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Physics with UCN
n lifetime

885.7±0.8 s, PDG ↔ 

878±0.7±0.3 s, 
Serebrov et al. Phys. Lett. B592 (2004) 

For 10-4 measurement: 50 UCN/cm3 

n ! decay asymmetry

For test of CKM unitarity, Vud with 10-3:  

16 UCN/cm3 at "s = 2.6 s



Physics with UCN 2

n EDM

#dn ~ 10-28 cm: SUSY, Multi-Higgs, Left-Right
E = 50 kV/cm, "c = 130 s, $ = 300 UCN/cm3

n-nbar oscillation

cold n beam  > 8.8x107 s (1994), Fréjus  > 1.2x108 s 
(1990), Kamioka  > 1.2x108 s (1986)

SUSY with neutrino mass and See-Saw model % 
109

~1010 s:

1.3x108 UCN/s (5x105 UCN/cm3 in 40 liter) % 1010 s



For UCN physics

UCN density is the most important



UCN source at ILL
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Instrument Responsibles: Peter Geltenbort, Christian Plonka

Figure 1: Setup of the MAMBO experiment.

Ultracold neutrons with wavelengths around 1000 ﾅ have several unique features: one of them is
that they are totally reflected from the surface of most materials under any angle of incidence. This
offers the possibility of storing neutrons in so-called "neutron bottles" for the observation of several
fundamental characteristics of the neutron itself such as the neutron betadecay or the neutron
electric dipole moment. Another option is the construction of neutron optical devices such as a
neutron microscope. Then the very high absolute energy and momentum resolution achievable
with UCN opens the way to use them in high resolution spectroscopy and diffractometry. Thus
applications range from particle physics to condensed matter physics.
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UCN density at ILL

UCN density is limited 
by Liouville’s theorem

for the deceleration 
by gravity and 
Doppler effect

2 to 3 UCN/cm3 

in an experimental 
bottle of Ec = 109 neV

0.7 UCN/cm3 

in EDM cell

Turbine

Guide

Cold 
source
60M

reactor

50 UCN/cm3

at Ec=335neV



New generation UCN 
sources

New UCN sources use phonons 
for UCN production.

UCN density is not limited by Liouville’s theorem.  

He-II or SD2

in cold n source or beam 



He-II in spallation source



Spallation 
neutron

production
n
/p

Proton energy, Ep (MeV)
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K. Tesch, Radiat.Protec.
Dosim. 11 (1985)165
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Neutron source parameters

!

moderation, diffusion, dwelling time, heating

Ep

Spallation
Target

"s

"a

! heating

absorption
life
time

Lethargy

Moderation
heating

Mean free
path

neutron

proton

nucleus



Moderator for UCN

High #n (at 1 meV for He-II):

high lethargy and short mean free path

at inelastic scattering,

low absorption

Low ! heating



Moderator material
! ! ! ! ! ! ! ! H2O!! D2O!! D2! ! Be! ! C!! ! Pb

Lethargy! ! ! ! 0.95!! 0.57!! 0.75!! 0.21!! 0.16!! 0.01
 & = -ave(ln(Ef/Ei))

   = 2/(M/m +2/3),! ! m: neutron mass, M: target nucleus mass

Mean free path!! 0.29!! 2.2! ! 6.0! ! 1.2! ! 2.6! ! 2.7
(cm)! ' = 1/(N(s)

  Density N (1023/cm3) 0.34  0.33  0.25  1.24  0.80  0.33

  Scattering (s (b)   103  13.6  6.8   7.0   4.8   11.3

Life time (ms)! ! 0.21!! 100!! 177!! 3.46!! 13!! ! 0.81
  "a = 1/ (N(av)

  Absorption (a (mb)  665  1.23  1.04  7.6   3.53  171

  ) heating



Superthermal
UCN production

in He-II
Coherent inelastic neutron 

scattering in He-II

Born approximation
d2(/dQd*

= kf/ki a
2 S(Q,*)

= (coh/4! · kf/ki · S(Q,*)

S(Q,*)

in

He-II

phonon

neutron

M.R. Gibbs et al. (1999)



UCN density in source

$ = "  (coh(Ein%E) NHe +n "s dE
0

Ec

+n : cold neutron flux ∝ proton beam power

"s : storage time
depends on 3He impurity and He-II temperature

Ec
3/2 : volumr of momentum space 

Ec: maximum UCN energy



phonon upscattering
in He-II
1/" ∝ T7

Golub et al. (1983)
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SD2 in spallation n source
Los Alamos 2002
120 UCN/cm3 at Ec = 335 neV

800 MeV x 1 mA x 3/100 = 2.4 kWav proton



SD2 in TRIGA reactor 

250 MW 30 ms pulse
1015 n/s.cm2

(steady 100 kW)

80000 UCN/10 liter
= 8 UCN/cm3/pulse

in source
at Ec = 250 neV

Jan. 2006

1st step to FRM-2
Munich

Mainz 2005

watercore



SD2 in PULSTAR reactor

He
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SD2 in spallation source

1.6 m

0.8 m

2.4 m

590 MeV x 2 mA = 1MW
4 to 8 s proton pulse

1 % duty cycle

Ec = 250 neV

6 K
テキスト

PSI
ICANS2007



He-II in SNS beam line

cold n beam
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He-II or SD2
He-II SD2

cross section (coh = 0.76 b (coh = 2.48 b

dispersion curve single overlap better overlap

"a = 1/($v(a) # 0.2 s

structure almost vacuum
dislocation, defect

ortho/para

mean free path >> 1 m several cm

Fermi potential negligibly small 109 neV acceleration

operating
temperature

< 1 K 5 or 6 K

heat conduction
excellent, no 
local heating

problem
local heating

Loss

Extraction

Thermal
condition

UCN
production



Source or beam

Cold neutron flux +n

 = 3 x 109 n/s.cm2 in ILL PF1

= 1.6 x 109 n/s.cm2 in the SNS ? << ILL PFI
 assuming cold neutron flux of 2 x 1012/s.cm2 
at the moderator surface and cold neutron 

guide capture rate of 1.7 x 10-4

!
can be 1012/s.cm2 in the spallation source



He-II in spallation source

Radiation shield

3He pump

4He pump
UCN guide

He-II cryostat

p beam

UCN

detector
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Proton 
beam
line

(RCNP, Osaka)

400 MeV cyclotron
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UCN density

 $ = 10 UCN/cm3 

UCN flow rate = 1/4·$vavS

UCN

detector

UCN

valve vav = 3.1 m/s at Ec = 90 neV

Sd = 0.52$ cm2, , = 0.68

Grenoble
$ = 2 to 3 UCN/cm3 at Ec = 109 neV

World’s highest !

count rate = 1/4·$vavSd·, = 409 counts/s



World status
Source type Ec and "s

UCN density
$UCN(UCN/cm3)

Ours
100 Wav proton

0.9K He-II Ec = 90 neV
"s = 30 s

10 at experimental 
port

Grenoble
60MW reactor Turbine Ec = 335 neV 50 in source

SNS
cold neutron beam 0.3K He-II

Munich
20MW reactor SD2

North Carolina
1 MW reactor SD2

PSI
12 kWav proton

SD2

Los Alamos
2.4 kWav proton

SD2



World status
Source type Ec and "s

UCN density
$UCN(UCN/cm3)

Ours
100 Wav proton

0.9K He-II Ec = 90 neV
"s = 30 s

10 at experimental 
port

Grenoble
60MW reactor Turbine Ec = 90 neV

7 in source
2~3 in experiment

SNS
cold neutron beam 0.3K He-II

Munich
20MW reactor SD2

North Carolina
1 MW reactor SD2

PSI
12 kWav proton

SD2

Los Alamos
2.4 kWav proton

SD2



World comparison
Source type Ec and "s

UCN density
$UCN(UCN/cm3)

Ours
100 Wav proton

0.9K He-II Ec = 90 neV
"s = 30 s

10 at experiment 
port

Grenoble
60MW reactor 0.5K He-II Ec = 250 neV

"s = 150 s
1000 in He-II

SNS
cold neutron beam 0.3K He-II Ec = 134 neV

"s = 500 s 430 in He-II

Munich
20MW reactor SD2 Ec = 250 neV 104 in source

North Carolina
1 MW reactor SD2 Ec = 335 neV 1300 in source

PSI
12 kWav proton

SD2
Ec = 250 neV
"s = 888 s

2000 in source

Los Alamos
2.4 kWav proton

SD2
Ec = 250 neV
"s = 2.6 s 120 in source



World comparison
Source type Ec and "s

UCN density
$UCN(UCN/cm3)

Ours
100 Wav proton

0.9K He-II Ec = 90 neV
"s = 30 s

10 at experimental 
port

Grenoble
60MW reactor 0.5K He-II Ec = 90 neV

"s = 150 s
216 in He-II

SNS
cold neutron beam 0.3K He-II Ec = 90 neV

"s = 150 s
71 in He-II

Munich
20MW reactor SD2 Ec = 90 neV 2160 in source

North Carolina
1 MW reactor SD2 Ec = 90 neV 181 in source

PSI
12 kWav proton

SD2
Ec = 90 neV
"s = 888 s

432 in source

Los Alamos
2.4 kWav proton

SD2
Ec = 90 neV
"s = 2.6 s 26 in source



Possibility at TRIUMF

$ = "  (coh(Ein%E) NHe +n "s dE
0

Ec

Increase
cold neutron flux, +n

storage time, "s

momentum space, Ec
3/2 

UCN transport efficiency

Increase UCN density



"s 
improvement

THe-II  0.9 % 0.8 K
 phonon upscattering

decrease diffusion loss: x2 

250 s

123 s

64 s
36 s

611 s

0.
8 

K
0.

9 
K
1 
K

1.
1 
K 1.
2 

K Increase storage time: x5

3He impurity % < 1x10-10

"3He > 389 s

Clean-up UCN bottle



New cryostat
Horizontal He-II :    +n x2
Ec

 90%210 neV :    Ec
3/2 x3.6

UCN transport will be better



New cryostat
Horizontal He-II :    +n x2
Ec

 90%210 neV :    Ec
3/2 x3.6

UCN transport will be better
Storage time : x5
EpxIp 390W%20kW (duty 1/4) : +n x51



UCN density

5 x  2 x 3.6  x 51 x  10 = 1.8 x 104 UCN/cm3

"s horizontal

50 kWpeak: x2.5, D2O%D2: x8
2nd step

Additional factor : 
small loss at diffusion, x2 ?
efficient UCN transfer, x2 ?

transmission through window, x0.7 ?

p beam of 500MeV 40-A on, duty 1/4

off



Radiation shield for 20/4 = 5 kW
A - A’ side view

Target
Heater

1K pot

0.4 m

vacuum

1.5 m

300 K
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20 K D2O
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0.25
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0.25
m

0.25
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Graphite



1 m

10 m

Concrete

A A’

B B’

1.5 m1.5 m

2 m

1.5 m

Isopure

He tank

6 m

From cyclotron

UCN at
TRIUMF

?



World comparison
Source type Ec and "s

UCN density
$UCN(UCN/cm3)

TRIUMF
5 kWav proton

0.8K He-II Ec = 210 neV
"s = 150 s

1.8 x 104 at 
experimental port

Grenoble
60MW reactor 0.5K He-II Ec = 250 neV

"s = 150 s
1000 in He-II

SNS
cold neutron beam 0.3K He-II Ec = 134 neV

"s = 500 s 430 in He-II

Munich
20MW reactor SD2 Ec = 250 neV 104 in source

North Carolina
1 MW reactor SD2 Ec = 335 neV 1300 in source

PSI
12 kWav proton

SD2
Ec = 250 neV
"s = 888 s

2000 in source

Los Alamos
2.4 kWav proton

SD2
Ec = 250 neV
"s = 2.6 s 120 in source
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