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Fast neutron source

Spallation neutron の利用

（物質科学）

超冷中性子

内容



2H + 3H －> 4He + n (14.3 MeV)
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P + 7Li －> 7Be* + n

27.0±0.8 mb/sr

重心系の微分断面積飛行時間スペクトル

7Be

T.N. Taddeucci et al., 

Phys. Rev. C 41 (1990) 2548-2555

H. Sakai et al., 

Nucl. Instr. Meth. A 369 (1996) 120-134



重い標的原子核による
重陽子分解反応

d + A X + p

+ +

+ n

+

１．中心エネルギーは入射重陽子
エネルギーの約半分

２．収量が比較的多い

R. Madey et al., 

Phys. Rev. C 14 (1976) 801-806



陽子エネルギー, Ep (MeV)
K. Tesch 
(1985)
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陽子エネルギー

A.V. Dementyev et al., NIMA374 (1996) 70-72

中性子生成のエネルギー価



Institute Main
Accelerator

Ep
(MeV)

Power (MW)
Design (Upgrade)

TRIUMF Cyclotron 500 0.02

PSI Cyclotron 590 1.30 (2.00)

LAMPF Linac 800 0.80

ISIS Synchrotron 800 0.80

J-PARC Synchrotron 3,000 1.00

SNS Linac 1,000 1.00 (2.00)

ESS Linac 2,500 5.00

CSNS Synchrotron 1,600 0.10 (0.50)

High power proton accelerators





Spallation Neutron Source, ORNL



Spallation Neutron Source (SNS)



Neutron yield and power
• Accelerator

Energy ~ a few to a few 10s MeV
Number of thermal neutrons after moderation

20 ~ 30 / a 1GeV proton
→ one thermal neutrons / 30 ~ 50 MeV

• Reactor
Energy ~ several MeV
Number of thermal neutrons after moderation

~ 1 / 270 MeV worth fission energy

Equivalent flux / power : A/R = 6 ~ 9





ビッグバン後における中性子による元素合成

空間反転実験による素粒子の標準理論の検証

物質の表面状態の研究

重力の研究

超冷中性子の応用



超冷中性子のふるまい



UCN at ILL (Grenoble)

Gravity & 
Turbine



Higher Density UCN Sources

Use non-equilibrium system
1. Superfluid 4He 

(T<1K)

11K incident n
produces roton
becomes UCN

2. Solid deuterium (SD2) 

Thermal excitations 
due to    

phonons (massless)
Cooling:  phonon 

production



EDM history
Theory

Experiment



超冷中性子発生の歴史



Los Alamos Neutron Science Center
LANSCE

UCN

Linac



Schematic of prototype SD2 source

(LANL/Caltech/ILL/Kyoto/Princeton/VaTech/NCState 
collaboration)

Liquid N2

Be reflector

Solid D2

77 K poly

Tungsten Target

58Ni coated stainless guide

UCN Detector

Flapper valve

LHe



UCN production by He-II



UCN production rate PUCN

In our He-II
PUCN = (2 - 4)×10-9 Φn/cm3/s,
= 0.37 - 0.73×104 UCN/cm3/s

Phys. Lett. A 301(2002)462
20 kW p

In Los Alamos sD2
PUCN = 4.4×104 UCN/cm3/s
Phys. Lett. B 593(2004)55

76 kW

In PSI sD2
PUCN = 2.9×105 UCN/cm3/s

Phys. Rev. C 71(2005)054601
1.2 MW

M.R. Gibbs et al. (1999)

S(Q,) 
in     

He-II

single phonon

multi phonon
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Storage time Ts

He-II  [Golub et al. (1983)]
phonon up-scattering, 1/ph ∝ T7

ph= 600 s at 0.8 K
β = 886 s (β decay)
w = 300 s (wall loss)
s = 1/{1/th + 1/β + 1/w}=150 s

sD2 [Phys. Rev. C 71(2005)054601]
ph = 40 ms  at  8 K
ortho-para = 100 ms
a = 150 ms
s = 24 ms

diluted in vacuum
s = 1.6 s, 0.24→9.6L Los Alamos
s = 6 s,    27L→2 m3 PSI



World’s new (super-thermal) UCN sources

cold neutrons UCN

cold n 
source

He-II      
UCN source Phonon

He-II      
UCN source

sD2
UCN source

Y. M, NIM 440(2000)

n guide 
solid angle 
10-3 ~ 10-4

Production rate   large small

Lifetime               short long

Extraction rate     small large



Ring Cyclotron
K=400 MeV
since 1992 
E/E ~ 0.01%

AVF Cyclotron
K=140 MeV
since 1973
E/E < 0.1%

Upgraded recently
Energy Resolution
E/E ~ 0.005%

15ucn/cc at 90neV 
(with 400W proton)

Double Arm Spectrometer

Neutron polarimeter

White 
Neutron 
Source

RI production

R
IRI beam

210Fr
EDM

from Ring Cyclotron

SEC (beam current monitor)

6-deg. Bending magnet

ES (UCN) beam line in       
the EAST experimental hall

300 K D2O moderator

Pb target (100×100×200L)

UCN production target



Present He-II spallation 
UCN source

UCN 
storage 
bottle

UCN 
valve

Iron and concrete 
shields

400 W 
proton beam

Lead target

Vertical 
He-II 

cryostat

4He 
pump

3He 
pump

3He 
circulator

15 UCN/cm3  Ec = 90 neV, 2008

70                       250              



UCN production in 
our prototype source

KEK, RCNP, Osaka

open

p

annular disk
1-cm diam

Decrease the 
aperture

n

phonon

UCN



With a proton pulse of 1s

With the annular disk

Going back and forth between 
the disk and He-II bottle

= 30 s at THe-II = 0.9 K
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p

annular disk
1-cm diam

Decrease the 
aperture

close
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UCN
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Delay mode with a 200 nA proton beam 
With the annular disk,  April 2008

background 
n and 

p beam

0 s delay
25

50 75
100

125

UCN counts

s = 47 s at THe-II = 0.8 K



measuremen
t

E
10 kV/cm

Ho

1 mT

n spin s

1st π/2
RF pulse

2nd π/2
RF pulse

for neutron
polarimetry

Neutron precession

S = exp{i(H0 + dnE)/ht}

(-o)tc

EDM cell

tc RF phase
otc precession phase

Phase shift arises from transverse fields, (∂Ho/∂z)R/2 and Exv/c2

∂Ho/∂z = 1 nT/m

E reversal



P
n
c
o
s(


-


o
)t

c Pn: UCN polarization
 o: 2nHo ± 2dnE
tc: precession time

 dsta = h/{2PnEtc√N}



Ramsey 
resonance 
for EDM

polarized

UCN fillingUCN 
detection

analyzed

Ramsey 
resonance

openclose

closeopen

170 neV max
VF + μH

210 neV ± 120 neV

90 neV  
330 neV



Ramsey resonance 
apparatus



π/2 RF coil

EDM cell

Ramsey resonance apparatus



π/2 RF coil

EDM cell



30 s Ramsey fringe
tc= 30 s,α= 0.33

H0 = 20 mG

30 s
1s 1s

1/30 Hz



製作中の新UCN源



600 MeV cyclotron

Ion source
870 keV 
Cockcroft-Walton

SINQ

72 MeV injector
cyclotron

 and  beams

UCN

proton therapy

Ring cyclotron: 600 MeV, 2.2 mA 1.3 MW

~150 m

Proton accelerator facility @ PSI



PSI UCN source

1.3 MW p beam
600 MeV, 2.2 mA

Lead spallation target,
10 neutrons per proton

3.5 m3 D2O moderator,
thermal neutrons, 
 = 5 ms, l = 10 m

superthermal UCN converter
30 dm3, sD2 @ 5 K

UCN storage volume,
2.5 m high, 2 m3

neutron guides

7 m



UCN at SNS

~ 5 m



ご静聴ありがとうございました



Thank you for your attention



Comparison with            
the theoretical prediction

Production rate of present exp.
4    UCN/cm3/s (Ec = 210 neV)                     
5.2 UCN/cm3/s (Ec:  210→250 neV) 

↔  0.9 UCN/cm3/s at ILL 250neV Phys. Lett. A 308(2003)67

Production rate predicted
4 - 8 UCN/cm3/s at 400W, 250neV
(1/8)×(2 - 4)×10-9 Φn /cm3/s, Φn(Tn = 80 K)

[ (2 - 4)×10-9 Φn /cm3/s, Φn(Tn = 20 K) ]
Φn = 1.5×1010 (n/cm2/s)
by MCNPX Monte Carlo



Date Ip s THe-II
He-II film 
perimeter

3He, H 
contamination

2002 200 nA 14 s 1.2 K 8.5 cm Normal 4He

June  2006 1 A 29 s 0.9 K 8.5 cm Normal 4He

November2
006

1 A 34 s 0.8 K 5 cm Normal 4He

July    2007 1 A 39 s 0.8 K 5 cm Pure 4He

April   2008 1 A 47 s 0.8 K 5 cm Pure 4He 
Fomblin

July    2009 1 A 45 s
(75 s*)

0.8 K 5 cm Pure 4He
Alkali degreasing

UCN source improvement

3He cryostat

Suppress He-II 
film flow

Remove 3He

Remove 
Hydrogen

(* Experiment cell)

Remove 
Hydrogen



p

phonon

UCN

n

Cold flap valve   
s

improvement

Improvement in 2009



7.5 W heating in the horizontal He-II (Experiment)
4.5 W  heating  heating in the vertical He-II ( MCNPX Monte Carlo)

at a proton beam power of 20 kW

Cooling power for a 100 times 
higher UCN production

7.5 W x ¼ (duty factor) ~ 2 W
with longer time constant of temperature raising,
larger heat capacity of He-II

Q     × PHe     × dV/dt       /  { R                × T }
latent heat      vapor       pumping        gas                               pump

of              pressure      power     constant                     temperature
vaporization    at 0.8 K
34.5 J/mol× 3 Torr × 1×104 m3/h / {8.3×10-5 m3bar/(mol•K) × 300 K} = 17 W

Cooling power



A new 20 kW UCN source
proton beam ×10            ×50
vertical to horizontal ×12
15×120 = 1800 UCN/cm3

1. Short distance      ×2

2. Smaller UCN loss ×3

3. No gravitational barrier  ×2



We are constructing a new UCN source

2009 - 2010 at RCNP
s = production rate P × storage time s

1) P ×10×2
2) s ×3
3) UCN transport ×2

exp = 1800 UCN/cm3 at Ec = 90 neV
6400                            210

MC calculation by MCNPX

p (400 MeV)

(by Y. Watanabe)





TRIUMF Eive Year Plan 
2010 - 2015

500 MeV 
400 μA     

8 months/y
40 μA



TRIUMF kicker concept

8 months/year !2013UCN production rate ×5                   
ρ = 9000 UCN/cm3 at Ec = 90 neV       

( 42000                    250 )                    
for                                               

EDM                                                 
n lifetime                                        β 
decay asymmetry                gravity                                    

surface physics



With a proton-pulse of 60 s,  1 A




