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SoLid: Search for Oscillations with a Lithium-6 
Detector at the SCK•CEN BR2 reactor

Recent Analysis Results
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Daniel Saunders, on behalf of the SoLid collaboration
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• Systematic flux deficit in previous 
reactor ν experiments: 2.7σ [1, 4] - 
reactor anomaly

• Other motivations from other 
experiments at different distance 
scales - see [2]

• Gallium anomaly (2.8σ) [3], tension 
between beam experiments LSND & 
MiniBoone [3]

• Could be explained by the 
existence of a sterile neutrino
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Figure 1. Left: Allowed regions of oscillation parameters from SBL reactor data in the 3+1
scheme for a rates only analysis (contours) as well as a fit including Bugey3 spectral data (colored
regions). Right: Event rates in SBL reactor experiments compared to the predictions for three
representative sets of oscillation parameters. The thick (thin) error bars correspond to uncorrelated
(total) experimental errors. The neutrino flux uncertainty is not included in the error bars. The
Rovno and SRP data points at 18 m have been shifted for better visibility.

even shorter baselines. However, from the GOF values given in Tab. 4 we conclude that
also those solutions provide a good fit to the data.

3.2 The Gallium anomaly

The response of Gallium solar neutrino experiments has been tested by deploying radioac-
tive 51Cr or 37Ar sources in the GALLEX [84, 85] and SAGE [86, 87] detectors. Results
are reported as ratios of observed to expected rates, where the latter are traditionally
computed using the best fit cross section from Bahcall [88], see e.g. [19]. The values for
the cross sections weighted over the 4 (2) neutrino energy lines from Cr (Ar) from [88]
are �

B

(Cr) = 58.1 ⇥ 10�46 cm2, �
B

(Ar) = 70.0 ⇥ 10�46 cm2. While the cross section for
71Ga ! 71Ge into the ground state of 71Ge is well known from the inverse reaction there
are large uncertainties when the process proceeds via excited states of 71Ge at 175 and
500 keV. Following [88], the total cross section can be written as

�(X) = �
g.s.

(X)

✓
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(3.4)

with X = Cr, Ar. The coe�cients a
Cr

= 0.669, b
Cr

= 0.220, a
Ar

= 0.695, b
Ar

= 0.263 are
phase space factors. The ground state cross sections are precisely known [88]: �

g.s.

(Cr) =
55.2⇥ 10�46 cm2, �

g.s.

(Ar) = 66.2⇥ 10�46 cm2. BGT denote the Gamov-Teller strength of
the transitions, which have been determined recently by dedicated measurements [89] as

BGT
175

BGT
g.s.

= 0.0399± 0.0305 ,
BGT

500

BGT
g.s.

= 0.207± 0.016 . (3.5)

In our analysis we use these values together with Eq. (3.4) for the cross section.

– 10 –

Motivation (reminder)
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Challenges at VSBL
Detector 
• High resolutions for oscillation search:

• Spatial
• Energy

• Effective background rejection:
• Low overburden
• Reactor radiation

Reactor 
• Compact core

• Understood fuel composition
• Access as close as possible

• Security implications (e.g access rights, 
reduce flammable liquids)
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SoLid Solutions

• Highly segmented detector:
• Localisation of events
• (Quasi) 3D topological information

• Suitable photo detector - SiPMs
• Active and passive shielding

• Research reactor:
• Belgian Reactor 2 (BR2) at SCK-CEN
• Core diameter 0.5m
• 95% Enriched 235U, 60MW
• Access ports for experiments

Challenges at VSBL
Detector 
• High resolutions for oscillation search:

• Spatial
• Energy

• Effective background rejection:
• Low overburden
• Reactor radiation

Reactor 
• Compact core

• Understood fuel composition
• Access as close as possible

• Security implications (e.g access rights, 
reduce flammable liquids)
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Sketch of SoLid at BR2 reactor, Belgium 

SoLid
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• Neutrinos seen via inverse beta decay 
(IBD) events (unique topology):

• Prompt e+ scintillation signal:
• Energy deposition in small cluster of 

cubes, away from annihilation ɣs
• Manageable containment of ɣs leakage/

pileup - technological advantage

• Delayed n signal from 6LiF:ZnS(Ag):
• Spatially near the positron
• Distinguished from PVT via pulse 

shape discrimination

νe + p → e+ + n

Detection Technology

Advertisement

Dedicated talk on SoLid technology:
Leonidas Kalousis, 5th Aug 12:00 

Detector R & D session
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Experiment Status

Nemenix (8kg) 
• Proof of concept
• Demonstrate PID

SM1 Prototype (288kg) 
• Test scalability and production
• Prove power of segmentation

SoLid Phase 1 (1.6 T) 
• 12k cubes with 3.2k channels, ~300 events/day
• Perform initial oscillation search

2013 2014-15 2016-17
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Prototype SoLid Module 1 (SM1)

• Deployed at BR2 reactor late 2014 prior to 1 year reactor refit
• 50hr reactor on run. Long reactor off and source calibration runs
• Non-optimal trigger and no passive shielding: νe signal not expected

Commissioning at Gent, Nov 2014 Deployment at BR2, Dec 2014

Advertisement

Dedicated poster on construction:
Celine Moorgat, 6th Aug 18:00 
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Prototype Results
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IBD Reconstruction - Neutrons

• Pulse shape discrimination algorithms developed (e.g. ratio of integral to amplitude)
• Source runs demonstrate good population separation, despite large background environments 

Example IBD candidate SiPM waveforms - Data
EM signal and Neutrons

Neutron PID for reactor on/off periods and source 
calibration runs

SoLid 
Preliminary

Sample Time, 4μs Total Length

n

EM
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IBD Reconstruction - Positrons

• Demonstration of positron energy reconstruction algorithms
• Nb negligible ɣ detection efficiency for SM1

Max cube
Prototype configuration

SoLid Preliminary Total Detector Energy 
Prototype configuration

SoLid Preliminary

Positron reconstruction algorithm comparison for SM1 configuration - Sim. Readout effects included
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IBD Candidates

IBD candidates from SM1. Neutrons in red, EM signals use colour scale
Left: isolated candidate (waveforms above). Right: candidate with accidental gammas - can be used in analysis

• IBD analysis techniques developed →  cross checked with simulation
• Granularity of the detector allows detailed topological studies
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Backgrounds - Accidental

Accidental Background candidates example using phase 1 configuration

• Random EM event (e.g. 
reactor ɣ) associated to a 
random neutron (e.g. 
reactor neutron)

• Studied using off-time 
windows (reactor on and 
reactor off)

• Combated with topology 
and energy selections

Phase 1  
Mockup
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Backgrounds - Correlated

Background candidates. Neutrons in red, EM signals use colour scale. 
Left: muon spallation event (Data). Right: cosmic neutron event (Sim).

• EM event and neutron produced in same process. Studied using reactor off data, e.g:
• Muon spallation in the detector - combat with muon ID (energy and channel topology)
• High energy neutron - combat with multiplicity selections (proton recoils)
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IBD Features 

SoLid Preliminary

No fitting - backgrounds 
found separately

• Reconstruction parameters 
for each IBD:

• Δt = tPrompt - tDelayed

Reactor on-off comparison for time separation  between prompt 
and delayed events. Background components shown (data driven)
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IBD Features 
• Reconstruction parameters 

for each IBD:
• Δt = tPrompt - tDelayed

• Prompt Energy

SoLid Preliminary

Reactor on-off comparison of prompt energies
N.b Prototype had no shielding and high trigger thresholds
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IBD Features 

SoLid 
Preliminary

Radial separation between prompt and delayed 
events for signal and background IBD candidates

• Reconstruction parameters 
for each IBD:

• Δt = tPrompt - tDelayed

• Prompt Energy
• Δr = | rPrompt - rDelayed |

• Others include multiplicity, 
directionality and fiducial 
layer

• Good agreement between 
reactor on data and 
expectation: 

• Validation of background 
understanding
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Signal Selection

10x Reduction

100x Reduction

• S:N critical in sterile search
• Segmentation provides many 

handles for tackling backgrounds:
• Spatial separation 
• Directionality
• Multiplicity

• Simple cut based analysis shows 
significant reductions in 
backgrounds

Advertisement

Dedicated poster on IBD studies:
Ianthe Michiels, 6th Aug 18:00 
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• S:N critical in sterile search
• Segmentation provides many 

handles for tackling backgrounds:
• Spatial separation 
• Directionality
• Multiplicity

• Simple cut based analysis shows 
significant reductions in 
backgrounds

• Beginning to explore multi variable 
analysis techniques:

• Likelihood discriminators and SVM
• Initial results show further factor 

~1.5 reduction in background rate

Signal Selection

SoLid Preliminary
Prototype configuration
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• Full cosmic simulation of BR2 reactor environment (geometry, detector, shielding etc)
• Multiple generators: Guang, Cry, Gordon

• Neutron transport validated using G4 and MCNP
• Good agreement between sim and prototype data → key SM1 results:

• Background shapes, neutron capture time, muon angular distributions etc.

Simulations

Cosmic simulation of the BR2 reactor hall - example showing muon induced neutron production locations

SoLid PreliminarySoLid PreliminarySoLid Preliminary
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Upgrades
• Passive shielding:

• 50cm water shielding to tackle cosmic 
neutron background

SoLid Phase 1 setup, including container and example water shielding 
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Upgrades

→ Prototype

→ Phase 1

SoLid Preliminary

Neutron trigger ROC curves for various PID algorithms

• Passive shielding:
• 50cm water shielding to tackle cosmic 

neutron background

• Neutron (neutrino) trigger:
• Neutron ID algorithms to be migrated 

into electronics trigger 
• Large buffer (~1ms) readout for prompt 

detection (±2 planes around n)
• Prompt trigger efficiency (given n) 

determined by zero suppression only
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Upgrades

Upgrade cube - 4 fibres and 2 Li screens

SoLid Preliminary

• Passive shielding:
• 50cm water shielding to tackle cosmic 

neutron background

• Neutron (neutrino) trigger:
• Neutron ID algorithms to be migrated 

into electronics trigger 
• Large buffer (~1ms) readout for prompt 

detection (±2 planes around n)

• Light yield increased ~1.6x:
• Material choice (tyvec, fibres) optimised
• Number of channels (inc. fibres) doubled 
• Expect ~50 photons per MeV per cube - 

on track for energy resolution ~14%/√E x (cubes)

y 
(c

ub
es

)

Light yield of Phase 1 cubes for a single plane
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Gallium Anomaly 95% C.L.

Reactor Anomaly 95% C.L.

Global fit 95% C.L.

Global best fit

SoLid 95% C.L. - 150 days reactor on

SoLid preliminary

1 Year
Phase 1
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Outlook
• Deployment and analysis of prototype 

complete:
• Experience running new technology at large scale 
• Power of segmentation demonstrated: ~100x 

reduction BAcc, ~10x reduction BCor

• Validation of simulation and data driven 
background studies

• Developed software and analysis techniques

• Construction of phase 1 SoLid began:
• 1.6T, to perform initial sterile search
• Upgrades for reduced background, energy 

resolution and trigger efficiency 
• Deployed early 2017
• On track for S:N ~ 3:1 with εIBD ~ 30%

60 MW reactor power 
S/N = 3:1  
εIBD = 30% 

POCA = 5.5m 
Target mass = 1.6T
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Thank you!

25

The SoLid Collaboration at Brussels - ca 50 people

Further thanks to the Bristol Alumni Foundation for travel funding!
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Backup
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Sim/Data Comparison

SoLid Preliminary

• Full cosmic simulation of BR2 
reactor environment 
(geometry, detector, shielding 
etc)

• Multiple generators: Guang, 
Cry, Gordon

• Neutron transport validated 
using G4 and MCNP

• Good agreement between 
sim and prototype data:

• Background shapes, neutron 
capture time, muon angular 
distributions etc.

(Backup)
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Sim/Data Comparison
• Full cosmic simulation of BR2 

reactor environment 
(geometry, detector, shielding 
etc)

• Multiple generators: Guang, 
Cry, Gordon

• Neutron transport validated 
using G4 and MCNP

• Good agreement between 
sim and prototype data:

• Background shapes, neutron 
capture time, muon angular 
distributions etc.

(Backup)

Tracked muon example (highlights 
refer to calibration purposes)
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Sim/Data Comparison
• Full cosmic simulation of BR2 

reactor environment 
(geometry, detector, shielding 
etc)

• Multiple generators: Guang, 
Cry, Gordon

• Neutron transport validated 
using G4 and MCNP

• Good agreement between 
sim and prototype data:

• Background shapes, neutron 
capture time, muon angular 
distributions etc.

(Backup)

MC-sim comparison for muon track angle-from-vertical 
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Sim/Data Comparison
• Full cosmic simulation of BR2 

reactor environment 
(geometry, detector, shielding 
etc)

• Multiple generators: Guang, 
Cry, Gordon

• Neutron transport validated 
using G4 and MCNP

• Good agreement between 
sim and prototype data:

• Background shapes, neutron 
capture time, muon angular 
distributions etc.

(Backup)

MC-sim comparison for muon track angle-from-horizontal 
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Source Calibration
• Off-site calibration system (CALIPSO)

• Plane characterisation

• Neutrons and EM sources used to allow 
precise cube to cube equalisation 

• In-situ calibration system (CROSS)
• Energy scale determination (% level)

• Absolute neutron detection 
efficiency (target ~3% precision)

(Backup)
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Belgian Research Reactor (BR2)
• Research reactor:

• Belgian Reactor 2 (BR2) at SCK-CEN
• 95% Enriched 235U
• Core diameter 0.5m
• Access ports for experiments

• Low vertical overburden (<10m WE)

• SoLid is on-axis with reactor core

• No other users

(Backup)
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Energy Calibration

(Backup)

• SM1 EM calibration performed 
using comic muons:

• High quality reconstruction tracks
• dE/dx distribution found for each 

cube
• Selection criteria applied to 

remove non-degenerate cases
• Allows for equalisation signal and 

energy scale estimation
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Energy Calibration

SoLid Preliminary

(Backup)

• SM1 EM calibration performed 
using comic muons:

• High quality reconstruction tracks
• dE/dx distribution found for each 

cube
• Selection criteria applied to 

remove non-degenerate cases
• Allows for equalisation signal and 

energy scale estimation
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Energy Calibration
• SM1 EM calibration performed 

using comic muons:
• High quality reconstruction tracks
• dE/dx distribution found for each 

cube
• Selection criteria applied to 

remove non-degenerate cases
• Allows for equalisation signal and 

energy scale estimation

• Used to correct:
• Channel-to-channel variations
• Attenuation loses down fibres
• Cube-to-cube differences in light 

collection efficiency

SoLid 
Preliminary

SoLid Preliminary

SoLid Preliminary

(Backup)
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SM1 Prototype Trigger Efficiency
• Simple trigger due to time constraints:

• Amplitude threshold used for all signals with fast co-incidence demanded between x and y fibres
• High threshold set to manage data rates: efficiency ~5%

• Number of peaks in neutron waveform (rolling calculation) gives far better separation

SoLid Preliminary

SoLid Preliminary

(Backup)
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Energy Reconstruction - Phase 1
• Phase 1 energy estimator re-optimised compared to prototype:

• P(gamma detection) ~ 0.5 for phase 1 (~0 for SM1)
• Gamma leakage affects energy resolution is using total energy deposited in detector 
• Recovered by selecting only positron energy (possible due to high granularity)

(Backup)

Max cube
Prototype configuration

SoLid Preliminary Total Detector Energy 
Prototype configuration

SoLid Preliminary
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Energy Reconstruction - Phase 1
• Phase 1 energy estimator re-optimised compared to prototype:

• P(gamma detection) ~ 0.5 for phase 1 (~0 for SM1)
• Gamma leakage affects energy resolution is using total energy deposited in detector 
• Recovered by selecting only positron energy (possible due to high granularity)

SoLid 
Preliminary

SoLid 
Preliminary

(Backup)
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Phase 2 Sensitivity  
(P. Huber)

(Backup)
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Phase I, 1yr - 2t@14%

Phase II, 3yr - 2t@14% + 1t@6%
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RAA Gallium

1 calendar year corresponds 150 days of reactor-on

• Phase 2 would include 
CHANDLER detector placed 
in-front of SoLid (2T)


