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* The European Spallation Source
 Motivation and current state of the art

* NNBAR project
* HIBEAM as a stepping-stone
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The European Spallation Source

ESS is the next generation
European neutron scattering
facility now under construction
in Lund, Sweden

* Consortium of 13 European
countries

e Construction started 2014
* Now ~85% complete
* User operations start 2027

4B\ THE UNIVERSITY
&) of EDINBURGH




How a spallation neutron source works

instrument

moderator

proton accelerator target

“spallation” is the process that releases
neutrons from the target nuclei
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Lund,
Sweden

.| Helium-cooled rotating W target
/il Hydrogen & water moderators
471 World-leading neutron brightness
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Accelerator can go up to 5SMW power but
right now ESS is committed to reach 2MW

.....
.

.....

15 neutron instruments approved and under construction
First beam on target end 2025; first science in 2026-27
22 instruments foreseen eventually
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. Inauguration of the ESS ion source - an in-kind
‘ contribution from Italy, with HM the King of Sweden
- and HE the President of the Italian Republic
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Neutron production target

Target drive housing

Steel
shielding

Neutron beam
extraction

Target wheel
Moderator and reflector plug

Proton beam window

Target wheel

Steel

Tungsten

Beam
entrance
window
(not shown)

D shat 1825 kg
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Neutron beam extraction

Moderator and reflector plugs Proton beam window
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Neutron Beam Port



(T o
Jr Bf. .m‘r
47’3‘5‘— "' aﬂ‘q‘

> *STEINE R ‘ \
=is -y - N oo < - i e L
> " r‘ "“.'.‘ . b4 - - {Pa . . . J3eena
- - 3 -z e p— ’ 4 4 : 41 . = ol
S , g iyl ...
L\\\\\\\!Q!((((((_. l 1 ‘:5; ; ~.C.l \«
- y gy | A ' - - . .

lll“
















Particle physics at ESS

* ESS business case based on delivering neutron fluxes for
materials science and biology that are 10-20 x higher than existing
facilities

 2MW (eventually 5MW) proton beam, ~ 2 GeV, 3 ms pulse @14Hz

* Potential for high impact physics with neutrons (and neutrinos)

* 2015 expression of interest to ESS attracted ~ 100 authors from 26
institutes

* In 2018, Science Advisory Committee identified Particle Physics
as one of the highest priority capability gaps for ESS
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Why search for neutron oscillations?

* In the absence of new physics at colliders, pursue all avenues
* BNV one of Sakharov conditions for matter-dominated universe
* Explore all the possibilities for AB, AL, A(B + L) # 0:

Protondecaye.g. p > ®+e*: AB# 0,AL+ 0
Ovpp:AB = 0,AL = 2
Neutron-antineutron oscillation: AB = 2,AL =0

* Search forn = n sensitive to the PeV scale for new physics
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Drift Vessel  yfu-Metal Shield

HS3

Neutron | e 1»-; —
Beam }7 T e s

Divergent Neutron Guide

I'm

= Free neutron oscillation search at ILL (1995)
* 58MW research reactor in Grenoble
* 100m propagation in field-free region
* n annihilation in 130 um carbon target

* 0 events observed with 0 background expected:
7> 0.86 x108s
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Bound neutrons — best limits from
Super Kamiokande

* n - n followed byn
annihilation and
disintegration

* Nuclear interactions:
model dependent

* Not background free

1011.

10
{ NNBAR 5MW

T > 4.7 x108s

Superk-1
1034
ILL-1994

Tnir (S)

107

We are probing the PeV scale!

10°;
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NNBAR

* High sensitivity free
neutron search for
n-n

* 200m decay path

* New large beam
port

e second moderator

Goal: X 1000 improvement over ILL
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NNBAR design

Residual B field <10 nT
Residual vacu

NNBAR optics
Target and Moderator /____-— el 4l

Large Beam Port 4, T i =——aa -
LBP ————
ballistic motion of neutrons

NNBAR detector area ] ! = , .

Beam Tube

Beam
- Trap

free from perturbing
magnetic stray fields, interaction with walls Detecto r
and ambient gas particles

Reflector Optics i i i ~
collect large solid angle of emitted : e Plonlc flnal State\/g' 2 GeV
TPC for *

neutrons and re-focus to detector
area

Lead glass calorimeter for °
Scintillator staves

Cosmic veto

1) v KE: 150.14 MeV
2) x* KE: 22.77 MeV
3) w KE: 62.3 MeV
4)  KE: 554.17 MeV
5) % KE: 365.99 MeV
6) “C KE: 4.44 MeV
* 2y from = decay

Eg double planar
reflector

- ¢
TPC + scintillators and
lead-glass

—~
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NNBAR performance

s MCNP + GEANT4 beamline [ reso Invariant mass

Detector level signal

and detector simulation i [

* Background suppression criteria . Cosmic
developed '’
I 1.00E+09 - Superk Lo c;tE)gL)}NE W (Gev) Slgnal
B 1.00E+08 At nene 1 OSCEF 2
A Delivers desired increase in
2 T ote sensitivity

1.00E+05
1945 1955 1965 1975 1985 1995 2005 2015 2025 2035 2045
Year

4&%F% THE UNIVERSITY
&) of EDINBURGH




HIBEAM

NNBAR conceptual design shows what is possible

... but requires new large beam port and a second moderator,
a new enclosure and long beamline with magnetic shielding

ESS priorities and funding will remain constrained until the 2030s

Develop the HIBEAM concept as a stepping-stone
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[ Annihilation detector (n — i, n — n' — 7 (a,d)) ]
[ Neutron detector forn — n’, (b)]
[ Neutron detector forn — n’' — n, (c)]

[Beam stop (n — n’ — n, (¢)]
[Beam stop (n — n' — 7, (d)]

Copper beamstop

B,C coating

Graphite foil TPC

Csl(Na) crystals

Steel passive shield
Iron yoke -
Annihilation detector :

Polystyrene cosmic veto

Aluminium vacuum pipe

with LiF coating The neutron beam will hit a thin carbon foil target

The carbon has large n annihilation cross section , mostly
transparent to neutrons

nN — <5> pions (1.8 GeV)
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HIBEAM detector

Cosmic veto

GEM

Vacuum tube pipe

C foil
GEM

Pionic final statey/s ~ 2 GeV
TPC forrt

Crystal or scintillator calorimeter for °

Option of using the existing WASA crystal
calorimeter (Uppsala)

Cosmic shielding and veto counters
(cosmics are the dominant background)

Carbon foil were the
annihilation takes place
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Gettin g tO HlBEAM

col ion
dule: 5120ch

VR RFI

Stockholm, Lund, Chal
ESS

+  WAGSA crystal calorimeter
» Scintillator/lead-glass

calorimeter \ -
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Frentend  SiPMs Aluminicam WLS Fiber

Annihilation detector
Neutron detector
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Other physics with HIBEAM

* Search for sterile neutrons - regeneration target and scanning
magnetic field

* Axion dark matter searches
* Potentially neutron EDM (repurposing the ORNL EDM apparatus)
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Current Status

* ESS council has approved 1.1M€ for neutron extraction system

* Construction and testing of annihilation detector prototype components;
validation and simulation; system integration at the ESS test beam line

Preparatory support from European Commission, Swedish Research Council

Institutes from Sweden, USA, Israel, France, Italy, Brazil, Australia

Co-spokespersons: G. Brooijmans (Columbia), D. Milstead (Stockholm)

Ready to move forward when construction funding is secured
(~ 15 M€ for minimum configuration)
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Conclusions

* ESS offers potentially very interesting new capabilities for particle
physics

* HIBEAM beamline approved in principle, X10 improvement in
discovery potentialforn — n

* Ready to go once funding is secured

* NNBAR demonstrates the longer-term potential to explore two
orders of magnitude further

* New collaborators welcome
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Thank you!



