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(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

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.

Slides from: D. Bowman, V. Gudkov, H. Shimizu, C-Y Liu, G. Greene, P. Schmidt-Wellenberg, V. Santoro,...



Nuclear/Particle/Astrophysics with Slow
Neutrons...

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

1s Particle Physics: but at an energy of 10-20 TeV,
using a low energy decelerator

employs a particle which, according to Big Bang Cosmology,
1s lucky to be alive

relies on experimental techniques and 1deas from nuclear, particle,
atomic, and condensed matter physics

1s pursued at facilities built mainly for chemistry, materials
science, and biology



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



Why is it such hard work to get slow

neutrons?
E
E=0
Neutrons are bound in nuclei, need
VN HE several MeV for liberation. We want
\ E~kT~25 meV (room temperature) or less
p N How to slow down a heavy neutral

particle with M= M, ? Lots of collisions...

el
.—> ‘ ’ [1/2]N=(1 MeV)/(25 meV) for N collisions
E 0 ‘\ E/2

Neutrons are unstable when free->not easy to accumulate



“Slow” Neutrons: MeV to neV

. Bn Nuclear reactor/
g 2ME @ Spallation source

oo QI
o>
0.leV AV Y Neutron Moderator
(LH2, LD2)
& b — TaK

F o T203K 3
Fission neutron spectrum | 10'F 3

neV meV

+F UCN Very cold Cold ThernmEpithe
% 7 T =

10" 10° 10° 10* 10° 102 10" 10°




Neutron Energy, Momentum, and Wavelength

Maxwell-Boltzmann o, (E) = [0, /T32] E exp (-E/T)
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Neutrons in Condensed Matter

for a “thermal” neutron (Ex=mv%/2=3/2 kT, T=300K-> E; =25 meV)
the de Broglie wavelength of the neutron is A= 2 Angstroms

L. A" N a:
W .

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



with 27T ahin,
V, =
V m,
n=_|1 2
\l E n — Neutron Kkinetic energy
If a > 0, total external reflection
nout=1 Z n —\/I—VO
in
/ E
O Z
All forces contribute to Vitrong=21h*pby/m, ~+/- 100 neV
the neutron optical Vinag==uB, ~+/- 60 neV/Tesla
potential: <V gray>=mgz~100 neV/m
<Vyea>=[21h*pb,/m]s -k/k|~10-"<V o>




Neutron optical guides at ILL/Grenoble (top view)
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Cold Neutron Guide Hall at NIST
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« What are UCN ?

— Very slow neutrons

e 500 A E<Vpsy) TP

that cannot penetrate into

rtai terial
certain materials / \h

c Neutrons can be trapped . .
In material bottles or by
. . @
magnetic fields R
@

Many interesting nuclear/particle/
astrophysics neutron expts. use UCN ‘—@ @




What methods are used to polarize neutrons?

it .
-

B gradients (Stern-Gerlach,
sextupole magnets)
electromagnetic

F=(ueV)B

Reflection from magnetic
mirror: electromagnetic+
strong

f+=a(strong) +/- a(EM)

with | a(strong)l=l a(EM)|
—=f+=2a, {-=0

Transmission through
polarized nuclei: strong
o+z o- = [+ = [-
Spin Filter: T,=exp|[-poc.L]



Neutron B-decay: an “80 GeV event”
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amplitude for

do beta decay
. process
i’J\ 1
=YY Yy,
Neutron Spin MW
wr Electron
d
a
d
distance exaggerated here
by factor 100 € "
My,~80 GeV

Measurement of neutron decay correlations to 10 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)



Big Bang nucleosynthesis

| us |'s

Thermal equilibrium After freezeout

(T > 1 MeV) n/p decreases due to
neutron decay
n
-Q/T
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Nucleosynthesis (T~0.1 MeV)
Light elements are formed

p+n—d+ry
d+ d —*He + v
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Almost all neutrons @
present are ‘He

Neutron lifetime dominates the theoretical
uncertainty of *He abundance.



Big Bang

nucleosynthesis:

theory and
observation

Proportions in
agreement with
astro observations!
(except for "Li...)
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Gravity¥ Magnetismq\
A nearly perfect neutron trap!

Vanadium sheet

Static field coils
: absorber

Halbach array of
NdFeB permanent
magnets

100 .

10'1 '

;i 7-860+19 s |
T, {
\*/DOF=0.89
0 500 1000 1500 2000 43500
tore [S]

D.J. Salvat et al. 1310.5759v3



Neutron Lifetime Measurement with a
Proton Trap and Flux Monitor peweyeta)

alpha, triton
detector
Y %
/, precision rrT roton
perture detector
‘\"" ;3 |
/ CFATETET, neutron beam
deposit mirror trap electrodes ~ door open

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



In-Beam Lifetime Apparatus @ NIST




neutron lifetime (s)

However, there is a unresolved discrepancy between two leading

methods to measure the neutron lifetime.
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The Situation Today - 2019
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P, CP, T, and CPT

Detector \
 Parity violation (1956)
— only in weak interaction e
« CP violation (1964) N
— parametrised but not understood "Co e
— 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:%CP w

T T

Ks ™

T



Matter Asymmetry of the Universe

Q: Why is there more matter than
antimatter in the Universe?
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In the lab we make equal amounts of matter and antimatter

So why is the universe lopsided? Is it just an accident? ~Search for antihelium in cosmic rays”
Phys. Lett. B461 (1999) 387.



Anti-matter annihilates with matter; Big-bang nucleosynthesis
somehow created a slight excess of matter to seed the universe

A\ g A\
T\
&g # i \

y Sakharov: The mechanism of
baryogenesis needs to have
the following criteria:

Np —Npg oy
n = N: baryon asymmetry of the universe (BAU) 1. Baryen nurnber Miolation
ny 2. Cand CP violation

3. Departure from thermal
Planck telescope: 1 = (6.10 + 0.04) x 10710 equilibrium



ng-ng starts from zero (otherwise inflation is destroyed, Dolgov)
Today: (ng-ng)/n,~6 x10-'° (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 /

\/
-

Searches for T and B violation with neutrons: |

Electric Dipole Moment Searches (E~0) g
T-odd Polarized Neutron Optics (E~6 MeV) 3 %
Neutron/antineutron Oscillations A



Time Reversal: “running the film backwards”

consider a T-odd dynamical P2(t=1)
variable P(t) ——p
TrT'=r
P1(t=0) ToT ! = —
Po=0) 0 TP
Tol " =-0
T[I', p]T_l = —[I', p]
P3(t=1) Etc.

—

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|O¢la> _, TiT = T= UK, K=complex conjugation



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

- i

d = [Fp()d*x=d,$

Non-zero d, violates both Pand T

Under a parity operation: Under a time-reversal operation:
s—s, E—-F s—=-5, E—F
d -E—-d -E d -E—-d E

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



EDM Measurement Principle/Sensitivity

B, B, lE B, IE

<Sz> = 4P1/2 e e

hv(0) hv(TT) hv(T)

<Sz> =) || —

v(MM) -v(N)= -4Ed/h

assuming B unchanged when E is reversed.

EDM limits -> ratio (T-odd amplitude in nucleon/strong amplitude)~10-"1
T violation from CKM phases smaller by ~5 orders of magnitude here

EDMs are ground state properties of the system: excitation energy ~0



A brief history of EDM searches
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The nEDM spectrometer at PSI

Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

with a TMQ resistance

' Cesium magnetometer

Precession chamber
where neutron pfeCGSS/OI’I
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light

Magnetic field coils
are wound around the vacuum
chamber to generate the holding

[ Mercury polarizing cell

where the mercury is polarized _J

Mercury lamp A

yER i e and compensating fields, as well
ultraviolet (263.7 nm) ) as the spin flipping fields
e—— Switch
to distribute the UCNSs to

different parts of the apparatus




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

-5 EDMs unambiguously indicate

charge parity violation (CPV)
« CPV natural in beyond standard model theories | ||
» CPV required for matter/ antimatter asymmetry |g@
*Neutron EDM uniquely sensitive to strong CPV |

Em'” ; . ; T
8 v Sussex, RAL, ILL
- 4 v PS| , -
= 1024 v ; i
A B dy <1.8 x 102 e*cm (90% C. L.)
’gmzs VA Phys. Rev. Lett. 124, 081803
2 v . A (2020)
S ) v | Unique features of result published in PRL
0" ¥ - Limit improved by factor 1.7
c b 20l |« Systematic errors reduced by factor five
oy | et | <Full comprehension of systematic effects from
3 10%4 2 5 1 s 0 s 1 15 2 . . . . .
0 mni it «v;_ Standardmodel caloulations higher order magnetic field non-uniformity
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ULTRACOLD NEUTRON SOURCES AND T
NEDM EXPERIMENTS; THE WORLDVIEW '

NC-State . ﬂ?lﬂf.::’mps,mm RCNP .

TRIUMF ... St outng | 1 I 'Sl e

T experiment RAD at TRIUME
e source tested Tummo couroe running RT E nt nnum
experiment under construction RT experiment (PNPI) setup nt under conctruction

PNPl e

He source under construction
RT experiment pianned (Ship from LL)

TUM e

D2 sowrce under construction
RT experiment shipped 1o ILL

NS wew

In He under

%m/o

B. Lauss, AFCI workshop



139La+n System

T+72.1e\
T+.734 eV )

MSﬁy Compound-Nuclear
States in 3°La+n

S —

x 10000

Neutron
threshold “
5.161 MeV .

system

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

140La G. S.



Parity Violation in n+ 13%La at 0.734 eV  Ac/c =0.097+.005.
Larger than nucleon-nucleon system by 106

700

S-wave
resonance

& 800 . . . .
o P-violation is enhanced in
= - W O eV 140
= 500} p-wave resonance
=
=
< 400} B
S f

n , = .
€ 300] v=(s|W|p)
a.
2
= 200
D -
3 100 (139)

0 - —

160 15;0 260
TIME CHANNELS (4 ps)

o
o
o

How? Neutron spends ~10% more time in the nucleus on the resonance

|dea is to use the observed enhancement of PV to search for a TRIV
asvmmetry.



Forward Scattering Ampliltude

~

f=A"+Bo- I+C’cr k+D'o-(Ixk)

T-violation
P-odd T-odd

qF

P-even T-even P-even -even

Spin Independent Spin D

s) p) ‘Pl/2>' ’P3/2>
Js EsU Ly JoEplply Thye Tpasm (W)

The enhancement of P-odd/T-odd amplitude on p-wave resonance (c.[K X ]]) is
(almost) the same as for P-odd amplitude (c.K).

00 pT
Experimental observable: ratio of P-odd/T-odd to P-odd amplitu>\PT — So
P

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

Ratio (T-odd amplitude in nucleon/strong amplitude)~10-1

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




n < n oscillations

Neutral meson lqq) states oscillate -

nd order weak

2
KO, BO /[ Interactions J \ K_O, BO

And neutral fermions can oscillate too -

(... )
V / \

u Vr

n/[New ]\_ %

physics n

So why not -

Neutron 1s 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 1s expected in many new theories beyond SM at
energy scale ~100 TeV



Neutron-Antineutron Oscillations: 2 x 2 Formalism

WY = ﬁ n-nbar state vector
n a#0 allows oscillations

E «
H=| "~ Hamiltonian of n-nbar system
a E.
2 2
En=mn+p +U, Eﬁ=mﬁ+p +U.
2m, 2m_

Note:
* o real (assuming T)
* m, =m,_ (assuming CPT)

* U, =U, in matter and in external B [u(77)=-u(n) from CPT]



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

(not to scale)
Cold n-source

E 25K D2

HFR @ ILL
57 MW

> fastn,Y background

Bended n-guide " Ni coated,
L~63m,6x12cm 2

H53 n-beam
~1.7-10'"'n/s Focusing reflector 33.6 m
No GeV background .
No candidates observed. Flight path 76 m
Measured I|m|_t for JOF>~0.109s o ior
a year of running: Magnetically Tracking&
shielded Calorimetry

95 m vacuum tube

withL ~90 m and (z)=0.11 sec

-18 Annihilation
measured P_ < 1.6 x 10 arget 211 g \ d
> E~1.8 GeV cam dump
T > 86 X 10 S€C ~1.25 10" n/s

Baldo-Ceolin M. et al., Z. Phys. C63,409 (1994).



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...

Cold Magnetic Vacuum

, Neutron shield tube - Detector

/ Moderator y
,/ Supermirror el
S — .fo.C sn. ............................................................ : ....... AR R 4

.\ reﬂgctto? Annihilation
target
' -

-4 >

L ~200-500m



ESS Neutron Instruments 1-15 essw
and HIBEAM and NNBAR locations

D08 « | ~BIFROST EO4
> L ““MIRACL

_». PP MAGIg
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o
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NMbar> 2030

The European Spallation Source and Future Free Neutron- Antineutron Transformation Searches

..G. Brooijmans,.... et al, arXiv: 2006.04907




What is a neutron interferometer?

Neutron interferometer is very similar to
a light interferometer:

------ M’ == M5 .
M, ’T\ 1 ) Spllt
: 2) Reflect
Source / \ Soguce 3) Recombine
Beam M, Soiitter combiner mirror_splitter
Splitter Path 2
v v

il

Michaelson interferometer

Jul H beam ( \

3He detector

Ow
A

phase flag

Path 1




How it works

Path 2

H beam

O

3He detector

Q phase flag

O beam

Path 1

Phase shift from the
sample shifts
iInterference pattern.

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

i (Counts / min)

Interference signals:

O beam: I, = A(1+ f cos(AD))

H beam: Iy = B— Af cos(AD))
A® : phase shift between two paths
I contrastivisibility
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NEUTRON COUNTS

Observation of Gravitationally Induced Quantum Interference™

R. Colella and A, W. Overhauser
Department of Physics, Purdue Universily, West Larfayette, Indiana 47907

and

S. A. Werner |
Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121
(Received 14 April 1975)

: Also done by H. Rauch
et al at Vienna

800~ -

600 »
!
. pt i . o e 3(
z : = 0 10 20
30 20 10 ¢ FIG. 1. Schematic diagram of the neutron interferom-

eter and 'He detectors used in this experiment.



NIST Neutron Interferometry facility

NlSI' Neutron Interferometer and Optics Facility

Components:

@ Collimator/shutter
Helium filled beam transport tube

% Focusing pyrolytic graphite monochromator

(@) Outer environmental enclosure

Primary vibration isolation stage

(6) Acoustic and thermal isolation enclosure

(7) Secondary vibration isolation stage

Enclosure for interferometer and detectors




Classical/QM Bouncing Neutrons

Classical View

neutron absorber

width h
is varied

neutron
detector

classical
neutron
trajectorles

neutron mirror

Quantum View

bound neutron states:
Airy functions

neutron absorber

width h
is varied

-Y-

neutron
detector

neutron mirror

initial neutron state: plane wave



Neutron Probability Distributions Above the Mirror

Z axis

V'(2)

J Shimaed B AN

40 um

30 um

/]
/]

20 um

10 pm

n=1

n=

mgz

...elc.

Combo. of
reflection from
mirror+gravity
gives bound
states

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

A quantum
bouncing ball!



Experimental Apparatus
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the Experimental Apparatus: Top View




count rate / s™

Observation/Comparison to Theory

0,1 -

0,01

Solid: Quantum expectation
for gravitational bound neutrons:
WKB |

X = 1.7 (35 DOF)

Dot: Quantum expectation
for gravitational bound neutrons:
WKB I

7 = 1.9(35DOF)

absorber-mirror distance | / pm



Applications in fundamental physics

- Search for extra fundamental forces at short distances of 1 nm - 10 um
-Verification of electrical neutrality of neutrons

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

Transition 1
1 — — ° -
probability E -E; =h-w, S OE,, ~107"%elV
induced by
v, = 260Hz i OF
vibrating mass 2 min_ - 10°°
L By — B
Perturbation frequency,

Hz

V.V.Nesvizhevsky



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,...



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!
ed Polarization
T Insensitive
Current-Mode
Detector
Ne
b Wi .
i, OO0 RSSO DI TERREEn v, (A v “\\",‘ \ R
p ,,"/ DI L e R
Lty )l B
. - i izer \
mounted on a Flipper

rotation stage Coils



CP/T Scientific reach: example

Top Yukawa Top C-EDM  h-g-g

Pseudo-scalar Yukawa

VImY, vImY] oImY? o'ImY] oAmY] PmY] od/m, 20| (rey)

|E+00 l
|E-02 2.5
|E-04 25
B  EoMs |
£06 [ LHC 250

® Neutron EDM is teaching us something about the Higgs!
® Future:factor of 2 at LHC; EDM constraints scale linearly

® Uncertainty in matrix elements strongly dilutes EDM constraints

V. Cirigliano, talk at Grenoble workshop on Particle Physics at Neutron Sources
PPNS-2018



Big-bang nucleosynthesis of “He and other light elements: the “He abundance (Y)
depends on the value of the neutron lifetime and the number of light neutrino

SpECiES 1019\ 0039 /N7 \ 0.163 / G, \ 035 0.73
Y, =0.24703 ( e l(;l) (’»_(b)) (G:o) (88:)"3v) [p(n, y)d)*™5[d(d, n)*He|*%%[d(d, p)1]°0%

baryon density Qh® 0.023sf"
0.01
o ' : 0.0230p
0.25 e
2 0.0225}
0.24 =
0.23 % 0.0220f -Yp
a
x 1072 -DH
E 0.0215} i
10~ 0.0210} - ;
E - BBN+CMB
0
F 10 0.0205}
10-* 1.0f
T 08
3
2 g? 06
a
10-1° 0.4
10"° lo-. 0.2}
baryon—-to-photon ratio 7 ; ¥ N
0.0Uacsast o e :
Rev. Mod. Phys. 88, 015004 (2016) . a 1\310 35 40 16

eff Physics Reports 754, 1-66 (2018)



EDITORS’ SUGGESTION Phys. Rev. C (2015)
Search for time reversal invariance violation in neutron transmission
J. David Bowman and Vliadimir Gudkov

unpolarized target r:;:rnnzsa':::
source polarization, |
field, Bt detector
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The authors analyze a novel null test to search for time reversal invariance in a model neutron
transmission experiment. The proposed experimental procedure involves nuclear reactions and is

sensitive to the neutron-nucleus interactions. The approach could significantly increase the discovery
potential compared to the limits of present experiments.



Classical Theory of Weak Decay

Standard Model for neutron decay:
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‘Vud‘z + ‘Vus‘z + ‘Vub‘z — 1_A Unitarity of CKM matrix

Expression for neutron lifetime in Standard Model
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