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Fundamental Neutron Physics
• Experimenter chooses between all four fundamental forces to study/control neutrons
• “Fundamental” spin-1/2 baryon; building block of nuclei; sizable magnetic moment; unaffected by Lorentz force

Abele. The neutron: its properties and basic interactions. Prog. Part. Nucl. Phys., 
60:1 (2008)

Wietfeldt and Greene. Colloquium: The neutron lifetime. Rev. Mod. 
Phys., 83(4):1173 (2011)

Dubbers and Schmidt. The neutron and its role in cosmology and particle physics. 
Rev. Mod. Phys., 83:1111 (2011)

Golub. Ultracold neutrons: Their role in studies of condensed matter. Rev. Mod. 
Phys., 68(2):329 (1996)

Chupp et al., Electric dipole moments of atoms, molecules, nuclei, 
and particles. Rev. Mod. Phys., 91:015001 (2019)

+  condensed matter, surface 
physics, large molecules (not 
“fundamental” physics, per say)

2

Common experiments:

Nico and Snow. Fundamental neutron physics. Annu. Rev. Nucl. 
Part. S., 55:27 (2005)
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Common experiments:

UCNs only

UCNs leads

UCNs competitive

Ultracold neutron (UCN) 
experments:

UCN significantly leads

UCN possibilities 
(Some experiments already + 
new theoretical suggestions) 

+  condensed matter, surface 
physics, large molecules (not 
“fundamental” physics, per say)

Abele. The neutron: its properties and basic interactions. Prog. Part. Nucl. Phys., 
60:1 (2008)

Wietfeldt and Greene. Colloquium: The neutron lifetime. Rev. Mod. 
Phys., 83(4):1173 (2011)

Dubbers and Schmidt. The neutron and its role in cosmology and particle physics. 
Rev. Mod. Phys., 83:1111 (2011)

Golub. Ultracold neutrons: Their role in studies of condensed matter. Rev. Mod. 
Phys., 68(2):329 (1996)

Chupp et al., Electric dipole moments of atoms, molecules, nuclei, 
and particles. Rev. Mod. Phys., 91:015001 (2019)

Nico and Snow. Fundamental neutron physics. Annu. Rev. Nucl. 
Part. S., 55:27 (2005)

Fundamental Neutron Physics



Ultracold Neutron Experimental Landscape

LANSCE, LANL, NM

04/14/2016& UCN,&Mainz,&DE&(LAHURH16H22296)& 4&

Los&Alamos&Neutron&Science&Center&

UCN&at&Area&B&

800&MeV&proton&&
LINAC&

Japan 

North America Europe

Institut Laue-Langevin, France.

ILL reactor
European Synchrotron 

Radiation Facility

= major operating sources: LANL, TRIUMF, ILL and PSI
= smaller operating sources: J-PARC, U. Mainz,      = previous/proposed in-situ UCN experiments,     = proposed/under construction 

TRIUMF, Canada Paul Scherrer Institute, Switzerland

= collaborators
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What are ultracold neutrons?

E
Reflection occurs if: E? = E cos2 ✓  Vopt

Vopt

✓

(Reflection can be non-specular/diffuse)

Material Vopt

58Ni 335 neV
Be 252 neV
Fluorocarbons ~100 neV
Al 54 neV
polyethylene -9 neV
d8-polystyrene 160 neV
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Neutron optics

Neutron optical or 
“Fermi” potential



What are ultracold neutrons?

E
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First idea: Fermi (1946); Published: Zeldovich (1959).

If energy sufficiently low (“ultracold”) 
 → optical reflections at all incident angles
  → ultracold neutrons can be stored in a box

Neutron optics

Neutron optical or 
“Fermi” potential



UCN energy, treatment and losses
UCNs: E < 300 neV , λ > 60 nm, v < 7 m/s, “temperature” < 2 mK

• “ideal gas” of neutrons but not in thermal equilibrium with material (typically at 300 K)

• Treat UCN reflection as 1D particle incident on a potential barrier
• UCN wavefunction tunnels into barrier so some loss during reflections. Losses 

treated as imaginary part of optical potential:

W =
~
2

X

i

ni�loss(v)v
<latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit><latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit><latexit sha1_base64="lHBYFWeba6QTw9/JX/Fx+I7/iMM="></latexit>
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Uopt = Vopt + iW
<latexit sha1_base64="HW0s60uzoT4VQ/robCklQZ3aXGQ=">AAACG3icbZDLSgMxFIYz9VbrbdSlIMEiCEqZEUE3QsGNywpOW2iHIZNm2tAkMyQZYRhm52v4Am71DdyJWxe+gM9heln04g+BL/85h5P8YcKo0o7zY5VWVtfWN8qbla3tnd09e/+gqeJUYuLhmMWyHSJFGBXE01Qz0k4kQTxkpBUO70b11hORisbiUWcJ8TnqCxpRjLSxAvvYC/Ku5DBOdAFvYXPmdg5pK7CrTs0ZCy6DO4UqmKoR2L/dXoxTToTGDCnVcZ1E+zmSmmJGiko3VSRBeIj6pGNQIE6Un4//UcBT4/RgFEtzhIZjd3YiR1ypjIemkyM9UIu1kflfrZPq6MbPqUhSTQSeLIpSBnUMR6HAHpUEa5YZQFhS81aIB0girE10c1uSQaYoVoUJxl2MYRmalzXX8MNVtX4xjagMjsAJOAMuuAZ1cA8awAMYPINX8AberRfrw/q0viatJWs6cwjmZH3/AUhcoQY=</latexit><latexit sha1_base64="HW0s60uzoT4VQ/robCklQZ3aXGQ=">AAACG3icbZDLSgMxFIYz9VbrbdSlIMEiCEqZEUE3QsGNywpOW2iHIZNm2tAkMyQZYRhm52v4Am71DdyJWxe+gM9heln04g+BL/85h5P8YcKo0o7zY5VWVtfWN8qbla3tnd09e/+gqeJUYuLhmMWyHSJFGBXE01Qz0k4kQTxkpBUO70b11hORisbiUWcJ8TnqCxpRjLSxAvvYC/Ku5DBOdAFvYXPmdg5pK7CrTs0ZCy6DO4UqmKoR2L/dXoxTToTGDCnVcZ1E+zmSmmJGiko3VSRBeIj6pGNQIE6Un4//UcBT4/RgFEtzhIZjd3YiR1ypjIemkyM9UIu1kflfrZPq6MbPqUhSTQSeLIpSBnUMR6HAHpUEa5YZQFhS81aIB0girE10c1uSQaYoVoUJxl2MYRmalzXX8MNVtX4xjagMjsAJOAMuuAZ1cA8awAMYPINX8AberRfrw/q0viatJWs6cwjmZH3/AUhcoQY=</latexit><latexit sha1_base64="HW0s60uzoT4VQ/robCklQZ3aXGQ=">AAACG3icbZDLSgMxFIYz9VbrbdSlIMEiCEqZEUE3QsGNywpOW2iHIZNm2tAkMyQZYRhm52v4Am71DdyJWxe+gM9heln04g+BL/85h5P8YcKo0o7zY5VWVtfWN8qbla3tnd09e/+gqeJUYuLhmMWyHSJFGBXE01Qz0k4kQTxkpBUO70b11hORisbiUWcJ8TnqCxpRjLSxAvvYC/Ku5DBOdAFvYXPmdg5pK7CrTs0ZCy6DO4UqmKoR2L/dXoxTToTGDCnVcZ1E+zmSmmJGiko3VSRBeIj6pGNQIE6Un4//UcBT4/RgFEtzhIZjd3YiR1ypjIemkyM9UIu1kflfrZPq6MbPqUhSTQSeLIpSBnUMR6HAHpUEa5YZQFhS81aIB0girE10c1uSQaYoVoUJxl2MYRmalzXX8MNVtX4xjagMjsAJOAMuuAZ1cA8awAMYPINX8AberRfrw/q0viatJWs6cwjmZH3/AUhcoQY=</latexit><latexit sha1_base64="HW0s60uzoT4VQ/robCklQZ3aXGQ=">AAACG3icbZDLSgMxFIYz9VbrbdSlIMEiCEqZEUE3QsGNywpOW2iHIZNm2tAkMyQZYRhm52v4Am71DdyJWxe+gM9heln04g+BL/85h5P8YcKo0o7zY5VWVtfWN8qbla3tnd09e/+gqeJUYuLhmMWyHSJFGBXE01Qz0k4kQTxkpBUO70b11hORisbiUWcJ8TnqCxpRjLSxAvvYC/Ku5DBOdAFvYXPmdg5pK7CrTs0ZCy6DO4UqmKoR2L/dXoxTToTGDCnVcZ1E+zmSmmJGiko3VSRBeIj6pGNQIE6Un4//UcBT4/RgFEtzhIZjd3YiR1ypjIemkyM9UIu1kflfrZPq6MbPqUhSTQSeLIpSBnUMR6HAHpUEa5YZQFhS81aIB0girE10c1uSQaYoVoUJxl2MYRmalzXX8MNVtX4xjagMjsAJOAMuuAZ1cA8awAMYPINX8AberRfrw/q0viatJWs6cwjmZH3/AUhcoQY=</latexit>

 
<latexit sha1_base64="/uHMBD0Bd/baItlEsrBDv4zrjt4=">AAAB/3icbZDNSsNAFIXv1L9a/6ou3QwWwYWURARdFty4rGBboQ1lMp00QyeTMDMRQujCF3Crb+BO3PoovoDP4aTNwrYeGPg4917uneMngmvjON+osra+sblV3a7t7O7tH9QPj7o6ThVlHRqLWD36RDPBJesYbgR7TBQjkS9Yz5/cFvXeE1Oax/LBZAnzIjKWPOCUmMIatDUf1htO05kJr4JbQgNKtYf1n8EopmnEpKGCaN13nc R4OVGGU8GmtUGqWULohIxZ36IkEdNePrt1is+sM8JBrOyTBs/cvxM5ibTOIt92RsSEerlWmP/V+qkJbrycyyQ1TNL5oiAV2MS4+DgeccWoEZkFQhW3t2IaEkWosfEsbEnCTHOqpzYYdzmGVeheNl3L91eN1kUZURVO4BTOwYVraMEdtKEDFEJ4gVd4Q8/oHX2gz3lrBZUzx7Ag9PULWUqW/A==</latexit><latexit sha1_base64="/uHMBD0Bd/baItlEsrBDv4zrjt4=">AAAB/3icbZDNSsNAFIXv1L9a/6ou3QwWwYWURARdFty4rGBboQ1lMp00QyeTMDMRQujCF3Crb+BO3PoovoDP4aTNwrYeGPg4917uneMngmvjON+osra+sblV3a7t7O7tH9QPj7o6ThVlHRqLWD36RDPBJesYbgR7TBQjkS9Yz5/cFvXeE1Oax/LBZAnzIjKWPOCUmMIatDUf1htO05kJr4JbQgNKtYf1n8EopmnEpKGCaN13nc R4OVGGU8GmtUGqWULohIxZ36IkEdNePrt1is+sM8JBrOyTBs/cvxM5ibTOIt92RsSEerlWmP/V+qkJbrycyyQ1TNL5oiAV2MS4+DgeccWoEZkFQhW3t2IaEkWosfEsbEnCTHOqpzYYdzmGVeheNl3L91eN1kUZURVO4BTOwYVraMEdtKEDFEJ4gVd4Q8/oHX2gz3lrBZUzx7Ag9PULWUqW/A==</latexit><latexit sha1_base64="/uHMBD0Bd/baItlEsrBDv4zrjt4=">AAAB/3icbZDNSsNAFIXv1L9a/6ou3QwWwYWURARdFty4rGBboQ1lMp00QyeTMDMRQujCF3Crb+BO3PoovoDP4aTNwrYeGPg4917uneMngmvjON+osra+sblV3a7t7O7tH9QPj7o6ThVlHRqLWD36RDPBJesYbgR7TBQjkS9Yz5/cFvXeE1Oax/LBZAnzIjKWPOCUmMIatDUf1htO05kJr4JbQgNKtYf1n8EopmnEpKGCaN13nc R4OVGGU8GmtUGqWULohIxZ36IkEdNePrt1is+sM8JBrOyTBs/cvxM5ibTOIt92RsSEerlWmP/V+qkJbrycyyQ1TNL5oiAV2MS4+DgeccWoEZkFQhW3t2IaEkWosfEsbEnCTHOqpzYYdzmGVeheNl3L91eN1kUZURVO4BTOwYVraMEdtKEDFEJ4gVd4Q8/oHX2gz3lrBZUzx7Ag9PULWUqW/A==</latexit><latexit sha1_base64="/uHMBD0Bd/baItlEsrBDv4zrjt4=">AAAB/3icbZDNSsNAFIXv1L9a/6ou3QwWwYWURARdFty4rGBboQ1lMp00QyeTMDMRQujCF3Crb+BO3PoovoDP4aTNwrYeGPg4917uneMngmvjON+osra+sblV3a7t7O7tH9QPj7o6ThVlHRqLWD36RDPBJesYbgR7TBQjkS9Yz5/cFvXeE1Oax/LBZAnzIjKWPOCUmMIatDUf1htO05kJr4JbQgNKtYf1n8EopmnEpKGCaN13nc R4OVGGU8GmtUGqWULohIxZ36IkEdNePrt1is+sM8JBrOyTBs/cvxM5ibTOIt92RsSEerlWmP/V+qkJbrycyyQ1TNL5oiAV2MS4+DgeccWoEZkFQhW3t2IaEkWosfEsbEnCTHOqpzYYdzmGVeheNl3L91eN1kUZURVO4BTOwYVraMEdtKEDFEJ4gVd4Q8/oHX2gz3lrBZUzx7Ag9PULWUqW/A==</latexit>

P.E.
<latexit sha1_base64="CrHzenAsUXjBCguFm17zN2RXTMc=">AAAB/3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCQiKDLggguK9gLtKFMppNm6GQSZiZCCF34Am71DdyJWx/FF/A5nLRZ2NYfBj7+cw7nzO8nnCntON9WZW19Y3Orul3b2d3bP6gfHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe0609ui3r3iUrFYvGos4R6ER4LFjCCdWG17Dt7WG84tjMTWgW3hAaUag3rP4NRTNKICk04VqrvOon2ciw1I5xOa4NU0QSTCR7TvkGBI6q8fHbrFJ0ZZ4SCWJonNJq5fydyHCmVRb7pjLAO1XKtMP+r9VMd3Hg5E0mqqSDzRUHKkY5R8XE0YpISzTMDmEhmbkUkxBITbeJZ2JKEmWJETU0w7nIMq9C5tF3DD1eN5kUZURVO4BTOwYVraMI9tKANBEJ4gVd4s56td+vD+py3Vqxy5hgWZH39Amf9lmU=</latexit><latexit sha1_base64="CrHzenAsUXjBCguFm17zN2RXTMc=">AAAB/3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCQiKDLggguK9gLtKFMppNm6GQSZiZCCF34Am71DdyJWx/FF/A5nLRZ2NYfBj7+cw7nzO8nnCntON9WZW19Y3Orul3b2d3bP6gfHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe0609ui3r3iUrFYvGos4R6ER4LFjCCdWG17Dt7WG84tjMTWgW3hAaUag3rP4NRTNKICk04VqrvOon2ciw1I5xOa4NU0QSTCR7TvkGBI6q8fHbrFJ0ZZ4SCWJonNJq5fydyHCmVRb7pjLAO1XKtMP+r9VMd3Hg5E0mqqSDzRUHKkY5R8XE0YpISzTMDmEhmbkUkxBITbeJZ2JKEmWJETU0w7nIMq9C5tF3DD1eN5kUZURVO4BTOwYVraMI9tKANBEJ4gVd4s56td+vD+py3Vqxy5hgWZH39Amf9lmU=</latexit><latexit sha1_base64="CrHzenAsUXjBCguFm17zN2RXTMc=">AAAB/3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCQiKDLggguK9gLtKFMppNm6GQSZiZCCF34Am71DdyJWx/FF/A5nLRZ2NYfBj7+cw7nzO8nnCntON9WZW19Y3Orul3b2d3bP6gfHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe0609ui3r3iUrFYvGos4R6ER4LFjCCdWG17Dt7WG84tjMTWgW3hAaUag3rP4NRTNKICk04VqrvOon2ciw1I5xOa4NU0QSTCR7TvkGBI6q8fHbrFJ0ZZ4SCWJonNJq5fydyHCmVRb7pjLAO1XKtMP+r9VMd3Hg5E0mqqSDzRUHKkY5R8XE0YpISzTMDmEhmbkUkxBITbeJZ2JKEmWJETU0w7nIMq9C5tF3DD1eN5kUZURVO4BTOwYVraMI9tKANBEJ4gVd4s56td+vD+py3Vqxy5hgWZH39Amf9lmU=</latexit><latexit sha1_base64="CrHzenAsUXjBCguFm17zN2RXTMc=">AAAB/3icbZDLSsNAFIZP6q3WW9Wlm8EiuJCQiKDLggguK9gLtKFMppNm6GQSZiZCCF34Am71DdyJWx/FF/A5nLRZ2NYfBj7+cw7nzO8nnCntON9WZW19Y3Orul3b2d3bP6gfHnVUnEpC2yTmsez5WFHOBG1rpjntJZLiyOe0609ui3r3iUrFYvGos4R6ER4LFjCCdWG17Dt7WG84tjMTWgW3hAaUag3rP4NRTNKICk04VqrvOon2ciw1I5xOa4NU0QSTCR7TvkGBI6q8fHbrFJ0ZZ4SCWJonNJq5fydyHCmVRb7pjLAO1XKtMP+r9VMd3Hg5E0mqqSDzRUHKkY5R8XE0YpISzTMDmEhmbkUkxBITbeJZ2JKEmWJETU0w7nIMq9C5tF3DD1eN5kUZURVO4BTOwYVraMI9tKANBEJ4gVd4s56td+vD+py3Vqxy5hgWZH39Amf9lmU=</latexit>



UCN energy, treatment and losses
UCNs: E < 300 neV , λ > 60 nm, v < 7 m/s, “temperature” < 2 mK

• “ideal gas” of neutrons but not in thermal equilibrium with material (typically at 300 K)

• Treat UCN reflection as 1D particle incident on a potential barrier
• UCN wavefunction tunnels into barrier so some loss during reflections. Losses 

treated as imaginary part of optical potential:

Loss mechanisms 
o nuclear capture
o up-scattering off excitations (e.g. phonons) in 

material to above UCN energy
o Typically 10-4 loss probability per reflection ⇒ 

store UCNs with time constant 𝜏tot ≲ 600 s 
depending on size of bottle

o Can use loss rate to understand detailed 
properties of surfaces also (surface/condensed 
matter)

W =
~
2

X

i

ni�loss(v)v
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Uopt = Vopt + iW
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Producing UCNs: the limits of moderation

only small 
fraction are UCNs

• With moderation, UCN density 𝜌UCN scales as ~ T -3/2

• Fast neutrons (~MeV) moderated in a material by scattering off protons and deuterons

• Neutrons come to thermal equilibrium in material & follow Maxwell-Boltzmann distribution:

• The estimated 𝜌UCN inside LD2 cold moderators at most powerful neutron sources ~ 1000 UCN/cm3

• Can’t increase density further with conservative potentials due to Liouville’s theorem on phase 
space density. And then there are UCN transport losses to an experiment.

• ILL’s PF2 extracts out of cold moderator to experiment achieves ~ 50 UCN/cm3 
9



“Super-thermal” production of UCNs
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• Scattering off phonons to convert cold neutrons to UCN energy range. 
Phonons pumped away by refrigerator. [Golub & Pendlebury, Physics Letters A (1977)]

• Two competing materials: superfluid 4He (He-II) and solid deuterium (SD2)

phonon

cold neutron E = E*

UCN
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“Super-thermal” production of UCNs

11

Log contour plot of dynamic structure factor of He-II @ 1.2K 
from [Andersen et al. J. Phys. Condens. Matter (1994)]

• Scattering off phonons to convert cold neutrons to UCN energy range. 
Phonons pumped away by refrigerator.

phonon

cold neutron E = E*

UCN

E⇤

[Golub & Pendlebury, Physics Letters A (1977)]

• Two competing materials: superfluid 4He (He-II) and solid deuterium (SD2)

• Consider He-II:
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Log contour plot of dynamic structure factor of He-II @ 1.2K 
from [Andersen et al. J. Phys. Condens. Matter (1994)]

• Scattering off phonons to convert cold neutrons to UCN energy range. 
Phonons pumped away by refrigerator.

phonon

cold neutron E = E*

UCN

E⇤

[Golub & Pendlebury, Physics Letters A (1977)]

1 meV (9Å) CN & UCN state form a two level system:

�(EUCN ! EUCN + E⇤) =
EUCN + E⇤

EUCN
e�E⇤/kBT �(EUCN + E⇤ ! EUCN )

In equilibrium the two processes linked by detailed balance:

up-scattering down-scattering
(~ constant)suppressed by Boltzmann 

factor (i.e. exponential)

• For T = 0.5K, up-scattering time constant ≈ 2 hours. Neutron absorption by 4He is zero.
• “Super-thermal” because UCNs are not in equilibrium with He-II converter

E = EUCN ~ 100 neV

E = 1 meV

up-scatter down-scatter

• Two competing materials: superfluid 4He (He-II) and solid deuterium (SD2)

• Consider He-II:
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Log contour plot of dynamic structure factor of He-II @ 1.2K 
from [Andersen et al. J. Phys. Condens. Matter (1994)]

• Scattering off phonons to convert cold neutrons to UCN energy range. 
Phonons pumped away by refrigerator.

phonon

cold neutron E = E*

UCN

E⇤

[Golub & Pendlebury, Physics Letters A (1977)]

1 meV (9Å) CN & UCN state form a two level system:

�(EUCN ! EUCN + E⇤) =
EUCN + E⇤

EUCN
e�E⇤/kBT �(EUCN + E⇤ ! EUCN )

In equilibrium the two processes linked by detailed balance:

up-scattering down-scattering
(~ constant)suppressed by Boltzmann 

factor (i.e. exponential)

• For T = 0.5K, up-scattering time constant ≈ 2 hours. Neutron absorption by 4He is zero.
• “Super-thermal” because UCNs are not in equilibrium with He-II converter
• SD2 has larger production cross-section (many phonon modes), only requires cooling to ~ 6 K, 

but up-scattering time ~50 ms 

E = EUCN ~ 100 neV

E = 1 meV

up-scatter down-scatter

• Two competing materials: superfluid 4He (He-II) and solid deuterium (SD2)

• Consider He-II:



UCN density or current source
Current [UCN/s]

(or “integrated flux”)Density [UCN/cm3]

ILL’s PF2 Doppler 
turbine (~10 UCN/cm3 
@ experiment).

PF2 is also a great VCN source…

ILL SUN-series: ~0.5 K He-II 
at end of beam (aim ~100 
UCN/cm3 @ nEDM 
experiment)
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Current [UCN/s]
(or “integrated flux”)Density [UCN/cm3]

ILL’s PF2 Doppler 
turbine (~10 UCN/cm3 
@ experiment).

PF2 is also a great VCN source…

LANL sD2 (~ 100 
UCN/cm3 @ nEDM 

experiment)

PSI sD2
(demonstrated ~ 
50 UCN/cm3 @ 
nEDM 
experiment)

ILL SUN-series: ~0.5 K He-II 
at end of beam (aim ~100 
UCN/cm3 @ nEDM 
experiment)

PNPI in-pile 4He (~1.3 K)

TRIUMF in-pile ~1 K 
4He. Projected 
based on 2025 
results: ~ 700 
UCN/cm3 @ nEDM 
experiment
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UCN density or current source



Current [UCN/s]
(or “integrated flux”)Density [UCN/cm3]

ILL’s PF2 Doppler 
turbine (~10 UCN/cm3 
@ experiment).

PF2 is also a great VCN source…

LANL sD2 (~ 100 
UCN/cm3 @ nEDM 

experiment)

PSI sD2
(demonstrated ~ 
50 UCN/cm3 @ 
nEDM 
experiment)

ILL SUN-series: ~0.5 K He-II 
at end of beam (aim ~100 
UCN/cm3 @ nEDM 
experiment)

PNPI in-pile 4He (~1.3 K)

TRIUMF in-pile ~1 K 
4He. Projected 
based on 2025 
results: ~ 700 
UCN/cm3 @ nEDM 
experiment
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What about a He-II 
current-optimized 
UCN source?!

UCN density or current source
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• Designed to handle max. proton beam powers 
(paper optimizes for 1MW, 400 MeV protons 
but can change as needed)
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• Can’t use s-D2 due to heating. He-II is a (near) 
perfect thermal conductor

• Leverage “recent” (~ 20 years) “off-the-shelf” sub-cooled helium technology



Maximizing flux of 8.9Å / 1 meV neutrons

C. Liquid deuterium (LD2) moderator

Even though LH2 is more effective in moderating neutrons com-
pared to liquid deuterium (LD2), its thermal absorption cross section
is !640 times higher. This causes the (n, γ) production rate in LH2

to be significantly higher than in LD2. This means the expected parti-
cle heating in the He-II bath should be lower if the bath is sur-
rounded by a deuterated material compared to a protonated material.
In a final step of modifying the baseline concept, we replace the LH2
moderator with a LD2 moderator of the same size. While this led to a
small reduction in the efficiency of the system, because the CN spec-
trum temperature increased to 26K, the reduction in the He-II heat
load per proton by more than 25% leads to PUCN ¼ 7:1" 108 s#1 for
100W He-II heat load with a 680 kW proton beam.

VI. OPTIMIZING THE INVERSE GEOMETRY DESIGN

In this section, we optimize the Inverse Geometry after apply-
ing the modifications described in Sec. V. The dimensions of the
thickness of the LD2 moderator, the thickness of the D2O premod-
erator, and the position of the tungsten target relative to the He-II
converter volume are studied. The dimensions of the tungsten
target are kept constant in this study.

When increasing the D2O thickness, the tungsten target diam-
eter could have been increased to maintain the gap between target
and the outer wall of the D2O vessel. However, if the target diame-
ter is increased, the neutron “density” inside the target would
decrease, making the source less effective. The biggest trade-off of
having the distance between the target and D2O reduced is an
increase in radiation-induced heat load. However, the cooling of
the D2O is not deemed to be problematic here.

The strategy used is to optimize each of the three parameters
independently by finding the maximum PUCN using the procedure
described in Sec. II, while keeping the other two at their baseline
values. To study correlations in the optimization, the target position
is scanned by alternatively setting the LD2 thickness or the D2O
thickness at their previously determined optimum values.

A final optimization step is made by setting both the LD2
moderator and the D2O premoderator thicknesses at their opti-
mized values and then scanning the tungsten target position once

more. Table II gives the key parameters concluded from each step
of the optimization study. The results are summarized and dis-
cussed in Sec. VI C, and the final optimized geometry is shown in
Fig. 3. In Sec. VI D, the effects of the available scattering kernel in
MCNP to model the behavior of our He-II converter are studied.
Finally, in Sec. VI E, the effects of the He-II temperature and
pressure are discussed and incorporated.

The simulations in this section were performed using MCNP
6.1,76 whereas those in Secs. III–V and previous publications44 were
done using MCNPX. The neutron energy bin sizes were reduced
from between 0:04 to 0:10meV in the earlier simulations (the
smaller size was used over the single-phonon UCN production
peak) to a constant 0:02meV. Furthermore, the lowest CN energy
used is reduced from 0:9meV to 0:03meV. This allows the full-
width of the single-phonon UCN production peak to be covered
and increases the number of points over the peak. For the different
CN flux plots, these smaller bins are averaged over six bins.

The MCNP scattering kernel used for Bi at ambient tempera-
ture was generated using NJOY.77 In order to do so, the released
version of NJOY was modified to include the crystal structure of Bi
(as shown in Ref. 78) in LEAPR, a subroutine within NJOY. The
He-II in our MCNP calculations is treated as a free-gas scatterer at
1.6 K with an approximately constant cross section of 0:76–0:78 b
per atom for 1–5meV CNs, our energy range of interest. This does
not fully describe neutron inelastic scattering in He-II. The impact
of this is studied in Sec. VI D.

For the other materials used, we have restricted ourselves to
those with known and vetted characteristics. For further improve-
ments of our source design, we are also exploring novel moderators,
such as triphenylmethane,44 and high-albedo CN reflectors, such as
diamond nanoparticles.79

A. LD2 moderator and D2O premoderator thicknesses

The LD2 moderator thickness was scanned between 1 cm and
25 cm while keeping the D2O premoderator thickness and the
target location at their baseline values. The PUCN for 100W He-II
heat load has a peak value of 1:3" 109 s#1 when the LD2 modera-
tor thickness is 18 cm with a full-width half maximum of !20 cm.

FIG. 3. The MCNP model of the
“optimized” Inverse Geometry design
after the modifications described in
Sec. V and the optimizations described
in Sec. VI. Temperatures of the mate-
rial are at room temperature unless
otherwise indicated. The UCN extrac-
tion system, studied and described in
Sec. VII, is not included in this model.
The two cross section views [(left) and
(right)] are the same as in Fig. 2.
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• Raster proton beam with kicker magnets to distribute heat in tungsten target => water cooling
• MCNP calculations bench-marked with Los Alamos’ Lujan Center Mark-3 target
• Place 40-L volume of superfluid 4He inside the target, pre-moderator, and moderator in “inverse 

geometry”
• Optimized D2O pre-moderator thickness, LD2 moderator thickness, and “target location”



optimized Inverse Geometry design. Next, we describe the incremen-
tal improvements coming from each step.

The transition from the Mark-3-inspired UCN design to the
baseline Inverse Geometry design (before the modifications described
in Sec. V) produced a colder CN spectrum, with the peak shifting
from !2:6meV to !2:2meV. This transition increased PUCN from
1:4! 108 s"1 to 2:4! 108 s"1. This CN temperature decrease, if the
integrated CN flux per proton remained constant, would only provide
a modest improvement in UCN production. The gain in PUCN pre-
dominantly came from an increase in the maximum proton power
that can be used. The CN flux per proton was actually reduced to 0:7
times at 1meV. The He-II heat load per 100 μA of proton beam was
67W for the Mark-3-inspired UCN design, whereas for the baseline
Inverse Geometry design (before modifications) it is only 27W.

The modifications described in Sec. V replaced the Al canis-
ters with Be, added a D2O premoderator, and changed the LH2

moderator to LD2. These modifications increased the CN flux per
proton by 1:6 times as well as decreased the He-II heat load per
beam current to 12W per 100 μA"1. The peak in the differential
CN flux shifted from 2:2meV to 2:0meV. This combined to give
the !3:5 times gain in PUCN to 7! 108 s"1.

FIG. 6. The differential CN flux (see Sec. II) while scanning the tungsten target
position and keeping the thicknesses of D2O and LD2 at their optimized values
(denoted by “opt”).

FIG. 5. The proton beam power that can be used at the 100W He-II heat load
constraint while scanning the tungsten target position for optimized (“opt”) or base-
line (“base”) values for the D2O premoderator and LD2 moderator thicknesses.
The horizontal dashed line marks the 1MW proton beam power restriction.

FIG. 7. The differential CN flux (see Sec. II) for the various designs and config-
urations discussed: the Mark-3-inspired UCN design (described in Sec. III), the
baseline Inverse Geometry (Sec. IV), and the Inverse Geometry after the modifi-
cations of Sec. V. For the latter, different combinations of the D2O premoderator
thickness, LD2 moderator thickness, and tungsten target position at their base-
line (“base”) and optimized (“opt”) values are shown to illustrate the effects of
each parameter. The vertical solid line marks the 1:04meV single-phonon UCN
production peak in He-II.
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Cold neutron spectrum in He-II volume per 80 kW protons 

UCN production 
better optimized per 
He-II heat load

The final optimization of the D2O thickness, LD2 thickness,
and tungsten target position gave a further factor of !3 times gain
to reach PUCN ¼ 2:1" 109 s#1. The CN temperature reduced slightly
with the peak in the spectrum shifting from 2:0meV to 1:7meV. To
understand this large gain, it is useful to look at the various contri-
butions to the He-II heat load (Fig. 8) for different cases of optimiza-
tion. For reference, the Mark-3-inspired UCN design’s heat load per
100 μA proton current was 67W total (44.7W from neutrons,
18.7W from γ, and 3.3W from protons), essentially an order of
magnitude greater than the optimized geometry.

When the LD2 thickness was increased from 5 cm to 18 cm, the
1meV CN flux per proton increased by 2:5 times (keeping the D2O
thickness and target position optimized). This can be attributed to
better matching of the moderator thickness before neutron loss kicks
in. The increase in the CN flux overwhelmed the improvement in
He-II heat load per proton, which only increased by 1:2 times. This
gave the total 2 times increase in PUCN. The He-II heat load per
proton decrease came from a combination of reduced neutrons, γ,
and protons. The heat load due to neutrons is dominated by epither-
mal to fast neutrons with . 80meV. The contribution from neu-
trons between 0 and 12meV is 10#3 W per 100 μA beam and from
neutrons between 12 and 80meV, it is 10#4 W per 100 μA beam.

When the D2O thickness was increased from 5 cm to 7 cm
(keeping LD2 and target position optimized), the increase in the
CN flux at 1meV of 1:5 times can be attributed to a better opti-
mized premoderation. The He-II heat load per proton increased by
1:2 times, so overall there was a slight increase in PUCN by a factor
!1:3. The increase in the heat load was due to an increase in fast
neutrons, whereas the γ and proton heating went down.

The optimal thicknesses of the D2O premoderator and LD2

moderator are correlated. This can be seen in Fig. 4 for the case of
D2O optimized and LD2 at baseline (with the target position at the
optimized value), where the PUCN is actually reduced to a factor 0:9
compared to the case with D2O at baseline and LD2 at baseline.
However, the effect is small , 10%, and with the optimization
steps that we performed, we should be close to the optimum value
for the precisions considered in this work.

The optimization from shifting the target position from 0 cm
to 32 cm (at D2O and LD2 optimized) was interesting as the CN
flux per proton was reduced to 0:8 times. However, the He-II heat
load per proton was reduced to 0.6 times, which permitted our
design goal of applying the full 1MW proton beam power on the
target. This results in an increase of PUCN per He-II heat load by
1:3 times. Since the He-II heat load is dominated by fast neutrons,
the effect of moving the He-II volume further upstream toward the
beam away from the tungsten target causes a suppression of the
fast neutrons more quickly than compared to the loss of CN flux.

The trend of increasing PUCN per 100W He-II with tungsten
target position appears to continue beyond the largest 37 cm studied.
This indicates that if more powerful proton beams beyond the 1MW
considered here were to be available, it could be utilized to increase
PUCN further while still satisfying the 100W He-II heat load con-
straint. But since the UCN production per proton falls as this distance
is increased, 32 cm is the optimal position for the 1MW proton
beam power and 100W of He-II cooling constraints considered here.

D. Effects of incorrect He-II scattering in MCNP

As mentioned earlier, the He-II was treated as a free-gas scat-
terer in MCNP using the correct density for 1:6K He-II
(0:145 g=cm3) and with an approximately constant cross section of
0:78–0:76 b per atom for 1–5meV CNs. This corresponds to a
neutron scattering mean-free-path of !60 cm.

Liquid helium cooled below Tλ ¼ 2:17K starts exhibiting
properties of a quantum fluid with unique phonon and roton qua-
siparticle excitations. Neutrons inelastically scatter off these excita-
tions and thus both the cross sections and energy loss in the
free-gas scatterer model are incorrect. The total scattering cross
section, which is predominantly inelastic scattering, decreases with
temperature with the drop being largest for lower CN energies. At
2:2meV, approximately the peak of the CN spectrum incident on
the He-II, this cross section has been measured to be 0:24 barns
per atom at 1:6K (1:9m mean-free-path).28 At 1meV, the mea-
sured cross section is 25mb (18m mean-free-path).

The cross sections used in the MCNP simulations are larger
than the measured values. This will affect the UCN production in
the following ways. First, in the simulations, more 1meV neutrons
entering the He-II volume undergo inelastic scattering. Since any
scattering of these neutrons will take them out of the single-
phonon peak, the UCN production in our simulations from these
neutrons is underestimated. Second, in the simulations a large frac-
tion of the incoming 1:3–8meV neutrons undergo scattering (or
multiple scattering) in the 40 l He-II volume. This scattering
increases their path lengths in the He-II (e.g., an albedo effect) and
results in an overestimate of UCN production for neutrons in
this energy class. Third, in the simulations, the additional inelastic

FIG. 8. Contributions to the He-II heat load per 100 μA proton beam current as
the tungsten target position is scanned for different configurations. In the
legend, the total heat load is denoted by “all,” while the heating from neutrons
(both fast and cold) is denoted by “n,” from gamma-photons by “γ,” and protons
by “p”.
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The neutron heating dominated by > 80 meV (epithermal to fast)

He-II heat load per 80 kW protons:

*legend are the D2O premoderator and LD2 moderator thicknesses 
at their ”base” and “optimized” values



The CN-energy-differential 
UCN production rate (i.e. with 

multi-phonon UCN production)

UCN production rate was slightly higher than expected. However, at
our low 1 bar pressure, interpolation of the more pessimistic experi-
mental results gives a 6% reduction only. The UCN production due
to multiphonon production is expected to increase with pressure, but
was experimentally observed to remain constant. We assume the
more pessimistic (i.e., remain constant) experimental result. Because
the UCN production rate due to multiphonons is around 50% at our

temperature (see Fig. 10), the reduction in the total UCN production
due to pressurization to 1 bar is expected to be !3% only. Including
this pressurization loss and the effect of the incorrect He-II scattering
kernel, PUCN ¼ 1:8" 109 UCN s#1 is expected from our optimized
source design.

VII. UCN EXTRACTION GEOMETRY

In this section, we discuss UCN extraction geometries and
make estimates of the extraction efficiency at the level of a physics
model. Once UCNs are produced, they can be lost due to upscatter-
ing in the He-II (Sec. VII A) or upscattering or absorption losses at
the walls of the volumes and guides. The losses of the latter are small
compared to the former for our He-II temperature. Vital perfor-
mance parameters for a UCN source are the UCN current and/or
density that can be delivered to an external experimental volume.
Our source design will be optimized for high-current output due to
the short τup $ 3 s for our 1:6K He-II converter. The goal of the
UCN extraction system is to get the UCNs out of the He-II quickly.

A brief overview of the UCN extraction system was given at the
end of Sec. II. Figure 11 shows the UCN extraction geometries we
will study. So far, it has been more convenient to show the Inverse
Geometry source’s axis in a vertical orientation. However, due to the
engineering simplifications of having a horizontal proton beam, it
will be easier to orient the source’s axis horizontally.

The “horizontal near-foil” extraction geometry will be the
primary scheme considered. Here, a straight UCN guide section
filled with He-II and with diameter Dguide is connected to the 40 l
He-II converter volume. The length required to reach outside the
back of the Bi filter is 50 cm. This tube also serves as the heat
removal conduit. After another 50 cm past the Bi, a T-section is
used to allow a vertical column, also filled with He-II, to be con-
nected to the horizontal tube. This vertical column, with a height
hcolumn ¼ 1m, allows heat to reach the heat exchanger coupled to
the flowing He-II cooling line from the separate subcooled He-II
system. Gravity helps reduce UCNs going up this vertical column
and reaching the heat exchanger, which will typically be lossy for
UCNs. The key to the heat removal design is to avoid having reduc-
tions in cross section area along the thermal transport path.

The 50 cm gap between the Bi and heat exchanger is to give
sufficient space for shielding the material used in the heat
exchanger (most likely copper) to reduce activation. (The space
reserved for biological shielding is !5m.) Fast neutron suppression
by an order of magnitude can typically be achieved with 15 cm
thickness of polyethylene or borated-polyethylene.82 Because of the
small volume of material in the heat exchanger, more advanced
materials can be used also to further reduce the neutron activation
flux in this space. It is also possible, instead of the vertical column,
to have the column at an angle (e.g., !45% to the horizontal) to
create more space for shielding. This would likely have slightly
higher UCN loss though. The design of the shielding is beyond the
scope of the current work but will be considered in the future as
we move toward an engineered design.

The considerations for heat removal are discussed in
Sec. VII B. It is found that Dguide . 18 cm is needed to keep the tem-
perature drop from the 40 l converter volume to the heat exchanger
to be , 50mK. We will select Dguide ¼ 18 cm in our design. We find

FIG. 10. Changes in the UCN production function (top) and total UCN produc-
tion rate (bottom) with He-II temperature at saturated vapor pressure for the opti-
mized Inverse Geometry design. dPUCN=V=dE is the energy-differential
volumetric UCN production rate per 100 μA proton beam current. The CN
energy bin size shown in this plot is finer than previous plots to increase detail
over the 1meV single-phonon UCN production peak.
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Thanks to Ken Andersen’s data from 1994.

• The total UCN production rate for 100 W of heat in the SF-4He above is 2.1E9 UCN/s.
• Include some additional losses* of 15% and get 1.8 x 109 UCN/s

58Ni (335 neV) 
minus SF4He 
(18.5 neV) Eucn 
cut-off energy 

This peak is caused by the beam power per 100W He-II decreasing
with LD2 thickness, while the CN flux per proton increases and
essentially flattens off at !16 cm. At this LD2 thickness, a maximum
proton beam power of 700 kW can be used. We will refer to this
18 cm D2O thickness as the optimized value.

The D2O premoderator thickness was scanned between 1 cm
and 9 cm while keeping the LD2 moderator thickness and the
target position at their baseline values. The baseline 5 cm thickness
for the LD2 is close to the optimum of 7 cm, which gives the
highest PUCN ¼ 8" 108 s#1 for 100W He-II heat load. PUCN
decreases to around a half only when the D2O thickness is
decreased to !2:5 cm. This peak in PUCN is due to the monotoni-
cally decreasing beam power per He-II heat load with D2O thick-
ness, while the CN flux per proton increases at small thicknesses
but flattens off after !6 cm. At the optimized D2O thickness, a
maximum proton beam power of 710 kW can be used. We will
refer to this 7 cm D2O thickness as the optimized value.

B. Tungsten target position

The final parameter to optimize is the position of the spalla-
tion tungsten target. The baseline position of 0 cm is defined for
when the downstream (relative to the proton beam) end of the
tungsten target is coincident with the back wall (also relative to the
proton beam) of the cylindrical He-II vessel. An increasing target
position is defined as moving the target toward the proton beam’s
downstream direction.

The target position is scanned to determine its optimized
value while setting the D2O thickness and the LD2 thickness at
their optimized values (described previously). For completeness,
this scan is also performed while having both at their baseline
values, as well as alternatively having either at their optimized
value. Plots of PUCN for 100W He-II heat load of these target posi-
tion scans are shown in Fig. 4.

There is no peak in PUCN per 100W He-II heat load for all
these cases for the range of target positions studied, rather it con-
tinually increases when the target position is increased. This is
because the beam power per He-II heat load increases with target
position to approximately the 2nd to 3rd power (see Fig. 5), while
the CN flux incident on the He-II is roughly constant from #5 cm
to 20 cm (see Fig. 6), before starting to decrease approximately line-
arly. This behavior is consistent with that seen in Ref. 47.

When increasing the tungsten target position while keeping
the 100W He-II heat load constraint, there is a position at
which the maximum 1MW proton beam power is also reached
that depends on the D2O and LD2 thicknesses. This occurs for a
tungsten target position of 32 cm for the D2O thickness at 8 cm
and LD2 thickness at 18 cm, their optimized values. This corre-
sponds to PUCN ¼ 2:1" 109 s#1, which is the largest value
obtained so far. However, later we look into effects that could
decrease this value.

It is worth noting that this behavior for the tungsten target
position implies two things. First, if more proton beam power were
to be available, PUCN can be increased further even under the
100W He-II heat load restriction by further increasing the target
position. Second, if the maximum proton beam power available is
less than 1MW, the corresponding reduction in the optimized

PUCN will be less than a proportionality decrease because with this
new restriction the target position (as well as the other parameters)
can be reoptimized.

C. Summary and interpretation of improvements

To understand how the Inverse Geometry, along with its mod-
ifications and optimizations produce an increased PUCN for 100W
He-II heat load, it is useful to look at plots of the different differen-
tial CN flux in the He-II per proton shown in Fig. 7, and the He-II
heat load per proton shown in Fig. 8. The latter is broken up into
contributions by neutrons (both fast and cold), γ-photons, and
protons. These should be combined with the previously mentioned
Figs. 4 and 5. Table II provides a summary of these key parameters.

In general, relative to our baseline Inverse Geometry after the
modifications described in Sec. V, the optimized Inverse Geometry
source featured a reduction in the effective CN temperature (with the
peak in the differential CN flux now at !1:7meV) and an improved
CN flux per proton (e.g., 1.9 times larger at 1meV). This combined
with a 1.5 times higher proton beam power per He-II heat load to
produce an increase of PUCN at 1MW proton power and 100W
He-II heat load by a factor of 2.8, or to PUCN ¼ 2:1" 109 UCN s#1.
For reference, this CN flux per proton is around a factor of 2.4 better
than the Mark-3-inspired UCN design. The PUCN for the same
100W He-II heat load is now around 15 times higher in our

FIG. 4. The total UCN production rate PUCN at the 100 W He-II heat load con-
straint. The tungsten target position is scanned with the LD2 moderator thick-
ness and/or the D2O premoderator thickness with the original baseline (“base”)
values compared with their optimized (“opt”) values. The larger solid marker on
each line indicates when the 1 MW proton beam power restriction has been
reached (see Fig. 5).
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Cut-off point for max 1 MW proton beam

The total UCN production rate

(*1 bar pressurized He-II to suppress bubble formation + lack of He-II kernel in MCNP)



Sub-cooled 4He technology

Key enabling technology 
are cold compressors

Three types of cycles, sketched in Fig. 13, can be considered [78, 79] for producing refrigeration 
below 2 K:  

− the ‘warm’ compression cycle, based on ambient-temperature sub-atmospheric compressors; 

− the ‘cold’ compression cycle, based on multistage cold compressors all the way up to 
atmospheric pressure; and 

− the ‘mixed’ compression cycle, based on a combination of cold compressors in series with 
ambient-temperature sub-atmospheric compressors. 

We will then proceed to discuss the thermodynamics and machinery for these three types of cycle. 

 
Fig. 13: Generic process cycles for refrigeration below 2 K 

3.1 The Joule–Thomson expansion stage 

The efficiency of the Joule–Thomson expansion of liquid helium, say from 0.13 MPa and 4.5 K, down 
to 1.6 kPa and 1.8 K, can be notably improved if the liquid is previously sub-cooled by the exiting 
very-low-pressure vapour (Fig. 14). This is performed in a counter-flow heat exchanger, sub-cooling 
the incoming liquid down to 2.2 K by enthalpy exchange with the very-low-pressure saturated vapour. 
This heat exchanger has to produce a limited pressure drop, particularly in the very-low-pressure 
stream. A maximum pressure drop of 100 Pa is generally acceptable, corresponding to a few per cent 
of the absolute saturation pressure. The design of such heat exchangers for large flow-rate [80] is not 
straightforward, and their qualification impractical. As a consequence, the LHC cryogenic system 
features several hundred small-sized (5–20 g·s–1) heat exchangers, distributed around the ring. This 
avoids the transportation of sub-cooled helium over long distances, saving one header in the ring 
distribution line. It also permits qualification and reception testing of the heat exchangers on a test 
stand of reasonable size. Following prototyping, technical validation of different solutions [81, 82] and 
commercial selection, these heat exchangers have been series produced by industry and are now in 
operation in the LHC tunnel. 
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• Generally, ~ 1.8 K lowest temp. Requires 4 cold compressors in series. Up to 3 kW of cooling!
• To reach to 1.6K need to go from 4 to 5 cold compression stages, which requires some R&D, 

which can be off-loaded to external company.
• Note: CERN’s Future Circular Collide also requires 1.6 K with kW cooling (we require only 100 W!).

2.3 kW @ 1.8 K 
deployed 20 years 
ago. (SNS has a 2.1 K 
system)
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measurement values is εguide ¼ 80%. Including this loss, we reach
εtot single ¼ εsim εgrid εguide ¼ 26%. This will be the extraction efficiency
we use to determine the useful UCN current from our source design.

F. UCN densities

Here, we provide UCN density figures relevant to our design.
Due to differences in source geometries, operational modes, and
experimental volumes needed to be filled, these densities only
provide an approximate comparison between different sources. We
first estimate the UCN density that exists inside the source, and
then attempt to assess the “useful” density in an experimental
volume relatively near the source.

The density produced inside the source sets the maximum UCN
density that can be extracted from the source. This density is given by
ρsource ¼ PUCN τsource=Vsource, where τsource is the effective lifetime of
UCNs inside the source and Vsource is the volume of the source. From
Eq. (3), the upscattering rate in He-II is 0:29 s"1 at 1:6K. This can be
scaled by ΛHe"II=Λtot # 70% to give τsource # 2:4 s. Then, we arrive
at ρsource # 5$ 104 UCN cm"3, where we take the total source
volume to be 90 l by adding the 40 l converter volume to the volume
of the guides and the heat exchanger’s vertical column.

The “useful” UCN density is what might be achievable inside a
UCN bottle located at the nearest experimentally accessible position to
the source. The UCN current at a position !5m away from the tung-
sten target, combining the final PUCN from Sec. VI E and εtot single

from Sec. VII E, is expected to be Ruse ¼ PUCN εtot single ¼
5$ 108 UCN s"1 out of the 18 cm diameter UCN guide.

If the bottle’s opening diameter Dopen is matched to this, then
we can assume that the rate of UCNs entering the bottle
Rin ¼ Ruse. Once UCNs are inside the bottle, they can be lost via:
(1) UCNs leaving the bottle through the opening again, (2) losses
at the walls, or (3) neutron β-decay. At equilibrium, Rin is equal to
the total rate of UCN loss in the bottle. If kinetic theory is assumed
(see Sec. VII F), which can be established quickly if the bottle walls

have nonspecular reflection features, then this equilibrium condi-
tion becomes

Rin ¼ ρbottle
π!vD2

open

16
þ
!μ!vAbottle

4
þ Vbottle

τβ

 !
, (5)

where ρbottle is the equilibrium UCN density inside the bottle, !v is
the average UCN velocity, Vbottle and Abottle are the volume and
wall surface area of the bottle, and !μ is the average loss probability
per reflection on the walls. Note the dependence on the Vbottle
and Abottle.

In Eq. (5), the assumption that once a UCN leaves the bottle
it has zero probability of returning again is made. We call this as
the “no return” (or “single passage”) approximation. We, therefore,
do not claim gains in Rin due to UCNs exiting the bottle, then
being stored in the guides or in the source, and then returning back
to the external volume. This is a conservative approximation, but a
current-optimized source operates somewhat near this condition.

By making this approximation, our useful UCN density esti-
mates will depend only linearly on the UCN transport loss between
the source and the bottle since Rin ¼ Ruse / εtot single. For UCN
filling calculations that model a combined system containing the
source, guides, and external bottle, UCNs will make several

TABLE III. Summary of steps taken to reach εtot single ¼ εsim εgridεguide ¼ 26%
(shown in bold) for the horizontal near-foil UCN extraction geometry for T = 1.6 K.

Configuration ε

Baseline (ideal Al foil, Pdiffuse ¼ 3% everywhere) 35% (εsim)

Add diffuse reflections in converter volume
(Pdiffuse ¼ 50%)

43% (εsim)

Add diffuse reflections in vertical column
(Pdiffuse ¼ 50%)

45% (εsim)

Switch from ideal Al foil (54 neV) to ideal
PP (−8 neV)

53% (εsim)

Add more realistic PP elastic scattering
(λscat = 20 μm)

36% (εsim)

Include PP foil support grid loss (εgrid ¼ 90%) 32% (εsimεgrid)

Include 4 m guide loss to external volume
(εguide ¼ 80%)

26% (εtot single)

TABLE IV. The impact on εsim when scanning some parameters of the UCN extrac-
tion system in the final horizontal near-foil geometry. The realistic PP foil loss
(λscat = 20 μm) is used in all the results. The nominal values of the parameters are:
diameter of the horizontal UCN extraction guide diameter Dguide = 18 cm, nonspecu-
lar reflections in the 40 l He-II converter volume Pdiffuse ¼ 50%, height of the vertical
column to the heat exchanger hcolumn = 1.0 m, and nonspecular reflections in the
vertical column Pdiffuse ¼ 50%. The parameters are at these nominal values unless
they are being scanned. The 1σ statistical error bar in each εsim value is around
+0:2%. The value in bold is the final εsim value used.

(a) Scanning diameter of horizontal UCN extraction guide Dguide

Dguide (cm) 18 19 20
εsim (%) 36.4 38.4 41.0

(b) Scanning Pdiffuse in the 40 l He-II converter volume

Pdiffuse (%) 3 10 20 30 40 50 60
εsim (%) 31.7 34.1 34.9 35.7 36.1 36.2 36.6

(c) Scanning vertical column’s height hcolumn and Pdiffuse on its
sidewalls

hcolumn (m)

Pdiffuse (%) 0.2 0.4 0.6 0.8 1.0 1.2

3 28.6% 30.0% 31.3% 32.6% 33.6% 34.4%
10 28.8% 30.3% 32.0% 33.1% 33.7% 34.8%
20 29.4% 31.2% 32.6% 34.0% 34.8% 35.6%
30 29.7% 31.6% 33.4% 34.2% 35.3% 35.9%
40 30.2% 32.7% 33.8% 35.2% 36.0% 36.3%
50 31.0% 32.9% 34.3% 35.5% 36.3% 37.0%
60 30.9% 33.6% 34.9% 36.2% 36.5% 37.3%
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Single-passage UCN extraction efficiency
• 18 cm ∅ UCN extraction guide allows 100 W heat extraction to produce ∆T < 50 mK. (Our heat flux falls in the Gorter-

Mellink regime, mutual friction between normal and superfluid components)

• Tee to heat exchanger. UCNs that reach heat exchanger assumed to be 100% loss (pessimistic)

• Add non-specular reflections in some places to extract UCNs faster
• He-II contained with polypropylene foil supported by a grid (transmission through foil ~ 68%). 
• f-factor = W/U of UCN guides assumed to be 5E-4. 3% Lambertian diffuse. The up-scattering in He-II loss is 

~55% of total.

Optimized for single 
passage efficiency



UCN current out of source
• For our 1.8 x 109 UCN/s total production rate. At the end of an 18 cm diameter guide 4 m away 

from the source (e.g. outside biological shielding) the UCN current becomes 5 x 108 UCN/s.



UCN current out of source
• For our 1.8 x 109 UCN/s total production rate. At the end of an 18 cm diameter guide 4 m away 

from the source (e.g. outside biological shielding) the UCN current becomes 5 x 108 UCN/s.
• If the 5 x 108 UCN/s current is used to fill an external ”bottle” assuming the (pessimistic) no 

return approximation:

returning again. Therefore, we only use the single-passage useful
UCN current Ruse for estimating the density. These densities are
not specific to our source design and are valid for any UCN filling
process where this approximation is made, which is particularly rel-
evant for current-optimized sources. The details of this calculation
are described more in Sec. VII F. For scale, most neutron electric
dipole moment experiments have volumes , 20 l and neutron life-
time experiments , 1000 l. It should be noted that the design
leading to the above UCN current and density is in a physics
model stage only. When moving to an engineering design, a reduc-
tion in performance is expected.

II. STRATEGY OF SOURCE EVALUATION AND
OPTIMIZATION

In this section, we describe our strategy for developing and
optimizing the physics model of our source design. We first opti-
mize the CN flux for a given configuration (which includes the
geometry and material choice) that produces the highest PUCN
under the 100W He-II heat load and 1MW proton power con-
straints. This is done by calculating with MCNP (the Monte Carlo
N-Particle transport code developed by Los Alamos National
Laboratory) the track-length weighted, energy-differential CN flux
in the He-II converter, as well as the heating of the He-II converter
and its vessel walls. When the terms “differential CN flux” and
“He-II heat load” are used in this paper, these refer to the quanti-
ties described in this paragraph (i.e., for the latter, it is the com-
bined heat load on the He-II and its vessel).

The differential CN flux used is from the so-called track-
length (“F4”) tallies from MCNP, where the distance neutrons travel
in the He-II volume is summed up and then normalized by
the cell volume and number of protons (i.e., its raw units are
cm=cm3=proton). The number of protons is converted to 100 μA s
and the differential energy flux calculated by dividing by the energy
bin width of the MCNP tally [e.g., to arrive at units of
cm!2 s!1 meV!1 (100 μA)!1]. The He-II heat load is also quoted for
100 μA proton current. The proton energy is fixed at 800MeV in our
study; therefore, 100 μA of proton current corresponds to 80 kW of
proton power. The proton powers quoted are time-averaged values.

From the He-II heat load per proton, the maximum proton
power that can be used for a given configuration is calculated by
scaling this up to the constraints of maximum 100W He-II heat
load. This scaling assumes that the He-II heat load increases

linearly with proton power. In some cases, the proton power
required to reach this constraint exceeds the 1MW limit. In this
case, the lower maximum proton power limit is used instead.

The differential CN flux for a configuration is scaled linearly
to the maximum proton power, and from this PUCN is calculated.
The effects of the pulse structure of the proton beam, typically
. 10Hz at spallation neutron facilities, are assumed to be averaged
over since this is faster than the time-scales for UCN transport as
well as the thermal transport in our large-volume cryogenic system.

The CN-energy-differential, volumetric UCN-production-
rate function per CN flux (e.g., this quantity has units
UCN cm!5 s!2 meV!2) will be referred to as the “UCN produc-
tion function.” This is calculated following Ref. 59 using the mea-
sured dynamic structure factor from neutron time-of-flight
inelastic scattering from Refs. 60 and 61 that covers 0:2–4meV.
This technique has become the standard for calculating UCN pro-
duction rates in He-II.29,41,62 The width of the UCN production
peak from single-phonon scattering at !1meV calculated from
this data has a width of !0:4meV due to the resolution of the
time-of-flight spectrometer used (e.g., Fig. 10). The “true” single-
phonon linewidth has been measured to be !20–50 μeV
(FWHM) at 1meV in our temperature range.63 However, the
use of the broadened single-phonon peak width in the UCN pro-
duction function is valid as long as the CN spectrum is broad, as
is the case here. The UCN production function used is for He-II
at 1:5K (e.g., see Ref. 41). The UCN production function in
Ref. 59 used previously in Ref. 44, which is for He-II at 1:2K,
contains an error in the binning and is thus avoided here.
To reach CN-energy-differential volumetric UCN production rate
dPUCN=V=dECN (e.g., this quantity has units UCN cm!3 s!1 meV!1)
for a given configuration, the UCN production function is folded
with the differential CN flux. Integration of this differential rate over
the CN energy range and multiplication by the 40 l He-II volume
gives PUCN (with units UCN s!1).

The specific strategy for optimizing the geometry of the
Inverse Geometry source design is described in Sec. VI, after the
key components in the physics model have been introduced.

The UCN production rate depends on the choice of a UCN
cutoff energy Ec. UCNs produced with kinetic energy above Ec are
considered to be lost quickly in the system so that they cannot be
transported or stored. When UCNs are produced in He-II,
they fill phase-space with constant density. Therefore, the pro-
duced UCN spectrum is given by dPUCN / v2dv, which can be
expressed in terms of the UCN kinetic energy EUCN as
dPUCN=dEUCN / !!!!!!!!!!!

EUCN
p

dEUCN. The calculations in this paper
assume that a 58Ni coating will be used in the He-II converter
volume and in the guides for UCN reflection. This is a common
coating used for neutron transport and has a potential
U58Ni ¼ 335 neV. Because of the neutron potential of He-II,
UHe!II ¼ 18:5 neV, the cutoff UCN kinetic energy that can be
reflected when they are produced inside the He-II is reduced to
Ec ¼ 316:5 neV.

UCNs gain kinetic energy when they fall in Earth’s gravity;
therefore, the maximum UCN kinetic energy that a surface can
reflect depends on the height at which a UCN is produced and
where the reflection occurs. In order to calculate the behavior of
UCNs for a given configuration, Monte-Carlo based UCN trajectory

TABLE I. The filling of an external spherical UCN bottle with an opening diameter
Dopen = 18 cm matched to the UCN extraction guide diameter. The UCN rate enter-
ing the volume is Ruse = 5 × 10

8 UCN s−1, which is based on the work in this paper.
The UCN rate exiting the bottle is calculated assuming kinetic theory. The “no
return” approximation is used (see text). Vbottle is the volume of the bottle, ρbottle is
the equilibrium UCN density, and τbottle is the buildup time constant. Other parame-
ters used are average UCN speed !v ¼ 7m s!1 (equal to 255 neV kinetic energy),
average wall loss per bounce !μ ¼ 5# 10!4, and the bottle coated with
58Ni. Details about this calculation are given in Sec. VII F.

Vbottle (l) 5 50 500 5 × 103 5 × 104

ρbottle (×10
4 UCN cm−3) 1.12 1.11 1.05 0.80 0.31

τ bottle (s) 0.11 1.1 10 80 315
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UCN density loaded 
into external 
experimental volume



UCN current out of source
• For our 1.8 x 109 UCN/s total production rate. At the end of an 18 cm diameter guide 4 m away 

from the source (e.g. outside biological shielding) the UCN current becomes 5 x 108 UCN/s.
• If the 5 x 108 UCN/s current is used to fill an external ”bottle” assuming the (pessimistic) no 

return approximation:

returning again. Therefore, we only use the single-passage useful
UCN current Ruse for estimating the density. These densities are
not specific to our source design and are valid for any UCN filling
process where this approximation is made, which is particularly rel-
evant for current-optimized sources. The details of this calculation
are described more in Sec. VII F. For scale, most neutron electric
dipole moment experiments have volumes , 20 l and neutron life-
time experiments , 1000 l. It should be noted that the design
leading to the above UCN current and density is in a physics
model stage only. When moving to an engineering design, a reduc-
tion in performance is expected.

II. STRATEGY OF SOURCE EVALUATION AND
OPTIMIZATION

In this section, we describe our strategy for developing and
optimizing the physics model of our source design. We first opti-
mize the CN flux for a given configuration (which includes the
geometry and material choice) that produces the highest PUCN
under the 100W He-II heat load and 1MW proton power con-
straints. This is done by calculating with MCNP (the Monte Carlo
N-Particle transport code developed by Los Alamos National
Laboratory) the track-length weighted, energy-differential CN flux
in the He-II converter, as well as the heating of the He-II converter
and its vessel walls. When the terms “differential CN flux” and
“He-II heat load” are used in this paper, these refer to the quanti-
ties described in this paragraph (i.e., for the latter, it is the com-
bined heat load on the He-II and its vessel).

The differential CN flux used is from the so-called track-
length (“F4”) tallies from MCNP, where the distance neutrons travel
in the He-II volume is summed up and then normalized by
the cell volume and number of protons (i.e., its raw units are
cm=cm3=proton). The number of protons is converted to 100 μA s
and the differential energy flux calculated by dividing by the energy
bin width of the MCNP tally [e.g., to arrive at units of
cm!2 s!1 meV!1 (100 μA)!1]. The He-II heat load is also quoted for
100 μA proton current. The proton energy is fixed at 800MeV in our
study; therefore, 100 μA of proton current corresponds to 80 kW of
proton power. The proton powers quoted are time-averaged values.

From the He-II heat load per proton, the maximum proton
power that can be used for a given configuration is calculated by
scaling this up to the constraints of maximum 100W He-II heat
load. This scaling assumes that the He-II heat load increases

linearly with proton power. In some cases, the proton power
required to reach this constraint exceeds the 1MW limit. In this
case, the lower maximum proton power limit is used instead.

The differential CN flux for a configuration is scaled linearly
to the maximum proton power, and from this PUCN is calculated.
The effects of the pulse structure of the proton beam, typically
. 10Hz at spallation neutron facilities, are assumed to be averaged
over since this is faster than the time-scales for UCN transport as
well as the thermal transport in our large-volume cryogenic system.

The CN-energy-differential, volumetric UCN-production-
rate function per CN flux (e.g., this quantity has units
UCN cm!5 s!2 meV!2) will be referred to as the “UCN produc-
tion function.” This is calculated following Ref. 59 using the mea-
sured dynamic structure factor from neutron time-of-flight
inelastic scattering from Refs. 60 and 61 that covers 0:2–4meV.
This technique has become the standard for calculating UCN pro-
duction rates in He-II.29,41,62 The width of the UCN production
peak from single-phonon scattering at !1meV calculated from
this data has a width of !0:4meV due to the resolution of the
time-of-flight spectrometer used (e.g., Fig. 10). The “true” single-
phonon linewidth has been measured to be !20–50 μeV
(FWHM) at 1meV in our temperature range.63 However, the
use of the broadened single-phonon peak width in the UCN pro-
duction function is valid as long as the CN spectrum is broad, as
is the case here. The UCN production function used is for He-II
at 1:5K (e.g., see Ref. 41). The UCN production function in
Ref. 59 used previously in Ref. 44, which is for He-II at 1:2K,
contains an error in the binning and is thus avoided here.
To reach CN-energy-differential volumetric UCN production rate
dPUCN=V=dECN (e.g., this quantity has units UCN cm!3 s!1 meV!1)
for a given configuration, the UCN production function is folded
with the differential CN flux. Integration of this differential rate over
the CN energy range and multiplication by the 40 l He-II volume
gives PUCN (with units UCN s!1).

The specific strategy for optimizing the geometry of the
Inverse Geometry source design is described in Sec. VI, after the
key components in the physics model have been introduced.

The UCN production rate depends on the choice of a UCN
cutoff energy Ec. UCNs produced with kinetic energy above Ec are
considered to be lost quickly in the system so that they cannot be
transported or stored. When UCNs are produced in He-II,
they fill phase-space with constant density. Therefore, the pro-
duced UCN spectrum is given by dPUCN / v2dv, which can be
expressed in terms of the UCN kinetic energy EUCN as
dPUCN=dEUCN / !!!!!!!!!!!

EUCN
p

dEUCN. The calculations in this paper
assume that a 58Ni coating will be used in the He-II converter
volume and in the guides for UCN reflection. This is a common
coating used for neutron transport and has a potential
U58Ni ¼ 335 neV. Because of the neutron potential of He-II,
UHe!II ¼ 18:5 neV, the cutoff UCN kinetic energy that can be
reflected when they are produced inside the He-II is reduced to
Ec ¼ 316:5 neV.

UCNs gain kinetic energy when they fall in Earth’s gravity;
therefore, the maximum UCN kinetic energy that a surface can
reflect depends on the height at which a UCN is produced and
where the reflection occurs. In order to calculate the behavior of
UCNs for a given configuration, Monte-Carlo based UCN trajectory

TABLE I. The filling of an external spherical UCN bottle with an opening diameter
Dopen = 18 cm matched to the UCN extraction guide diameter. The UCN rate enter-
ing the volume is Ruse = 5 × 10

8 UCN s−1, which is based on the work in this paper.
The UCN rate exiting the bottle is calculated assuming kinetic theory. The “no
return” approximation is used (see text). Vbottle is the volume of the bottle, ρbottle is
the equilibrium UCN density, and τbottle is the buildup time constant. Other parame-
ters used are average UCN speed !v ¼ 7m s!1 (equal to 255 neV kinetic energy),
average wall loss per bounce !μ ¼ 5# 10!4, and the bottle coated with
58Ni. Details about this calculation are given in Sec. VII F.

Vbottle (l) 5 50 500 5 × 103 5 × 104

ρbottle (×10
4 UCN cm−3) 1.12 1.11 1.05 0.80 0.31

τ bottle (s) 0.11 1.1 10 80 315
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UCN density loaded 
into external 
experimental volume

• Our high-current UCN source is ideal for filling experiments with large volumes or experiments 
that require a high flow-through rate of UCNs

• High-current UCN sources are also ideal for producing a high current of Very Cold Neutrons 
(VCNs). (Need more simulations, rough estimate ~ 102 higher than current strongest VCN beam)



UCN current out of source
• For our 1.8 x 109 UCN/s total production rate. At the end of an 18 cm diameter guide 4 m away 

from the source (e.g. outside biological shielding) the UCN current becomes 5 x 108 UCN/s.
• If the 5 x 108 UCN/s current is used to fill an external ”bottle” assuming the (pessimistic) no 

return approximation:

returning again. Therefore, we only use the single-passage useful
UCN current Ruse for estimating the density. These densities are
not specific to our source design and are valid for any UCN filling
process where this approximation is made, which is particularly rel-
evant for current-optimized sources. The details of this calculation
are described more in Sec. VII F. For scale, most neutron electric
dipole moment experiments have volumes , 20 l and neutron life-
time experiments , 1000 l. It should be noted that the design
leading to the above UCN current and density is in a physics
model stage only. When moving to an engineering design, a reduc-
tion in performance is expected.

II. STRATEGY OF SOURCE EVALUATION AND
OPTIMIZATION

In this section, we describe our strategy for developing and
optimizing the physics model of our source design. We first opti-
mize the CN flux for a given configuration (which includes the
geometry and material choice) that produces the highest PUCN
under the 100W He-II heat load and 1MW proton power con-
straints. This is done by calculating with MCNP (the Monte Carlo
N-Particle transport code developed by Los Alamos National
Laboratory) the track-length weighted, energy-differential CN flux
in the He-II converter, as well as the heating of the He-II converter
and its vessel walls. When the terms “differential CN flux” and
“He-II heat load” are used in this paper, these refer to the quanti-
ties described in this paragraph (i.e., for the latter, it is the com-
bined heat load on the He-II and its vessel).

The differential CN flux used is from the so-called track-
length (“F4”) tallies from MCNP, where the distance neutrons travel
in the He-II volume is summed up and then normalized by
the cell volume and number of protons (i.e., its raw units are
cm=cm3=proton). The number of protons is converted to 100 μA s
and the differential energy flux calculated by dividing by the energy
bin width of the MCNP tally [e.g., to arrive at units of
cm!2 s!1 meV!1 (100 μA)!1]. The He-II heat load is also quoted for
100 μA proton current. The proton energy is fixed at 800MeV in our
study; therefore, 100 μA of proton current corresponds to 80 kW of
proton power. The proton powers quoted are time-averaged values.

From the He-II heat load per proton, the maximum proton
power that can be used for a given configuration is calculated by
scaling this up to the constraints of maximum 100W He-II heat
load. This scaling assumes that the He-II heat load increases

linearly with proton power. In some cases, the proton power
required to reach this constraint exceeds the 1MW limit. In this
case, the lower maximum proton power limit is used instead.

The differential CN flux for a configuration is scaled linearly
to the maximum proton power, and from this PUCN is calculated.
The effects of the pulse structure of the proton beam, typically
. 10Hz at spallation neutron facilities, are assumed to be averaged
over since this is faster than the time-scales for UCN transport as
well as the thermal transport in our large-volume cryogenic system.

The CN-energy-differential, volumetric UCN-production-
rate function per CN flux (e.g., this quantity has units
UCN cm!5 s!2 meV!2) will be referred to as the “UCN produc-
tion function.” This is calculated following Ref. 59 using the mea-
sured dynamic structure factor from neutron time-of-flight
inelastic scattering from Refs. 60 and 61 that covers 0:2–4meV.
This technique has become the standard for calculating UCN pro-
duction rates in He-II.29,41,62 The width of the UCN production
peak from single-phonon scattering at !1meV calculated from
this data has a width of !0:4meV due to the resolution of the
time-of-flight spectrometer used (e.g., Fig. 10). The “true” single-
phonon linewidth has been measured to be !20–50 μeV
(FWHM) at 1meV in our temperature range.63 However, the
use of the broadened single-phonon peak width in the UCN pro-
duction function is valid as long as the CN spectrum is broad, as
is the case here. The UCN production function used is for He-II
at 1:5K (e.g., see Ref. 41). The UCN production function in
Ref. 59 used previously in Ref. 44, which is for He-II at 1:2K,
contains an error in the binning and is thus avoided here.
To reach CN-energy-differential volumetric UCN production rate
dPUCN=V=dECN (e.g., this quantity has units UCN cm!3 s!1 meV!1)
for a given configuration, the UCN production function is folded
with the differential CN flux. Integration of this differential rate over
the CN energy range and multiplication by the 40 l He-II volume
gives PUCN (with units UCN s!1).

The specific strategy for optimizing the geometry of the
Inverse Geometry source design is described in Sec. VI, after the
key components in the physics model have been introduced.

The UCN production rate depends on the choice of a UCN
cutoff energy Ec. UCNs produced with kinetic energy above Ec are
considered to be lost quickly in the system so that they cannot be
transported or stored. When UCNs are produced in He-II,
they fill phase-space with constant density. Therefore, the pro-
duced UCN spectrum is given by dPUCN / v2dv, which can be
expressed in terms of the UCN kinetic energy EUCN as
dPUCN=dEUCN / !!!!!!!!!!!

EUCN
p

dEUCN. The calculations in this paper
assume that a 58Ni coating will be used in the He-II converter
volume and in the guides for UCN reflection. This is a common
coating used for neutron transport and has a potential
U58Ni ¼ 335 neV. Because of the neutron potential of He-II,
UHe!II ¼ 18:5 neV, the cutoff UCN kinetic energy that can be
reflected when they are produced inside the He-II is reduced to
Ec ¼ 316:5 neV.

UCNs gain kinetic energy when they fall in Earth’s gravity;
therefore, the maximum UCN kinetic energy that a surface can
reflect depends on the height at which a UCN is produced and
where the reflection occurs. In order to calculate the behavior of
UCNs for a given configuration, Monte-Carlo based UCN trajectory

TABLE I. The filling of an external spherical UCN bottle with an opening diameter
Dopen = 18 cm matched to the UCN extraction guide diameter. The UCN rate enter-
ing the volume is Ruse = 5 × 10

8 UCN s−1, which is based on the work in this paper.
The UCN rate exiting the bottle is calculated assuming kinetic theory. The “no
return” approximation is used (see text). Vbottle is the volume of the bottle, ρbottle is
the equilibrium UCN density, and τbottle is the buildup time constant. Other parame-
ters used are average UCN speed !v ¼ 7m s!1 (equal to 255 neV kinetic energy),
average wall loss per bounce !μ ¼ 5# 10!4, and the bottle coated with
58Ni. Details about this calculation are given in Sec. VII F.

Vbottle (l) 5 50 500 5 × 103 5 × 104

ρbottle (×10
4 UCN cm−3) 1.12 1.11 1.05 0.80 0.31

τ bottle (s) 0.11 1.1 10 80 315
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UCN density loaded 
into external 
experimental volume

• Our high-current UCN source is ideal for filling experiments with large volumes or experiments 
that require a high flow-through rate of UCNs

• High-current UCN sources are also ideal for producing a high current of Very Cold Neutrons 
(VCNs). (Need more simulations, rough estimate ~ 102 higher than current strongest VCN beam)

• Single-passage optimized sources (and assuming no return during filling) are less sensitivity to 
variations in UCN guide losses, especially difficult for cryogenic guides. Depending on the 
geometry, when using a density-optimized source to fill an external volume UCNs have to make several 
passages from source to volume. The transport extraction efficiency becomes  

<latexit sha1_base64="EhW2dKI9K0D7+oaPzRRUBVJyFqk="></latexit>

⇠ (✏single passage)
average no. of passages



bismuth filter
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He-II fill & 
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Summary

• Optimize for single-passage extraction to 
get 5 x 108 UCN/s current 4 m away

• 40 L vessel He-II @ 1.6 K with 100 W cooling
• Can handle 1 MW proton beam power
• 1.8 x 109 UCN/s production rate

• Big advantage: filling large volumes or many experiments simultaneously (or a 
flow-through UCN experiments)

• Can deliver to experiments ~ 10,000 UCN/cm3 

(or 3,000 UCN/cm3 for 160 neV max UCN 
energy)
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• 40 L vessel He-II @ 1.6 K with 100 W cooling
• Can handle 1 MW proton beam power
• 1.8 x 109 UCN/s production rate

• Big advantage: filling large volumes or many experiments simultaneously (or a 
flow-through UCN experiments)

• This source would transform the UCN and VCN physics landscape and establish 
the SNS as the field’s global flagship facility.

• Can deliver to experiments ~ 10,000 UCN/cm3 

(or 3,000 UCN/cm3 for 160 neV max UCN 
energy)
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Summary

• Optimize for single-passage extraction to 
get 5 x 108 UCN/s current 4 m away

• 40 L vessel He-II @ 1.6 K with 100 W cooling
• Can handle 1 MW proton beam power
• 1.8 x 109 UCN/s production rate

• Big advantage: filling large volumes or many experiments simultaneously (or a 
flow-through UCN experiments)

• This source would transform the UCN and VCN physics landscape and establish 
the SNS as the field’s global flagship facility.

• nEDM, neutron lifetime, 𝛽-decay, quantum levels experiments would all reach a new 
level. Many of these are “shovel-ready” and can be brought here and run immediately. 
New previously not-possible experiments could then emerge.

• Can deliver to experiments ~ 10,000 UCN/cm3 

(or 3,000 UCN/cm3 for 160 neV max UCN 
energy)



UCN source facility and proton beam use

VCN beam

VCN window/UCN reflector

Multiple UCN beam ports 
(simultaneous filling okay)

1.8 K He-II cooling lines

20 K LD2 moderator 
cooling lines

Cryoplant

Proton 
kicker 

magnet



UCN source facility and proton beam use
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UCN source facility and proton beam use
Proton beam use time structure

Time

Beam ON @ 
max. power

…Beam off. UCNs being 
manipulated and studied

Beam ON @ 
max. power

Beam off. UCNs being 
manipulated and studied

~ 30 - 60 s ~ 600-1500 s ~ 30 - 60 s ~ 600-1500 s

• This “fill and empty/study” time 
structure used in most UCN 
experiments

• Density source requires very 
short fill times

• This UCN facility would only use 
2-10% time-averaged power. 

• Great for sharing with other 
facilities!
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Thank you!

ChatGPT thinks this UCN source facility would look something like this at the SNS….
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What if we use warmer SF-4He in a UCN source?
PHYSICAL REVIEW C 93, 025501 (2016)

Ultracold-neutron production and up-scattering in superfluid helium between 1.1 K and 2.4 K
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Ultracold neutrons (UCNs) were produced in superfluid helium using the PF1B cold-neutron beam facility at
the Institut Laue-Langevin. A 4-liter beryllium-coated converter volume with a mechanical valve and windowless
stainless-steel extraction system were used to accumulate and guide UCNs to a detector at room temperature. At
a converter temperature of 1.08 K the total storage time constant in the vessel was (20.3 ± 1.2) s and the number
of UCNs counted after accumulated was 91 700 ± 300. From this, we derive a volumetric UCN production rate
of (6.9 ± 1.7) cm−3 s−1, which includes a correction for losses in the converter during UCN extraction caused by
the short storage time, but not accounting for UCN transport and detection efficiencies. The up-scattering rate of
UCNs caused by excitations in the superfluid was studied by scanning the temperature between 1.2 K and 2.4 K.
Using the temperature-dependent UCN production rate calculated from inelastic neutron scattering data, the only
UCN up-scattering process found to occur was from two-phonon scattering. Our analysis for T < 1.95 K rules
out the contributions from roton-phonon scattering to <29% (95% C.I.) and from one-phonon absorption to
<47% (95% C.I.) of their predicted levels.

DOI: 10.1103/PhysRevC.93.025501

I. INTRODUCTION

Ultracold neutrons (UCNs) are neutrons with kinetic ener-
gies less than the neutron optical potential Uopt of well-chosen
materials; for instance, beryllium has UBe = 252 neV. They
can reflect from material surfaces at all incident angles,
allowing them to be stored in a vessel and studied for times
up to a few times the neutron lifetime (880.3 ± 1.1) s [1].
Because of their low velocities (v ∼ 5 m s−1) and the long
times they can spend in media or fields chosen by an experi-
menter, UCNs have become a valuable tool for high-precision
studies of the fundamental properties of the neutron and its
interactions. These studies have wide-ranging applications
in nuclear physics, particle physics, and cosmology [2–5].
For instance, they are currently used in searches for the
permanent electric dipole moment of the neutron [6–14],
measurements of the neutron lifetime [15–23] and β-decay
correlation parameters [24,25], and quests for dark-matter
candidates [26–28], axionlike particles [29–32], and Lorentz
invariance violations [33].

These experiments would benefit from an increased density
of UCNs, which has motivated the development of “next-
generation” UCN sources [34–43]. They convert cold neutrons
(CNs) to the UCN energy range by allowing them to generate
excitations in solid deuterium or superfluid 4He [44,45]. The
latter has the advantage that 4He has a zero neutron absorption
cross section and, if the converter is kept at sufficiently low
temperatures (typically !1 K), thermal up-scattering of UCNs
is sufficiently suppressed. This allows the produced UCNs to
survive in the converter for times dominated by wall losses of
the vessel, typically ∼100 s [46,47]. Because UCNs are not in
thermal equilibrium with the converter, densities can be greater
than those possible from direct thermal moderation; hence the
name “superthermal” production.

The need for more intense UCN sources has motivated the
present work of developing a superthermal helium source with

a mechanical UCN valve separating the converter vessel from
the extraction guides. This allows UCNs to be accumulated and
then used to fill the volume of an external experiment when
it is required. A unique feature of our source is the ability to
extract UCNs from the converter using a vertical extraction
system so that windows, which can cause a loss of UCNs, are
avoided [48].

Locating the UCN converter volume and its associated
cryogenics at the end of a CN beam guide, far from the
initial source of neutrons, typically from spallation or fission
processes, reduces the needed cooling power and activation of
the source. Furthermore, the source can be adapted for each
experiment to optimize UCN delivery; for instance, the length,
volume, and coating of the UCN transport guides and converter
vessel can be altered.

A successful realization of such a superfluid helium source,
which is dedicated to an experiment investigating the neutron
quantum levels in Earth’s gravitational field [49], is described
in Refs. [41,42]. The still large room for improvement has
motivated the development of a second UCN source at the
Institut Laue-Langevin (ILL), Grenoble, France. The first
experiments testing and characterizing this source using the
PF1B CN beam facility are presented in this paper.

Inelastic scattering of neutrons [50,51] has been used
to reveal the fundamental excitations in superfluid helium
[52,53]. These studies can also be performed by measuring
the up-scattering of UCNs caused by interactions between a
neutron at rest and excitations in superfluid helium at different
temperatures T . Using UCNs, one is more sensitive to weak
scattering processes due to the intrinsic 1/v dependence of the
cross section, as well as the potential hundreds of meters of
path length a UCN can spend in the medium under study [54].

The contributions to the up-scattering rate constant
τ−1

up (T ) for T ! 1 K have been determined [46] using
the Landau-Khalatnikov Hamiltonian [55,56] and the
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UCN production rate was slightly higher than expected. However, at
our low 1 bar pressure, interpolation of the more pessimistic experi-
mental results gives a 6% reduction only. The UCN production due
to multiphonon production is expected to increase with pressure, but
was experimentally observed to remain constant. We assume the
more pessimistic (i.e., remain constant) experimental result. Because
the UCN production rate due to multiphonons is around 50% at our

temperature (see Fig. 10), the reduction in the total UCN production
due to pressurization to 1 bar is expected to be !3% only. Including
this pressurization loss and the effect of the incorrect He-II scattering
kernel, PUCN ¼ 1:8" 109 UCN s#1 is expected from our optimized
source design.

VII. UCN EXTRACTION GEOMETRY

In this section, we discuss UCN extraction geometries and
make estimates of the extraction efficiency at the level of a physics
model. Once UCNs are produced, they can be lost due to upscatter-
ing in the He-II (Sec. VII A) or upscattering or absorption losses at
the walls of the volumes and guides. The losses of the latter are small
compared to the former for our He-II temperature. Vital perfor-
mance parameters for a UCN source are the UCN current and/or
density that can be delivered to an external experimental volume.
Our source design will be optimized for high-current output due to
the short τup $ 3 s for our 1:6K He-II converter. The goal of the
UCN extraction system is to get the UCNs out of the He-II quickly.

A brief overview of the UCN extraction system was given at the
end of Sec. II. Figure 11 shows the UCN extraction geometries we
will study. So far, it has been more convenient to show the Inverse
Geometry source’s axis in a vertical orientation. However, due to the
engineering simplifications of having a horizontal proton beam, it
will be easier to orient the source’s axis horizontally.

The “horizontal near-foil” extraction geometry will be the
primary scheme considered. Here, a straight UCN guide section
filled with He-II and with diameter Dguide is connected to the 40 l
He-II converter volume. The length required to reach outside the
back of the Bi filter is 50 cm. This tube also serves as the heat
removal conduit. After another 50 cm past the Bi, a T-section is
used to allow a vertical column, also filled with He-II, to be con-
nected to the horizontal tube. This vertical column, with a height
hcolumn ¼ 1m, allows heat to reach the heat exchanger coupled to
the flowing He-II cooling line from the separate subcooled He-II
system. Gravity helps reduce UCNs going up this vertical column
and reaching the heat exchanger, which will typically be lossy for
UCNs. The key to the heat removal design is to avoid having reduc-
tions in cross section area along the thermal transport path.

The 50 cm gap between the Bi and heat exchanger is to give
sufficient space for shielding the material used in the heat
exchanger (most likely copper) to reduce activation. (The space
reserved for biological shielding is !5m.) Fast neutron suppression
by an order of magnitude can typically be achieved with 15 cm
thickness of polyethylene or borated-polyethylene.82 Because of the
small volume of material in the heat exchanger, more advanced
materials can be used also to further reduce the neutron activation
flux in this space. It is also possible, instead of the vertical column,
to have the column at an angle (e.g., !45% to the horizontal) to
create more space for shielding. This would likely have slightly
higher UCN loss though. The design of the shielding is beyond the
scope of the current work but will be considered in the future as
we move toward an engineered design.

The considerations for heat removal are discussed in
Sec. VII B. It is found that Dguide . 18 cm is needed to keep the tem-
perature drop from the 40 l converter volume to the heat exchanger
to be , 50mK. We will select Dguide ¼ 18 cm in our design. We find

FIG. 10. Changes in the UCN production function (top) and total UCN produc-
tion rate (bottom) with He-II temperature at saturated vapor pressure for the opti-
mized Inverse Geometry design. dPUCN=V=dE is the energy-differential
volumetric UCN production rate per 100 μA proton beam current. The CN
energy bin size shown in this plot is finer than previous plots to increase detail
over the 1meV single-phonon UCN production peak.
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FIG. 1. The sizes of the three main processes contributing to
the up-scattering of UCNs by excitations in superfluid helium from
Eq. (1) derived in Ref. [46]. The thickness of the τ−1

2-ph line covers the
range of values for T < 1 K owing to the different values of B (see
text). The dotted lines are used to indicate that the up-scattering rates
are only approximate for T ! 1 K due to temperature dependencies
in the A, B, and C coefficients.

three-phonon interaction described in Ref. [57] to be

τ−1
up (T ) = τ−1

1-ph + τ−1
2-ph + τ−1

rot-ph

= Ae−(12 K)/T + BT 7 + CT 3/2e−(8.6 K)/T , (1)

where the first term comes from one-phonon absorption,
with A = 130 s−1 [58]; the second from two-phonon scat-
tering (one phonon absorbed and another emitted), with
B = (8.8 and 7.6) × 10−3 s−1 K−7 for 0.6 K and 1.0 K, re-
spectively; and the third from roton-phonon scattering (a
roton absorbed followed by a phonon emitted), with C =
18 s−1 K−3/2. The A, B, and C coefficients were calculated for
T " 1 K; however, their temperature dependencies are weak
compared to the overall sizes of the terms. In Fig. 1, a plot of
these terms up to 2.2 K is shown to illustrate their expected size.

Experiments that have studied the temperature dependence
of τ−1

up (T ) have done so up to 1.2 K [45,54,61], 1.5 K [42],
and 1.6 K [59]. In all these studies, using τ−1

up (T ) = τ−1
2-ph only

was sufficient to describe the data. In the second part of this
paper, we study UCN up-scattering to 2.4 K. A detailed data-
fitting procedure is used to test the validity of the expected
temperature dependence of τ−1

up (T ).

II. THE EXPERIMENTAL SETUP

The general layout of the experiment installed on the
PF1B CN beamline [62] in 2011, the details of which are
described later, is shown in Fig. 2. A continuous flow 3He
refrigerator with a measured cooling power of 60 mW at 0.6 K
[63] is situated in the main cooling tower. This refrigerator
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3

5

6

FIG. 2. The experimental installation at the PF1B CN beamline.
For clarity, extraneous elements of the original photograph are erased.
The added labels indicate ©1 main cooling tower; ©2 horizontal
helium connection; ©3 converter volume; ©4 mechanical UCN flap
valve actuator; ©5 UCN extraction guides; and ©6 UCN detector. The
direction of the CN beam is shown as the blue arrow. Additional lead
shielding surrounding the apparatus was added later.

is thermally connected, via a copper heat exchanger, to a
horizontal stainless-steel tube filled with superfluid helium
with 50 mm diameter and 45 cm length. This filled tube
supplies superfluid helium to the converter vessel and also
serves for heat transfer. UCNs produced in the helium by the
CN beam are extracted vertically from the back of the converter
vessel and guided by tubes in a “∩”-shaped geometry to a UCN
detector at room temperature.

The superfluid 4He used for the converter is purified
through a superleak made from Al2O3 powder with a grain
size of 50 nm. The fabrication technique is described in
Ref. [64]. Superfluid flow through the superleak is induced
via the thermomechanical pumping (or fountain effect) with a
heater, similar to that of Ref. [65]. The 3He to 4He isotopic
purity from this process is "4 × 10−10 [66].

The incoming CN beam first passes through front aluminum
windows of the vacuum vessel, the two radiation shields,
and the superfluid containment vessel before reaching the
converter through a 1-mm-thick beryllium sheet, which acts as
the front window for CNs and the front wall of the converter
vessel for UCNs (Fig. 3). The sidewalls of the converter
vessel are made from four beryllium-coated aluminum plates
assembled together with aluminum screws (Fig. 4). This
assembly is clamped onto a 8-cm-long beryllium-coated
copper end section, where the mechanical UCN valve is
located. Another 1-mm-thick beryllium sheet serves as the
back CN window and UCN wall. The internal cross sections
of the converter vessel are 8 × 8 cm2 in the section made of the
aluminum plates and 10 × 10 cm2 in the copper end section.
The volume of the converter vessel with the UCN valve closed
is Vconv = 4.0 liters.
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The Mark-3 target’s neutron production efficiency has been
exhaustively optimized, benchmarked, and established, providing
vetted scattering kernels and a baseline for thermal and cold
neutron moderator performance in its design studies reported in
Secs. IV–VI. Next, we shift our focus to the Inverse Geometry
source design and explore its performance as a UCN current-
optimized source.

IV. BASELINE INVERSE GEOMETRY DESIGN

Figure 2 shows our baseline Inverse Geometry design.
The spallation target is a cylindrical shell made from tungsten with
an outer radius of 58 cm and a wall thickness of 5 cm. The target is
30 cm long to the proton beam, which is longer than the 22 cm
stopping length for 800MeV protons in tungsten.65 The impinging
proton beam is rastered to quasiuniformly illuminate the front face
of the target.

In the Lujan Center Mark-3 target, the front surface of the
target illuminated by the proton beam is 77 cm2, and the target can
accept 160 kW of proton beam heating. For the Inverse Geometry
target, the front illuminated surface being considered is 1700 cm2,
with the heating being up to 1MW. As shown in Ref. 66, the
maximum volumetric heat load in the target occurs in the first tung-
sten plate. This means that to the first order, the volumetric heat
load is proportional to the front illuminated surface area. Therefore,
the spatial-averaged beam power at the front face of the Inverse
Geometry target is , 28% of the Lujan Mark-3 target. Being able to
adequately distributing this heat load is what determines the smallest
dimensions possible for the Inverse Geometry’s target.

The rastering technique for a pulsed proton beam to quasievenly
distribute the heating on a tungsten target will be used at the
European Spallation Source (ESS).67–69 A long pulse structure is
better suited for rastering. At LANSCE, this can be achieved by using
the Hþ beam and not sending it through the proton storage ring.
The LANSCE pulse will then be long enough for ESS-type rastering.70

Doing this for the LANSCE pulse would also reduce the power
density deposited by a factor of two. This is because the beam profile
LANSCE delivered to the Lujan target is Gaussian, which has a
higher power density at the center of the beam than a flat profile.

While a more detailed analysis of the target cooling system is
beyond the scope of this work, the assumption that edge-cooling is
possible with this target is reasonable based on these heat distribu-
tion estimates.

At the core of the model is a cylindrical 40 l He-II bath with a
18 cm radius and 40 cm length. The He-II bath is surrounded by
a 5 cm thick LH2 (T ¼ 20K) as moderator. Both are encased by
5mm wall-thickness aluminum (Al) canisters. In our baseline
Inverse Geometry design, the thickness of the LH2 moderator is
chosen to be the same in the Mark-3-inspired UCN design. The
reflector between the target and the cold source is chosen to be Bi,
which is a good attenuator of γ-photons and protons, and ensures
minimal neutron absorption between the target and the LH2

moderator.
In our baseline Inverse Geometry design, for a beam power of

80 kW (100 μA) the He-II heat load is !27W. Therefore, we can
operate the target with almost 300 kW beam power to reach our
100W He-II heat load specification. For this baseline design,
PUCN ¼ 2:4# 108 s$1 is attained, which is already 1.7 times larger

TABLE II. Summary of the impact on key parameters from the different geometries and configurations studied in Secs. III–VI. In Column 1, the pre-moderator and moderator
thicknesses are indicated by “D2O” and “LD2” respectively, and the tungsten target position by “targ”. Following the values for these parameters, “(b)” and “(o)” indicates they
are either at their baseline or optimized values respectively. An asterisk (*) indicates that increasing the target position further would increase the proton power beyond the
1.0 MW constraint. The values shown are for the target location at this constraint. Column 2: the proton power that can be applied to reach the 100 W He-II heat load con-
straint. Columns 3–5: the percentage of the total He-II heat load due to neutrons, photons, or protons, respectively. Column 6: the CN flux at 1 meV per 100 μA proton current.
Column 7: the energy of the peak in the differential CN flux. Column 8: the optimized PUCN. Before the last two rows the PUCN values are before the reductions assigned to
the effects of the He-II scattering kernel and the He-II temperature and pressure. The last two rows show the impact on PUCN from reductions.

Geometry, configuration or effect

Proton
power at

100W He-II
(kW)

Neutron
heating
(%)

Photon
heating
(%)

Proton
heating
(%)

CN flux at 1
meV per proton
[cm−2 s−1 meV−1

(100 μA)−1]

Peak
CN flux
(meV)

PUCN
(s−1)

Mark-3-inspired UCN source (Sec. III) 120 67 28 5 5.8 × 1010 2.6 0.1 × 109

Baseline Inverse Geometry (Sec. IV) 300 4.5 × 1010 2.2 0.2 × 109

Inverse Geometry after modifications: (Secs. V and VI)
D2O = 5 cm (b), LD2 = 5 cm (b), targ = 0 cm (b) 680 77 19 4 7.4 × 1010 2.0 0.7 × 109

D2O = 5 cm (b), LD2 = 18 cm (o), targ = 0 cm (b) 700 63 30 7 11 × 1010 2.0 1.3 × 109

D2O = 7 cm (o), LD2 = 5 cm (b), targ = 0 cm (b) 710 74 21 5 6.0 × 1010 2.0 0.8 × 109

D2O = 7 cm (o), LD2 = 18 cm (o), targ = 0 cm (b) 600 69 24 7 17 × 1010 1.7 1.6 × 109

D2O = 5 cm (b), LD2 = 5 cm (b), targ = 29 cm (o)* 1000* 76 23 1 6.3 × 1010 2.0 1.1 × 109

D2O = 7 cm (o), LD2 = 5 cm (b), targ = 25 cm (o)* 1000* 74 24 2 5.3 × 1010 2.1 0.9 × 109

D2O = 5 cm (b), LD2 = 18 cm (o), targ = 26 cm (o)* 1000* 62 36 2 9.9 × 1010 2.0 1.7 × 109

D2O = 7 cm (o), LD2 = 18 cm (o), targ = 32 cm (o)* 1000* 67 32 1 14 × 1010 1.7 2.1 × 109

MCNP He-II kernel (10% reduction, Sec. VI D) 1.9 × 109

He-II pressure at 1 bar (3% reduction, Sec. VI E) 1.8 × 109
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Summary and additional effects on total UCN production rate

• MCNP did not have a superfluid 4He scattering kernel. Since our paper, we have developed 
this kernel with Chris Lavelle & Takeyasu Ito

• We want to pressurize SF4He to a modest 1 bar to reduce bubble formation that can scatter 
UCNs


