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1. HIPA beam on Pb spallation target (up to 8s)
produces ~8 free neutrons per proton

4. Conversion to 
ultracold neutrons
(~3.5 𝑚𝐾) by
phonon excitation
in solid deuterium

C.-Y. Liu,
A.R. Young,
C. Lavelle,
and D. Salvat, 
arxiv 1005.1016,
2010

Phonon density of  states
(accessible states of  occupation)

3. Cold neutron flux (~21𝐾) density from
moderation in solid deuterium at 5K  

~1.5 ∙ 10−3n cm−2p−1
MCNP
simulation

2. Premoderation in heavy water
thermalizes neutrons at room temperature



Ultracold
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UCN are lost by:

 Neutron capture by deuterons

 Neutron capture by protons
Solution: Reduce hydrogen

contamination

 Thermal (phonon) up-scattering
Solution: Cool moderator to 

low temperatures

 Up-scattering on J=1→0 
transition of D2 angular 
momentum eigenstate
Solution: Increase J=0 D2 

concentration

PSI UCN source

[NIST Centre for Neutron Research, Neutron News, Vol. 3, No. 3, 1992]

[C.-Y. Liu, A.R. Young, S.K Lamoreaux, Phys. Rev. B, Vol62]

→ 𝜏 ≈ 30 ms
→ 𝑀𝐹𝑃 = 𝜏 𝑣 ≈ 6 cm

PSI UCN
source

UCN lifetime τ = (ρsD
2
σlossv)

−1
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Cold neutron flux (< 10 meV)
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 Discrepancy between
expected (𝑀𝐹𝑃 ≈ 6cm)
and measured (~1cm)
output

 Elastic neutron scattering → Increases time of flight of the UCN 
inside the solid deuterium
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Ultracold 
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Neutron 
scattering
from 
crystals
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𝜎 ~ 𝑓 𝑉Fermi 𝑖
2~ 

𝑖,𝑗

𝑏𝑖𝑏𝑗𝑒
−𝑖𝑸∙(𝑹𝑖−𝑹𝑗) = ത𝑏2

𝑖,𝑗

𝑒−𝑖𝑸∙(𝑹𝑖−𝑹𝑗) +

𝑖

(𝑏2 − ത𝑏2)

𝑉𝐹𝑒𝑟𝑚𝑖 =
2𝜋ħ2

𝑚
σ𝑖 𝑏𝑖𝛿

3 (𝒓 − 𝑹𝑖) (low energy s-wave scattering in the Born approximation)

Coherent
scattering

Incoherent
scattering

[R. Golub, D. Richardson, S.K. Lamoreaux, 
Ultra-Cold Neutrons, Adam Hilger, 1991]

𝜎

𝜎coh

𝜎inc

𝜎coh
𝑒𝑙

𝜎coh
𝑖𝑛𝑒𝑙

𝜎inc
𝑒𝑙

𝜎inc
𝑖𝑛𝑒𝑙

Neutron optics (refractive index)
(no Bragg scattering since 2𝑑 sin 𝜃 ≪ 𝜆)

𝜎inc
𝑒𝑙 (sD2) = 4.04 barn  →  𝑀𝐹𝑃 ≈ 8.2 cm

Phonon up/down-scattering 

[NIST Centre for Neutron Research, Neutron News, Vol. 3, No. 3, 1992]

[I.I.Gurevich, L.V.Tarasov, Low-energy neutron physics, 
North-Holland Publishing Company, 1968]

scattering length 𝑏𝑖 = ത𝑏 + 𝛿𝑏𝑖
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-14K/hour

[T.Brys, Diss. ETH 17350 (2007)]

-2K/hour

[P.Clark Souers, Berkely 
Los Angelos London, 1985]

Molar volume
of solid 
deuterium

Cooling of solid deuterium
leads to thermal stress and
the formation of defects

Neutron scattering on smooth interfaces

𝑑𝜎

𝑑𝛺
=

𝑃

𝑄4
(for 𝑄 =

4 𝜋 sin ൗ𝜃 2
𝜆

≫
2 𝜋

𝐷
)

mean extraction
depth ≈0.9 cm



Conclusion:

How to 
improve the 
ultracold 
neutron 
extraction
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After controlled
slow freezing
process (+ 34%)

M
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Cooling of
the liquid

Freezing at the
triple point

Cooling of
the solid

• Slow deuterium freezing
and cooling procedure 
reduces thermal stress 
and can improve the 
ultracold neutron
extraction

• Potentially a new moderator geometry 
adjusted to the low extraction depth 
(separate into moderator/converter chamber)

D2 pressure
UCN counts


