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Laboratory Cosmology with Slow Neutrons 

W. M. Snow
Indiana University Center for Spacetime Symmetries

A couple of articles:

W. M. Snow, Exotic Physics with Slow Neutrons, Physics Today 66, 50 (2013).
G. L. Greene and P. Geltenbort, A Puzzle Lies at the Heart of the Atom, Scientific American, 
April 2016.

(0) Neutron Sources and Optics

Three scientific examples:
(1) Neutron lifetime
(2) Neutron Searches for Time Reversal and Baryon Number Violation
(3) Neutron Interferometry and Gravity

Slides from: D. Bowman, V. Gudkov, H. Shimizu, C-Y Liu, G. Greene, P. Schmidt-Wellenberg, V. Santoro,… 
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Nuclear/Particle/Astrophysics with Slow 
Neutrons...

is Particle Physics: but at an energy of 10-20 TeV, 
using a low energy decelerator

employs a particle which, according to Big Bang Cosmology, 
is lucky to be alive

is Nuclear physics, but with an “isotope of nothing”

relies on experimental techniques and ideas from nuclear, particle,
atomic, and condensed matter physics

is pursued at facilities built mainly for chemistry, materials 
science, and biology
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Advantages of Slow Neutrons for
Nuclear/Particle/Astrophysics

zero electric charge, zero electric dipole moment, small electric
polarizability, small magnetic dipole moment

-> negligible quantum decoherence from environment

-> precision tests of symmetry principles are possible

Slow decay rate, strong interaction with nucleus

-> timescales relevant for Big Bang Cosmology

-> can use the nucleus as an “amplifier” of symmetry violation

To use free neutrons: need to liberate and cool them
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Why is it such hard work to get slow 
neutrons?

E

E=0

p n

VNN
Neutrons are bound in nuclei, need
several MeV for liberation. We want 
E~kT~25 meV (room temperature) or less

How to slow down a heavy neutral
particle with Mn= Mp ? Lots of collisions… 

E 0 E/2

[1/2]N=(1 MeV)/(25 meV) for N collisions

Neutrons are unstable when free->not easy to accumulate
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“Slow” Neutrons: MeV to neV
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Neutron Energy, Momentum, and Wavelength
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Neutrons in Condensed Matter 

|k> |p> 

for a “thermal” neutron (EK=mv2/2=3/2 kBT, T=300K-> EK=25 meV)
the de Broglie wavelength of the neutron is l≈ 2 Angstroms 

Thermal neutrons have the right energies and momenta to match 
excitations (phonons, spin waves, molecular rotations…) and static 

structures (crystals, molecular shapes,…) in condensed media 

phonon

|k>
|p> 

diffraction
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Potential step -> neutron index of refraction

€ 

with

           n = 1− V0

En Neutron kinetic energy

  

€ 

            V0 =
2π a2n0

mn

If a > 0, total external reflection

θ

1nout =

E
V1n 0

in −=

<Vstrong>=2ph2rbs/m, ~+/- 100 neV
<Vmag>=µB, ~+/- 60 neV/Tesla
<Vgrav>=mgz~100 neV/m
<Vweak>=[2ph2rbw/m]s·k/|k|~10-7<Vstrong>

All forces contribute to
the neutron optical
potential: 



SAC MEETING 2014-02

Neutron optical guides at ILL/Grenoble (top view)
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Cold Neutron Guide Hall at NIST

n
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Ultra-Cold Neutrons (UCN) 
(Fermi/Zeldovich)

• What are UCN ?
– Very slow neutrons

(v < 8 m/s, l > 500 Å, E<Voptical )
that cannot penetrate into 
certain materials

Neutrons can be trapped 
in material bottles or by 

magnetic fields

Many interesting nuclear/particle/
astrophysics neutron expts. use UCN
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What methods are used to polarize neutrons?

B

B gradients (Stern-Gerlach,
sextupole magnets)
electromagnetic
F=(µ•Ñ)B

Reflection from magnetic
mirror: electromagnetic+
strong
f±=a(strong)  +/- a(EM) 
with | a(strong)|=| a(EM)|
Þf+=2a, f-=0 

B

r

Transmission through
polarized nuclei: strong
s+≠ s- Þ T+ ≠ T-
Spin Filter:T±=exp[-rs±L]

L



SAC MEETING 2014-02

Neutron b-decay: an “80 GeV event”

MW~80 GeV

Measurement of neutron decay correlations to 10-4 precision is
sensitive to new physics at a scale ~10 TeV

~ one order of magnitude in energy scale beyond reach of LHC

uses the simplest three-quark bound state (->theory is clean)

=
1
MW

2 ψνψeψuψd

distance exaggerated here 
by factor 100

amplitude for 
beta decay
process
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e- e-

Neutron lifetime dominates the theoretical 
uncertainty of 4He abundance.

Almost all neutrons 
present are 4He

1µs
Thermal equilibrium 

(T > 1 MeV)

1s
After freezeout

n/p decreases due to 
neutron decay

100s
Nucleosynthesis (T~0.1 MeV)

Light elements are formed

Big Bang nucleosynthesis



SAC MEETING 2014-02

Almost all neutrons 
present are 4He

Big Bang 
nucleosynthesis:
theory and 
observation

Proportions in 
agreement with 
astro observations!
(except for 7Li…)
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D.J. Salvat et al. 1310.5759v3 

A nearly perfect neutron trap!

Halbach array of 
NdFeB permanent 
magnets

Vanadium sheet 
absorber

Static field coils

UCN trap door

Gravityê Magnetismé
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Neutron Lifetime Measurement with a
Proton Trap and Flux Monitor (Dewey et al)  

dN(t)/dt=-N(t)/t, measure decay rate and total # of neutrons in a known 
beam volume

Protons from neutron decay trapped in a Penning trap and counted

Neutron # in trap inferred from flux monitor
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In-Beam Lifetime Apparatus @ NIST
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P, CP, T, and CPT

• Parity violation (1956)
– only in weak interaction

• CP violation (1964)
– parametrised but not understood
– only seen so far in oscillating neutral 

meson systems
– Doesn’t seem to be responsible for baryon 

asymmetry of universe
• T violation (1999)

– CPT is good symmetry: T « CP

p

p

p
p

p
KS

KL

e-
60Co

Detector
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Q: Why is there more matter than 
antimatter in the Universe?

Matter Asymmetry of the Universe

In the lab we make equal amounts of matter and antimatter
So why is the universe lopsided? Is it just an accident?
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nB-nB starts from zero (otherwise inflation is destroyed, Dolgov)

Today: (nB-nB)/nγ~6 x10-10 (E. Komatsu et al, ApLS, 192 (2011))

Sakharov Criteria to generate matter/antimatter asymmetry from 
the laws of physics (A.D. Sakharov, JETP Lett. 5, 24-27 (1967))

(1) Baryon Number Violation (not yet seen)
(2) Departure from Thermal Equilibrium 
(3) C and CP Violation (seen)
(1+2+3) far too small given the known Higgs mass

Matter/Antimatter Asymmetry in Big Bang

Searches for T and B violation with neutrons:

Electric Dipole Moment Searches (E~0) 
T-odd Polarized Neutron Optics (E~6 MeV)
Neutron/antineutron Oscillations  



SAC MEETING 2014-02

Time Reversal: “running the film backwards”

P1(t=0)

P2(t=1)

-P2(t=0)

P3(t=1)

Is the final state of the motion with time-reversed final conditions 
P3(t=1) the same as the time-reversed initial condition -P1(t=0)?          

In QM: reversal of initial and final states:
<a|O|b> -> <b|OT|a>

consider a T-odd dynamical
variable P(t)

→ K=complex conjugation

Etc.
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Electric Dipole Moments: 
P-odd/ T-odd Observable

sdxdxxd nn ˆ)( 3 == ∫ ρ


Non-zero dn violates both P and T

Under a parity operation: Under a time-reversal operation:

EEss


−→→ ,ˆˆ EEss


→−→ ,ˆˆ

EdEd nn


⋅−→⋅ EdEd nn


⋅−→⋅

EDMs are “null tests” of time reversal invariance 
(no “final state effects” can fake an EDM) |i>=|f>
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EDM Measurement Principle/Sensitivity

n(­­) – n(­¯) =  – 4 E d/ h
assuming B unchanged when E is reversed.

B0 E
<Sz> = + h/2

<Sz> = - h/2

hn(0) hn(­­) hn(­¯)

B0 B0 E

EDM limits -> ratio (T-odd amplitude in nucleon/strong amplitude)~10-11

T violation from CKM phases smaller by ~5 orders of magnitude here

EDMs are ground state properties of the system: excitation energy ~0
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A brief history of EDM searches

RAL-Sussex-ILL 
dn < 3 x 10–26 e cm (90% C.L.)
C.Baker et al. PRL(2006) 131801
J.M. Pendlebury et al., PRD 92 (2015) 092003

Smith, Purcell, 
Ramsey
dn< 5 x 10–20 e cm
PR 108 (1957) 120

First neutron
Previous

~ 60 years

Neutron Electron Mercury

109

P. Schmidt-Wellenburg



SAC MEETING 2014-02

The nEDM spectrometer at PSI
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Most sensitive result  on neutron electric dipole 
moment (EDM) measured at the PSI UCN source

EDMs unambiguously indicate 
charge parity violation (CPV)

• CPV natural in beyond standard model theories
• CPV required for matter / antimatter asymmetry
• Neutron EDM uniquely sensitive to strong CPV

Unique features of result published in PRL
• Limit improved by factor 1.7
• Systematic errors reduced by factor five
• Full comprehension of systematic effects from 
higher order magnetic field non-uniformity

• First fully blinded analysis in two distinct teams

dn <1.8 x 10-26 e*cm (90% C. L.)
Phys. Rev. Lett. 124, 081803 
(2020)   

P. Schmidt-Wellenburg
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B. Lauss, AFCI workshop
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Low energy neutrons can access a dense forest 
of highly excited states in the compound nucleus. 

Large amplification of discrete symmetry violation 
(P and T) is possible. Very large amplifications 
of P violation were observed long ago
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Parity Violation in n+ 139La at 0.734 eV     Ds/s =0.097±.005.          
Larger than nucleon-nucleon system by 106

How? Neutron spends ~106 more time in the nucleus on the resonance

Idea is to use the observed enhancement of PV to search for a TRIV 
asymmetry.
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The enhancement of P-odd/T-odd amplitude on p-wave resonance (s.[K X I]) is 
(almost) the same as for P-odd amplitude (s.K).

Experimental observable: ratio of P-odd/T-odd to P-odd amplitudes 

l can be measured  with a statistical uncertainty of ~10-5 in 107 sec at MW-
class spallation neutron sources.

Ratio (T-odd amplitude in nucleon/strong amplitude)~10-11

Forward scattering neutron optics limit is null test for T (no final state effects)

�PT =
��PT

��P

⇥�n · ( ⇥kn � ⇥I)
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n ! n oscillations
Neutral meson |qqñ states oscillate -

K0, B0 K0, B0
2nd order weak 

interactions

And neutral fermions can oscillate too -

nµ nt
…

So why not -

n n
New 
physics

?

Neutron is a long-lived neutral particle and can oscillate to an antineutron. 
No oscillations have been seen yet.

Need interaction beyond the Standard Model (SM) that violates Baryon 
number (B) by 2 units. This is expected in many new theories beyond SM at 
energy scale ~100 TeV
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Neutron-Antineutron Oscillations:  2 x 2 Formalism 

Ψ = n
n

"

#
$

%

&
'    n-nbar state vector

H =
En α

α E n

"

#

$
$

%

&

'
'   Hamiltonian of n-nbar system

En =mn +
p2

2mn

+Un   ;   En =mn +
p2

2mn

+Un

Note :
• α  real (assuming T) 
•  mn =mn  (assuming CPT)
•  Un ≠Un  in matter and in external B [µ n( ) = −µ n( )  from CPT]  

a≠0 allows oscillations
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HFR @ ILL
  57 MW

 Cold n-source
25Κ  D2

fast n, γ   background

Bended n-guide    Ni coated, 
          L ~ 63m, 6 x 12 cm      2  

58 

H53 n-beam
~1.7 10   n/s. 11

(not to scale)

Magnetically 
shielded 

 95 m vacuum tube

Annihilation 
target ∅1.1m
ΔE~1.8 GeV

Detector:
Tracking&

Calorimetry

Focusing reflector 33.6 m

Schematic layout of
Heidelberg - ILL - Padova - Pavia nn search experiment 

at Grenoble  89-91

Beam dump

~1.25 10   n/s11

Flight path 76 m
< TOF> ~ 0.109 s

Discovery potential :
N tn ⋅ = ⋅2 915 10. sec

Measured limit : 
τnn ≥ ⋅8 6 107. sec

N-Nbar search at ILL (Heidelberg-ILL-Padova-Pavia)

with L ~ 90 m  and  t = 0.11 sec
measured Pnn < 1.6 ×10−18

τ > 8.6 ×107 sec

No GeV background
No candidates observed.
Measured limit for 
a year of running:

Baldo-Ceolin M. et al., Z. Phys. C63,409 (1994).
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Better Cold Neutron Experiment (Horizontal beam)
•  need cold neutron source at high flux n source, close access of 
neutron focusing reflector to cold source, free flight path of ~200m

Improvement on ILL experiment by factor of ~1000 in transition
probability is possible! An uncommon opportunity…
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…G. Brooijmans,…. et al, arXiv: 2006.04907
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What is a neutron interferometer?

Top View

d

splittermirrorcombiner

Neutron interferometer is very similar to 
a light interferometer:
1) Split
2) Reflect
3) Recombine

Michaelson interferometer
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How it works

Phase shift from the 
sample shifts 
interference pattern.

))cos(1(0 DF+= fAI
))cos(DF-= AfBIH

O beam:

H beam:
DF : phase shift between two paths
f : contrast/visibility

Plot taken from: Precision neutron interferometric 
measurements and updated evaluations of 
the n−p and n−d coherent neutron scattering 
lengths, Phys. Rev. C 67, 044005

Interference signals:
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Also done by  H. Rauch 
et al at Vienna
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NIST Neutron Interferometry facility
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Classical/QM Bouncing Neutrons
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Neutron Probability Distributions Above the Mirror
Combo. of 
reflection from 
mirror+gravity
gives bound 
states

Linear potential
V=mgz. Airy 
functions solve
Schrodinger eqn.

A quantum 
bouncing ball!
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Experimental Apparatus
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the Experimental Apparatus: Top View
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Observation/Comparison to Theory
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V.V.Nesvizhevsky

- Search for extra fundamental forces at short distances of 1 nm - 10 µm

-Verification of electrical neutrality of neutrons

-Search for dark energy fields (chameleons, symmetrons,…)

Perturbation frequency, 
Hz

Transition 
probability

induced by 

vibrating mass

eVE 18
min 10−≈δ

6

12

min 10−≈
− EE
Eδ

ijji wEE ⋅=− h
Hz26021 ≈ν

Quantum trap

Resonance 
transitions

Applications in fundamental physics



SAC MEETING 2014-02

Conclusions 

Slow neutrons can address many interesting scientific questions 
in nuclear/particle/astrophysics and cosmology

Neutron decay: test of weak interaction theory, input for Big Bang 
nucleosynthesis

Neutron time reversal tests: search for new physics, could help 
explain the matter-antimatter asymmetry of the universe

Neutron/antineutron oscillations: sensitive search for  baryon 
number violation

Neutron interferometry/gravity: shows that gravity produces 
quantum interference, search for dark energy fields,…
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How Do We “Reverse Time”?
If we can experimentally reverse all of the vectors that are odd under the 

T transformation and reverse the initial and final states, this would be 
equivalent!

Polarized 
Nuclear 
Target

Spin 
Flipper 
Coils

3He 
Polarizer

Polarization 
Insensitive 
Current-Mode 
Detector

Whole thing 
mounted on a 
rotation stage

Neutron 
beam 
pipe
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CP/T Scientific reach: example

V. Cirigliano, talk at Grenoble workshop on Particle Physics at Neutron Sources 
PPNS-2018
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EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission

J. David Bowman and Vladimir Gudkov



SAC MEETING 2014-02

Classical Theory of Weak Decay

( ) ( )p nF
5 5 e

p

1 1
22 ud

GH p q n e
m

V ν µ
µ µν

µ µ
γ γ σ γ γ νλ
% &−( (

= + + −) *
( (+ ,

Standard Model for neutron decay:

!
!
!

"

#

$
$
$

%

&

=
!
!
!

"

#

$
$
$

%

&

'

'

'

b
s
d

U
b
s
d

CKM
!
!
!

"

#

$
$
$

%

&

=

VVV
VVV
VVV

tbtstd

cbcscd

ubusud

UCKM

|Vud|2 + |Vus|2 + |Vub|2 = 1-Δ 

5 4
1 2 2 2

3 7(1 3 ) 2ud

R
e

F
fV mG c

hλτ
π

− = +

Unitarity of CKM matrix

Expression for neutron lifetime in Standard Model


