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Ultra Cold Neutron (UCN)!
Tests of fundamental physics with UCN!
UCN source around the World!

New concept for compact UCN source
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Neutron with En ~200neV (\w\~5m/sec)!

Magnetic interaction with V yv=puB=60neV/T ! easy to
polarize!

Gravitational interaction with V43=mgh=100neV/m!

Strong interaction with V .=330neV (e8Ni)
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Total ReRection g-Bounce : gravity spectroscopy
| =570! , v=7m/s

can store in a material bottle |

" Weak interaction through # decay (~880sec)
I long measurement time!

Precision test for fundamental physics: neutron
life time, gravity spectroscopy, nEDM [l etc

3 [*]EDM: Electric Dipole Moment
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How to produce UCNS?

" Get free neutrons ! Fission, Spallation etc.!

" Slow down the neutrons ! Transfer neutron kinetic energy to the elementary
excitation (collective modes) of the scattering medium (moderator)

Super-thermal

Fast Neutron Thermal Cold Process [1] UCN
(>MeV) (~25meV) (~2meV) (~200neV)
§ o O |- O O
Fission, Heavy Water Cold Moderator UCN converter
Spallation (300K) (LH 2, LD 2, T~20K) (SD2, 4He, T<5K)

5 [1] R. Golub, Phys. Lett. A (53), 133 (1975)



* UCN sources around the World

Axion and Precision
Physics Research

History of UCN source development
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UCN sources around the World in 2023

[1] R. Golub, et al., Z. Phys. B 51, 187 (1983)
[2] C.A. Baker, et al., Phys. Lett. A 308, 67 (2003) 6



UCN production In “He

Phonon Dispersion Curve of He-l|

" Characteristic phonon dispersion curve provides ideal two-level

system for super-thermal UCN production:! < 0

Cold Neutron :

" single phonon or multi-phonon scattering! -
3.0—: N

" Higher production (P) strength on single phone process of 4He -

| Ocold neutronRux only at ~1meVO! 0L U+ o S 2se

T(K) Hmax (SEC)

Energy (me
N
o

" !Captuere) = 0! long storage time (v),!

1.2 30 1_52
" O, | 40MSse due to ! gy dSD,) = 0.45mb 1 100
0.8 310 |
" Saturated UCN density: &= P # 9 e . o5y [ 1207k 8.9 1§
" Up-scattering is highly T (' T/) dependent! Olower TO | © 850 C an)

- M. R. Gibbs et al., J. Phys. 11 (1999)
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= UCN source at neutron facilities ~

section in He-ll

| —

“*He UCN sources cited at either reactor or spallation faclilities ! Neutron spectrum to He-Il (MCNP)
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New Idea for Intense/efficient UCN source

" A new intense UCN source should have: !

OLow in radiation/thermal loadO and OHighly €' cient in UCN productionO

" OLow in radiationO: other means of neutron production with lower E!

" OLow in total neutron RuxO:reduced thermal load!
" OPeakRux near the 1meV regimeO: with OadvancedO cold moderator!

" OHigh in UCN production rateO: utilize the single-phonon mode in 4He.




Utilize 13 MeV proton: available with commercial
LINAC or cyclotrons

| ~25 mA beam current, 0.6 msec pulse width, 20Hz
frequency ( ~4kW) ' 20kW> scale-up

Low energy nuclear (p, n) reaction in Be Target:
neutron yield ' 1.4# 10%°n/sec (4kw)

Below the threshold of °Be(p, t)’Be€ (13.4MeV)

Minimize the radiolysis: one )3 sgue\/(10 n)
(spallation : 5~10 )/neutron directly in target/source)
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Proton Beam

=)

Be Target

Compact UCN source

Reldector

\ D,O (300K)

_iquid “*He (~0.5K)

\

Cold Moderator (4K)

The schematic design of the compact UCN source



Compact UCN source

Advanced materials for super-cold moderator: cool
down neutrons with ~1meV peak [3ux : CHsor CH s-

D20
Rel3ector
| | | Proton Beam o D,O (300K)
| possible application to very cold neutron source \
(B, 10%eV) I iquid *He (~0.5K)
\.

Super 3uid 4He at ~0.5K to maximize one-phone

: . _ _ Cold Moderator (4K)
scattering: 10~100 times higher UCN production Be Target

Minimize Heat load on the UCN source: ~100 times
smaller The Schematic design of the compact UCN source

| 3He circulation or modern dilution refrigerator for
cooling
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Solid CH4@4K moderator

Dynamic structure factor  S(Q, #) of CH 4 (4K)
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| Solid CH 4 at 4K has been tested [1]

Dense rotational degree of freedom Energy level of rotational modes in CH 4

12 [1] Y. Shin et al., Nucl. Inst. Meth. A. 620, 382, 2010



Suoer—cold moderator (4K

s

Energy (meV)

Free CH4

0

Methane Clathrate
Hydrate (CH 4-D20)

[1] V. Czamler, et. al., EPJ Web Conf. (286) 05004, 2023

J =3
v\\\
NN DY AR AV L
\\
\
\
\
\ EE
» ATy, Ty As
//
//
//
Jd =2 ¢ B 0.
\-\\ . T2T2 S(Q, ha)) 04
N ETQ,TQE
J=1
) Ty
J=0 A1 A
Free Mode
A B C
Energy level of rotational mode of CH 4 in CH4-D0O
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Dynamic structure factor

of CH4in CHg4-

| Free only rotation of CH 4=
| Injecting high-pressure CH

ice (D20) slush

S(Q, #) of free rotation
D20 (4K)

41INto heavy

| Trap single CH 4 molecule in the ice cage
| Other class of Clathrate Hydrates [1]




Methane Hydrate Clathrate

MH-III MH-?

Structure

Pressure
(G Pa)
CH 4ZD20
Ratio

CH4 Density
(g/cm 3)

‘ < 150

~0.11 ~0.11 ~0.26 ~0.26 ~0.42

| Two hypothetical conditions: (1) high-pressure MH with higher CH 4 density, (2) maintain free

rotational mode of CH 4 molecules C. G. Salzmann, Proceedings of the National Academy of Sciences, 116(33), 16164 (2019)
14
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Rel3ector

PrOtOn B €am /

6$/ DPOW fHa (-B.5K)

Be Target
Cold Moderator

MCNPX estimation of cold
neutron (3ux in the UCN
converter volume (4He)!

Scattering library for CH1@4K!

Free only CH1@4K+DO@300K
blended for methane hydrate
(from theory)!

Ortho-D2 for comparison



Production rate (P) of UCN In 4He! 240° Ik

— S(!) of 4He - e(*)
------- Solid Methane (4K) S\Smgl 7
-=== |\lethane Clathrate Hydrate (4K)

B kC ) d+ 1.5x109f 20'8
Puer(V) = N Ve sty | -

10°

d# (1)

() =" SQ7H), (F# A k%/2m)dt | s

S(*) = Ssingle(*)s_g- * UCN + anulti(*)

single: single-phonon creation mode, (8.9%) Cold neutron Rux and scattering function ™) of super RBuid 4He

multi: multi-phonon creation mode, (1~8#)
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The performance of UCN sources

UCN@ Converter
Cold Moderator Volume (ltr)

Institute Neutron Source " (n/cms3)

PSI

SUN-2 In Beam
(ILL) (Reactor)

TRIGA Reactor sD@pH; 32 10

55

He(0.5K) 5

TRIUMF

Compact UCN compact source He(0.5K)@CH ~1120
1.4
source (4kW) (CH4- D2O) (~1600 [*]

[*] $ (UCN density) = P (production rate) ! %(storage time=50sec) [ ! $ (extraction e " ciency=0.4) [

[1] O. Zimmer, Phys. Rev. Lett. 99,104801(2007)
19 [2] O. Zimmer, Eur. Phys. J. C 67,589 (2010)
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Heat load on the UCN source is less than 22Zm\W (=100 times smaller )!

" 3He circulation or modern dilution refrigerator for cooling

21




KAIST %

(=)
1971 &y

“ Irradiation Effect in CH, Moderator

" The operation of solid methane cold moderator under radiation causes a
radiation-induced thermo-chemical instability due to!

release of stored energy, which occurs when methane radiolytic
products recombined,!

expansion of hydrogen which built up in solid methane during
Irradiation,!

" formation of high molecular weight hydrogen- (CH,).-which lead to the
blockage of the system (OsludgeO).

22



Fast neutron and proton knock apart methane molecules!

“Burp” phenomenon in CH,

Spontaneous release of the stored energy in solid CH

CH,* C*Hy+ H*

recoliling proton capture proton from nearby molecules,!

3
Qmﬂ1

H* + C*Hg* H} + C*H,+218J/moll

10°V

C*H, disuse and combine in pairs!
C*H,+ C*H,* C,Hc+368J/mol
OBurpO when the rate of hydrogen radicals reaches-6 mol% [1] !

Need to estimate time to reach threshold Iimit ( 5 mol% )
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M Paragon et al., Phys. Proc. 60, 74, 2014

[1] J. M. Carpenter, Nature (330), 358, 1987
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The rate of H production in CH, Moderator

Institute ISIS IPNS | PULSTAR | LENS Compact UCN Source

Volume (cm?3)

Mole Mass 10.75 5.13 ‘

19.6 34.8

Irradiation (Gy/s) 10,000

20 10
H production rate (mol/s) --
5.4 10

Time to reach 5 mol %(days) 0.01

0.14 ‘

782 190

The moderator at ISIS is liquid methane, other are all solid methane in their moderators. The density of liquid ndeti&48 ig/cn3, and
the density of solid methaneds= 0.53 g/cnd. Time to reach 5 mol% is estimated based on 12 h of operation on each day. LENS and compe

UCN source are estimated based on 4kW operation. -



Summary

New concept of UCN production in a compact UCN source:!

low energy proton beam with super-cold moderator for 4He UCN converter !

10~100 times higher UCN density than spallation/reactor based UCN sources from the
super-cold moderator+super 3uid 4He!

ultra-low heat load on the UCN converter: less cryogenic e $ort, increased duty cycle, and
less maintenance cost!

less shielding e$ort in the experimental area due to low radiation is also bene bcial to high
precision experiments!

Potential to improve the sensitivity In fundamental physics experiments with UCNs (nEDM etc.)!

Possible application to compact very-cold neutron source.

25 Y. C. Shin et al., Eur. Phys. J Plus 136, 882, 2021
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