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O Introduction of Neutron Scattering and Neutron Sources
[0 Neutrons for fundamental Neutron Physics
0 Concluding remarks

I’ve borrowed slides / pictures froms:....

* Geoff Greene
* Mike Snow

* Nadia Fomin
* Takeyaso Ito

* Florian Plegsa
* Wiki / Google




Discovery of Neutrons

electron

7
210po source | Be target

« particles Paraffin

“It is, of course, possible to suppose that the neutron
may be an elementary particle-
This view has little to recommend it at present.”

J. Chadwick, Proc. Roy. Soc., A 136 692 (1932)

James Chadwick
1932 K I F
1935 MRS E R



Properties of free neutrons

* Baryons

| * Electrical Neutral (<10-%%e)
@ [

* Magnetic moment: -1.913 uy
* Mass = 939.566 MeV

@ e Lifetime ~ 880s

* Electrical dipole moment: < 1.3 x 1026 excm

* Difficult to handle, can’ t accelerate/guide/focus
* Destruction to detect
* Low flux

* Respond to all four forces, and possibly “fifth” force
* Simpler compare to nucleus
* Polarization is a unique feature



Free Neutrons are hard to get

 Neutrons are bound In
nuclel, need several MeV

for liberation

* Neutron decays -> can't
accumulate

Force (x 10% N)

 We want free neutrons,
very expensive to get
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Reid, R.V. (1968). Annals of Physics. 50: 411-448



First Reactors

» First continuous reactor

» First neutron scattering

» First neutron EDM

> First neutron lifetime T Ny LR




Neutron Scattering

Neutron Scattering for material structure and dynamics

Neutrons show

When the neutrons
collide with atoms in the
sample material, they
change direction (are
scatt ered) - elastic

where atoms are

Research reactor
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Crystal that sorts and
forwards neutrons of
a certain wavelength
{energy) = mono=
chrom atized neutrons

Detectors record the directions
of the neutrons and a diffraction
pattern is obtained.

The pattern shows the
positions of the atoms relative
to one another.

rotatable sample

Neutrons show

what atoms do

Crystal that sorts and
forwards neutrons of
a certain wavelength
{energy) = mono=
chromatized neutrons

Betram N. Brockhouse,
McMater University, Hamilton,
Ontario, Canada, receives one
half of the 1 954 Nobel Prize

in Physics for the devdopment
of neutron §recrosopy.

al Resources “E’{S ]
™ - o | o'

3-axis sp actrometer with ~
rotatable crystals and

O

Atomsina |
crystalline sample

#F - 3 ]
e a0y
4 sy A

ey e ] 3

OT

e . # “{)  Changes inthe

anergy of the

neutrons are first

analysed in an

analysar crystal...
-

3 i

M e (T P,
y "
S L |
O ,

When the neutrons 3
penetrate the sample “
they start or cancel
oscillations in the
atoms. If the neutrons
create phonons or
magnons th ey
them salves lose the ..and the neutrons

then countedin a
detector.

enaergy these absorb
= inelastic scatt ering

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



Spallation Neutron Sources

Large-scale National science faciality

CSNS, Dongguan China gt SNS, Oak Ridge US

+» Commissioned 2018, ¥ 2.3 billion s Commissioned 2006, $1.4 billion

/7 /7

¢ Phase-II upgrade: ¥ 3 billion ¢ Phase-II upgrade: $2 billion

U Large-scale open user facility for neutron scattering experiment

O Complimentary to X-Ray and electron scattering



China Spallation Neutron Source
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Schematics of CSNS

Linac, 80 MeV@CSNS-1; 300 MeV@CSNS-II /
Back-n white neutron source
‘ "\ High-energy Proton
15t target station . ;\}-.‘\_:‘Experimental Area(HPEA)
\ .
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* 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

REPORTS

Science

Cite as: L. Liu et al., Science
10.1126/science.aba9413 (2020).

Making ultrastrong steel tough by grain-boundary
delamination

L. Liv'*, Qin Yu?*, Z, Wang!, Jon ElI2:3, M. X. Huang'}{, Robert O. Ritchie>3}
IDepartment of Mechanical Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, China. 2Materials Sciences Division, Lawrence Berkeley National

Laboratory, Berkeley, CA 94720, USA. 3Department of Materials Science and Engineering, University of California, Berkeley, CA 94720, USA.

Intensity

4+ Neutron profile
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Liu et.al. Science
2020, 368, 1347-1352



Catalyst & MOF

* Neutron Diffraction @ GPPD determines the fine structure of carbon
dioxide In Iron-containing mordenite, which has record high of carbon

dioxide uptakes.

RESEARCH

GAS SEPARATION

Self-assembled iron-containing mordenite monolith
for carbon dioxide sieving

Yu Zhou't, Jianlin Zhang't, Lei Wang?t, Xili Cui*#1, Xiaoling Liu't, Sie Shing Wong>®, Hua An®%,
Ning Yan®*, Jingyan Xie', Cong Yu®, Peixin Zhang®, Yonghua Du’®, Shibo Xi’, Lirong Zheng?®,
Xingzhong Cao'®, Yajing Wu?, Yingxia Wang"!, Chongqing Wang’, Haimeng Wen’, Lei Chen’,
Huabin Xing>#*, Jun Wang*

Zhou et.al. Science, 2021,373,315-320

£
00:(334) 908,
A4k B
N:(3.64 4)
CH(38 A)

“M i Ay

oV U

A“Wﬁ-ub “* J‘ 'A b‘”l‘bh | :ﬁtw v . IH
YL T I "U\ s !
P ARSI NG Gy M"f( ,lwrvam-»»MM‘wrﬁm oy

10 15 20 275 30 35 40 08 1.0 12 14 16 1.8 20 22 24 26

D-spacing / A D-spacing / A



* Long-range ordered porous carbon crystal (LOPC) by USTC. It Is a
new class of carbon-based crystal structures between graphite and
C60 molecular.

142 Intra-C,, distances Middle-range distances
2 43 4.82 5.78 6.11

361450545 668 EeeCepialcnic (@MPI accurately
286 [| ) \/ W\/\\'# SN/ \Y reveal the short and
b 25S medium range ordered
12 287 0 T 2H Graphite structures of Fullerene

and 2H graphite.
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F. Pan et.al., Nature 2023, 614, 95



Battery

R,=2.55R,,=1.87 R, =546, R,, = 542, GoF = 4.63

* The lanthanide all solid-state g R ~— ooned

. . FI.Ited pattern —_— ?Cu ate:
electrolyte material with good s D st
Interface compatibility achieves

| LiCI (0.89%)
rapid conduction of lithium ions

Intensity (a.u.)
Inttensity (a.u.)
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lithium batteries. USTC Hong-Bin 20 Geaeo QA
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Y. Yin et.al., Nature 2023, 616, 77



Strategical goals of neutron sources

health
sustainability
technology
heritage

15



Neutron Physics can address “big” questions

»\Why does the universe contain only matter but not Anti-matter? Baryon
Asymmetry

»How were the elements made at the birth of the universe?
Nucleosynthesis

»\Why does the universe shows a preference between left and right
handedness? Parity Violation

»Beyond Standard Model? Dark Matter, New Physics

» Direct macroscopic quantum effect Bell’ s inequality, quantum phases

16



Several high-impact experiments

17



Baryogenisis and CP Violation

A. Sakharov's solution to Baryon Asymmetry Problem

= Baryon number violating process
= A period of Non- thermal equilibrium
" The presence of C and CP violation
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\\ + //
Mr P ¢
BN d
s
—__ dT
» 4
- " a

T ,\_/ Non-zero neutron electrical dipole moment --> P and CP violation
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Neutron EDM experiment (a negative experiment)

CP Violation, Baryogenesis
* New Physics

E. Purcell
N. Ramsey
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First experiment
. by Smith, Purcell and Ramsey
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Premordial nucleosynthesis
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Neutron lifetime puzzie

UNRESOLVED DIFFERENCES Science 360, 6389 (2018)

Mysteriously, neutrons in a beam live several seconds longer Nature 598, 549 (2021)
on average than do those trapped in a vacuum bottle. Phys. Rev. Lett. 127, 162501 (2021)

® Results using beam method @ Bottle method
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Hardronic weak interaction

Fermions Bosons

. Y Weak
=" Interaction

[suoydeqiN = sxyienp

Strong
Interaction

Matter is composed of quarks and leptons, which interact
through the exchange of bosons (force carriers). The
nuclear force (between neutrons and protons) is a residual
effect of both the strong and weak interactions, and can

be interpreted as the exchange of quark-antiquark pairs (,
p, ®-Mesons).

Hadronic
Interaction

(residual nuclear
~[gw?/Mw?]/[g/m, %] ~1077 force)

22



Polarized neutrons for HWI measurements

Asymmetry, P violation n tp—>d+y
n+3He—>3H +p

Electromagnetic coils provide a uniform vertical magnetic field.

W U W R N U U W W S |

gamma detectors

beam beam
LH? monitor monitor

Moderator I . I
Mercury
>>>-Target \T 1 M2

Choppers

beam
monitor

LH,
target
M3

Phys. Rev. Lett. 121, 242002 (2018)
Phys. Rev. Lett. 125, 131803 (2020)

- -
- - -

Proton

pulse beam

polarizer
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Gravity and Quantum effects

Potential Energy (;fatl:z V(Z) ) F L= (n + %)ha)
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Ultra cold neutron to test quantum gravity

I Absorber

0.1 ] . _iimAmsmsssAsssssssssmsAsAs NSUtron

‘ . . """""""""""""" ” detector
] Collimator Bottom mirrors

-~ ~10 cm

n 0.014

T

z . ,

3 /. * Test of Newton’ s

> .

gravitation law (Hidden

/‘§ ____________________ dimension)

10° =10 + .......................
. . . . . * Spin-dependent new

0 10 20 30 40 forces
Absorber height (um)

Nature 415, 297(2002) 25



Unpolarized and polarized neutron beta decay

Weak Axial Vector Coupling

A: the f-asymmetry coefficient
B: the neutrino-asymmetry coefficient
C: the correlation between neutron spin and proton momentum

Detector 1
Detector 2

Phys. Rev. Lett. 110, 172502 (2013)
Phys. Rev. Lett. 100, 151801 (2008)
Phys. Rev. Lett. 99, 191803 (2007)

Magnetic field

26



Quantum Mechanics , Dirac’s spinor

classical rotation:

original 27 - rotation 47 - rotation
o X o/ L\
quantum rotation:
V(0) V(2m) = —y(0) V(4m) = V(0)

Strange properties of Spinor formalism
Dirac 1930

Yemt = [W(0)]’

27



Neutron interferometer to measure spinors

2> 5000
5
g
g
\ 4000 | -
2 5000 7
2
\ g
PERFECT -
CRYSTAL T 4000
© R.J. Buchelt 3000 (m A)
20 40 60 80
| I ' L

0 100 200 300 400 500
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H. Rauch, A. Zeilinger, et al, Phys. Lett., 54A, 425 (1975)°



Test of Bell’s inequality

Polarized Phase-shifter(y)

—

Neutron bear Sexp = 2.051 £0.019 £ 2

U y Spin
e —  Rotators

Spin-Turner

Neutron Interferometer _
Spin
Analyzer

Hasegawa, Rauch et al. Nature, 425(6953) 2003 Detector .



Neutrons for turbulence visualization

8t v imod A SR ——FF R R T 55 i e va & mus R s e
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Phys. Rev. Lett., 124, 134502 (2020)
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An incomplete list of nheutron experiments

* Neutron interaction with the Earth's gravitational field GRAVITY

* Correlations in neutron decays WEAK INTERACTION
* Limits on neutron charge E&M
* Determinations of neutron scattering lengths STRONG INTERACTION
* Determinations of neutron magnetic moment E&M
* Limits on possible new short range interactions ??7?
* Search of neutron anti-neutron oscillations BAU
* Search for other sources of time-reversal violation CPT
* Neutron's Weak coupling with nucleons WEAK INTERACTION
* Search for a non-zero neutron electrical dipole E&M, CPT

moment

?77?

* Determination of neutron lifetime o



Production of polarized neutrons

Methods to produce polarized neutrons

Single Crystal Monochromators

Polarizing Supermirrors

Polarized 3He Target

RARAL u/ wit=
FFRA  RPHeSE  FFER




SEOP 3He neutron spin filter systems at CSNS

SEOP method is a major way of utilizing polarized *He for neutron spin filtering

Collisiona
| I —— Polarized 3He
\ - Alkali atom '
1/2 .
2 electron spin

Unpolarized Polarized Neutron

Quenching
by N,

52 Sip 3He atom

L=

e~

!
v

- nuclear spin
mg = -1/2 mg =1/2 p R
1. Laser pumping Alkali atom electron 2. Exchange polarization to 3He atom

SEOP glass cell containing 3He gas Off-situ SEOP pumping station In-situ SEOP Neutron spin filter system




Polarized 3He Magnetometer and Co-magnetometer

* cryogenic compatibility ,
. . . . eflectar Reflector
* similar magnetic moments with neutrons e’ & N ~——l ;
. = Filter
* frequency resolution of 7 nHz e
4 Z Vacuum Function
A A :-Inunhr.-r\,,‘_“.‘H‘N ‘_:‘ — —.h:".__J generator
Coils ~|| *\\I\._ |
, E H / B ;EE 3 E\mml
rp  FPBS i/4 Bea mspln::n;:t f::: 7_ - —
r‘ o =] . ==
b O > X — cosling || DMD2 / ‘E PBS
s (g H t:l W2
. Polarizer Reflector | _ __ __ __ :
Polarizer - g Lens
Pump (™ Reflector -—
Laser ]::::TP NE Lens Chopper |:5'-‘r

(b) ® g

Phys. Rev. Lett. 120, 033401 (2018)



It Is so named after the eponymous American
laundry detergent, using the axial anomaly to
clean up the mess of CP symmetry in the strong
Interactions

Frank Wilczek
2004 Nobel in Physics

Phys. Rev. Lett. 40, 279 (1978)
Phys. Rev. Lett. 111, 100801 (2013)
Phys. Rev. Lett. 133, 191801 (2024)

35



Polarized 3He as a Neutron Target

e Polarized DIS crucial for study of neutron spin structure
e PPDFs; tests of QCD, Bjorken sum rule; higher energies

- O O

¢ Y State Probability
: S 88.6%
2 S’ 1.5%
D D 8.4%

4

O s EmE =

e S-state *He: nuclear spin carried by the neutron

e *He's magnetic moment close to n, compatible with RHIC
spin manipulation

Polarized *He ions offer a “polarized neutron beam” for
RHIC and a future EIC

36



Polarized 3He++ ion beam

|dentified as high priority R&D for EIC by EICAC review in 2009, Office of
Nuclear Physics Community Review in 2017, and the 2018 assessment of the
US National Academy of Sciences.

1083nm laser *He reservoir Pneumatic valve 3He polarizing cell High speed Mirror Gas ionization cell
pulsed valve

Differential pumping lon accumulation region 5T solenoid

37



Polarized 3He program at Jilab (from J.P. Chen)

Neutron Spin Structure

_ Reviews:

Valance quark: A1n, E99-117 S e

GDH sum rule: E94-010, E97-110 PPNP 63 (2009) 1:
Quark-hadron duality: E01-012 J. P. Chen, IUMPE 19 (2010) 1893

Higher-twist, g2/d2: E97-103, E06-014

Single Target Spin Asymmetries
Transversity and TMDs: E06-010

2—-y exchange, Inclusive Ay: EO5-015, EO7-013

3He Spin/Wave Function Study
Ax/Az in QE: EO5-102; Ay in QE: EO8-005

From Factors
GMn: E95-001; GEn: E0O2-013



Neutron Spin Structure (from G. Cates)

To this day, the data from E142 and E154
provide the most accurate data on the spin
structure functions of the neutron over
the kinematic range studied.

With volumes of 150-200 cc's and

nearly 10 atmospheres, these targets
contained 1-2 STP liters of gas.

0.04 Q’=5GeV’

® El154 C

£ {‘W% it i

-0.04 ~ The data on this figure are incomplete, but

. I believe the statement at left is still true.
fi | Rttt e e rrTrTTTTTTTSTTTT ettty —
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-0.06
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T-violation experiment with polarized neutron and 3He

0 The CSNS in-situ 3He system is compatible for epithermal (eV) neutron experiment

Developing SEOP Polarized 3He for epithermal neutron (740meV) spin filtering allows application in search for Parity-
odd Time-reversal-odd interactions

Preliminary setup at CSNS back-n beamline using in-situ 3He

3He spin filter Super-conducting magnet

lglass
{) 9 144 |—=— 18cm.bar
’ Latarget 134 |[* 42cm.bar| .
- | ; ti n |Q 1 124 &
B Guid | l 1.1 . . A
0 Bg uide coi 2 o o] s o .
D o
Coil ¢ magnetic _ s 0,05 0.00 005 0.10 0.15 020 025 030 035 0.40 045 0.50
shield y_ray 60mK and 7T Wavelength (Ang)
Neutron polarization 0.74eV - S S
20 40%p detecters Nuclear polarization~5% . Polarized Slie
nl Normal *He

~ ~

f=A+Bo-I1+Co-k+Do-Ixk)

— —
n Independent in Derendent P-violation T violation
sp'l’-even T-even Is’-%ven -even P-odd T-even -odd T-odd

Mofan Zhang, X. Tong*.et. al; First Use of a Polarized 3He Neutron Spin Filter on the
Back-n White Neutron Source of CSNS. ;
https://doi.org /10.48550/arXiv.2409.16598
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Concluding Remarks Thank you for your attention

* The neutron exhibits much of the richness of nuclear physics, but Is
vastly simpler, and thus more interpretable, than complex nuclel.

* The neutron can be used to probe Strong, Weak, EM Gravitational as
well as quantum phenomena.

* Neutron decay Is the archetype for all nuclear beta decay and is a
key process In astrophysics.

* The neutron Is well suited as a laboratory for tests of physics beyond
the Standard Model.

The neutron i1s complicated enough to be “interesting” , but
simple enough to be understandable.

41



