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Location of the CSNS
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Some Neutron Scattering History
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One of the most important experiments in neutron history

Antiferromagnetism in MnO
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One of the most important experiments in neutron history

Roton in superfluid Helium4



8 http://www.nobelprize.org/nobel_prizes/physics/laureates/1994/illpres/neutrons.html

1994 Nobel Prize in Physics -- Shull and Brockhouse



Strategic goals of Neutron scattering
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Basic theory of neutron scattering



• Baryons

• Electrical Neutral (<10-22e)

• Spin = ½

• Magnetic moment:  -1.913 𝜇𝑁
• Mass = 939.566 MeV

• Lifetime = 880ish

• Electrical dipole moment: < 2.9x10-26 e*cm

Properties of Free Neutrons

Energy (meV) Temp (K) Wavelength (nm)

Cold 0.1 – 10 1 – 120 0.4 – 3

Thermal 5 – 100 60 – 1000 0.1 – 0.4

Hot 100 – 500 1000 – 6000 0.04 – 0.1

Velocity (v), kinetic energy (E), wavevector (k), wavelength (λ), temperature 

(T). 

E = mnv
2/2 = kBT = (hk/2π)2/2mn; k = 2 π/λ = mnv/(h/2π)

λ (nm) = 395.6 / v (m/s)

E (meV) = 0.02072 k2 (k in nm-1)
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• Neutral 

• Penetrating, probe 

nuclei

• Non-destructive

• Magnetic moment

• Magnetic fluctuations 

and domains

• Magnetization density

• Magnetic excitations

• Can be polarized

Properties of Free Neutrons
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ki, Ei

Sample
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elastic: 1-5000 Å
energy transfer: neV - eV

0 - 20000 cm-1

Neutron scattering events
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Neutron Scattering Cross Sections

=

ddE

d

 d

d 2
=

number of neutrons scattered per second into d & d

 ddE

d number of neutrons scattered per second into

d

 = number of incident neutrons per cm2  per second

 = total numberof neutrons scattered per second / 

 measured in barns:

1 barn = 10-24 cm2

Attenuation = exp(-Nt)

N = # of atoms/unit volume  

t = thickness

Differential scattering

cross section

Double-differential

scattering cross section

Incident flux

total scattering cross section
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Neutron Scattering off a (fixed) point source
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Adding up scattering from many (fixed) point source
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Coherent and incoherent scattering
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Coherent and incoherent scattering - some numbers
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Coherent elastic scattering -- S(Q), structure factor
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Diffraction: Bragg’s Law

2θ

 = 2d sin

Neutron Diffraction: Bragg's Law
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Diffraction -- What can we learn from it?
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A Typical powder diffraction pattern
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Inelastic scattering -- Atoms are not fixed
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Inelastic scattering

For systems containing a reasonable proportion of  

H atoms, scattering from H tends to dominate.

easure scattered neutrons as  

function of Q and : S(Q, )

 = 0: Elastic

 ≠ 0: Inelastic

 ≈ 0: Quasi-elastic
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Inelastic scattering -- coherent and incoherent
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To Summarize
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X ray scattering vs. neutron scattering
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研究微观世界的方法

Scattering
倒空间

Microscope
实空间

电子显微镜下硅纳米管

optical，electron，scanning probe

硅单晶的衍射图

light, electron, X-ray, Neutron



X-ray and Neutron scattering as a tool
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Neutrons vs. X-rays! – Interactions with matter

•Neutrons interact with atomic nuclei via very short range (~fm) forces.

•Neutrons also interact with unpaired electrons via a magnetic dipole  

interaction.
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Neutrons vs. X-rays! -- Penetration depth

Note for neutrons:

•H/D difference

•Cd, B, Sm

•No systematic Z

dependence
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Neutrons vs. X-rays! – Scattering length

➢Can be precisely calculated
➢Sees light elements (H, Li etc.)
➢Can discriminate adjacent elements
➢Can discriminate isotopes
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Brightness  

(s-1  m-2 ster-1)

dE/E  

(%)

Divergence  

(mrad2)

Flux  
(s-1 m-2)

Neutrons 1015 2 10 x10 1011

Rotating 1016
3 0.5 x 10 5 x1010

Anode

Bending 1024 0.01 0.1 x5 5 x1017

Magnet

Wiggler 1026 0.01 0.1 x1 1019

Undulator 1033
0.01 0.01 x0.1 1024

(APS)

Neutrons vs. X-rays! – Brightness and Flux



Pros
• Wavelength comparable with interatomic spacings ~A
• Kinetic energy comparable with that of atoms in a solid ~meV
• Penetrating

• Bulk properties, up to 10cm samples
• Complex sample environment

• Weak interaction with matter
• Mostly s-wave
• Can be precisely calculated

• Isotopic sensitivity allows contrast variation 
• Isotope scattering differently
• H, D scattering drastically different

• Neutron magnetic moment couples to B
• Neutron sees unpaired electron spins
• Polarized Neutrons

Neutron scattering: Pros and Cons

Cons
• Low flux --> weak signal --> need large sample and long data 

collecting time
• Some elements (e.g. Cd, B, Gd) absorb strongly
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Neutron production and neutron facilities
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Production of free neutrons  -- Fission and Spallation

Fission Reactors

• Chain reaction
• Continuous
• 2-3 neutrons/fission
• ~180MeV/neutron

Spallation

• No chain reaction
• Pulsed
• 30-40 neutrons/proton
• ~30MeV/neutron
• 4 in the world
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Source vs. Flux 

37

From: ESS – Status and Prospects, Ciprian Plostinar, Aug.2018
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Major Neutron Facilities in the World

CMRR



High Flux Reactor

Power: 85MW

First in critical: 1965

SNS, HFIR

Oak Ridge National Laboratory

Spallation Neutron Source

Initial Budget: 1.4b USD

Completion date: Apr 2006



40

中国中子源大科学装置

反应堆

散裂源
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• 主管部门：中国科学院

• 共建部门：广东省人民政府

• 法人单位：高能物理研究所

• 共建单位：物理研究所

• 批复概算： 18.6632亿元

• 建设选址：广东省东莞市大朗镇

• 开工时间：2011年9月

• 建设周期：6.5年，2018年3月完工

2011年10月20日中国散裂中子源奠基 2018年8月23日通过国家验收

中国散裂中子源基本信息
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根据《国家发展改革委关于散裂中子源国家重大科技基础设施项目

可行性报告的批复》，主要建设1台80MeV负氢离子直线加速器、1

台1.6GeV快循环同步加速器、2条束流输运线、1个靶站、3台中子

谱仪及配套设施和土建工程。

建设内容
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中国散裂中子源， 2018年
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Linac，the ring，and the target



Other neutron facilities in China - CARR
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The China Advanced Research Reactor (CARR) is a high-

flux and multipurpose research reactor, located at the campus 

of China Institute of Atomic Energy(CIAE) in Beijing. It is a 

tank-in-pool inverse neutron trap type reactor with a power of 

60MW. The peak flux in a heavy-water reflector is about 

8.0×10^14 n/cm2/s. CARR went first critical on May 13th 2010 

and reached the full power for 72 hours on March 13th 2012. 

Now it is waiting for the official permission to start the regular 

operation.

High Resolution Powder Diffractometer (HRPD), a High 

Intensity Powder Diffractometer (HIPD) a Residual Stress 

Diffractometer (RSD), a texture diffractometer (TD), a four 

circle diffractometer (FCD), two Triple Axis Spectrometers 

(TAS), a reflectometer (RF), a Small Angle Neutron 

Scattering instrument (SANS) were constructed.

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620_123024.html

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620_123024.html


Other neutron facilities in China - CMRR
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The China Mianyang Research Reactor (CMRR) with the 

power of 20 MW is located in the NP campus of Institute of 

Nuclear Physics and Chemistry, Mianyang city, Sichuan 

Province. It was open to users officially from 2012, including 

the thermal and cold neutron halls. The liquid hydrogen cold 

neutron source began to work from September 2013. The 

measured thermal and cold fluxes for neutron scattering 

experiments are 2.4×10^14 n/cm2·s and 10^9 n/cm2·s, 

respectively.

A high resolution neutron diffractometer (HRND), a residual 

stress neutron diffractometer (RSND), a thermal neutron 

radiography station (TNR) and a high pressure neutron 

diffractometer (HPDC). Four cold neutron instruments were 

installed in the guide hall: a small-angle neutron spectrometer 

(SANS), a time-of-flight and polarized neutron reflectometer 

(TPNR), a cold-neutron triple-axis spectrometer (CTAS) and a 

cold neutron radiography station (CNR).

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620_123024.html

http://english.ihep.cas.cn/ls/cnss/zzsszz/201406/t20140620_123024.html
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DIFFRACTOMETERS

Elastic Neutron Scattering Instruments

• Elastic instruments 
include:

– Powder diffraction

– Single Crystal diffraction

– SANS (typical)

– Reflectometry

• Used to determine the 

average structure of 

materials (i.e. how the 

atoms are arranged)

Based on diagram by Roger Pynn

Longer Length Scales
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TOF Powder Diffractometer: GPPD(CSNS)

Liu et.al. Science
2020, 368, 1347-1352

• Low-cost D&P steel with high yield strength (~2 

GPa), excellent toughness (102 MPa· M1/2), and 

good ductility (19% uniform elongation) from 

Hongkong University.

• Important microscopic parameter information 

such as phase volume fraction and dislocation 

density was obtained through neutron diffraction 

@GPPD 

49
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TOF Powder Diffractometer: GPPD(CSNS)

• Neutron Diffraction @ GPPD determines the fine structure of carbon 

dioxide in iron-containing mordenite, which has record high of carbon 

dioxide uptakes. 

Zhou et.al. Science, 2021,373,315-320
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Small Angle Neutron Scattering (SANS)

J. Am.Chem.  Soc. 2020, 
142, 18, 8473–8482

雏菊链树状分子运动行为
刺激后每个枝杈的折叠导致整
体尺寸的可控可逆变化

新型高分子聚合物

CCS Chem. 2021, 3, 1328–1340

SARS-CoV-2 nsp8蛋白二聚体和四聚体
在不同盐浓度中的稳定性和相分离行为

Communications Biology, 2022, 5(1): 925.

蛋白质及纳米药物
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Small Angle Neutron Scattering (SANS)

页岩气/油样品中纳米
孔隙尺寸和取向

Yu Wang,et al., Energy & Fuels, 
34(2020): 7974-7984 

➢新能源
➢ TiNb合金中的两种调
幅分解的微观相分离形态

Acta Materialia 233 (2022) 117969



53

Reflectometer (CSNS)

以磁性薄膜为主，采用垂直样品几何，其主要应用领域有：

1) 各类自旋电子材料的膜层结构及磁结构分析；

2) 氧化物材料的界面结构及磁性分析；

3) 超导及拓扑材料薄膜的结构分析；

4) 软物质薄膜的膜层结构分析。
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Reflectometer (CSNS)

清华大学 江万军等
Phys. Rev. Lett. 
128, 167202 (2022)

PNR是唯一可以精确测量铁磁薄膜内部磁性分布的方法。

Quantifying the 
Dzyaloshinskii-
Moriya 
Interaction 
Induced by the 
Bulk Magnetic 
Asymmetry

PNR实测
的磁性变化

TEM得到
的成分变化
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Reflectometer (CSNS)

北科大 王守国等，
Adv. Mat. 
32, 1907452 (2020).

Magnetic Skyrmions
in a Hall Balance 
with Interfacial 
Canted 
Magnetizations

通过PNR明确了NiO
导致的倾斜磁性，从
而进一步导致其磁性
斯格明子的产生。
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Neutron Imaging
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Carbon foam matrix in a Li battery

(H. Bilheux and S. Voisin)

Neutron Imaging

X-ray image

Neutron Image
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Neutron Irradiation, CSNS

Atmospheric neutron spectrum at ANIS
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Neutron Irradiation, CSNS
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Inelastic Neutron Scattering Instruments
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• Used to study 

dynamics such as 

phonons, magnons,  

and diffusion  (i.e. what 

the atoms are doing)
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Based on diagram by Rex Hjelm
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− Direct Geometry TOF 
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SEQUOIA: A Direct Geometry TOF 
Spectrometer at the SNS

Quantum oscillations of nitrogen 

atoms in uranium nitride

Nature Communications  v3, p1124 (2012)
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Triple-Axis Spectrometer

Lattice Dynamics of PbTe

PHYS REV B 86, 085313 (2012)
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BASIS: An Inverted Geometry 
Backscattering Spectrometer

Study of water diffusion on 

single-supported bilayer lipid 

membranes by QENS

Bai M.,  EPL 98, 48006 (2012)
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181920

01  小角中子散射仪
02  多功能反射仪
03  液体反射仪
04  冷中子直接几何非弹谱仪
05  高能直接几何非弹谱仪
06  逆几何分子振动谱仪
07  预留
08A 工程材料中子衍射仪
08B 测试线站
09  高分辨中子粉末衍射仪
10  中子背散射谱仪
11  大气中子辐射谱仪
12  中子物理与应用谱仪
13  能量分辨成像谱仪
14  微小角中子散射谱仪
15  高压中子衍射谱仪
16  多物理谱仪
17  弹性漫散射中子谱仪
18  通用粉末衍射仪
19  大分子单晶中子衍射仪
20  极化非弹谱仪

CSNS谱仪规划图

• 已建成：11台

• 二期建设：9台

The China Spallation Neutron Source，instruments
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Proposal System
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Neutron instrumentation

• Instrument design is driven by the needs of the 
scientific community coupled with the source 
capabilities along with advances in neutron 
optics and detectors. 

• In the near term instrument development will be 
primarily focused on: 

– Focusing optics 

– Polarization 

– Detectors 

– Instrument development infrastructure (computer 
simulations) 

– New techniques and applications 
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I've borrowed slides from

“If the neutron had not been discovered by Chadwick 

in 1932, it would have been invented.” --Brockhouse


