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Outline

" 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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Ultra-cold Neutron
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" Neutron with En ~200neV (vn~5m/sec)!

" Magnetic interaction with V M=µB=60neV/T !  easy to 
polarize!

" Gravitational interaction with V g=mgh=100neV/m!

" Strong interaction with V F=330neV (58Ni)

" !  can store in a material bottle !

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

" Precision test for fundamental physics: neutron 
life time, gravity spectroscopy, nEDM [*]  etc
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FIG. 2: A cutaway of the apparatus. The tubular guides (7 .6
cm diameter) lead to the other components shown in Þg. 1.
The trap door is shown in the down position, and the cleaner
is shown on the right side of the trap.

a! ect the exponential decay curve and introduce an ad-
ditional time constant. There are ongoing experimental
and theoretical studies of this e! ect[38Ð40], which has
been observed in material and magnetic traps under cer-
tain experimental conditions[22, 37]. In the current ex-
periment, we remove the population of quasi-bound UCN
during and after Þlling the trap by using a 35.5 ! 66.0
cm2 polyethylene sheet (ÒcleanerÓ) suspended at the top
of the trap (C in Þgure). The cleaner can be lowered 7
cm into the trap in order to up-scatter the UCN to cold
or thermal energies. These up-scattered neutrons can be
detected using3He-Þlled drift tubes[41] which provide a
measurement of the cleaning time of the trap, which will
be discussed in forthcoming reports.

UCN in the guide system can also be transported past
the trap door and into a 10B-coated ion chamber (B in
Þgure)[42]. The counter is separated from the rest of the
guide system by an aluminum shutter (S in Þgure), which
transmits neutrons with an energy greater than the op-
tical potential of aluminum, most of which would be too
high in energy to be stored if loaded into the trap. This
allows the UCN ßux to be monitored, while at the same
time maintaining a high density of lower energy UCN
in the guide system that are guided upwards into the
trap. Comparing the detector count rates with the shut-
ter open and closed is also a measure of changes in the
initial UCN spectrum: pressure and temperature ßuctu-
ations in the UCN source can change the residual gas
up-scattering and absorption mean-free-paths for UCN
(which are velocity dependent), thereby changing the ra-
tio of trappable to untrappable UCN in the apparatus.

UCN are loaded into the trap, cleaned, stored for var-
ious times, and emptied into the 10B counter to deter-
mine the storage time constant ! store . A typical Þlling
and emptying cycle of the apparatus is shown in Þg. 3.
At the beginning of a cycle, all UCN valves are open, the

cleaner is lowered, and the proton beam is turned on.
After tpre = 30 s, the shutter is closed and Þlling contin-
ues for another 180 s until the time tÞll . Once Þlling is
complete, the shutter is then opened to drain UCN from
the guides, the proton beam is turned o! , and the trap
door and main gate valve are shut. The cleaner remains
in a lowered position for an additional 30 s; it is raised at
time thold , and the UCN are stored for variable amounts
of time (100 to 2000 s). The trap door is then opened
at time tempty to measure the number of surviving UCN
and measure the detector background. The storage time
is then given by tstore = tempty " thold . The cleaning
and Þlling times are motivated by Monte Carlo studies
of UCN in the guide system and trap.

FIG. 3: The timing of components during a Þll and empty
cycle. The beam is on (o! ), valves are open (closed), and the
cleaner is down (up) for a high (low) signal.

Fig. 4 shows the UCN monitor rate during a typical
measurement cycle. The count rate increases as the den-
sity in the guide system saturates. Once the shutter is
closed at tpre , the count rate reduces due to deßecting
away neutrons with E < V (Al)

F . At the end of the Þlling
cycle, the count rate rapidly increases due to re-opening
the shutter, then diminishes with time as the UCN drain
from the guide system. Upon re-opening the trap door
at tempty , the surviving neutrons are then counted.

After Þlling the trap, some UCN remain in the guide
system for an average time of# 5 " 10 s before being
lost or detected. For short storage times, this a! ects the
otherwise constant background in the monitor detector.
To correct for this, the counting rate from time tÞll until
tempty is Þt to the function

B (t) = B0 exp (" " t) + B1 (1)

where B0, B1, and " (typically # 0.15 s! 1) are free pa-
rameters. As an example, for the 2000 s storage time
runs B (t) is dominated by B1 $ 0.02; the average signal
to background (integrated over the signal window) for

UCN 𝝉  : lifetime q-Bounce : gravity spectroscopy

[*]EDM: Electric Dipole Moment



Experimental test of neutron EDM
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" Statistical uncertainty mainly due to the 
limited # of UCNs from sources !

!

! ÒThe maximum available N of UCN is 
critical for the testÓ

! (dn) !
"
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How to produce UCNs?

Fission,
Spallation

Heavy Water
(300K)

Cold Moderator
(LH 2, LD2, T~20K)

UCN converter
(SD2, 4He,T<5K)

Fast Neutron
(>MeV)

Thermal
(~25meV)

Cold
(~2meV)

UCN
(~200neV)

" 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)
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Super-thermal 
Process [1]

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



UCN sources around the World
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Institute
Neutron 
Source

UCN@
Cold 

Moderator

Converter 
Volume 

(ltr)

𝝆  

(n/cm3)
Experiment

PSI Spallation sD2@LD2O 30 18 nEDM

SUN-2
(ILL)

Reactor
(in-beam)

He(0.5K) 5 55 nEDM

LANL Spallation sD2@PolyE 1 184 Neutron 𝝉

TRIGA Reactor sD2@pH2 32 8.5 nEDM

TRIUMF Spallation
He(0.8K)@

LD2
61 5.3 nEDM

UCN sources around the World in 2023  
A. Serebrov, Nucl. Instr. Meth. A 611, 279 (2009)

TRIUMF

[1] R. Golub, et al., Z. Phys. B 51, 187 (1983)

[2] C.A. Baker, et al., Phys. Lett. A 308, 67 (2003)

History of UCN source development



UCN production in 4He
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Cold Neutron
Pho

no
n

UCN

" Characteristic phonon dispersion curve provides ideal two-level 
system for super-thermal UCN production:!

" single phonon or multi-phonon scattering!

" Higher production ( ) strength on single  phone process of  4He 
!  Òcold neutron flux only at ~1meVÓ!

"  !  long storage time ( ),!

"  due to !

" Saturated UCN density:  !

" Up-scattering is highly  ( ) dependent !  Ò lower  Ó

P

! capture(
4He) = 0 %

%sD2
! 40msec ! capture(sD2) = 0.45mb
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UCN source at neutron facilities
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F. Kuchler, INT, Seattle, 2017 New UCN source development

Liquid D
2
 moderator will increase the cold neutron flux to H e-II

! Safety issue: liquid D 2 volume order of 20 L max
! Optimizing the geometry by MC simulation
! 5Ð9 times larger cold neutron flux achievable vs. i ce D 2O

15

4He UCN sources cited at either reactor or spallation facilities !

" ÒHigh in total neutron fluxÓ but ÒLow flux in 1meV energy 
rangeÓ !

" Tend to increase proton beam or locate source near the core!

" cause Òexcessive thermal and radiational loadÓ  on the 
source !

" require a lot of shielding and cryogenic e fforts!

" Limited by the Òthermal and radiational issuesÓ  from proton 
and fast neutrons!

ÒLow in UCN production e ffi ciencyÓ but ÒHigh in radiation and  
thermal loadÓ



New idea for intense/efficient UCN source
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" A new intense UCN source should have:  !

ÒLow in radiation/thermal loadÓ and ÒHighly effi cient in UCN productionÓ 

" ÒLow in radiationÓ: other means of neutron production with lower !

" ÒLow in total neutron fluxÓ: reduced thermal load!

" ÒPeak flux near the 1meV regimeÓ: with ÒadvancedÓ cold moderator!

" ÒHigh in UCN production rateÓ: utilize the single-phonon mode in 4He.

En



Compact UCN source
! 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  (4kW) 

! Below the threshold of  (13.4MeV) 

! Minimize the radiolysis: one /(10 n)   

(spallation : 5~10 /neutron directly in target/source)

' 1.4# 1013n/sec

9Be(p, t)7Be

)3.56MeV
)
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Proton Beam

Be Target

Cold Moderator (4K)

Reßector
D2O (300K)

Liquid 4He (~0.5K)

The schematic design of the compact UCN source



Compact UCN source
! Advanced materials for super-cold moderator: cool 

down neutrons with ~1meV peak flux : CH4 or CH 4-
D2O 

! possible application to very cold neutron source 
( ) 

! Super fluid 4He at ~0.5K to maximize one-phone 
scattering: 10~100 times higher UCN production 

! Minimize Heat load on the UCN source: ~100 times 
smaller 

! 3He circulation or modern dilution refrigerator for 
cooling

En ' 10$eV
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Proton Beam

Be Target

Cold Moderator (4K)

Reßector
D2O (300K)

Liquid 4He (~0.5K)

The Schematic design of the compact UCN source



Solid CH4@4K moderator
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Energy level of rotational modes in CH 4

Free Mode (25%)     Hindered Mode (75%)
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Dynamic structure factor  of CH 4 (4K)S(Q,# )

CH4

Free

Hindered

! Solid CH 4 is the best cold moderator 

medium among hydrogenous 

materials: 

! High density of proton 

! Dense rotational degree of freedom

!  of solid CH 4 in low T(<20K) 

! Two rotational degree of freedoms: 

Free (25%) and Hindered (75%) 

! Solid CH 4  at 4K has been tested [1]

S(Q,# )

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



Super-cold moderator (4K)
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Energy level of rotational mode of CH 4 in CH4-D2O

Free Mode     Hindered Mode

Methane Clathrate 
Hydrate (CH 4-D2O)

Free CH4

D2O

Dynamic structure factor  of free rotation 
of CH 4 in CH4-D2O (4K)

S(Q,# )

Free

Hindered

CH4
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! Free only rotation of CH 4  

! Injecting high-pressure CH 4 into heavy 

ice (D2O) slush 

! Trap single CH 4 molecule in the ice cage 

! Other class of Clathrate Hydrates [1]
[1] V. Czamler, et. al., EPJ Web Conf. (286) 05004, 2023



Methane Hydrate Clathrate 
MH-I MH-II MH-III MH-IV MH-?

Structure ?

Pressure
(G Pa)

~0.9 ~1.5 ~ 40 ~150 < 150

CH4:D2O 
Ratio

1 CH4 - 5.75 D2O 1 CH4 - 5.75 D2O 1 CH4 - 2 D2O 1 CH4 - 2 D2O 1 CH4 - 1 D2O 

CH4 Density
(g/cm 3)

~0.11 ~0.11 ~0.26 ~0.26 ~0.42

C. G. Salzmann, Proceedings of the National Academy of Sciences, 116(33), 16164 (2019)
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! Two hypothetical conditions: (1) high-pressure MH with higher CH 4 density, (2) maintain free 

rotational mode of CH 4 molecules



Cold Neutron Flux@ 4He 
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Moderator Flux @ 1meV

D2 ~3x107  

CH4 ~9.5x108 

CH4-D2O ~1.55x109

" MCNPX estimation of cold 
neutron flux in the UCN 
converter volume (4He)!

" Scattering library for CH 4@4K!

" Free only CH4@4K+D2O@300K 
blended for methane hydrate 
(from theory)!

" Ortho-D2 for comparison

Proton Beam

Be Target
Cold Moderator

Reßector

�6�$�/���D�P�O�W�F�S�U�F�S�� 4He (~0.5K)

ts

tb



4 5 6 7 8 9

! (" )

0

5x108

109

1.5x109

2x109

d#
(!

)

0

0.2

0.4

0.6

0.8

1

S
(!

)

S(! ) of 4He
Solid Methane (4K)
Methane Clathrate Hydrate (4K)

ssingle(*)

smulti(*)

(

Cold Neutron !  UCN
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Cold neutron flux and scattering function  of super fluid 4HeS(*)

" Production rate (P) of UCN in 4He!

" !

" !

"

PUCN(Vc) = N! Vc
kc

3( !

)

0

d+

d*
s(*)*d*

s(*) = "
!

S(Q, " # ), (" # %" 2k2/2m)d#

s(*) = ssingle(*)8.9• * UCN + smulti(*)

single: single-phonon creation mode, (8.9#) 
multi: multi-phonon creation mode, (1~8#)
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"  with PUCN = 56UCN/cm3/s CH4
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" Up to 90% of UCN produced 
through the single-phonon process
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" Up to 95% of UCN produced 
through the single-phonon process
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The performance of UCN sources
Institute Neutron Source

UCN@
Cold Moderator

Converter 
Volume (ltr)

𝝆  (n/cm3)

PSI Spallation sD2@LD2O 30 22

SUN-2
(ILL)

In Beam
(Reactor)

He(0.5K) 5
55

(220?)

LANL Spallation sD2@PolyE 1 184

TRIGA Reactor sD2@pH2 32 10

TRIUMF Spallation He(0.8K)@LD2 61 5.3

Compact UCN 
source

compact source
(4kW)

He(0.5K)@CH4 

(CH4 - D2O)
1.4

~1120
(~1600) [*]

[*] 𝜌 (UCN density) = P (production rate) !  𝜏 (storage time=50sec) [1] ! $ (extraction e ffi ciency=0.4) [2]

19
[1] O. Zimmer, Phys. Rev. Lett. 99,104801(2007) 

[2] O. Zimmer, Eur. Phys. J. C 67,589 (2010) 



Thermal load@cold moderator
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" heat load of ~420mW on cold 
moderator with  CH4
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" heat load of ~300mW on cold 
moderator with CH4 %D2O



Thermal load@UCN converter
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" Heat load on the UCN source is less than 22mW (~100 times smaller )!

" 3He circulation or modern dilution refrigerator for cooling
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Irradiation Effect in  ModeratorCH4

" 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- -which lead to the 
blockage of the system (ÒsludgeÓ).

(CH2)n

22



“Burp” phenomenon in CH4
" Fast neutron and proton knock apart methane molecules!

!

" recoiling proton capture proton from nearby molecules,!

!

"  diffuse and combine in pairs!

!

" ÒBurpÓ when the rate of hydrogen radicals reaches ~6 mol% [1] !

" Need to estimate time to reach threshold limit ( 5 mol% )

CH4 * C*H3 + H*

H* + C*H3 * H*
2

+ C*H2+ 218kJ/mol

C*H3

C*H3 + C*H3 * C2H6+ 368kJ/mol

M Paragon et al.,  Phys. Proc. 60, 74, 2014

Spontaneous release of the stored energy in solid CH 4

23 [1] J. M. Carpenter,  Nature (330), 358, 1987



The rate of  production in  ModeratorH CH4

Institute ISIS IPNS PULSTAR LENS Compact UCN  Source

Volume (cm3) 400 600 ~1050 155 1481

Mole Mass 10.75 19.6 34.8 5.13 49

Operating Temp (K) 100 20~7 25 7 4

Irradiation (Gy/s) 10,000 20 10 0.14 0.57

H production rate (mol/s) 1.13x10-3 4.2x10-6 3.9x10-6 7.6x10-9 3.0x10-7

Time to reach 5 mol %(days) 0.01 5.4 10 782 190

24

The moderator at ISIS is liquid methane, other are all solid methane in their moderators. The density of liquid methane is d = 0.43 g/cm3, and 
the density of solid methane is d = 0.53 g/cm3. Time to reach 5 mol% is estimated based on 12 h of operation on each day. LENS and compact 
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 fluid 4He!

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

" less  shielding effort in the experimental area due to low radiation is also bene ficial 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



“Thank you!” 


