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I . Overview

The Heavy lon Research Facility in Lanzhou (HIRFL), operated by the Institute of Modern
Physics, Chinese Academy Sciences (IMP), is the largest heavy ion research facility in China.
In August 1991, the former State Planning Committee of China approved to set up the National
Laboratory of Heavy lon Accelerator of Lanzhou based on this facility and opened to the
domestic and international users.

As a multi-purpose research facility, the main device of HIRFL is its accelerator complex,
which consist of the Electron Cyclotron Resonances (ECR) ion sources, the Sector Focused
Cyclotron (SFC), the Sector-Separated Cyclotron (SSC), the Cooler Storage Ring (CSR), the
radioactive ion beam separators (RIBLL1/2). With this complex, HIRFL can deliver all kinds
of ion beams, from hydrogen to uranium, either stable or unstable, with energies from few
MeV/u up to several hundreds MeV/u.

HIRFL can support experimental research works on nuclear physics, nuclear astrophysics,
atomic physics and many interdiscipline or applications with heavy ion beams, and as a very
important tool for the whole Chinese nuclear physics society, a lot of important achievements
were obtained in the past. Such as the synthesis of more than 30 new nuclides for the first time
in the world, includes 2 super-heavy isotopes, the precise mass values of 35 short-lived isotopes
measured firstly with the isochronous mass spectrometry method, the independently developed
heavy ion cancer therapy equipment, the new species and strains of some crops fostered by
heavy ion irradiation induced mutation, and so on.

II. Research progress and results

In year 2022, there are also many important results from the research works on HIRFL,
and here shows some as an example.

Discovery of two new isotopes 2°’Th and 2**Ac

Two new neutron-deficient isotopes thorium-207 and actinium-204 were discovered for
the first time in the experiments performed by a joint group from the Institute of Modern Physics,
CAS, Sun Yat-Sen University, Lanzhou University, Guangxi Normal university, the Institute
of Theoretical Physics, CAS, Tongji University and JINR.

These new isotopes were separated in flight by the gas-filled recoil separator SHANS
(Spectrometer for Heavy Atoms and Nuclear Structure), and identified on the basis of the
correlated a-decay chains. The a decay of thorium-207, measured with an a-particle energy of
8167(21) keV and a half-life of 9.7(+46.6/-4.4) ms, was assigned to originate from ground state.
The a-particle energy and half-life of actinium-204 were determined to be 7948(15) keV and
7.4(+2.2/-1.4) ms, respectively. All the new data are consistent with the theoretical prediction.

These works discovered a regular and distinct odd-even staggering (OES) in the
systematics of a-decay energies and decay half-lives for nuclei with Z>82 and N<126. It reveals

14—

L

a novel mechanism of odd-even staggering induced by pairing scattering and presents a
challenge to nuclear-mass models.

EMNEFFHARFZE2022F FRE (=)

T N

These studies have been published in Physical Review C 105,1.051302 and Physics Letters
B 834,137484..
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FIG. 1. A. The observed a-decay chains assigned to 2°’Th and 2%Th. The annotations are the measured
energy (F), decay time (47), and vertical position (P) for each event within the chains. Escaped o decays are
marked by rectangles with dashed frames. B. Stacked histograms of a-particle energy (left panel) and decay
time distributions (right panel) for 2%4Ac and descendant nuclei. The average a-particle energies were deduced
without considering the escaped a particles shown in blue color.

Physicists Reinvestigate Nuclear Excitation by Electron Capture via Isomer Beam

A “dark” environment has been created at the Radioactive lon Beam Line in Lanzhou
(RIBLL) of HIRFL to look for a faint flash of light from the isomer depletion, which is a
prerequisite for developing nuclear energy stored in long-lived isomeric states in the process of
Nuclear Excitation by Electron Capture (NEEC).

Several million of electron volts can be stored in one atomic nucleus. Therefore, long-
lived isomers with high excitation energies are considered to be ideal energy storage materials,
with high energy density, long storage period and excellent stability.

Nevertheless, there exists a critical challenge to artificially control the energy release
process. As a consensus, the rapid release of the isomeric energy is expected to be achieved by
isomer depletion, that is, by exciting the isomer to an adjacent excited state which then decays
to the ground state promptly. Scientists have proposed several methods, among which NEEC
attracts particular attention.

However, in this independent experiment, the evidence of isomer depletion is not observed,
and with the NEEC probability measured to be less than 2x107>, shedding doubt on the first
reported experimental observation of NEEC.

The results have been published in Physical Review Letters 128, 242502.
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FIG. 2. Experimental setup in the present Letter. The secondary beam line RIBLL is shown with the
corresponding distance scale. >™Mo residues were produced at the primary target position and transported
to the end of RIBLL to study the isomer depletion. In the lower left area, the isomer depletion of Mo is
sketched together with the spontaneous decay of the long-lived isomer. The setup for implantation and

detection is shown in the upper right area.
The Strongest Isospin Mixing in B-Decay

B-decay of proton-rich nuclei plays an important role in exploring isospin mixing. Recently,
researchers at the Institute of Modern Physics,Chinese Academy of Sciences, and their
collaborators conducted the B decay experiment of the exotic nucleus 2°P with T = 2 at HIRFL-
RIBLLI1. The isobaric analog state (IAS) at 13055 keV and two new high-lying states at 13380
and 11912 keV in 6Si are unambiguously identified through B-delayed two-proton emission
(B2p). Angular correlations of two protons emitted from 2°Si excited states populated by 2°P B
decay are measured, suggesting that the two protons are emitted mainly sequentially. A strongly
isospin-mixed doublet, the IAS and 13380-keV state in 2°Si, was observed based on their
abnormally log f# values. The large isospin mixing matrix element 130(21) keV between them
is determined, representing the strongest mixing ever observed in B decay experiments. The
abnormally strong isospin mixing in the work, which may have to do with the weakly bound
(or continuum) effect or nuclear deformation, presents a direct challenge to our understanding
of nuclear force. As Editors’ Suggestion, this result has been published in Physical Review
Letters 129, 242502.
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FIG. 3. Partial decay scheme of 2°P deduced from the present Letter. The black, blue, and red arrows
represent transitions from the initial states of IAS, 11 912 keV, and 13 380 keV, respectively.
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Multifunctional graphene heterogeneous nanochannel with voltage-tunable ion
selectivity

Ion-selective nanoporous two-dimensional (2D) materials have shown extraordinary
potential in energy conversion, ion separation, and nanofluidic devices; however, different
applications require diverse nanochannel devices with different ion selectivity, which is limited
by sample preparation and experimental techniques. Herein, we develop a heterogeneous
graphene based polyethylene terephthalate nanochannel (GPETNC) with controllable ion
sieving to overcome those difficulties. Simply by adjusting the applied voltage, ion selectivity
among K+, Na+, Lit+, Ca2+, and Mg2+ of the GPETNC can be immediately tuned. At negative
voltages, the GPETNC serves as a mono/divalent ion selective device by impeding most
divalent cations to transport through; at positive voltages, it mimics a biological K+
nanochannel, which conducts K+ much more rapidly than the other ions with K+ /ions
selectivity up to about 4.6. Besides, the GPETNC also exhibits the promise as a cation
responsive nanofluidic diode with the ability to rectify ion currents. Theoretical calculations
indicate that the voltage-dependent ion enrichment/depletion inside the GPETNC affects the
effective surface charge density of the utilized graphene sub-nanopores and thus leads to the
electrically controllable ion sieving. This work provides ways to develop heterogeneous
nanochannels with tunable ion selectivity toward broad applications. This result has been
published in Nature Communications 13(1):4894.
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FIG. 4. Structure of graphene-based polyethylene terephthalate nanochannel (GPETNC) and

experimental setup.

Mechanisms underlying the irradiation resistance of the vanadium alloys candidate
to the advanced blankets of fusion reactors

A novel collaborative research on the irradiation resistance of vanadium alloys candidate
for the advanced blankets of fusion reactors was carried out on HIRFL by the Energy Materials
Group (GEM) of IMP and the Institute of Materials of GINFM.

The beam of >°Fe ions with 6.3 MeV/u was used to simulate the intensive irradiation of
fusion neutrons. A quasi-uniform distribution of irradiation damage was introduced in the alloy
samples, facilitating the accurate evaluation of irradiation response of materials.
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The results show that, with increasing deformation amount by the pre-irradiation cold-
work treatment, the irradiation hardening decreased. The high-density of dislocations
introduced by the cold-work deformation is responsible for the improved hardening resistance,
benefiting from the enhanced absorption ability of point defects. The sink strength was utilized
to quantify the effects of dislocations. It is found that the irradiation hardening obviously
decreased with increasing sink strength. Meanwhile, micro-cavities with a high number density
were also observed in the irradiated alloy samples, and are proven to be efficient defects sinks.
Compared with previous work, the present vanadium alloys with a heavy cold-deformation
treatment exhibit a superior irradiation resistance.

It is therefore indicated that the pre-irradiation modification of microstructures can
effectively improve the irradiation hardening resistance of the vanadium alloys, promoting their
application in future fusion reactors as advanced blanket components.

This result has been published in Nuclear Fusion 62, 126010.

1000

P Present Work-100°C
@ Snead-1997-100°C
A Bom-1967-100°C o
o @ Rice-1997-(110-275°C) i
E 4 Fulkumoro-2016-290°C o
£ O Mizayawa-2014-200°C ] ./
s <> Watanahe-2000-200°C j e
— V¥ Fukumoto-2007-228°C i A e ®
P 004 @ Fukumow-2011425C g
= @ Kuroiwa-2009-395°C - . | ’.<>'
= < Luo-2021-350°C" k- *
H i # ‘ - . o
= I 4,-"' -
g Jce 4 e ﬁ,%
E < ol \ ﬁ-""' Temp gradient
¢ : | o N
= - M 1
= - IMI-ENIS
04 it | | 10020070
L T TEcF AT x T TFEFYLG ¥ LI AR B FLI R ¢ 1 SRR SRR 1
€001 .01 0.1 I 10
Dose (Dpa)

FIG. 5. Log—log plots of dose dependence of irradiation hardening of the vanadium alloy with 40% cold
work followed by thermal annealing (represented with star symbols), in comparison with V—(4-5)Cr—(4-5)Ti
specimens irradiated at varying temperatures with neutrons (represented with solid symbols) or ions

(represented with open symbols). The dotted lines are the corresponding linear fitting results.

Hexagonal Boron Nitride-Coated Polyimide Ion Track Etched Separator with
Enhanced Thermal Conductivity and High-Temperature Stability for Lithium-Ion
Batteries

The separator plays a vital role in preventing thermal runaway in lithium-ion batteries
(LIBs). Herein, a PI/hBN (polyimide/hexagonal boron nitride) separator with excellent thermal
stability and enhanced thermal conductivity is successfully prepared by ion track etching and
doctor blade coating to achieve highly safe LIBs. The PI/hBN separator displays good
electrolyte wettability, high mechanical strength, excellent thermal stability, and enhanced in-
plane thermal conductivity, as well as good ectrochemical performance when applied in LIBs.
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Specifically, PI track-etched membranes have been used to prepare separators with rigid
structures and functional groups in polymer chains, thereby enabling the separators to be stable
at temperatures as high as 500 °C. Moreover, hBN-coated nanoplates enhance the in-plane
thermal conductivity of the separator to reduce the local heat accumulation in the battery while
also promoting interfacial compatibility to facilitate the conduction of lithium ions. Lithium
iron phosphate/lithium cells with the PI/hBN separator deliver better rate capability and
superior capacity retention.

EMEFFHARFZE2022F FRE (R3L)

T N

This work has been published on ACS Applied Energy Materials 2022, (7), 8639.
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FIG. 6. Schematic illustration showing the preparation process of the PI/hBN separator for LIBs
The study on osmotic power generation of the 1D/2D hybrid nanochannel system

The nanochannels with special structure play important roles in the following areas, such
as ion separation, molecular detecting and so on. Besides, they also can be used as the key part
for osmotic power generation assisting of their high ion selectivity and excellent ion
rectification.

In order to prepare the osmotic power generating structure, the PET film was irradiated by
the heavy ions supplied by Heavy lon Research Facility in Lanzhou (HIRFL) and underwent
asymmetric chemical etching to obtain conical nanochannel. After that, the graphene oxide
membrane was spin-coated on the PET conical nanochannel to form 1D/2D hybrid structure
and the corresponding osmotic power generation properties was also studied .

It was proved that the selectively enhanced cation transport and improved ionic
rectification effect was realized due to the increasement of asymmetry of the structure.
Meanwhile, the osmotic current and the osmotic voltage were also increased. The influence of
differential concentration, pH value, solution and the structure on the osmotic power generation
properties was studied. The power of 118.2 pW and the efficiency of 40.3% were realized in
current study.

This work was published on ACS Applied Materials & Interfaces 2022, 14, 29197.
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FIG. 7. The schematic picture of osmotic power generation on 1D/2D hybrid nanochannel system.

Unrecovered ion-irradiated damage after thermal annealing in graphene field effect
transistors

Graphene has excellent electrical, thermal and optical properties, which make it a highly
promising material for future nanoscale electronics applicative in the aerospace field. However,

the electronic properties of graphene are strongly influenced by the radiation-harsh environment.

In this work, we concentrate on the performance degradation of graphene field effect transistors
(GFETSs) under swift heavy ions (SHIs) irradiation. The irradiated samples were annealed in in
N, atmosphere at different temperature to investigated the stability of the irradiated samples. In
order to further explore the reason for deteriorated electrical properties of GFETs, the evolution
of defects in graphene, SiO», Au layers and the interface of SiO,/Si were investigated by using
Raman Spectrometer, AFM and HRTEM. Our result shows that the defects in graphene layer
acted as scattering centers, which induced the decrease of carrier mobility. The damages in
Si0,/Si interface resulted in the degeneration of modulation capability of the gate capacitance.
Moreover, SHIs irradiation induced permanent radiation damage in graphene and Si0,/Si layer
could not be recovered by thermal annealing even at temperatures as high as 1100 °C. The main
role of thermal annealing in irradiated GFET was degassing effect, and the influence of thermal
annealing decreased with the increasing irradiation fluences. Our work gives a good
understanding of irradiation damage mechanism in GFETs, which is also crucial importance to
other 2D materials-based devices work under the harsh irradiation environment.

This work has been published on Applied Surface Science 588 (2022) 153005.
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New insight into the irradiation resistant of TizAlC;

Ti3AlC, material, possessing good properties of both ceramics and metals, has attracted
much attention for its excellent resistance to irradiation and high tolerance for He. With the ion
beams provided by HIRFL, Ti3AIC, samples were irradiated by energetic He ions and Fe ions
in sequential to simulated the accumulation of He and particle irradiation damage in TizAlC,
material in the reactor.

It was found that the pre-implanted He significantly suppresses the phase transitions
caused by the following Fe ions irradiation. The following Fe ions irradiation was also found
to promote the evolution of the pre-formed He bubble, which can cause not only the growth but
also the re-solution of He bubbles. This will improve the resistance of TizAIC, to He bubbles
induced damage.

The study indicates that both the He ions implantation and Fe ions irradiation actually
inhibit each other's irradiation damage to the material. This may play a positive role in reducing
irradiation damage to the Tiz AlC, material, and also provides new insights into irradiation
resistance of this material.

This work was published in Journal of the European Ceramic Society 42 (2022) 7421—
7429.
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FIG. 9. Schematic illustration of the evolution mechanism of He bubbles driven by the following Fe ion
irradiation. (a) The growth process of He bubbles; (b) The re-solution process of He bubbles.

Creation of new rice germplasm by heavy ion beam irradiation

With heavy ion beam irradiation at HIRFL, three new rice varieties, DONGDAO 211,
DONGDAO 812 and DONGDAO 862, were cultivated by the Northeast Institute of Geography
and Agroecology, CAS and the Institute of Modern Physics, CAS in 2022, which makes this
year be the most rice varieties approved. DONGDAO 122 released in 2020, the first new
japonica rice variety obtained by using high-energy heavy ion beam breeding technique in
China, was promoted planting for 520,000 mu in Jilin and Heilongjiang Provinces in 2022,
creating remarkable social and economic benefits. This achievement has opened up a simple
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and efficient new way of japonica rice breeding, promoted the scientific and technological
progress of japonica rice breeding technology in China, and made positive contributions to the
"Science and Technology (Sci-Tech) Battle of Black Soil Granary" from Chinese Academy of
Sciences. The impact of these new japonica rice varieties obtained by high-energy heavy ion
beams breeding technique have been widely reported by Netease, Sohu, Science and
Technology Daily, Jilin Daily and other media.

Significant progress on Carbon-ion therapy research and industrialization

Up to 2022, the Heavy Ion Medical Machine (HIMM) has been totally promoted 7 sets
with a contract amount of 4.2 billion yuan. Encouragingly, it has been displayed on the
exhibition - “Forging Ahead in the New Era” - at the Beijing Exhibition Hall in Beijing.

In 2022, more than 630 cancer patients have been treated by the machine in Wuwei, Gansu
Province. Significant effects were achieved, include one breast cancer case and one bladder
cancer case, both are treated with heavy ions firstly in China and in the world. Moreover, the
newly built treatment room No.1 at HIMM in Wuwei would be officially put into clinical usage
after finishing the trial in 2023. For other HIMM machines, in Lanzhou, Gansu Province, the
clinical trials are undergoing, in Putian, Fujian Province, the machine has been in process of
examining, and for those in Hangzhou, Jiangsu Province, and Wuhan, Hubei Province, the
machine installations are on-going. For the newly started ones in Changchun, Jilin Province
and Nanjing, Jiangsu Province, they are both at the design stage.

III. Cooperation and exchange

In 2022, in spite of the seriously influence of COVID-19, the Institute of Modern Physics,
CAS, insisted in the collaborations with our domestic and international partnership via video
talks, telecommuting and online international conferences and in more dynamic interaction
tunnels to extend mutual collaboration.

In 2022, IMP has signed or renewed the agreements with 7 universities or institutions from
USA, Russia and Serbia. Get more funds for exchange programs, include 8 CAS President’s
International Fellowship Initiative (PIFI) supported by the Chinese Academy of Sciences, 7
Foreign Researcher Grants financed by the MOST of China, 2 Foreign Senior Scientist
Scholarships supported by Gansu Province, 2 CAS’ Special Exchange Program, and 10 cases
supported by the China Scholarship Council (CSC).

Up to December 2022, 29 foreign nationals, i.e. 11 employees, 10 postdocs, 1 fellowship
and 7 overseas students, were working or studying at IMP. Especially, prof. ONG HOOI JIN is
honored with “Dunhuang Award” in Gansu Province due to his great contribution in scientific
field and talent nurturing.

IV. Chronicle of events

On May 21%, 2022, the 18" Public Science Day was organized by the Heavy lon Research
Facility in Lanzhou (HIRFL).
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On May 28, 2022, the review of the 2022 HIRFL beam time application was held in
Lanzhou in an "online + offline" model.

On May 30%, 2022, Lanzhou Science and Technology Association held a symposium with
the theme of "Striving for Excellence in Innovation, Self-reliance and Self-improvement --
2022" on the National Science and Technology Workers' Day to promote the spirit of science
and scientists. Prof. Zhao Huanyu, a researcher from IMP, was awarded the "Excellent
Scientific and Technological Worker" of Lanzhou in 2022.

On Jun. 16™ 2022, the project of “Protective effect of polyphenols on radiation damage
and functional gene screening” won the third prize of Gansu Provincial Science and Technology
Progress Award.

On Nov. 18% Prof. Yang Jancheng won HU GANGFU EXPERIMENTAL PHYSICS
AWARD-the highest award of Chinese Physics Society.

On Dec. 7% 2022, Prof. Zhou Xiaohong from the Institute of Modern Physics, Chinese
Academy of Sciences, was presented a Certificate of Commendation on the occasion of the
fortieth anniversary of researcher exchange and cooperation between RIKEN and the Chinese
Academy of Sciences.
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