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What are the neutron source properties one wants for this physics?
What are the physics topics addressed using slow neutrons now?
What areas might be promising to investigate for the gamma factory?
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Neutrons at the Gamma Factory?

Neutrons with the expected intensity reaching 101°
neutrons/s (first generation neutrons) and radioactive,
neutron-rich ions with the intensity reaching
10'* ions/s. Preliminary estimates show that the intensity
of the Gamma Factory beams of neutrons and
radioactive ions could approach those of the European
projects under construction, like ESS (and FAIR) and
the planned EURISOL facility.

The Gamma Factory
beams may turn out to be more effective in terms of
their power consumption efficiency since almost 10%
of the LHC RF power could be converted into the power
of the neutron and radioactive ion beams if the energy
of the photon beam is tuned to the Giant Dipole Resonance
(GDR) region of the target nuclei.



European Spallation Source

The European Spallation Source [ESS) is a multi-disciplinary research

centre based on the world's most powerful neutron source. ESS will ESS
give scientists new possibilities in a broad range of research, from DMSC F. & Lund
life science to engineering materials, from heritage conservation to Copenhagen

magnetism. ESS is a pan-European project, with Sweden and Den-
mark serving as host countries. The main research facility is being
built in Lund, Sweden, and the Data Management and Software
Centre [DMSC) is located in Copenhagen, Denmark.

PROTONS GENERATED CAVITIES ACCELERATE
IN AN 100 SOURCE EXAMPLE OF CAVTIES THE PROTONS
In the ion source protons are Electromagnetk fields are used to

generated and guided into the inear
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TOTAL BUILDING AREA 65 000 m*

The ESS faclity will be approximately 650 metres in Concrege: 50000 m*
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THE TARGET IS THE NEUTRON SOURCE

When the accelerated protons hit the
rotating tungsten target wheel spallation
occurs and neutrons are scattered from '_o_>
the tungsten nucleus. The more neutrons

produced and collected in the target, the

“brighter” the neutron source. The

nautrons are directed through modera-

tors and neutron guides to the scientific

Instruments where they are used for

expenments, The Target monolth
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E55 will have 22 tailor-made instruments located in three
experimental halls, Neutrans are excellent for probing
matenals on an atomic and molecular level — eventhing
from motors and medicing, to plastics and protens

halls are resting on a total of 6,400 plles of The neutrons hit the sample and detectors register the
different types, in order to avoid urwanted neutron scattenng, gvng precse information about the
mavements in the structure matenal's structure and dynamics.

PILES TO AVOID MOVEMENTS
The heavy Target bulding and experimental

SMW “long-pulsed’ spallation neutron source

Rotating W spallation target

~3 msec pulses, 2 GeV proton linac, 14 Hz rep rate




Advantages of Slow Neutrons for
Nuclear/Particle/Astrophysics

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

-> negligible 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 near-threshold n-A resonances as an “amplifier’ of
symmetry violation

To use free neutrons: need to liberate and cool them



“Slow” Neutrons: MeV to neV
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Cold Neutron Guide Hall at NIST




« 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
ot+# 0- = [+ = -
Spin Filter: T .=exp[-po.L]



Why is it such hard work to get slow

neutrons?
E
E=0
Neutrons are bound in nuclei, need
VN BE several MeV for liberation. We typically 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...

A
‘—» ’ ‘ [1/2]N=(1-100 MeV)/(25 meV)
0

‘ for N collisions. N~20



Slow Neutron Source Brightness: (very) slow rise

Instantaneous thermal neutron flux n/cm?-s

Why so flat?
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Reactor core/spallation target heat transfer limit: target melts

Conservation of baryon #
No courage to try fission multiplier (Dubna?)

® Fission reactors

m Particle driven (pulsed)

A Particle driven (long pulse)

¢ Particle driven (steady state
Existing (gamma, n) photoneutron sources: lower/not on the plot g Pulsed reactor



Neutrons at the Gamma Factory?

almost 10% of the LHC RF power could be converted into the power of
the neutron and radioactive ion beams if the energy of the photon
beam is tuned to the Giant Dipole Resonance (GDR) region of the
target nuclei.

Questions/considerations:

(1) CW, or possibility of pulsed operation ~10-100 Hz? (latter is regime
needed for slow neutron TOF energy measurement)

(2) Efficiency of (gamma, n) conversion for GDR excitation?

(3) Other ideas to consider:

(a) deuteron photodisintegration JUST above threshold: neutron
can emerge “already slow” [~keV]

(b) Choose one of the many sharp (gamma, n) resonances in
heavy nuclei [natural widths ~100 meV, Doppler-broadened
widths ~eV, some of these resonances close to the unitarity
limit]



Recent Particle Physics with Slow Neutrons:
Four Main Scientific Areas

Neutron beta decay: .
Weak interaction physics/cosmology

Neutron-neutron/neutron-proton
weak interactions:

Strong interaction physics
\computational frontier

Searches for T and B violation:
BSM/Cosmology

Searches for light, weakly-coupled
particles:

BSM/Cosmology




Neutron B-decay: an “80 GeV event”
e~
\\Q\o

p
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amplitude for
beta decay
process

Neutron Spin

Electron

ﬂh

distance exaggerated here |
by factor ~100 C"
My,~80 GeV

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

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



Classical Theory of Weak Decay

Standard Model for neutron decay:

G. a0
H=T;Vud p{m(l+Ms)+ upzmu 0.9 }n ey (1-ys)v,

p

(d, \ /d (Vud Vus Vub\
s B UCKM & UCKM - Vcd Vcs Vcb
\th Vts th ]

‘Vud‘z + ‘Vus‘z + ‘Vub‘z — I_A Unitarity of CKM matrix

Very active research

Expression for neutron lifetime in Standard Model area!

_ fRm ~c* Deviations from CKM
T = VudZGF2(1 T 3)L2) 27131;7 unitarity at ~few sigma
level: stay tuned



Big Bang nucleosynthesis

| us |'s | 00s

Thermal equilibrium After freezeout Nucleosynthesis (T~0.1 MeV)
(T > 1 MeV) n/p decreases due to Light elements are formed
neutron decay
n o pt+n—d+ry
D n—p+e + U d—l—d—>4He—|—7
P+ Ve >N+ e’
N+Ve<>p+e
@
e .. ©O®
0 ' o | o
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@ e ®
@ Almost all neutrons O

present are ‘He

Neutron lifetime dominates the theoretical uncertainty of *He
abundance.
As microwave background measurements improve: chance to learn
something new



neutron lifetime (s)

However, there is a unresolved discrepancy between two leading
methods to measure the neutron lifetime.

The Situation Today - 2019
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Weak Interaction in Hadronic Systems:
“computational frontier” of QCD

P n Z/ W= Exchange
g eak Interaction~1/100fm

The range of weak interaction is short
compared with the size of the nucleon
—> sensitive to quark-quark correlation
in the nucleon

Gluon/ Meson Exchange
Strong Interaction~1fm

The weakness of the weak interaction leaves the ground state nucleons
unchanged. Weak interaction violates parity, strong interaction conserves parity

Weak NN interactions are first-order sensitive to quark-quark correlations

Nucleon-nucleon (NN) weak interactions can provide a unique test of QCD in the
low energy limit. Lattice gauge theory can calculate this with exascale computers

 Scientific Discovery

\\\: through [ ‘,:":.f"—""\»{_‘.‘:-‘.\_ \li_ .
) Advanced Computing J / — ) j[ [




Example P-odd Observables in n-p, n-3He, and n-*He
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LOQCD Challenges for Parity Nonconservation

g R

Al=0,1,2

O The “disconnected” quark loops are numerically more
expensive, and stochastically noisier

O LQCD calculations can project onto definite Al
The Al=2 P-odd 4-quark operator is the easiest one to calculate on

the lattice. Cal-Lat +collaborators plan to perform the calculation.
A. Walker-Loud



Parity Violation Experiments at HIGS27?

e e

HIGS2 Concept

P, IR Laser

HIGS2
R e =
OK-4 Y —rays
FEL Wiggler Switchyard 2012/06/01

~10™"to 102 polarized y/sec (X100 increase in polarized gamma flux relative to HiGS1.)

Circularly polarized gammas (>~90%), fast (~100 Hz) and high-quality gamma helicity
reversal possible

Controlled beam phase space: ~1% energy resolution on gamma energy (2-12 MeV)

These are attractive features in principle for parity violation experiments



Parity Violation in deuteron photodisintegration

;& Pp

NVWA_,
V v ~(®n

Parity violation leads to helicity dependence of photodisintegration cross section
The neutron can escape the target and its intensity can be detected in current mode
Signal is helicity dependence of neutron current from target

Detect also scattered and transmitted gammas for normalization/systematics effect
suppression

Dominated by the AlI=2 NN weak amplitude, calculable on the lattice

Need to supply >~10'® gammas just above photodisintegration threshold.



Sakharov Criteria to generate matter/antimatter
asymmetry from the laws of physics

— Baryon Number Violation (not yet seen)
— C and CP Violation (seen but too small by ~10'9)
— Departure from Thermal Equilibrium

A.D. Sakharov, JETP Lett. 5, 24-27, 1967

Relevant neutron experimental efforts:

Neutron-antineutron oscillations
Electric Dipole Moment searches }}15
T Violation in Polarized Neutron Optics (I/Qé)




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 |@
*Neutron EDM uniquely sensitive to strong CPV |
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ULTRACOLD NEUTRON SOURCES AND e
NEDM EXPERIMENTS: THE WORLDVIEW |

NC-State s AP RCNP e,

TRI UMF . e (Franoe) He source at TRIUMF

(Canada) A2 — et RT experiment RED at TRIUMS
He source tested Turbine couroe running RTE nt finiched
RT experiment under construction RT experiment (PNPI) setup new gxperiment under conctruction

PNPl e J-PARC...

He source under construction
D2 source In discussion
RT experiment planned (Ship from LL) RT experiment in discussion

TUM
< e
S

NS“‘M RT experiment shipped 1o ILL

In He under

LANL c..

D2 couroe runnin,
RT experiment R&D

B. Lauss, AFCI workshop



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
' -

- >

L ~ 200 -500m



ESS Neutron Instruments 1-15 6581
and HIBEAM and NNBAR locations
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NMbar> 2030

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

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




Conclusions

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

Slow neutron beams for this physics at CW and pulsed neutron
sources already exist, but they are busy.

Two natural (to me) possibilities for neutron physics at this
proposed gamma facility:

(1) Parity violation in deuteron photodisintegration. Enables
Standard Model test in an uncommon regime. Can be done
using the gammas.

(2) Neutron-antineutron oscillation search. CERN a “natural”
place to do this physics if no luck at ESS

Other opportunities might also exist depending on source details
(GDR? Photodisintegration? Compound resonances?)



