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I. Overview

The Heavy Ion Research Facility in Lanzhou (Lanzhou Heavy lon Accelerator, HIRFL),
operated by the Institute of Modern Physics, Chinese Academy of Sciences (IMP), is the
largest heavy ion research facility in China and one of a few large-scale full-ion accelerating
systems in the world, which can accelerator ions from hydrogen to uranium to high energy.
HIRFL comprises a number of conventional and superconducting magnet Electron Cyclotron
Resonances (ECR) ion sources, the Sector Focused Cyclotron (SFC), the Sector-Separated
Cyclotron (SSC), the experimental Cooler Storage Ring (CSR) which is a multi-purpose
research system consisting of a Main Ring (CSRm) , an Experimental Ring (CSRe) and a
radioactive beam line (RIBLL2) connecting the two rings, a fragment separator — the
radioactive Ion Beam Line (RIBLL1) and some experimental devices, etc.. It serves as a base
for domestic and growing international user communities focusing on nuclear physics, atomic
physics, heavy ion applications and interdisciplinary researches. Based on HIRFL, IMP
dedicates to fundamental researches in nuclear physics, nuclear astrophysics and atomic
physics, including high precision mass measurement of short-lived nuclides, nuclear structure
and reaction, properties of nuclear matter, synthesis of new heavy isotopes, chemistry of
super-heavy elements, nuclear reaction in stellar environment, spectroscopies and interactions

of highly-charged ions.

The SFC is a 1.7m Sector Focus cyclotron upgraded from the 1.5m classic cyclotron

built in 1962. Running alone, it can provide beams for low energy heavy ion physics studies.

In December 1988, Lanzhou Heavy Ion Accelerating System (SFC+SSC), designed and
constructed by IMP, was completed and put into operation. In August 1991, the National
Laboratory of Heavy lon Accelerator of Lanzhou was approved by the State Planning

Committee and opened to the public.

In July 1997, a middle energy radioactive ion beam line (RIBLL) with innovative
structure was constructed at HIRFL, which has paved the way for the research on radioactive
ion beam physics in China. With the superconducting ECR ion source built in 2005 having the
best performance in the world at that time, the operation of HIRFL has reached an
internationally advanced level. In June 2005, the successful acceleration of the uranium ions

was carried out.

~13-
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The Heavy lon Research Facility in Lanzhou-Cooler Storage Ring (HIRFL-CSR) was
commissioned in 2008. The HIRFL-CSR is a multi-functional facility, not only accumulating
and cooling but also accelerating heavy ions from Carbon to Uranium up to 1 GeV/u to
hundreds of MeV/u. Internal target experiments with highly charged ions, external target
experiments with both extracted stable and radioactive beams and high precision mass
measurement experiment have been carried out. It can provide experiment complex for

researches in heavy ion physics and its interdisciplinary subjects in China.

IMP has achieved many innovations at HIRFL over the past year: 30 plus new nuclides
have been synthesized for the first time in the world, among which two are super-heavy
nuclides; the mass of 35 radioactive nuclides have firstly been measured in the isochronous
mode and the relative measurement precision of more than fifty nuclides has increased; the
independently researched and developed heavy ion medical machine (HIMM) has realized
the zero breakthrough of domestic heavy ion therapy equipment; new species and strains of
several crops have been fostered by utilizing heavy ion irradiation induced mutation; and that
the popular plantation of optimized sweet sorghum in western China has developed into a

stable industrial chain, contributing to the regional economic development.
I1. Research progress and results
Significant results and achievements at HIRFL — 2021.
Scientists report remarkable enhancement of a-particle clustering in uranium isotopes

Published in Physical Review Letters as an Editors’ Suggestion, a study has reported the

214
f

observation o U, a new uranium (U) isotope, and has revealed for the first time the

abnormal enhancement of a-particle clustering in uranium isotopes.

The study was led by scientists at the Institute of Modern Physics (IMP) of the Chinese
Academy of Sciences. Researchers carried out the experiments at the gas-filled recoil
separator, Spectrometer for Heavy Atoms and Nuclear Structure (SHANS), at the Heavy Ion

Research Facility in Lanzhou (HIRFL), China.
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Fig. 1 Observed a-decay chains for the new isotope *'*U
Fabrication of sub-Snm nanowire using single GeV ion lithography

The research group of Hunan University and Institute of Modern Physics of Chinese
Academy of Sciences, using the 2.15 GeV Krypton ion provided by the High Energy
Microbeam Facility of Heavy lon Research Facility in Lanzhou as the exposure source,
obtained the ultrahigh aspect ratio nanowire structure with a characteristic size of less than

5nm by single ion exposure in the negative photoresist HSQ (hydrogen silicon sesquioxide).

This work not only shows the potential of single nano lithography using a single heavy
ion for the first time, but also proves that the inorganic negative photoresist HSQ has reliable
sub-5nm lithography resolution. Using advanced heavy ion microbeam direct writing
technology and single ion irradiation technology, single heavy ion exposure technology is
expected to play a unique role in microscale fabrication, and can be used to evaluate the

resolution limit of advanced photoresist.

a resist resist

Fig. 2 The simulation of the energy deposition and the radial dose calculation along the
ion trajectory.

Study of the irradiation/corrosion behavior of candidate materials for advanced

~15-
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water-cooled reactors

The corrosion kinetics and irradiation/corrosion behavior of SIMP and T91
ferrite/martensitic steel candidates for supercritical water-cooled reactor were studied by
using heavy ion beam provided by the Heavy Ion Research Facility in Lanzhou (HIRFL) and
high-temperature and high-pressure water dynamic corrosion device. SIMP was a martensitic
Steel (S) designed by Institute of Modern Physics (IMP) and Institute of Metal Research (IM),
Chinese Academy of Sciences. The steel has displayed good irradiation resistance and
corrosion resistance in liquid lead alloys. The results of high-temperature water corrosion
study showed that SIMP steel has superior water corrosion resistance than T91 steel (Fig. 2).
The results of heavy-ion irradiation/high-temperature water corrosion experiments confirm
that irradiation causes a significant increase in the corrosion rate of materials. According to
the experimental results, the high-temperature water corrosion behavior of the material and
the mechanism of corrosion resistance degradation under irradiation are discussed. These
results provide an important research platform, experimental methods and scientific data for

the rapid screening and evaluation of candidate materials for advanced water-cooled reactors.

The related results have been published in (Corros. Sci. 187 (2021) 109474, Corros.
Sci. 189 (2021) 109602).
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Fig. 3 Corrosion kinetics curves of SIMP and T91 steels (5m/s, 5ppb)
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Temperature Induced Dimensional Tuning and Anomalous Deformation of

Micro/Nanopores

Artificial nanopores have become a common toolbox in nanotechnologies, with
dimension and geometry as predominant factors. Most fabrication technologies determine the
pore size beforehand, but few exist that enable size-tuning post- manufacturing. In this work,
we reported a type of ion track etched micro/nanopores on uniaxially drawn PET foils that
enable irreversible thermal shrinkage, thus tuning the pore dimensions by increasing ambient
temperatures. Importantly, we found a complex pore deformation process, which for a specific
range of pore sizes and temperatures resulted in a peculiar “eye”-shaped appearance of the
pore openings. We analyzed the mechanical stresses and theoretically illustrated the complex
deformation process by a phase diagram. Temperature-induced dimensional tuning nanopores
reduced maximally over 98% of ionic conduction in a single nanopore and 99% of
pressure-driven flow in a pore-array membrane within few seconds at 90 °C, which is useful

for temperature-modulated mass transport in nanotechnology and energy applications.
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Fig. 4 Temperature control of single-hole and multi-hole heat-shrinkable film
A new japonica Rice cultivar “Dongdao 122” obtained by heavy ion beam mutation

breeding

"Dongdao 122" was carried out by the Institute of Modern Physics, Chinese Academy of
Sciences (CAS) and the Institute of Geography and Agroecology, CAS. It is the first new
Northern Japonica rice variety cultivated by high-energy heavy ion beam radiation mutation
breeding technology in China by using HIRFL.

In October, 2021, "Dongdao 122" was planted as a new salt-tolerant rice cultivar in Da
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'an Demonstration Zone of "Black Soil Granary" Science and Technology Campaign of CAS
with a planting area of 100 mus. Da 'an City is located in the hinterland of Songnen Plain,
which is one of the three soda-type saline-alkali land in the world. After testing in strict
accordance with relevant national standards, the expert group announced that the average
yield of “Dongdao 122” was 632 kg/mu (the yield of high-yield plots reached 721 kg/mu),
which was 10.6% higher than that of the local main cultivars. “Dongdao 122” is the first
Jjaponica rice cultivar bred by high-energy heavy ion beam radiation mutation breeding
technique in the northeast of China. After two years of demonstration and popularization, this
cultivar has been popularized in soda saline-alkali rice area for more than 200,000 mu. It has
the characteristics of salt tolerance, mature with living stalks, lodging resistance and high
yield, and is also excellent in adaptability. "Dongdao 122" has been selected as the leading
agricultural cultivar in Jilin Province, and it will have a greater promotion prospect in the

soda-saline-alkali rice planting area of northeast China in the future.
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Fig. 5 In 2020, Dongdao 2016-M4122 was approved by Jilin Crop Variety Approval

Committee and named as "Dongdao 122".

Significant progress on Carbon-ion therapy research and industrialization

On Jan. 30", 2021, the project of “R&D and industrialization of carbon ion cancer
treatment and large tumor treatment device” was awarded the special prize of Gansu
Provincial Science and Technology Progress Award in 2020. On October, the achievements of
medical heavy ion accelerator at IMP were selected into several national exhibition, for

example, the National “13th Five-Year Plan” Scientific and Innovational Achievements
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Exhibition.

By the end of 2021, Wuwei carbon-ion therapy system had treated 503 cancer patients
(including 46 subjects in clinical trials) with significant effect. The year of 2021 has also
witnessed medical institutions in Nanjing and Changchun signed the contracts for heavy ion

therapy facilities.

Commercialization and Application of Ion-track Etched Membrane
The Institute of Modern Physics (IMP) performs the characteristic research on Ion-track
Etched Membrane, R&D on production technology and its industrial application via the

Lanzhou-based heavy-ion research devices.

In 2021, two projects using ion-track etched membrane related to innovative demo base
were set up by , respectively located at river-way recovery innovative research base and

garbage treatment base through hydraulically filtrated liquid.

In addition, the ion track etched membrane industrial team under the supports of
technologies in the terms of Heavy-ion Accelerator Irradiation, Chemical Etching and
Vacuum Magnetron Sputtering et al, historically researched and developed the ultra-black
material for ion-track etched membrane, in which the electromagnetic wave absorptivity of
this material is up to 0.9999 maximum as tested by China’s National Institute of Metrology

(NIM), a leading technical level worldwide.

In 2021, the new patent applications were up to NINE, as well as FIVE authorized patent
inventions, patent for utility models up to SEVEN, copyright for ONE software, and ONE Gansu

Provincial patent inventor prize and the first prize of patent awarded in Gansu Province.

Incident Light

Air Refractive Index n;
Graded Reflective Layer n2
(Anti-reflective Surface)

Ion-track Etched Membrane Laver

Nano-metal Layer
(Absorbency Coating)

Fig. 6 A New Mechanism Schematic Diagram for ultra-black Material Electromagnetic

Wave Absorptivity.
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I11. Construction, operation and upgrading

In 2021, HIRFL has been operating for about 7848+774 (parallel execution) hours,
including 641+230 (parallel execution) hours for the accelerator study and 5797.5+312.5
(parallel execution) hours for 181+5(parallel execution) experiments on the targets. The
operation efficiency is about 73.9%+40.4% (parallel execution). During this year,
3917.5+156.5 (parallel execution) beam hours were used for the nuclear and atomic physical
experiments, 1222.1+156 (parallel execution) beam hours for the material sciences, 301 beam

hours for life sciences (biological sciences), and 356.9 beam hours for space sciences.

HIRFL has provided 24 kinds of heavy ion beams for various experiments, especially, 16
kinds of which have been provided for the experiments firstly by HIRFL in the past year. A

summary of the HIRFL operation is shown in Table 2.

The main highlights of 2021 HIRFL machine maintenance and transformation are as

follows:

1. A new theoretical acceleration curve was applied on the RF cavity in CSRm. In
addition, the output frequency error of the ferrite RF cavity was measured in CSR, and change
the harmonic number from 2 to 3 to decrease the ion bunch density at injection energies.
According to these optimizations, the capture and acceleration efficiencies of heavy ion

beams were improved from 85% to 95%.

2. By optimizing the superconducting ECR ion source, increasing the voltage of RF
buncher in SFC and correction the closed orbit at injection energies in CSRm, the stored
heavy ion number were increased significantly. The stored beams of Ar and Kr ions were

achieved 1E9 for the first time.

3. By optimizing the extraction kicker angle, matching of the twiss parameters between
CSRm and RIBLL-2 and calculation of the beam line in detail, the beam quality at the
experimental terminal PISA was improved. The beam radius is about 1 mm and the vibration

of position is less than 0.1 mm.
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4. Through the redesign and alteration of transmission line and coupling capacitance of
SFC RF system, the Q value of the SFC RF cavity (increased by 10%) and the effective RF
voltage (increased by 11%) significantly are improved, the transmission loss(transmission loss
< 0.3%) between the SFC RF cavity and the power sourcer is reduced, and the frequency

replacement time of the SFC RF system is reduced from 3 hours to 0.5 hours.

5. With Afterglow pulsed mode, some record beam intensities of highly charged ions
have been produced on the SECRAL-II fully superconducting ECR ion source platform, like
266 euA of PXe*", 169 euA of ¥Xe*®", 50 euA of '**Xe**", and so on. Compared with the
CW mode, the beam intensity gain is 2-7 times. The pulse width (FWHM) reaches 6-10ms,
which is 2-3 times that of the traditional afterglow mode. At present, this technology has been
applied in HIMM project successfully and achieved about 60% beam intensity improvement

in the storage ring.

Tablel. Distribution of HIRFL Operation Time in 2021

SFC Linac
Operation time distribution
Time (h) Percentage (%) Time (h) Percentage (%)

Total operation time 7848 100 774 100
Failure time 229.5 2.9 53 6.9
Preparation of beam 547.5 7.0 56 7.2
Beam testing 595.5 7.6 122.5 15.8

Other time 37 0.5 0 0
Target beam time 6438.5 82 542.5 70.1
Nuclear physics 3917.5 60.8 156.5 28.8
Material sciences 1222.1 19.0 156 28.8

Biophysics 301 4.7 0 0

Space sciences 356.9 5.5 0 0
Machine study 641 10 230 424
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Table2. the Typical Ion Beams Provided by HIRFL in 2021

SFC/Linac SSC CSR
Index Beam Energy Current Energy Current | Energy | CSRm Current | CSRe Current
(MeV/u) (wA) | (MeV/w) | (wA) | (MeV/w) (uA) (uA)

1 N Ca 6 10 460 2000-4000 R
2| Pxe™ 1.844 2.6 19.5 0.23

3 R 4.75 7

4 Rt 4.82 6

5 B 1.5202 0.2 16 0.01

6 2o 7 2.7 80.55 0.1

7 N 43 5

8 et 52 4

9 2c 42 2

10 *He'" 4 3

11 0gi** 433 2

12 | *Ne” 6.17 3

13 | "X 4 8 276 2600

14 | ¥Ni®"5 [ 5361 1.8 60 0

15 |"Pcs™ 2.2 1.6 204, 75 300-350 200
16 NGO 8.4 3

17 | %™ 6.5 2

18 | Xe®" 5 0.8

19 L 9 1

20 | *Ar®” 8.5 15 376. 445 4000 IRR
21 | 1603 5.361 9 60 0.65

22 | ¥Xe™ 0.58 40 5.98 2.3

23 | PAre* 0.58 50 5.98 6 320. 400 1000

24 | %ca'* 5.4 5

**: The ions with yellow shading were provided firstly by HIRFL in 2021.
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IV. Scientific & technical personnel and talent training

The total number of staff for HIRFL is up to 426, composed of 252 operating and
maintaining staff, 163 researchers and other 11 employees. 259 out of the 426 have senior and
127 have intermediate title. In addition, regarding to the postgraduate education at IMP in
2021, up to 86 students have graduated from IMP with a doctoral degree or a master degree

whereas 483 students have been doing their postgraduate work.

IMP established “Outstanding Achievement Award” and “Youth Science and
Technology Award” to cultivate and stabilize excellent teams and young talents, promoted
collaborative innovation strategy to jointly cultivate innovative talents with domestic
universities, and made full use of the good opportunity of international cooperation to jointly
cultivate practical scientific and technological talents with foreign famous research

institutions and Universities.
V. Cooperation and exchange

Due to the outbreak of COVID-19 in 2021, international exchange by scientific
researchers have been suspended around the world. In response to fight against the risk, video
talks, telecommuting and online international conferences are carried out by scientific

personnel to continue their research.

In 2021, The Institute signed agreements with 4 universities or institutions in 3 countries,
including USA, Korea, Germany. During this year, 14 CAS President’s International
Fellowship Initiative (PIFI) are supported by Chinese Academy of Sciences, 9 Foreign
Researcher Grants financed by Ministry of Science and Technology, 3 CAS’ Special
Exchange Programme, and 5 students and staff in all are supported by China Scholarship

Council (CSC), 2 International Conferences online organized.

International Large-Scale Scientific Research Base on Antiproton and Ion was rated
outstanding in the review on International Science and Technology Cooperation Base by the
Ministry of Science and Technology in 2020. As of December 2021, 31 foreigners including
11 foreign employees, 12 foreign postdoctors, 1 fellowship and 7 foreign students have been
introduced to IMP.
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From May 22™ to 23", 2021, the 17" Public Science Day organized by the National
Laboratory of Heavy Ion Research Facility in Lanzhou (NLHIRFL). In this event HIRFL

received more than 5000 visitors.

V1. Chronicle of events

On Jan. 30", 2021, the project of "carbon ion cancer treatment research and R & D and
industrialization of large tumor treatment devices" won the special prize of Gansu Provincial
Science and technology progress award, which is also the first special prize established by

Gansu Provincial Science and technology award.

On Apr. 17", 2021, the 2021 review meeting of applications for NLHIRFL beam time

was held in Lanzhou.
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