 MeV, 2.0 pA;

Xe+:3.0 MeV, 1.0 pA

3mm

<45%

4x10° Pa

Computer, electromechanical, digital control
Faraday cup, beam integrator

The TMSR 1.5 MeV electron beam irradiation platform
for the beta radiation test of nuclear power equipment in China
(Fig.5) has been set up. The beam under the designed energy is
stable, and the dose around the irradiation platform has reached
the requirements of protection design. It has passed the ac-
ceptance of the national energy board successfully. The CNAS
certification of beta radiation ability of nuclear power equip-
ment in China is obtained.

Fig.5 1.5MeV electron beam irradiation platform

In situ experimental devices with synchrotron radiation

Multiple sets of experimental devices coupled with mul-
ti-technology on synchrotron radiation was developed for the
study of nuclear materials with the support of Shanghai Syn-
chrotron Radiation Facility (SSRF), incuding a high tempera-
ture device for in-situ study on nickel base alloys, an in-situ
welding device, a high temperature device for in situ studys of
solid-liquid interface, an in situ molecular vibration spectrom-
eter, an inelastic scattering spectrometer and so on. The pro-
cessing, installation, and debugging of the devices have been
completed. They entered the pre-acceptance and formal overall
acceptance stage one after another. The experimental methods
of synchrotron radiation required for material foundation re-
search have been established. The in-situ, on-line and dynamic
research of some nuclear materials has been realized, and the
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ability of research on materials in molten salt environment has
been achieved.

High temperature device with a beryllium dome for in-situ
study on nickel base alloys

Fig.6 High temperature beryllium dome hotstage

The high temperature beryllium dome device for in-situ
study is a typical representative for the multi-technology com-
bined devices. It is used for in-situ dynamic testing with syn-
chrotron radiation at high temperature, such as XAFS, XRD,
imaging and grazing incidence methods, to analyze the corro-
sion mechanism of alloy / molten salt interface, the solidifica-
tion mechanism of alloys, the structure of liquid metals, the
structure of precipitates, and interaction of fission product Te
and alloys. The device is composed of a vacuum dome chamber
of high temperature, sample holder, the microcomputer tem-
perature control system, rotary vane vacuum pump, turbomo-
lecular pump, helium gas supply unit, water cooler and
six-dimensional motorized sample-positioning system and so
on. The design, review, and consigned processing of the device
have been completed in 2013, funded by RMB 490 000. The
core of the device- the high temperature beryllium dome hot-
stage is shown in Fig.6.



Sample cell system for in situ study of high temperature
molten salt

The sample cell system for in situ study of high tempera-
ture molten salt has been installed and debugged in Shanghai
light source in 2013 (Fig.7). It has been tested online at the
14 W XAFS beamline of SSRF, and the design specifications
have been reached. The species of the metal ions, chemical
valence states, near neighbouring coordination structure and
melt structure of molten salt in high temperature state molten
salt can be measured in this device by using XAFS and small
angle X-ray scattering. The change of the local structure of UF,
in FLiBe molten salt at different temperatures was investigated
using this device. The rearrangement phenomenon of F ion of
the nearest neighbor of U was foundin the molten salt with
increasing the temperature.

Fig.7 On-line debugging of high temperature device for in
situ study of high temperature molten salt with synchrotron
radiation
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Conclusion and prospect

Nuclear energy material evaluation test platform is grad-
ually improved and material mechanics, thermal, microstruc-
ture analysis and testing capabilities is constantly increase.
Each device is run by someone responsible for the maintenance.
In order to ensure the accuracy of the test data, each device is
regularly calibrated every year.

The leading materials and molten salt corrosion laboratory
is established in China. Debugging and acceptance for the
molten salt environment in situ tensile device have been com-
pleted, and the alloy material test was initially carried out.
Natural convection corrosion circuit design has been con-
firmed.

Several synchrotron radiation units are started to the in-
stallation and commissioning, some of which has been overall
accepted, and put to use in SSRF. In situ on-line and dynamic
studies of some nuclear materials have been carried out. The 4
MV accelerator and ion beam analyzer were upgraded; the high
temperature ion beams irradiation of nuclear materials has been
studied.

The material evaluation test platform basically possesses
the capability of comprehensive testing and evaluation of ma-
terials such as nickel base superalloy and high density nuclear
graphite, which provides a powerful support for the successful
implementation of TMSR.
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Pyroprocessing technologies for on-line treatment of TMSR fuel

Department of Radiochemistry and Engineering

The primary scientific goal of the Thorium-based Mol-
ten-Salt Reactor system (TMSR) is “thorium-based nuclear
energy”, that is, the thorium-based fuel cycle. The technical
route to realize the thorium-based fuel cycle in TMSR is liquid
fueled TMSR coupled with pyroprocessing facility. This study
has been devoted to establishing a fuel processing flowsheet
suitable for TMSR system and to achieving the following
purposes: 1) demonstration of process feasibility of pyropro-
cessing technologies, such as fluoride volatility, low pressure
distillation, molten salt electrochemistry, etc; 2) the enlarge-
ment of process equipments and the integration of pyropro-
cessing technologies; 3) solution of the key technical problems
in the industrialization of fluoride volatility and low pressure
distillation; 4) qualification of the ability of designing TMSR
process flowsheet and the R&D, commissioning and operation
of pyroprocessing equipments.

The main progresses obtained in recent two years are listed
as follows:

1  Fuel processing flowsheet for TMSR liquid fuel

Principles for designing TMSR fuel processing flowsheet
based on the target to fulfil thorium based fuel cycle in TMSR
and full consideration of the characteristics of fission prod-
ucts(FPs) have been proposed as follow: 1) separating and
recycling the most valuable UF, and carrier salts on-line as
soon as possible using pyroprocessing technologies; 2) sepa-
rating 2*U (decay from ***Pa) and Th from the residue after
cooling for several months for recycling at a suitable time; 3)
choosing relatively mature technologies as much as possible; 4)
the technologies used for the separation of U and carrier salt
should also be characterized by easy reconfiguration of the
products and continuous operation. Under the guidance of the
above principles, fluoride volatility and low pressure distilla-
tion technologies are selected as the key on-line processing
technologies. Meanwhile, process tailings transformation and
recycling technologies have been also under development,
including pyrohydrolysis and Modified THOREX process for

ALO;
Absorption tower

Vacuum

MFCI

Ar

Infrared
detection

the co-extraction of uranium and thorium. The preliminary
scheme of fuel processing flowsheet is shown in Fig.1. The
scheme not only relieves the strength and difficulty of on-line
processing, but also makes the most valuable fuel and carrier
salt recycled in time and minimize the out-of-reactor inventory.

e e
Fluorinatim )
UF-BeF ™

Th,Pa,FPs
LiF,BeF;

Distillation | 1

Waste proper to later disposal

Fig.1 The preliminary processing flowsheet

for TMSR liquid fuel
2 Key pyroprocessing technologies
2.1  The fluoride volatility technology

For the fluoride volatility technique, we have determined a
pathway that includes IR spectroscopy to monitor the process,
an adsorption method to purify the products, and gradient
condensation to collect the volatilized UF¢. The equipment has
been built, and the IR instrument and a technique for on-line
monitoring of the fluoride volatility process have also been
developed. A series experiments have proven that UF¢ can been
recovered by using the fluoride volatility process from UF,
powder or eutectic UF4-FKZr, and the recovery ratio of U is
over 95%. A method for preparing the NaF adsorbent from NaF
powder, a binder, and water as raw materials has been devel-
oped. The adsorbent exhibits excellent properties, namely, a
void fraction of 40%~45% and an average pore diameter of
3~4 um. The maximum adsorption capacity for MoF¢ is 115 mg
MoF¢/g NaF, which meets to the requirements of the purifica-
tion procedure.
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R1 R2
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\
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Fig.2 The process for uranium volatility, purification and recovery of UF;
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2.2 Frozen-wall technology

The coordination effects of fluorine and molten fluoride
salts during the fluoride volatility process will cause severe
corrosion of any known metal construct materials. To prevent
such corrosion, we are planning to develop a technique called
the “frozen-wall” which is extensively applied in the metallur-
gical industry. This technique will effectively prolong the

Fig.3 Picture of frozen-wall facility and image of
the formed frozen wall

lifetimes of the fluorinator and therefore decrease the volume of
radioactive waste produced by the process. A research facility
for investigating the nitrate system has been built, and the
preliminary results indicate that a nitride salt frozen wall can be
formed and maintained by controlling the heat exchange rate.
The state of the frozen wall and its thicknesses can be measured
by monitoring the temperature with thermocouples. Thus, the
frozen wall could be an option for solving the challenges arising
from corrosion. Subsequently, the equipment will be upgraded

to provide conditions for operation of fluoride salt, it will focus
on research of the protection effect of frozen-wall for the inner
wall of fluorinator.

2.3  Low pressure distillation technology

A gram-scale vacuum thermogravimetric system has been
developed, and the distillation rate of FLiNaK and the relative
volatility of a series of RE fluorides have been determined
experimentally using this system. We have developed a 100
gram-scale fully sealed distillation device in which the distilla-
tion, condensation, and collection of the molten salt are driven
by the temperature gradient. The dependence of the collection
efficiency on the temperature field was investigated in detail,
and a recovery ratio of more than 98% with DF of REs more
than 107 was obtained. Kilogram-scale distillation of FLiNaK
was performed at a horizontal distillation facility with a large
evaporation surface. The evaporation rate of FLiNaK reached
1 kg/h, and the collection efficiency was more than 94%. The
above-mentioned results suggest that the application of
low-pressure distillation for purification and recovery of the
carrier fluoride salts is feasible. Furthermore, the factors that
affect the collection efficiency and the purity of the recovered
salt were also identified. Further work will focus on eutectic
FLiBe, which is the real coolant or carrier salt for the MSR.
Fig.4 shows the home-made distillation equipments.

Fig.4 The distillation equipment of fluoride melt (Left: gram-scale vacuum thermogravimetric system; Middle: 100 gram-scale fully
sealed distillation device; Right: kg-scale horizontal distillation facility)

2.4  Process integration of fluoride volatility and distilla-
tion under cold condition

The process integration experiments of the fluoride vola-
tility and distillation were carried out in KF-ZrF, (58-42 mol%)
molten salt. The experiment focused on the behaviors and
distribution of uranium and FPs in the processes. The process
parameters of the fluoride volatility were as follow: the tem-
perature of fluorination was 550 °C, gas flow of 20% F,-Ar gas
was 0.2 L/min, the temperature of cold traps was —60 °C. The
FTIR was used to detect the product gas on-line. After the
fluorination, the residue salt was transferred to the closed
chamber distillation system and evaporated at 1 000 °C. The
distribution of FPs and U and DF of FPs in process product
were determined by element analysis. The results are shown in
Fig.5. In process integration experiments, the recovery ratio of
U was more than 95% and the DF of FPs was over 10°, the

recovery of carrier salt was up to 98% and the DF of REs was
about 10%.

Fluorination
-

al

1

|_J Molten Salt |
U: 7ppm

Cs: 2300ppm
Sr: 180ppm

Sm: 1800ppm

Sm <1ppm

Fig.5 The distribution of FPs and U and DF of FPs in prod-
uct in process integration experiments



2.5

Electrochemistry technology in fluorine salt system

The experimental researches of uranium electrolysis in
different molten salts (FLiNaK, FLiBe, LiCI-KCl) have been
carried out. The separation ratios of uranium in FLiBe,
LiCl-KCl and FLiNaK molten salts reached 92%, 98% and
73%, respectively. The electrochemical properties of UF, were
studied in different molten salts (FLiNaK, FLiBe, LiCl-KCl)
and the foundation parameters were measured. The technology
of reference electrode preparation used in FLiNaK and
LiCI-KCl molten salt was established, and the preparation
procedure of reference electrode in FLiBe molten salt was
determined and the technology was preliminarily optimized.
Considerable progress in anode research was achieved, and the
reaction mechanism and product characterization of graphite
anode in FLiNaK molten salt showed that the reactions on the
graphite anode is closely related to the electrolysis conditions.

Table 1 Results of uranium electrolysis in different
molten salts

Motlen Before After Separation
salt electrolysis electrolysis ratio of
(U wt%) (U wt%) U(%)
FLiBe 2.27 0.18 92.03
FLiNaK 7.68 2.02 73.70
LiCI-KC1 1.52 0.028 98.14
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3  Prospect

According to the demand of TMSR fuel cycle, the feasi-
bility verification and screening of technologies and procedures
that may be suitable for fluoride fuel salt treatment have been
carried out. The fluoride volatility and low pressure distillation
methods to separate uranium and carrier salt, respectively, have
been determined as the priority technologies, while the elec-
trochemical technology has been selected as alternative. Cur-
rently, all the researches and experiment devices are at labora-
tory scale (100 g to 1 kg), which is far away from the engi-
neering application. In addition to the scale difference, many
functions for the operation in hot cell still have not been real-
ized, and the remote handling and process monitoring in hot
cell are always the main challenges in the development of
pyroprocessing equipments.

The later work will be focused on the verification and op-
timization of basic process units with simulated fuel or real fuel,
including fluoride volatility, low pressure distillation and mol-
ten salt electrochemistry. The development of key technologies
will be performed from cold experiment to demonstration
experiment, focusing on developing remotely handling pyro-
processing equipments. A variety of parameters should be
obtained in the process demonstration: the distribution and
flow direction of salt, An and FPs in every process units under
different conditions, and the waste type and amount. On this
basis, the dynamic model of material balance in the pyropro-
cessing flowsheet will be established, and the TMSR fuel pro-
cess flowsheet will also be evaluated and optimized.
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Aqueous reprocessing for thorium based nuclear fuel

Department of radiochemical Engineering and Technology

Spent fuel reprocessing is a vital component in “closed” nu-
clear fuel cycle. As the same as U-Pu fuel cycle, for conven-
tional ThO, fuel used in Th-U fuel cycle, the aqueous separa-
tion technology is still the most mature and reliable repro-
cessing method. In addition, the aqueous separation technique
also can solve some problems, which can’t be solved by using
pyrochemical method in the reprocessing of TMSR fuel. Thus,
to develop the application of aqueous technology in Th-U fuel
reprocessing, the uranium extraction process, new extractants
for Th-U fuel reprocessing and pyrohydrolysis of fluorides
were studied.

As shown in Fig.1, uranium extraction process can be used to
separate and recover 23U from irradiated ThO,. Based on the
“cold” bench experiments, the “trace” bench experiment for
uranium extraction process by using radioactive FPs from
irradiated 2%°U and mixer-settler were performed. It is found the
bench equipments ran well in the “hot” cell. The decontamina-
tion factor for total y, p and 2***°Sr are 3.34x10% 2.57>10* and
6.71x10°, respectively. Furthermore, the separation factor for
U/Th and recovery of U could also reach 7.60>10° and 99.83%,
respectively. The main indices in uranium extraction process
have reached or exceeded that in the domestic and foreign
similar process. Especially, the separation factor for U/Th is one
order of magnitude higher than that in domestic and foreign
reports. The decontamination factor could also reach or exceed
that in domestic and foreign reports in the absence of added
decontamination step.

Considering the defects of TBP in Th-U fuel reprocessing,
such as lower distribution coefficient and extraction capacity
for Th, “third phase” formation, and lower separation factor for
U/Th, the irradiation stability of P350, a new extractant for
Th-U fuel reprocessing, was also studied, and a new process
for the recovery of Th and U based P350 was proposed. The

1AF

results of multistage countercurrent extraction experiment
using batch simulation demonstrate that the main indices in
P350 process are at the same level compared with that in
Thorex process using TBP as extractant. However, a lower
extractant flow ratio is used in the P350 process, and it could
reduce the amount of generated radioactive organic waste liquid.
Furthermore, the formation of “third phase” could also be
prevented in the P350 process. Thus, the extractant of P350
possesses a high application potential in Th-U fuel repro-
cessing.

In order to further recycle useful materials in TMSR fuel after
pyroprocessing and to avoid the generation of strong radioac-
tive fluoride wastes, a study on pyrohydrolysis of different
fluorides at high temperature was carried out. The pyrohy-
drolysis experiments of single fluoride such as ThF,;, UF,,
SmF;, and SrF; at high temperature was conducted under dif-
ferent thermal conversion temperature and within different
reaction time respectively, and the structural characterization of
their conversion products, as well as the dissolving experiments,
were performed too. Besides, a series of molten salts of dif-
ferent components were prepared, followed by their structural
characterization, the structural characterization of conversion
products and dissolving experiments. Results indicated that
ThF, in mixed fluoride molten salts can be converted into its
corresponding oxide under experimental conditions, and alkali
metal fluoride which is difficult to be converted can be trans-
formed into its oxide by use of accelerators such as Cr,03;, WO,
and other acid oxides. The feasibility of pyrohydrolysis tech-
nology in the conversion of fluoride to oxide was confirmed by
the above experiments, paving the way for its application in the
separation of Th, U, and FPs.
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Fig.1 The flow sheet of uranium extraction process (up) and concentration profiles of Th, U in 1A cycle of “cold” bench experiment
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Fig.2 The “trace” bench experiment of uranium extraction
process in “hot” cell

Fig.3 The experimental installation for pyrohydrolysis of
fluorides
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To master the key aqueous separation technology for ThO, fuel
reprocessing, the Th/U extraction separation process was de-
veloped. The results of “trace” bench experiment for uranium
extraction process using mixer-settler demonstrate that the
main indices in uranium extraction process have reached or
exceeded that in the domestic and foreign similar process. The
P350 is more appropriate for the Th-U fuel reprocessing, and a
new process with self-owned intellectual property for the re-
covery of Th and U based P350 was proposed. Furthermore,
the pyrohydrolysis of fluorides were also studied, and the fea-
sibility of using pyrohydrolysis in pyro-hydro-reprocessing for
TMSR fuel was proved. All of these works could provide some
technical reserves for the TMSR fuel reprocessing.

Research and development of nuclear fuel reprocessing tech-
nology is of great significance for the final realization of closed
nuclear fuel cycle. The selection and development of new
extractants and related processes for Th-U fuel reprocessing
should be considered in the follow-up research to master the
key technology and improve the technological level of aqueous
reprocessing. In addition, for the different processing require-
ments of various types of Th-U fuel, different fuel treatment
technologies and processes also should be developed and tested
by using a series of bench and “hot” experiments to realize the
full utilization of resources and the reasonable disposal of waste
in the nuclear fuel cycle.
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Research platform of thorium-uranium fuel cycle

Department of Radiochemical Engineering and Technology

The Research Platform of Thorium-Uranium Fuel Cycle
is a basic experimental facility for research and development
of TMSR fuel, pyroprocessing technology of depleted fuel,
and other nuclear chemistry and radiochemistry for thori-
um-uranium fuel cycle. The main objective is to establish an
advanced radiochemical analysis platform and thorium- ura-
nium fuel cycle experiment facility, thus to build a complete
research base for TMSR radiochemical research. The main
tasks include construction and operation of the radiochemical
analysis platform, reconstruction of radiochemical laboratory
in building 103 and design of pyroprocessing experimental
facilities.

The progress of the work during 2013 and 2014 are as
follows:

1 Radiochemical analysis platform

The radiochemical analysis platform is a relatively com-
plete analysis platform for thorium-uranium fuel cycle re-
search, which contains a variety of relative instruments. The
main instruments are shown in Table 1: 1) radioactive analysis
instruments including 4 gamma spectrometers, 2 alpha spec-
trometers and 1 liquid scintillation counter. 2) chemical analy-
sis instruments including ICP-MS, ICP-AES, AAS, XRD, high
temperature Raman spectrum, IC, HPLC and so on. During
2013-2014, the radiochemical analysis platform has worked
well, completed all the analysis tasks for TMSR related re-
search, and provided excellent technical support for the TMSR
related research. In order to meet the requirement of analysis
in reprocessing technology of depleted fuel of TMSR, the
platform has carried out researches for related analysis meth-
ods and built the analysis methods for thorium and uranium
fission products analysis.

Table 1 The main instruments for radiochemical analysis platform

Instrument Amount Application

ICP-MS 1 Rare Earth and Heavy Metals Nuclide Analysis

ICP-OES 1 Elemental analysis

AAS 1 Trace element analysis

Raman 1 Molten salt structure analysis

Alpha spectrometer 2

Gamma spectrometer 4 Radionuclide analysis

liquid scintillation counter 1

XRD 1 phase analysis of molten salt and sediment

HPLC ) Organic compounds, macromolecular compounds such as the separa-
tion and purification and qualitative and quantitative analysis

e | Separation, Qualitative and Quantitative Analysis of Inorganic Cations
and Anions Qualitative and quantitative analysis of organic acids

Electrochemical Workstation 3 Electrochemical Analysis and Electrolysis Methodology

2 Reconstruction of radiochemical
building 103

laboratory in

In order to recover the ability to operate with long life ra-
dioactive nuclides and actinide nuclide, the equipment of the
radiochemical laboratory in building 103 are redesigned, the
main equipments include hot cell systems (including 7 hot
cells, 3 radiation shielding gloveboxes and radioactive materi-
al transfer system) and 14 gloveboxes. The vy shielding ability
of hot cell is 1.85x10°Bq (**’Cs).The remote handling equip-
ment for hot cells has been upgraded from remote-handling
tongs to articulated manipulator, which can complete complex
operation. The radioactive material transfer system can
transport the radioactive material between the hot cells auto-
matically, which can reduce the possibility of radioactive con-
tamination. So far by now, the manufacturing, installing and
testing of radiochemical process equipment have been com-
pleted. The leak rate T; of hot cell, glovebox and radioactive
material transfer system is less than 2.5x107° h™', which is
consistent with the requirements of sealing, and the other

155

technical parameters of radiochemical process equipment also
meet the requirement of design.

Due to long years out of repair and equipment aging, the
auxiliary systems of the lab are also reconstructed, such as the
radioactive waste gas treatment system, radioactive waste
storage system, radioactive liquid storage system, control sys-
tem for radiochemical processing equipments and centralized
gas supply system. By now, the manufacturing, installing and
testing of the main system and equipments are all completed
and the technical parameters meet the requirement of design.
The radiochemical laboratory in building 103 is about to enter
the trial operation stage.




Fig.1 The main process equipment of radiochemical labora-
tory in building 103

3 Design of pyroprocessing experimental facilities

In order to meet the requirement of TMSR fuel salt sepa-
ration key technology development and pyroprocessing tech-
nology development, the design of pyroreprocessing experi-
mental facility has been carried out. The preliminary feasibil-
ity study report has been completed by 2014. The function,
scale, the main process, equipments, auxiliary systems and
overall layout are confirmed. The hot cell systems contains 2
main process hot cell (1 Ar atmosphere hot cell and 1 Air hot
cell), 2 analysis hot cells, 1 auxiliary hot cell and 1 mockup
cell. The designed radiation shielding ability is about 3.7x10"

Bq. The Ar atmosphere hot cell is the core equipment for the
verification of pyroprocessing technology, the structure is
cuboid and designed to be an a-y hot cell. The inner cell is 15
m long, 6 m deep and 6.5 m high. It can be operated in two
sides and have 12 operation positions. The leak rate Tf is less
than 1x10° h™". The protect gas inside is Ar with the pressure
between —200 Pa and —1 000 Pa, and the content of water is
less than 10 mg/L and the oxygen less than 30 mg/L. The Ar
atmosphere control system is used to control the content of
water and oxygen, which contains gas supply unit, recy-
cling-cooling unit, purification unit, pressure protection and
off gas unit.
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Fig.2 The process of pyroprocessing experimental facility
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4 Summary and Prospect

The radiochemical analysis platform is running well and
it has completed the analysis task for TMSR related research.
In order to improve the ability and level of radiochemical
analysis, the application of CNAS laboratory accreditation will
be carried out. The manufacturing, installing and testing of the
main systems and equipments of radiochemical laboratory in
building 103 are all completed and will
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enter the trial operation stage, the subsequent main work is to
establish and improve the management rules and regulations
for the chemical laboratory to ensure the safe operation of the
laboratory. The preliminary feasibility study report of pyro-
processing experimental facility has been completed, the sub-
sequent work are development of key technologies of Ar at-
mosphere hot cell including sealing technology, atmosphere
control technology and radioactive material transfer technolo-
gy in different atmosphere.
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The researches on relativistic heavy-ion collisions

Division of Nuclear Physics

The Relativistic Heavy-lon Collider at Brookhaven Na-
tional Laboratory created a condition similar to the early uni-
verse at a few microseconds just after the Big Bang, thus it is
the ideal lab to understand the early state of the universe. Dur-
ing 2013 and 2014, our research focus on measurements of
di-electron production and energy-dependent difference of
elliptical flow between particles and antiparticles in AutAu
collisions at RHIC-STAR. Meanwhile, we use phenomeno-
logical models to study the partonic dynamics in relativistic
heavy-ion collisions.

1 Experimental researches at RHIC-STAR

We measured dielectron (e+e—) production at midrapidity
(Inl<1) in AutAu collisions at [s_ =200 GeV'!). The diclec-

tron yields in the ® and ¢ mass regions are well described by the
hadronic cocktail model while yields at higher mass, 1~
3 GeV/c?, can be understood as mostly from decay leptons of
charm pairs. In the 0.30~0.76 GeV/c® region, however, there
exists a clear excess over the hadronic cocktail that cannot be
explained by a pure vacuum p. This research is very important
in understanding the properties of QGP created in relativistic
heavy ion collisions. We also measured elliptic flow values for
identified particles at midrapidity in Au+Au collisions in the
beam energy scan at RHIC at m =7.7-62.4 GeV?. The

difference in v, between particles and antiparticles increases
with decreasing beam energy. At lower energies, particles and
antiparticles are no longer consistent with the single NCQ
scaling that was observed for data at m =200 GeV.

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

On theory study side, we studied the elliptic flow and
triangular flow in p+Pb and Pb+Pb collisions™. The charac-
teristic mass ordering of v, in p+Pb collision is reproduced,
whereas for v, this is not observed. We also predicted the
pseudorapidity dependence of v, and v; in p+Pb and observe
that both are increasing when going from a proton side to a
Pb-nucleus side. We further predicted the higher-order Fourier
coefficients, v, and vs in p+Pb collisions. We studied the
long-range azimuthal correlations in 7 TeV p+p collisions and
5.02 TeV p+Pb collisions, we found the correlations are from
the incoherent scattering of partonst*l. We calculated the dif-
ference between the elliptic flow of positive and negative pions
within AMPT model with imported initial electric quadrupole
moment. The slope parameter r is found to be increased by the
hadronization given by the coalescence®. We studied the me-
dium modifications of prompt photon-tagged jet fragmentation
function by comparing prompt photon-tagged hadron azimuthal
correlation in Aut+Au collisions (0%~40%) and in p+p colli-
sions at m =200 GeV. We found a medium-modified jet
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shape in which the medium enhancement of soft particles is
preferentially located far away from the jet axis®. We studied
the medium modifications of jet shapes in Pb+Pb collisions at
m = 2.76 TeV. We found that subleading jets display larger

modifications than leading jetst”). We studied the decomposi-
tion of jet fragmentation function, we found the measured jet
fragmentation function ratio of Pb+Pb to p+p collision is de-
composed into two parts, corresponding to two contributions of
jet hadronization from fragmentation and coalescence, which
suggest an existence of distinct competition between two jet
hadronization mechanism™. We studied the transverse mo-
mentum imbalance between prompt photon and jet in Pb+Pb
collisionsat [s, = =2.76 TeV. We found jet loses more energy

in more central collisions due to strong partonic interactions
between parton shower and partonic matter™. We studied the
dijet asymmetry in Pb+Pb collisions at /s =2.76 TeV, and

reveal the origin of this asymmetry. We found the asymmetry is
driven by both initial asymmetry and partonic jet energy
loss!?,
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Shanghai laser electron gamma source (SLEGS)

Department of Nuclear Physics

Shanghai Laser Electron Gamma Source (SLEGS) is one
of the high quality gamma sources based on Laser Compton
Scattering (LCS). The energy region of SLEGS is 0.4~20 MeV.
Based on the method of photon nuclear reaction, SLEGS aims
at basic physics researches, such as nuclear astrophysics, nu-
clear physics, and polarization 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 aer-
ospace electronic components, and accurate calibration of the
gamma detector for aerospace!l. During 2013-2014, we
mainly focus on the preliminary design of SLEGS and the pre-
research of key equipment. The main results are as follows.

1 Preliminary design of key equipment

We developed a laser Compton scattering process Monte
Carlo program based on Geant4. With this simulation program,
we carefully simulated the gamma ray generation and trans-
mission process of SLEGS (Fig.1). Then the key parameters of
SLEGS such as energy region, intensity, and size of beam spot

were determined.
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Fig.1 The energy spectrum and beam spot of SLEGS
at collision point

We also used this program to calculate the various possible
factors which might influence the gamma nature of SLEGS
(Fig.2). Then the design parameters of key equipments, such as
the target chamber at collision point, were determined accord-
ing to the calculation results and the parameters of SSRF ac-

celerator?.
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Basis on the simulation, we have completed the prelimi-
nary design of the key equipments of SLEGS, such as LCS
target chamber at collision point, mirror chamber at front end,
laser detection, collimator and attenuator. The preliminary
design of LCS chamber at collision point is shown in Fig.3.

Fig.3 Preliminary design of LCS chamber

2 Construction of SLEGS prototypes I11

In order to accumulate the key technology for SLEGS, we
will carry out the SLEGS prototype III. prototype III will built
at the 150 MeV electron linear accelerator of Shanghai Deep
Ultraviolet-Free Electron Laser. Using 800 nm TW laser, pro-
totype III can produce 90~500 keV X-ray with flux of
10° photons/s. The layout of SLEGS prototype III is shown in
Fig.4.

Fig.4 Layout of SLEGS prototype III

During the past two years, we have finished the design and
built of the prototype III’s LCS chamber at collision point, also
finished the construction of the laser system and X-ray meas-
uring system.
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Low and intermediate energy heavy ion collision physics

Division of Nuclear Physics

This research field focuses on the following subjects:
B-delayed proton and two-proton emissions in proton-rich
nuclei, isospin and spin physics in intermediate energy
heavy-ion collisions, nucleus collective excitation and giant
resonances.

1 Experimental study on pB-delayed proton and
two-proton emissions in proton-rich nuclei

One and two proton emissions are the exotic decay mode
of the very proton-rich nuclei. It is significant to study these
phenomena experimentally. The B-delayed 1p and 2p emis-
sions from 2°Si and Al were measured at the RIBLL in the
Heavy lon Research Facility in Lanzhou. Secondary beams
were produced through the projectile fragmentation of an 76A
MeV %Si primary beam bombing on a Be target at the target
chamber (T0). The produced ions of %Si and %Al were inject-
ed into a thin silicon strip detector at T2. The excited states of
ZAl and Mg were populated after the p-decay of %Si and
ZAl. A silicon box detector system was used to detect the
emitted protons.

2 Isospin and spin physics in intermediate energy
heavy-ion collisions

Neutrons and protons are two different isospin states of
nucleons. Isospin physics studies special properties of systems
with different numbers of neutrons and protons (isospin
asymmetric systems). Nuclear matter is an ideal system com-
posed of uniformly distributed nucleons. The energy of an
isospin asymmetric nuclear matter is generally higher than that
of an isospin symmetric one, and the energy difference is
called the symmetry energy. As an experimental probe of the
high-density symmetry energy, the m-/n+ ratio has attracted
global attentions among experimental and theoretical nuclear
physicists. We found the pion s-wave and p-wave interactions
in nuclear medium significantly affect the accuracy of extract-
ing the symmetry energy, especially in nuclear reactions at
lower collision energies!¥. Generally, the liquid-gas phase
transition in isospin symmetric matter is a first-order phase
transition, while that in isospin asymmetric matter is a smooth
one. Using a relaxation time approximation approach, we
found that the specific shear viscosity has a minimum value
near nuclear liquid-gas phase transition, and the smallest value
is around 4~5 times of the theoretical lower limit®?. The tri-
ton/*H ratio in nuclear reactions and the neutron skin thickness
of neutron-rich nuclei are both probe of the symmetry energy,
and we found it is possible to measure experimentally the
triton/°H in order to extract the neutron skin thickness of the
projectile nuclei®®. Based on the simple Van der Waals equa-
tion of state, we have related approximately the nuclear equa-
tion of state or even the symmetry energy to the in-medium
nucleon-nucleon scattering cross sections, and developed a
corresponding Boltzmann transport model ™.
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On the other hand, as fermions, nucleons have a spin of
1/2. Particles with different spins have their different dynamics
in an external spin-orbit coupling potential, and this is the
fundamental principle of the spin-hall effect. As a crucial
component of nuclear force, the spin-orbit nuclear interaction
is important in explaining the shell structure of finite nuclei. In
non-central heavy-ion collisions, due to the coupling to the
angular momentum perpendicular to the reaction plane, inter-
esting spin dynamics for nucleons will occur. For the first time,
we have incorporated the nuclear spin-orbit interaction into the
Boltzmann transport model, and found that the difference in
the transverse flow for nucleons with different spins can be a
good probe of the nuclear spin-orbit interaction® !,

3 Studies on nucleus collective excitations and giant
resonances

Nuclei have many collective excitation modes. For ex-
ample, the breathing oscillation mode along the radial direc-
tion is called the giant monopole resonance, while that due to
the dipole deformation is called the giant dipole resonance. It
is called the isoscalar oscillation if neutrons and protons are
moving in the same direction, and called the isovector oscilla-
tion if neutrons are moving against protons. Employing a
quantum molecular dynamics model, we have studied the var-
ious excitation modes from light to heavy nuclei, as well as the
relation to the nuclear equation of states”®1, On the other hand,
whether there exist alpha clusters in light nuclei is a hot topic,
and we found that it is possible to investigate the configuration
of alpha clusters in light nuclei by using specific gamma spec-
tra from isovector giant dipole resonances of those nuclei’®. In
nuclear reactions, there also exist dynamical isovector giant
dipole oscillations, and we have studied this phenomenon as
well as the corresponding relations to the symmetry energy
using a Boltzmann transport model™*”,
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CUORE and PandaX collaboration experiments

Nuclear Physics Division

This research field focuses on ultra low background deep
underground laboratory and non-accelerator physics: neutri-
noless double beta decay measurement (CUORE) and dark
matter direct detection experiment (PandaX) in China Jinping
underground laboratory (CJPL). We have carried out a series of
R&D and background analysis of ultra low background detec-
tors, which play an important role in the above two interna-
tional cooperation experiments.

1 0VDBD experimental collaboration (CUORE)

The main goal of CUORE (Cryogenic Underground Ob-
servatory for Rare Events) is to measure possible extremely rare
neutrinoless double neutrino beta decay (0VDBD) of **Te. The
measurement of OVDBD is crucial to determine the absolute
mass of neutrinos, whether neutrinos are Majorana particles or
Dirac particles, and the lepton number violation. The nuclear
physics division successfully completed the measurement of
purity of all CUORE crystal materials from 2008~2012, and
developed low background gamma detectors and cosmic ray
detectors.

CUORE-0, the first prototype tower of CUORE, uses the
same manufacturing, assembly standards and processes as
CUORE, contains 52 TeO, crystals, and the surface of the
copper frame has been specially purified to reduce radon and
other sources of pollution. CUORE-0 began to run in
CUORICINO cryostat from March 2013, taking data till Augest
2013. It then continues to take data from Nov 2013,

Two members from our group visited LNGS national un-
derground laboratory of Istituto Nazionale di Fisica Nucleare
(INFN) ltaly, from January 11, 2014 to March 12, 2014 and
from November 15, 2014 to January 23, 2015, respectively,
participated in the operation, maintenance of CUORE-0 cryo-
stat, online data acquisition, and offline analysis work. During
the two visits, we investigated and overcome a series of diffi-
culties, such as the abnormal increasing of CUORE-0 baseline
temperature, the abnormal cable inspection and the main vac-
uum pump anomalies, which ensure the high quality of
CUORE-0 data acquisition.

The assembly of the 19 TeO, towers was finished in 2014.
The custom cryostat for the 19 towers has commissioned and
reached a baseline temperature lower than 8 mKX.

2  Direct Measurement of Dark Matter (PandaX)

In PandaX collaboration, we undertook an open topic
project of particle physics and cosmology laboratory of
Shanghai Jiao Tong University: "Fast neutron coincidence
detector measurement in low background" from September
2013. This project aims to develop a low background fast neu-
tron coincidence measurement device based on existing high
sensitivity *He proportional counter tube and 4 new long plastic
scintillator detectors + PMTs. This research work has been
carried out in three aspects: 1) waveform digitizer and energy
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calibration of EJ301 liquid scintillation detector; 2) dual pulse
characteristics study of capture gated neutron detector of
EJ339A:; 3) a series of measurements using *He tube and EJ301
in Jinping underground laboratory. The schematic diagram of
measurement device used in CJPL in Jun 2014 was shown in
Fig.1, where the *He proportional counter has a diameter of
5.08 cm and a length of 1 meter.

MRS2000
. SHV
SHY 1000Y, 950V USB

SHV BNC-Lemo

BRI

IR wcn

Fig.1 Schematic diagram of fast neutron measurement
device used in CJPL.

The measurement results showed that the working state of
the *He tube was greatly affected by the fluctuation of the
power supply of the laboratory. In addition, the *He tube needed
to be stationary for a period of time to achieve a stable working
point, otherwise it will cause a lot of noise. There is still a need
to change the measurement conditions, to confirm whether the
counting rate is stable.

PandaX successfully completed the first phase of con-
struction, operation and data taking®?, and the first dark matter
(DM) measurement result was published in 2014F. In the
37-kg liquid xenon target with 17.4 live-days of exposure, no
DM particle candidate event was found. This result disfavored
the first reported positive observation from the DAMA/LIBRA
experiment, which can be explained by WIMPs with masses
around 10 or 50 GeV/c®. The minimum upper limit, 3.7x
10 cm?, for the DM-nucleon scattering cross section, was
obtained for a 49 GeV/c? DM-particle mass at 90% confidence
level.

3
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Fig.2 PandaX-I results, as well as the results of other
experimental groups, taken from the reference®!,
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Neutron physics experimental facility (White light neutron source)

Nuclear Physics Division

The neutron physics experimental facility, (also called as
photo neutron source-PNS) the 15MeV electron LINAC driven
white light neutron source was finished the building project,
and accelerator, production target shielding, target cooling
system and terminal devices installation (Fig.1), started the
15 MeV electron-neutron joint commissioning; Experimental
measurement of *°F (AIF; and Al target material) neutron total
cross section and **Th radioactive experiment at PNF(Pohang
Neutron Facility) of Korea, the final results shown in Fig.2,
shows well agreement with ENDF/VII Library evaluated data;
Finished the ®Lil crystal and solid plastic scintillator calibration
at pulsed reactor with thermal neutron beam; Build a multi
gamma and neutron detector array with CsI(TI) crystal and Li
Glass combined with plastic scintillator, electronics system and
so on; Simulation with GEANT4 for neutron production spectra,
neutron transmission vacuum tube, compared the stopping
effect of different thickness of Lean shield cell, and mul-
ti-scattering effect in AlF; and Al thick target, optimization
analysis of PE and Boron loaded PE moderator and neutron
gamma energy loss analysis in °Lil crystal. Finished the
waveform and VME based DAQ system(single PC and network
version), study the neutron total cross section, fission, elastic
and inelastic, capture cross section measurement setup and
detector’s design.

Fig.1 Photo of neutron physics experimental facility
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1 Commissioning results of PNS

Fig.3 shows the relationship of neutron TOF detector’s
counting rate with the accelerator power, at the conditions of
1.5 ps pulse width and 20 MeV electron energy and 5m TOF
path. The preliminary analysis indicated that the total thermal
and quasi-thermal neutron yields was matched the designed
results. The Cd/Ag/In film calibrated target get the absorption
peak from the TOF spectra.
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Fig.3 Commissioning results: relationship in neutron count-
ing rate and accelerator power

2 Design of Multi-unit Detector Array

Designed with Li glass and plastic scintillator for neutron
detector array and 42 Csl(TI) crystal for gamma detector array
of neutron capture reaction. The solid angle of detector array
coverage about 95% of 4n angle. The unit detector has finished
30 pieces and energy resolution of Csl detector less then 10%,
All detector array design will be finished at 2014, and then start
the detail calibration work.

Fig.4 Multi-unit gamma and neutron detector array design
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Theoretical physics for nanobiology and interfacial water

Group of Computational Physics

The group is engaged in interdisciplinary studies on the-
oretical physics and nanobiology, focusing on molecular dy-
namics simulation and other computational studies on bio-
molecules and interfacial water. These provide theoretical
assistance to synchrotron radiation studies and other experi-
mental research programs at SINAP. Collaborating well with
the experimental groups, the group has made remarkable pro-
gresses.

Destructive extraction of phospholipids from Escherichia
coli membranes by graphene nanosheets

Graphene has attached more research attention in recent
years, Thus, to understand how it interacts with macromole-
cules (such as proteins, cell membranes and so on) is crucial
for its biomedical applications. Graphene is a two dimensional
single-atom-thick nanomaterial with unique hydrophobicity.
The cell membrane mainly consists of self- assembled am-
phiphiles in aqueous environment. Recently, Prof. Yusong Tu
from Yangzhou University and Prof. Haiping Fang from the
Shanghai Institute of Applied Physics, Chinese Academy of
Sciences have shown that there are two types of molecular
mechanism for the graphene-induced degradation of E. coli cell
membranes: one by severe insertion and cutting, and the other
by destructive extraction of lipid molecules. The direct extrac-
tion of phospholipids from lipid membranes was first observed
in our computer simulations, and then validated by our TEM
images. This strong attraction between graphene and membrane
lipids is largely derived from graphene’s unique
two-dimensional structure with all sp2-carbons, which facili-
tates exceptionally strong dispersion interactions between
graphene and lipid molecules. Cooperative movements of
extracted lipid molecules were also observed on the
two-dimensional graphene surface due to the redistribution of
the hydrophobic tails to maximize hydrophobic interactions
with the graphene surface. Our current findings might have
implications in the design of novel antibiotics and other clinical
applications. In particular, we envisage that graphene might
become a new type of ‘green’ antibacterial material for every-
day use, with little bacterial resistance due to its ‘physical
damage’- based bacterial killing mechanism. It might also
stimulate the cytotoxicity studies of other nanomaterials in this
emerging field of nanotoxicology. This work has been pub-
lished on the journal of Nature Nanotechnology!™.

High Correlation between Oxidation Loci on Graphene
Oxide

Graphene is a new type of two-dimensional ultra-thin
materials, which is considered to have wide applications due to
its unique structure, mechanical and electronic properties. In
contrast to the hydrophobicity of graphene, graphene oxide
(GO) has the vital advantage of water solubility. This results in
that GO in related experiments has more extensive applications
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than graphene under liquid phase conditions. Combining den-
sity functional theory with conventional transition-state theory,
Jinrong Yang, Dr. Guosheng Shi and Prof. Haiping Fang from
SINAP collaboration with Prof. Yusong Tu from Yangzhou
University firstly described the oxidation mechanism of gra-
phene in acidic agueous solution. This study a kinetic profile
for graphene oxidation with high correlation between oxidation
loci and built a new model of GO(Fig.1). This work was pub-
lished in Angew. Chem. Int. Ed™, which was selected as very
important paper (VIP).

The study of the detailed atomic structure of GO not only
provides new explanations for experimental observations and
an extension of relevant molecular-dynamics studies, but also
provides a more detailed description and understanding of the
physical nature of the oxidized and unoxidized regions on GO.
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Fig.1 Three crucial effects on high correlation:1) breaking of
delocalized = bonds; 2) steric hindrance; 3) hydrogen-bond
formation.

Reversible State Transition in Nanoconfined Aqueous So-
lutions

Whether solute molecules are in the dissolved or aggre-
gated states has fundamental importance in a large variety of
physical and biological processes, including the reaction effi-
ciency of chemical catalysis, the functions of proteins, and the
possible toxicity of nanoparticles. Recently, Liang Zhao, Dr.
Chunlei Wang, Prof. Haiping Fang and colleagues from the
Shanghai Institute of Applied Physics, Chinese Academy of
Sciences and Prof. Zuowei Wang from the Reading University
in United Kingdom have observed the reversible state transition
in the nano-confined aqueous solutions by MD simulations.

Systems at nanoscales usually display physical behavior
qualitatively different from that of macroscale systems. In the
reversible state, the system can switch between the dispersion
state and the aggregation state as the time goes on. Besides, the
confinement also leads to a significant increase of critical ag-
gregation concentration. Based on the developed theoretical
model, they found the reversible state transition was attributed
to the low free energy barrier (of order kBT) comparable to the
thermal fluctuation in between two energy minima corre-
sponding to the dispersion and aggregation states, and the
enhancement of the critical aggregation concentration resulted



from the fact that at lower concentrations the number of solute
molecules was not large enough to allow the formation of a
stable cluster in the confined systems. These findings enrich the
theory of the association behavior of the solute molecules to the
nanoscale and may give insights into the fields relevant to the
dissolution property of material in confined aqueous environ-
ment, such as the drug absorption, toxicity of nanomaterial, oil
extraction and restoration of carbon element in soil. This work
has been published on the journal of Physical Review Letters.

Interplay between Water and oxygen vacancy on TiO,an-
atase

TiO; is an important semiconductor with applications in a
wide range of areas, such as degradation of toxic organic pol-
lutants, water splitting, and solar cells. Its interaction with
water has brought a particular research interest because most
of reactions take place at aqueous surroundings. Researchers at
Shanghai Institute of Applied Physics, Chinese Academy of
Science, recently discovered a novel intrplay between water
and subsurface oxygen vacancy (Vo) on TiO, anatase (101)
sureface. Their relevant research has been published on
Physical Review Letters.

In contrast with rutile, the subsurface Vo is more stable
than surface Vo, and the surface Vo’s will diffuse to bulk site at
temperature as low as 200 K. However, with the adsorbed
water on the surface, the relative stability of surface and sub-
surface Vo will reverse because of the stronger adsorption of
water over surface Vo. By utilizing density-functional calcula-
tion, we found a novel interplay between adsorbed water and
subsurface Vo. The adsorbed water can induce subsurface Vo
to bubble up to the surface layer, which further facilitate water
dissociation. In another energetically competitive pathway,
molecular water dissociates over subsurface Vo first, followed
by barrierless Vo diffusion from subsurface to surface. This
interplay may enrich our knowledge about molecule adsorp-
tion on metal oxide surface and also provide a new perspective
way to understand the catalytic activity of anatase(101) sur-
face.

Aluminum-induced formation of backbone ring structures:
an innovative view for understanding molecular mecha-
nism underlying the aluminum-induced neurotoxicity

Aluminum is widely used in antimicrobial coagulants,
cookware, and even additives of food involving fried bread
stick, steamed bun, noodle and puffed food. In the 90 s, it was
confirmed that aluminum is harmful to human body.
Long-term intake of aluminum, it can lead to diseases of the
nervous system such as Alzheimer's, and even affects the
growth, development and intelligence of children. Hence,
cookware which contains aluminum has been limited to use.
Likewise, the use of aluminum containing food additives is no
longer permitted recently in products such as steamed buns
and cakes. Despite this close relationship between aluminum
and health, the mechanisms behind these aluminum-related
diseases are poorly understood, especially on the molecular
level, which limits efforts to prevent and treat these diseases.
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Fig.2 a) Food additives containing aluminum have been
banned. b) Aluminum tableware has been restricted. c) Alu-
minum ion combines with the protein skeleton to form the ring
structure and its damage to the protein secondary structure. Left
lower diagram shows normal structure of protein. Upper right
diagram indicates the ring structure. Upper left diagram pre-
sents the destruction of protein structure.

Bo Song, Prof. Xingyu Gao, and Prof. Haiping Fang from
the institute of applied physics of CAS cooperated with prof.
Fang Huang from china university of petroleumto apply. They
applied the combination of ab initio calculations, classical
molecular dynamical simulations, circular dichroism, nuclear
magnetic resonance, and X-ray photoelectron spectroscopy to
investigate the effect of aluminum on the protein struc-
ture(Fig.2). The corresponding results were published as
homepage illustration in the journal of Angew. Chem. Int.
Ed®l.

According to the coexisting chemical properties of ionic
bonds and covalent bonds, researchers proposed that alumi-
num ions have the ability to form chemical bonds simultane-
ously with both the amide nitrogen and carbonyl oxygen at-
oms on the peptide backbone of protein involving Neuro-
degenerative disease. It results in the formation of a ring
structure. Thereby the secondary structure of the protein is
destroyed, which causes the protein to produce irreversible
degeneration and accumulation.
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Terahertz technique and applications

THz Experimental Group

The group is engaged in the studies on terahertz (THz)
technique and its applications. THz time-domain spectroscopy
was applied to investigate the structure and interactions of
molecules. Quantum chemistry calculation was adopted to
analyze the relationship between the THz spectrum and the
structural properties.

The detection of weak intermolecular interaction

Using terahertz (THz) time-domain spectroscopy tech-
nique, we observed that urea is able to recognize and interact
with uracil efficiently even in the solid phase without involv-
ing water or solvents. A cocrystal configuration linked by a
pair of hydrogen bonds between uracil and urea was formed
and presents distinct THz fingerprint™(Fig.1). The work ena-
bles in-depth understanding of recognition and interaction of
urea with nucleobases and comprehension of the denaturation
related to RNA. The study demonstrates that THz spectrosco-
py has high sensitivity to different molecules and interactions.
It is an effective and alternative tool for label-free and online
measurement in pharmaceutical and biochemical studies*.

20| Urea-uracil cocrystal

Absorption coefficient (em”)

03 06 09 12
Frequency (THz)

Fig.1 The recognition and interaction of uracil and urea un-
der solid-state.

Development of terahertz time-domain spectroscopy sys-
tem

In 2013, we developed a terahertz time-domain spectros-
copy system based on the photoconductive antenna technology,
including transmission and reflection testing functions sup-
ported by the instrument and equipment functional develop-
ment and technical innovation project of the Chinese Academy
of Sciences. The system possesses the bandwidth 0.1~3.5 THz,
dynamic range >80 dB (Fig.2), frequency resolution <2 GHz,
and stability #0.13%@1 THz. We developed the visual inter-
face by LabVIEW, MATLAB and other languages. The effi-
ciency and convenience of the data processing have been im-
proved through the integration and improvement of programs.
Fig.3 shows an experimental result obtained by our user on
this system!*.
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Fig.2 (a) Real object of the terahertz time-domain spectrum
system; (b) System bandwidth and signal-to-noise ratio.
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Industrial application of interfacial water research

Department of Water Science

Basic and applied research radiation chemistry of carbo-
hydrates has long been engaged in this group, the development
of biological materials and nano-materials, radiation modifica-
tion of polymer materials, filtration membrane structure and
properties research. The main research area includes as follows:
modification of polymer materials and its application in filtra-
tion membrane technology and organic-inorganic composite
materials, synchrotron radiation applications and scientific
applications of water based technology.

Microfiltration membranes prepared from poly(N-vinyl-2-
pyrrolidone) grafted poly(vinylidene fluoride) synthesized
by simultaneous irradiation

Poly(N-vinyl-2-pyrrolidone) grafted poly(vinylidene flu-
oride) (PVDF-g-PVP) copolymers were synthesized by a sim-
ultaneous irradiation induced graft polymerization technique in
a homogeneous system. The kinetics of the radiation induced
graft polymerization was studied. Evidence for the existence of
the graft chains in grafted PVDF was characterized by FT-IR
spectroscopy in ATR mode. Then, membranes were cast from
pristine PVDF and PVDF-g-PVP of different degree of grafting
(DG) under phase inversion method. The contact angle, water
uptake, water filtration and antifouling property of membranes
were measured. The morphology was also studied with the use
of AFM and SEM. The results showed that with the increasing
DG, the contact angle became smaller, the water uptake, RMS
roughness, water flux and pore size and amount of the mem-
brane surface increased(Fig.1). The water flux recovery showed
that membranes cast from PVDF-g-PVP also possessed an
effective antifouling performance ™ (Fig.2).
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Fig.1 The relationship of water flux with DG of membranes
cast from pristine PVDF and PVDF-g-PVP.
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Fig.2 Water flux recovery percentage of membranes cast
from PVDF and PVDF-g-PVP of different DGs after surface
and inner fouling by BSA solution.
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Antifouling Microfiltration Membranes Prepared from
Poly(vinylidene fluoride)-graft-Poly(N-vinyl pyrrolidone)
Powders Synthesized via Pre-Irradiation Induced Graft
Polymerization

Poly(vinylidene fluoride) (PVDF) powders were grafted
with N-vinyl pyrrolidone using the pre-irradiation induced graft
polymerization technique. The effects of reaction time, ab-
sorbed dose, and monomer concentration on the degree of
grafting were investigated, and the grafted PVDF powders were
characterized by Fourier transform infrared spectroscopy,
thermogravimetric analysis, and differential scanning calorim-
etry. The grafted PVDF powders were also cast into microfil-
tration (MF) membranes via the phase-inversion method. The
contact angle and water uptake were measured. The membrane
morphology was studied by scanning electron microscopy, and
the water filtration properties of the membranes were test-
ed(Fig.3). The antifouling properties were determined through
measurements of the recovery percentage of pure water flux
after the MF membranes were fouled with bovine serum al-
bumin solution. The results confirmed that the existence of
poly(N-vinyl pyrrolidone) (PVP) graft chains improved the
hydrophilicity and antifouling properties of the MF membranes
cast from PVDF-g-PVP powders!.
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Fig.3 Normalized flux of MF membranes cast from pristine
PVDF and PVDF-g-PVP powders at different DGs during
filtration of 1 g/L BSA solution.

Surfactant-mediated formation of polymeric microlenses
from interfacial microdroplets

Nano- and micro-scale lenses have a range of potential
applications, such as in antireflective layers in photovoltaic or
light emission devices, and in super resolution imaging in the
near field modes. One of the protocols to mass produce poly-
meric microlenses is through the polymerization of micro-
droplets of a monomer precursor that are produced at solid—
liquid interfaces by a solvent exchange technique. In this work,
we have advanced this protocol by using surfactants. A cationic
surfactant was added to the liquid phase for the control over the



formation and morphology of polymerisable microdroplets and
their resultant microlenses (i.e. the polymerized microdroplets).
The results demonstrate that the surfactant could enable the
production of polymerizable microdroplets on hydrophilic
substrates by the solvent exchange technique, and eliminate the
restriction by the substrate wettability on the microlens fabri-
cation(Fig.4). Furthermore, the size distribution and aspect
ratio of microlenses could be tuned by the surfactant concen-
tration?(Fig.5).
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Fig.4 Optical images of microlenses produced on silicon.
The microdroplets were produced by using 0.5 cmc CTAB
aqueous solution as Solution B.
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Fig.5 (A) Average diameter and standard derivation of mi-
crolenses on the hydrophobic OTS-Si substrate and (B) aspect
ratio of microlenses on hydrophobic OTS-Si and hydrophilic
Si substrate surfaces at different surfactant concentrations.

Mechanism of force mode dip-pen nanolithography

Py / P, p; /
T w

Fig.6 (A) Aschematic AFM system for FMDPN: (1) piezo
tube, (2) substrate, (3) AFM tip, (4) laser, (5) photodetector; (B)

a serial of schemes represent the relative position and move-
ment of the AFM tip and scanner at different feature points (P1
to P7). The piezo tube moves along the direction indicated by

the arrow (P1, P2, P3, P6, and P7). If the piezo is stationary,

no arrow is shown (P4 and P5).

In this work, the underlying mechanism of the force mode
dip-pen nanolithography (FMDPN) is investigated in depth by
analyzing force curves, tapping mode deflection signals, and
“Z-scan” voltage variations during the FMDPN. The operation
parameters including the relative “trigger threshold” and “sur-
face delay” parameters are vital to control the loading force and
dwell time for ink deposition during FMDPN. A model is also
developed to simulate the interactions between the atomic force
microscope tip and soft substrate during FMDPN(Fig.6), and
verified by its good performance in fitting our experimental
datal (Fig.7).
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Fig.7 Fitting the experiment data to the theoretical
model:

Floading Tt ) =1.15 % 10%an (ry —a —d’]'J +0.22(rj —d) —0.18a ,
Floading is the loading force exerted by the AFM tip onto the
substrate; rink is the radius of the deposited ink dots after
FMDPN; a and d are the thickness of the meniscus and the
diffusion length of ink molecules during FMDPN, respectively;
is the half angle of the substrate deformation in this model.
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Progresses in peptide self-assembly

Physical Biology Division

The study on the self-assembly of peptides is valuable
since it has been recognized as an important approach to un-
derstanding the pathology of some diseases as well as exploring
the applications in de novo nanodevice design and fabrication.
However, the molecular level understanding of how the pep-
tides assemble into ordered nanostructures still remains elusive.
Herein, I introduce the progresses that we have made in the
molecular mechnisms as well as molecular-level control on
peptide self-assembly that have conducted in our group.

Self-assembled peptide nanostructures and its molecular

mechnisms

By cooperating with Prof. Ruhong Zhou’s group at IBM
Thomas J. Watson Research Center, the molecular mechanism
of epitaxial fibril formation has been investigated for GAV-9
(NH;3;-VGGAVVAGV-CONH,), an amyloid-like peptide ex-
tracted from a consensus sequence of amyloidogenic proteins.
Using atomistic molecular dynamics simulations, we found that
the surface polarity determines the global morphologies of
GAV-9, “upright” on mica and “flat” on HOPG, even with
relatively low surface peptide density. The lattice structure (i.e.,
a- and b-directions) of the mica surface are commensurate with
the molecular dimension of the peptides, which induces a
highly ordered B-stranded structure with synergies from both
the backbone hydrogen bondings and the side-chain hydro-
phobic packings along the surface crystallographic a- and
b-directions, respectively. On the assembly growth mechanism,
the binding interaction between the 7x7 peptide island and the
GAV-9 monomers ascertained the dominant role of the hydro-
phobic packings, thus suggesting the b-directional growth to be
the longitudinal axis of the GAV- 9 epitaxy on mica. GAV-9
contains only hydrophobic side chains except for the charged
N-terminus; thus, it would be energetically favorable to lie
down on the hydrophobic HOPG surface to maximize the
hydrophobic packing. Our simulations reveal both static
structures and dynamic processes on the peptide self-assembly
on highly ordered surfaces such as mica and HOPG with atomic
details.

Salts drive controllable multilayered upright assembly of

amyloid-like peptides at mica/water interface

We have investigated the formation of multilayered nano-
filaments of the amyloidal peptide GAV-9 on the surface of
mica under high-salt concentrations with both experimental and
theoretical approaches. In situ AFM images and delicate na-
nomechanical manipulation experiments show that GAV-9
peptide exhibits a very strong tendency to assemble uniformly
into a double-layered nanostructure with all-upright confor-
mations in 100 mM MgCl, solutions. This layer-by-layer as-
sembly of the upright-oriented peptides can be modulated by
adjusting the salt concentration (i.e., the ionic strength). Our
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molecular dynamics simulations and PMF calculations suggest
a parallel B-sheet conformation for the first layer but an anti-
parallel B-sheet for the second layer and beyond. The more
stable antiparallel conformation for the second-layer peptide is
a result of balanced complex interactions between peptide and
peptide, peptide and water, and peptide and mica, which are
also more consistent with the findings of the current AFM
experiment as well as with the commonly observed antiparallel
amyloid fibril structures. The different assembly patterns for
the first and second layers also emphasize the importance of the
microenvironment, such as template surfaces (i.c., on mica, on
peptide surface) even under the same salt solution. Further
studies with a variety of salt types (e.g., KCI, NaCl, MgSQO,)
and a wide range of salt concentrations (0-250 mM) indicate
that this is a common phenomenon, with an even higher number
of well-ordered upright layers (three, four, or five layers) pos-
sible. Compared with previous selfassemblies of other peptides
and proteins with indefinite morphologies, the current study
with GAV-9 peptides indicates that highly ordered, controllable
nanostructures can be achieved through careful sequence de-
sign, substrate lattice matching, and ionic strength tuning.

Hierarchical ordering of amyloid fibrils on the mica sur-

face

The aggregation of amyloid peptides into ordered fibrils is
closely associated with many neurodegenerative diseases. The
surfaces of cell membranes and biomolecules are believed to
play important roles in modulation of peptide aggregation
under physiological conditions. Experimental studies of fibril-
logenesis at the molecular level in vivo, however, are inherently
challenging, and the molecular mechanisms of how surface
affects the structure and ordering of amyloid fibrils still remain
unclear.

We have investigated the aggregation behavior of insulin
peptides within water films adsorbed on the mica surface. AFM
measurements revealed that the structure and orientation of
fibrils were significantly affected by the mica lattice and the
peptide concentration. At low peptide concentration (0.05
mg/mL), there appeared a single layer of short and well ori-
ented fibrils with a mean height of 1.6 nm. With an increase of
concentration to a range of 0.2~2.0 mg/mL, a different type of
fibrils with a mean height of 3.8 nm was present. Interestingly,
when the concentration was above 2.0 mg/mL, the thicker
fibrils exhibited two-dimensional liquid-crystal-like ordering
probably caused by the combination of entropic and electro-
static forces. These results could help us gain better insight into
the effects of the substrate on amyloid fibrillation.
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Progresses in developing far-field light microscopy

Division of Physical Biology

The far-field light microscope is a valuable sciectific in-
strument in life sciences for the noninvasive and time-resdved
imaging of the interior of transparent objects, like cells in three
dimensions and is widely applied in the research of biology,
medical science and nanoscience. The Division is mainly to
develop the theory and the technology of the far-field light
microscopy and the methods of imaging with the diffraction
barrier broken. These methods are hoped to describe the intra-
cellular structure of the organelle and their dynmic processes,
precisely analyze the biological effects of the nanomaterials and
DNA nanotechnology with super-higer resolution.

Imaging platform

The imaging platform provides new imaging technologies
to explore the complex biological systems at microscopic level
and can be used in drug testing, biological detection and hoped
to offer an in-depth understanding of complex genetic diseases.
In the year of 2013, three equipments including the laser
cofocal scanning microscope, live-work station and small
animal imaging system were purchased. At present, these sys-
tems have passed the technical approval and work properly.
These instruments are helpful to advance the developments of
the related science.

Fig.1 The setup of the laser confocal scanning microscope.

Superresolution imaging with the diffraction limit broken

Based on the platform of the laser confocal scanning mi-
croscope, we improved the spatial resolution of this system. By
building a module of the depletion beam of continuous wave
beam™ or a pulsed beam from the supercontinuum laer, the
stimulated emission depletion (STED) microscopes with con-
tinuous wave laser or with the plused laer are established. A
resolution of 70 nm was obtained and 4-fold increament of the
resolution compared with that of the corresponding confocal
system was demonstrated in Fig.2. Up to present, these super-
resolution systems have been applied in the imaging of the
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biological samples. The resolution of 75nm was demonstrated
in the imaging of the samples of the microtubulins in the Hela
cell, as shown in Fig.3(b). This resolution is increased 2.5 times
over the confocal imaing in Fig.3(a).

Fig.2 Confocal (a) and CW-STED (b) micrographs of tetra-
hedron marked by YoYo-1. (c) Confocal and () STED images
in the white boxes in (a) and (b). Confocal (d) and STED (f)
profiles of the bead indicated in (c) and (e) with a white line.
Scale bar: Spm in (a) and (b), 500 nm in (c) and (e)

0 200 400 600 0 200 400 600
Distance(nm) Distance(nm)

Fig.3 Comparison of confocal (a) and STED (b) images of

the microtubule marked with Chromeo488. Confocal (c) and

STED (d) profiles of the microtubule indicated in (a) and (b)
with a white line. Scale bar: 2 pm
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Progresses in the interaction between nanomaterials and cell
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In 2013-2014, we continued our research on
nano-biology and focused on the bio-effects and underlying
mechanisms of both inorganic and DNA-based nanomaterials,
as well as their potential applications. Some accomplishments
were summarized in the following.

1 Application of nanomaterials as intracellular carriers
of DNA

Nanomaterials (NMs) are promising candidate carriers of
therapeutic DNAs in biomedical research. Previously, we have
reported successful application of a popular inorganic NM
(AUNPs) and DNA tetrahedral structure for the delivery of
proinflammatory CpG ODN into mouse macrophages, respec-
tively. Based on these findings, we further extended the variety
of nanomaterials for CpG ODN delivery. We tried to utilize
uniformed small graphene oxide (sGO) and RCA-based DNA
Origami Nanostructures as novel intracellular carriers of CpG
ODN. Both materials performed superior to commercial
transfection reagents. On the other hand, we also put a lot of
efforts to optimize the immunostimulatory activity of CpG
ODN-NM conjugates. Attempts toward this goal include mod-
ification of physiochemical characteristics of NMs, as well as
the method of conjugation. For example, the classical prepara-
tion method of AUNP-CpG nanocomposites need thiol modi-

fied DNA, which complicates the process and increases the cost.

We found that non-thiolated, diblock ODNs containing a CpG
motif and a poly-adenine (polyA) tail can readily self-assemble
on the surface of AuNPs with controllable and tunable density.
Such nanoconjugates are efficiently delivered into RAW264.7
cells and induce immune response. In addition, varying the
length of the polyA tail can modulate the immunostimulatory
activity of CpG-AuNPs. We also demonstrated the in vivo
induction of immune responses in mice. These approaches may
provide new potentials for the clinical application of CpG
ODNSs. These work were published in Adv. Mater., Small, and
ACS Appl Mater Interfaces. (Ref.1-4).

2 Mechanism and application of anti-bacterial effect of

graphene

Our group is one of the earliest to report the antibacterial
effect of graphene (Nano ACS, 2010, 4, 4317), which has at-
tracted a broad range of interest. Over 50 publications on this
topic have been published in last 3 years. However, a clear
molecular mechanism to depict how the interaction between
graphene and bacterial cell membrane induced its antibacterial
has been lacking. Until recently, we proposed a novel molecular
mechanism of the interaction between graphene and bacterial
cell membrane. This project is carried out through cooperation
with the Prof. Fang Haiping’s group and Prof. Zhou Ruhong’s
group. We show experimentally and theoretically that pristine
graphene and graphene oxide nanosheets can induce the deg-
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radation of the inner and outer cell membranes of Escherichia
coli, and reduce their viability. Transmission electron micros-
copy shows three rough stages, and molecular dynamics sim-
ulations reveal the atomic details of the process. Graphene
nanosheets can penetrate into and extract large amounts of
phospholipids from the cell membranes because of the strong
dispersion interactions between graphene and lipid molecules.
This destructive extraction offers a novel mechanism for the
molecular basis of graphene's cytotoxicity and antibacterial
activity. Our finding attracted the attention of many scientific
media, including Chemistry World, Before It's News, Graphene
Wiki & News. In addition, we are also committed to expand the
application of antibacterial ability of grapheme. For example,
through collaboration with Prof. Li Jingye’s group, we suc-
cessfully prepared flexible, foldable, and re-usable GO-based
antibacterial cotton fabrics as a type of new nano-engineered
antibacterial materials, which has a wide range of applications.
These work were published in Nature Nanotechnol. Adv.
Healthc. Mater. and Sci. Rep. (Ref.5-7).

3 Interfaces between cell and nanomaterials

Recently, DNA nanostructures have been more and more
widely applied in biophysics, drug delivery, diagnosis and
therapy of diseases. These studies have also caused a strong
interest in explore the interaction between DNA nanostructures
and artificial or life systems. In particular, how to understand
and control the physical and chemical properties of DNA
nanostructures to achieve best performance, is an important
issue in the field. Toward this goal, our group has been engaged
in the design, development and optimization of a series of DNA
nanostructures, from one-dimensional to three-dimensional, for
biological applications. We have studied the interface between
DNA structures and inorganic materials, as well as cell inter-
face. Based on these work, we were recently invited to write a
review for Accounts of Chemical Research (Ref. 8). In order to
more straightforwardly reveal the interaction between DNA
nanostructures and cells, we investigated the endocytosis and
subsequent intracellular transport of tetrahedral DNA
nanostructures (TDNs) by mammalian cells through sin-
gle-particle tracking. We found that TDNs were rapidly inter-
nalized through a caveolin-dependent pathway. After endocy-
tosis, the TDNs were transported to the lysosomes in a highly
ordered, microtubule-dependent manner. To modulate the cel-
lular fate of the TDNs, we functionalized them with nuclear
localization signals that directed their escape from the lyso-
somes and entry into the cellular nuclei. This study improves
our understanding of the entry into cells and transport pathways
of DNA nanostructures, and the results can be used as a basis
for designing DNA- nanostructure-based drug delivery carriers
for targeted therapy. These results were published in Angew.
Chem. Int. Ed. (Ref. 9).

Besides, we have also explored certain widely used inor-
ganic NMs for their interaction and interference on physiolog-



ical processes. For example, we identified autophagy as a novel
cellular effect of QDs. QDs-induced autophagy greatly en-
hanced the sensitivity of cells to the toxicity cadmium ion,
which explained well the different toxicity between CdTe QDs
and CSS QDs. In addition, we have also studied the long-term
effects on nutrition and metabolism of nanoparticles including
AUNPs. These results were published in Adv Healthc Mater.
and Small (Ref.10-11).
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Synchrotron-based X-ray microscocy for nanoscale bioimaging
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There have been increasing interests in studying biological
effects of nanomaterials, which are nevertheless faced up with
many challenges due to their nanoscale dimensions and unique
chemical properties. Synchrotron-based X-ray microscopy, an
advanced imaging technology with high spatial resolution and
excellent elemental specificity, provides a new platform for

studying interactions between nanomaterials and living systems.

Due to our outstanding achievements in this field, we have been
invited to contribute two review papers in Advanced Materials
and Nanomedicine in 20142,

Intracellular Distribution of Nanomaterials

By using STXM techniques, we found that quantum
dots (QDs) non-uniformly distributed in the cell, mainly con-
centrated in the peripheral region of the nucleus membrane,
which provides crucial evidence understanding the cell effects
of QDsEl. In another study, high-resolution TXM images
showed that TiO, nanoparticles (NPs) were mainly distributed
in the cell membrane surface!.

Intracellular distribution of nanomaterials

Cellular effects of nanodiamond-ion complexes

We found that large amount of sodium ions were adsorbed
and delivered into the cell interior by nanodimonds (NDs) in
serum-free medium, which led to obvious cell responsel®. In
the follow-up work, we demonstrated other metal ions such as
Cu?, Ni?* could be adsorbed and delivered into the cell interior
by NDs, illustrating the potential of NDs as vehicles for metal
ion delivery!®.
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Cellular effects of nanodiamond-ion complexes

Bioeffects of nanoscale titanium dioxide in mice

We examined the in vivo distribution and pulmonary
toxicity of TiO, NPs in mice after intratracheal instillation.
XRF images showed that TiO, NPs were mainly retained in
lung and slowly cleared. Moreover, TiO, NPs interfered with
the natural distribution of K, Ca, Fe, Cu and Zn in lung, and
the change in the level of these elements was closely related to
the pulmonary toxicity resulted from TiO, NPs!".
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Bioeffects of nanoscale titanium dioxide in mice
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Progresses in developing biosensor platform and the biodetection applications

Division of Physical Biology

Relying on the Shanghai Synchrotron Radiation Facility
and Division of Physical Biology, our research group is mainly
engaged in the research of nano-biosensing interface, early
diagnostics of diseases, microfluidic biochip, DNA nanotech-
nology and molecular machine. Our research is aimed at de-
veloping next generation sensors to meet China's requirements
for disease diagnostics, environmental monitoring and food
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.

Precise regulation of biosensing interface
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Fig.1 Three-dimensional DNA nanoprobes for biodetection
applications
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Understanding the physical structure of a DNA probe
immobilized on a surface is critical in applications using DNA
as a molecular recognition element. The properties of the DNA
molecular recognition layer (such as selectivity, sensitivity and
reproducibility) highly depend on the structure of the
self-assembled DNA film. Constructing a reproducible DNA
recognition layer with these properties is a critical challenge
owing to unexpected surface adsorptions, disordered confor-
mations, inconsistencies in grafting density and the flexibility
of probe molecules. Tetrahedral DNA nanostructures with thiol
modifications can be self-assembled at the gold surface with
high reproducibility. Since DNA tetrahedra are highly rigid and
well-defined structures with atomic precision and versatile
functionality, they provide scaffolds for anchoring of a variety
of biomolecular probes (DNA, aptamers, peptides, and proteins)
for biosensing. Significantly, this DNA nanostructure-based
biosensing platform greatly increases target accessibility and
improves the sensitivity for various types of molecular targets
(DNA, RNA, proteins, and small molecules) by several orders
of magnitude™ .

Intelligent Microscale Electrochemical Device

The requirements for integrated, user-friendly
point-of-care test (POCT) devices for the rapid and sensitive
detection of biomarkers in resource-limited settings, e.g., the
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detection of emerging diseases are very demanding. Our group
reported the design of a low-cost, portable intelligent mi-
croscale electrochemical device (iMED) that can automatically
deliver multiple reagents in a controlled manner to the elec-
trochemical sensor surface. We demonstrated that this fully
integrated iIMED sensor is a rapid and sensitive detector of
multiple biomarkers for infectious diseases (H1N1) and cancers
and performs single-step assays within minutes!®.

Electrochemical biosensors possess many attractive fea-
tures that are required for POCTs (e.g., low costs, rapid re-
sponse times, and ease of miniaturisation). Moreover, the
quantitative nature of electrochemistry makes these sensors
ideal candidates for quantitative POCTs where widely used
colorimetric assays are not feasible. Indeed, glucose meters that
employ electrochemical detectors and inexpensive screen-
printed electrodes (SPEs) have proven to be a legendary mar-
keting success. However, unlike the detection of glucose, which
involves only single-step enzymatic catalysis, the detection of
nucleic acids and proteins is usually a multi-step and complex
process. Although microfl uidic devices provide a potentially
feasible solution, the development of a one-step assay with a
fully integrated and automated device without a complex mi-
crochannel design and extensive user intervention remains a
challenge. Our iIMED employs a low-cost “plug-in-cartridge”
technology, which relies on air bubbles to separate multiple
plugs with reagents to deliver the reagents to the SPE surface
for electrochemical biosensing.
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Fig.2 Intelligent microscale electrochemical device for the

“single step” detection

Nanoplasmonic Imaging of Latent Fingerprints and Iden-
tification of Cocaine

Fingerprints are impressions of the friction ridges of all or
any part of a human finger. When a finger touches a surface,
eccrine sweat, together with oily substances picked up by the
finger, forms an impression of the fingers ridge pattern. Such an
impression is known as a latent fingerprint (LFP) for its invis-
ibility to the naked eye. The uniqueness and invariableness of
an individual’s fingerprint have long been recognized as im-
portant physical personal identification, and is hence widely
used in individual credentials, access control, and forensic
investigation. On the other hand, researchers have realized that
fingerprints carry more biological information about individu-
als than just their identity. We have demonstrated a nanoplas-



monic method to visualize LFPs by exploiting the localized
surface plasmon

resonance (LSPR) property of aptamer-bound AuNPs. The
level 2 and level 3 characteristic details of sebaceous LFPs
could be clearly observed by dark-field microscopy (DFM).
Moreover, the cocaine-induced aggregation of AUNPs results in
true green-to-red color change of the scattering in the darkfield
image, thus providing a quasi-quantative method to identify
cocaine loadings in LFPs),

Q  oH
L
White Light Cocaine ® e, /0 ‘// |
ss-DNA1 /AN )\ O‘T N
ss-DNA2 AN 3

Scat(&jgfllght
o

(5.3 I
Nty

Non Drug Addicts

Color CCD

Drug Addicts

Fig.3 Nanoplasmonic imaging of latent fingerprints and
identfication of cocaine

Precise regulation biomolacular assembly on nanoparticles
Scattering light

“Condensor

AAAA

Plasmonic nanostrutures

DNA-Silver nanoparticle nanoconjugate

Fig.4 Cytosine-Ag coordination based DNA regulation on
silver nanoparticles
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DNA-decorated nanoparticles have become popular tools
in a variety of areas including bioelectronics, biosensors, bi-
oimaging and drug delivery. Whereas there have been several
methods to prepare DNA-AgNP conjugates with sophisticated
protocols, e.g., the use of DNA with special modifications of
disulfide, thioctic acid or cyclic disulfide, it remains a hurdle to
facilely and controllably assemble DNA on AgNPs. We devised
a highly programmable strategy to synthesize DNA-AgNP
conjugates by exploiting the specific silver-cytosine (Ag-C)
coordination®**,

When the thiol-based method is used to assemble DNA on
AgNPs, the resulting thiolated DNA-AgNP nanoconjugates
exhibited limited stability and poor bioactivity, which ham-
pered the applications of AgNPs in plasmonics. We have
demonstrated a silver-cytosine coordination-mediated self-
assembly of DNA-AgNP conjugates with fully retained hy-
bridization behavior of DNA, faster hybridization kinetics,
controlled DNA density and enhanced stability. The DNA-Ag
nanoconjugates exhibit excellent plasmonic property with
larger plasmonic peak shift (3 times larger than that of
DNA-AuUNP nanoconjugates). The Au-Ag hybrid nanostruc-
tures exhibit interesting anisotropic plasmonic scattering.
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Nuclear Reaction
Workshop “Reactions
and Spectroscopy of
Unstable Nuclei"

A STAR Regional
Meeting & a workshop
on “high temperature

and  high  density

nuclear matter study”

Facilities, activities,
and plans for HIC in

China

The 4" International
Workshop on Nuclear
Dynamics in
Heavy-Ion Reactions
(IWND2014)
international
Workshop on
simulations of low and
intermediate energy
heavy

ion collisions
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The international
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simulations of low and
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Present Status of the
Nuclear Interaction
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matter physics
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How alpha-Cluster
Configuration  Affects Giant
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Low energy correspondences on
nuclear modification factor and
shear viscosity in HIC

International ~ Workshop  on
Simulations of Low and
Intermediate Energy Heavy Ion

Collisions  (Transport 2014)

How Exotic Cluster
Configuration Affects the

Collective Motion in Nuclei
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discussions

Mean-field potential effects on
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The 4" International

Workshop on Nuclear

Dynamics in
Heavy-Ion Reactions
(IWND2014)

The 2" workshop on

“QCD vacuum and
matter under strong
magnetic field”

STAR Regional

Meeting & 973
Workshop
Sino-Thai 2014
Symposium on High
Energy Physics and
Beyond

The 9" Asian Meeting
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Pressure Research
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Nuclear Modification factor and

radial flow in AutAu@1GeV

Final state effects on chiral

magnetic  effect and chiral

magnetic wave

Collectivity in small systems

from parton scatterings

Long-range azimuthal
correlations in ptp, ptPb and
Pb+Pb  collisions from a
multi-phase transport model

Study on biomedical materials
for bone tissue regeneration by
synchrotron radiation-based

X-ray Imaging

Recent HP progress at SSRF

Overview of TMSR in China

Current Status of TMSR in
China
Test Method for Splitting

Tensile Strength of Graphite

Specimens

Recent Progress of TMSR
Project

Seismic ~ Study of TMSR

graphite core structure
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2014 International
Actinide Coordination
Chemistry Symposium
(2014 TACCS)

15t International
Nuclear Graphite
Specialists Meeting

16t International
Nuclear Graphite

Specialists Meeting

Theoretical Studies on
Coordination ~ Structures  and
Electronic Spectra of Actinyl
Complexes

A Novel Clamp Design for
Small Graphite Samples Used in
Tensile Splitting Test

The  compatibility — between
graphite and molten salt in

molten salt reactor
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