
Calibration of the SNO+ Scintillator Phase with an
AmBe Neutron Source

Anthony Allega
on behalf of the SNO+ collaboration

Department of Physics, Engineering Physics & Astronomy
Queen’s University

June 22, 2026

A. Allega (Queen’s University) 2026 CAP Congress, Ottawa
June 22, 2026

Slide 1



The SNO+ Experiment

The SNO+ Detector

Kilo-tonne scale liquid scintillator neutrino detector
located 2 km underground at SNOLAB in Sudbury,
Ontario.

12m diameter Acrylic Vessel (AV) containing
780 tonnes of liquid scintillator.

Extending 2.4m in thickness is a 1500 tonne
protective layer of Ultra-Pure Water (UPW) that sits
in between the Photomultiplier Tube (PMT) array.

∼9500 PMTs mounted on a geodesic spherical
support structure (PSUP).

Structure suspended by hold-up and hold-down ropes
in a 30m tall cavity containing 5300 tonnes of UPW.

Acrylic 
Vessel (AV)

PMT
Support 
Structure 
(PSUP)

Cavity filled 
with UPW

AV Hold-
Down Ropes

AV Hold-
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The SNO+ Experiment

Detecting Scintillation Light

Ionizing particles passing through the
active volume excite the scintillator
molecules, releasing photons.

Light yield of ∼10,000 photons/MeV of
deposited energy → about 330 PMT
hits/MeV determined from calibration
data.

Sets an energy threshold of ∼60 keV

Event reconstruction relies on the PMT
hit topology and relative PMT hit times
of a given event:

Energy from # of PMT hits.
Position from photon time-of-flight.
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The SNO+ Experiment

Experimental Phases & Physics Goals

Water Phase Partial-Fill Phase Full-Fill Phase Tellurium Phase
2017 – 2019

Invisible nucleon decay.

First-ever evidence of
reactor antineutrinos in
water.
8B solar neutrinos.

2019 – 2022

First-ever event-by-event
directionality in scintillator.

Preliminary reactor
antineutrino measurement.

2022 – Present

Solar, reactor, supernova &
geoneutrinos.

Evaluate backgrounds prior
to 0νββ decay search.

Future

Continuation of most of the
scintillator phase physics
program.

Search for 0νββ decay in
130Te.
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SNO+ Physics Goals

Antineutrinos

+νe
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Delayed γ 
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Detection Principle

Detected through the Inverse β Decay (IBD) reaction:

νe + p −→ e+ + n

Scintillation light produced by energy deposition of outgoing e+ (prompt signal).

Outgoing n thermalizes and captures on H roughly 200 µs later, releasing a 2.2MeV γ (delayed signal).

Coincident events are closely separated in space and time, allowing for powerful background reduction.
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SNO+ Physics Goals

Geoneutrinos & Long Baseline Reactor Antineutrinos

Figure from James Page Cardoso, R. & Hamza, V.. (2011).

240-350 km baselines to Ontario nuclear reactors (Bruce, Darlington, Pickering) give good
sensitivity to the oscillation parameters ∆m2

21 and sin2 θ12.

Oscillation parameters contrained by shape of prompt IBD reconstructed energy spectrum.

Geoneutrinos (antineutrinos emitted from U & Th decay chains within the Earth) provide a probe
into Earth’s radiogenic heat production and chemical composition.
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Detector Calibration

Calibration Deployment Systems

Calibration source attaches to
an umbilical, and maneuvered
by the Umbilical Retrieval
Mechanism (URM).

Cleanliness maintained via
thorough source cleaning and
supply of nitrogen cover gas
during deployment (see talk
by Ryan Bayes).

AV side ropes secured to
source pivot by tension,
allowing manipulation in
(x, y, z).

Deployment systems used for

neutron (241Am-9Be) and

optical (laserball) sources.

See talk by Jamie Grove
on the SNO+ laserball.

Umbilical Retrieval
Mechanism (URM)

Umbilical

Universal 
Interface (UI)

Motor boxes
Calibration guide tubeCalibration guide tube

Calibration source

Source interfaceSide ropes

PMT support structure (PSUP)

Acrylic
Vessel (AV)
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Detector Calibration
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Detector Calibration

The AmBe Calibration Campaign
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Detector Calibration

Coincident Events from the AmBe Source

Decay Scheme & Calibration Points

Following the α-decay of 241Am:

α + 9Be −→ 12C + n

12C produced in an excited state ∼60% of
the time, de-exciting and releasing a
4.4MeV γ (prompt).

About 200 µs later, the neutron captures
on H, releasing a 2.2MeV γ (delayed).

Time between coincident events
exponentially distributed according to the
neutron capture time τ . 0 100 200 300 400 500 600 700 800 900 1000
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Detector Calibration

Coincident Events from the AmBe Source

Calibration Goals & Outcomes

1 Delayed:
Calibrate energy reconstruction
algorithms from n-capture peaks.
Additional capture peaks from 12C
and stainless steel layer on source
encapsulation hardware.

2 Prompt:
Proton recoils + 4.4MeV γ’s.
Sensitive to ionization quenching
from protons – important for reactor
antineutrino analysis!

3 Position reconstruction systematics
constrained by differences in source
manipulator and reconstructed
positions.
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Conclusions

Summary

SNO+ is a large-scale multipurpose
neutrino detector with many physics goals.

Recently, significant efforts have been
dedicated to the calibration of the SNO+
detector in its pure liquid scintillator phase,
as well as the measurement of reactor
antineutrino oscillations.

Expect the on-going analysis of AmBe
calibration data to play a critical role in
reducing systematic uncertainties in future
reactor antineutrino analyses.

More results to come!
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Thank You!
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Neutrinoless Double Beta Decay in 130Te

Telluric Acid (TeA) + 1,2-Butanediol (BD)
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130Te has high natural abundance (∼34%), thus requiring no isotopic enrichment.

0.5% natural Te-loaded scintillator by mass gives us 1.3 tonnes of 130Te!

At the required radio-purity levels, ROI dominated by 2νββ background and 8B solar neutrinos.

Metals do not readily dissolve in mineral oil, so combine TeA with BD to create an LAB-soluble complex.

Developed purification and processing systems underground at SNOLAB for TeBD synthesis, while
mitigating backgrounds induced by cosmogenics.
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Solar Neutrinos at Lower Energies

Nature, 562, pages 505–510 (2018)
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identical results. We obtain an upper limit of <8.1 counts per day per 
100 t (95% C.L.) for the CNO neutrino interaction rate, in agreement 
with the Borexino sensitivity to CNO studied with Monte Carlo.

For completeness, we also perform a search for the hep neutrinos, 
emitted by the proton capture reaction of 3He (Fig. 1). The expected 
flux is more than two orders of magnitude smaller than that of 8B neu-
trinos. Despite their higher end-point energy, this signal in Borexino 
is extremely small and covered by background, particularly cosmo-
genic 11Be decays (Q = 11.5 MeV, β−, τ = 19.9 s) and 8B neutrinos. 
We perform a dedicated analysis on the whole dataset (0.8 kt yr) and 
in the energy region 11–20 MeV we find 10 ± 3 events, consistent 
with the expected background. We obtain an upper limit for the hep 
neutrino flux of 2.2 × 105 cm−2 s−1 (90% C.L.) to be compared with 
the expected flux 7.98 × 103 cm−2 s−1 (8.25 × 103 cm−2 s−1) assuming 
the HZ (LZ) SSM.

Discussion and outlook
The measurements reported in this work represent a complete study of 
the solar pp chain and of its different terminations by means of neutrino 
detection in a single detector and with a uniform data analysis proce-
dure. These measurements can be used either to test the MSW-LMA 
paradigm assuming SSM flux predictions or, alternatively, to probe our 
understanding of solar physics assuming the validity of the neutrino 
oscillation mechanism.

The interaction rates of pp, 7Be, pep and 8B neutrinos reported  
in Table 2 can be used to infer the electron neutrino survival  
probability at different energies. Assuming the HZ-SSM fluxes18  
and standard neutrino-electron cross-sections27, we obtain the electron 
neutrino survival probabilities for each solar-neutrino component: 
Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV) = 0.53 ± 0.05, 
and Pee(pep, 1.44 MeV) = 0.43 ± 0.11. The quoted errors include the 
uncertainties on the SSM solar-neutrino flux predictions. The 8B elec-
tron neutrino survival probability is calculated in each HER range 
following the procedure described in ref. 24. We obtain Pee(8BHER, 
8.1 MeV) = 0.37 ± 0.08, Pee(8BHER-I, 7.4 MeV) = 0.39 ± 0.09, and 
Pee(8BHER-II, 9.7 MeV) = 0.35 ± 0.09. These results are summarized 
in Fig. 3. For non-monoenergetic components, that is, pp and 8B neu-
trinos, the Pee value is quoted for the average energy of neutrinos that 
produce scattered electrons in the given energy range.

Borexino provides the most precise measurement of the Pee in the 
LER, where flavour conversion is vacuum-dominated. At higher energy, 

where flavour conversion is dominated by matter effects in the Sun, 
the Borexino results are in agreement with the high-precision meas-
urements performed by SuperKamiokande31 and SNO32. Borexino is 
the only experiment that can simultaneously test neutrino flavour con-
version both in the vacuum and in the matter-dominated regime. We 
performed a likelihood ratio test to compare our data with the MSW-
LMA and the vacuum-LMA predictions (pink and grey bands in Fig. 3, 
respectively). Our data disfavour the vacuum-LMA hypothesis at 98.2% 
C.L. (see Methods). Overall, the results are in excellent agreement with 
the expectations from the MSW-LMA paradigm with the oscillation 
parameters indicated in ref. 19.

Since solar neutrinos are detected on Earth only about 8 min after 
being produced, they provide a real-time picture of the core of the Sun. 
In particular, the neutrino fluxes determined experimentally can be 
used to derive the total power generated by nuclear reactions in the 
Sun’s core33. By using exclusively the new Borexino results reported in 
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Fig. 3 | Electron neutrino survival probability Pee as a function of 
neutrino energy. The pink band is the ±1σ prediction of MSW-LMA 
with oscillation parameters determined from ref. 19. The grey band is the 
vacuum-LMA case with oscillation parameters determined from refs 38,39. 
Data points represent the Borexino results for pp (red), 7Be (blue), pep 
(cyan) and 8B (green for the HER range, and grey for the separate HER-I 
and HER-II sub-ranges), assuming HZ-SSM. 8B and pp data points are set 
at the mean energy of neutrinos that produce scattered electrons above the 
detection threshold. The error bars include experimental and theoretical 
uncertainties.

Table 2 | Borexino experimental solar-neutrino results
Solar neutrino Rate (counts per day per 100 t) Flux (cm−2 s−1) Flux–SSM predictions (cm−2 s−1)

pp ± −
+134 10 10

6 . ± . ×− .
+ .(6 1 0 5 ) 100 5

0 3 10 . . ± . ×5 98(1 0 0 006) 10 (HZ)10  
. . ± . ×6 03(1 0 0 005) 10 (LZ)10

7Be . ± . − .
+ .48 3 1 1 0 7

0 4 . ± . ×− .
+ .(4 99 0 11 ) 100 08

0 06 9 . . ± . ×4 93(1 0 0 06) 10 (HZ)9  
. . ± . ×4 50(1 0 0 06) 10 (LZ)9

pep (HZ) . ± . − .
+ .2 43 0 36 0 22

0 15 . ± . ×− .
+ .(1 27 0 19 ) 100 12

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

pep (LZ) . ± . − .
+ .2 65 0 36 0 24

0 15 . ± . ×− .
+ .(1 39 0 19 ) 100 13

0 08 8 . . ± . ×1 44(1 0 0 01) 10 (HZ)8  
. . ± . ×1 46(1 0 0 009) 10 (LZ)8

8BHER-I . − . − .
+ . + .0 136 0 013 0 003

0 013 0 003 . ×− . − .
+ . + .(5 77 ) 100 56 0 15

0 56 0 15 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER-II . − . − .
+ . + .0 087 0 010 0 005

0 080 0 005 . ×− . − .
+ . + .(5 56 ) 100 64 0 33

0 52 0 33 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

8BHER . − . − .
+ . + .0 223 0 016 0 006

0 015 0 006 . ×− . − .
+ . + .(5 68 ) 100 41 0 03

0 39 0 03 6 . . ± . ×5 46(1 0 0 12) 10 (HZ)6  
. . ± . ×4 50(1 0 0 12) 10 (LZ)6

CNO <8.1 (95% C.L.) < . ×7 9 108 (95% C.L.) . . ± . ×4 88(1 0 0 11) 10 (HZ)8  
. . ± . ×3 51(1 0 0 10) 10 (LZ)8

hep <0.002 (90% C.L.) < . ×2 2 105 (90% C.L.) . . ± . ×7 98(1 0 0 30) 10 (HZ)3  
. . ± . ×8 25(1 0 0 12) 10 (LZ)3

Measured neutrino rates (second column): for pp, 7Be, pep and CNO neutrinos we quote the total counts without any threshold; for 8B and hep neutrinos we quote the counts above the corresponding 
analysis threshold. Neutrino "uxes (third column) are obtained from the measured rates assuming the MSW-LMA oscillation parameters19, standard neutrino–electron cross-sections27 and a density of 
electrons in the scintillator of . ± . ×(3 307 0 003) 1031 electrons per 100 t. All "uxes are integral values without any threshold. The result for pep neutrinos depends on whether we assume HZ or LZ SSM 
predictions to constrain the CNO neutrino "ux. The last column shows the "uxes predicted by the SSM for the HZ or LZ hypotheses18.
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ranging from less than one to a few tens of counts per day per 100 tons 
(t) for different solar-neutrino components. To cope with such a low 
event rate, Borexino has a large target mass (about 300 t) and is housed 
deep underground, under 3,800 m water equivalent of dolomitic rock 
that suppresses the flux of cosmic radiation by a factor of approximately 
one million. For more details on the detector, see Methods.

Radioactive decays of unstable isotopes contained in the scintillator 
or in the materials surrounding it represent the main sources of back-
ground (referred to as internal and external, respectively). Whereas 
external background is greatly reduced by concentric layers of high- 
purity materials surrounding the scintillator and by the selection of a 
centrally located software-defined fiducial volume, most of the inter-
nal background can only be cut down by means of liquid-scintillator 
purification. Particularly, interactions of beta particles (β; electrons 
and positrons) and of gamma particles (γ; high-energy photons) must 
be reduced to very low levels, since they cannot be distinguished from 
neutrino interactions on an event-by-event basis. Borexino has reached 
unprecedented levels of scintillator radio-purity. As an example, one 
gram of liquid scintillator contains less than 9.4 × 10−20 grams of 
uranium-238 and less than 5.7 × 10−19 grams of thorium-232 (95% 
confidence level, C.L.), a concentration about ten orders of magni-
tude smaller than in any natural material on Earth. This low level of 
background has enabled real-time detection of solar neutrinos with an 
energy threshold of 0.19 MeV, and allowed us to perform the complete 
spectroscopy of the pp chain.

Solar neutrinos reach the Earth as a mixture of all neutrino flavours 
(electronic, muonic, and tauonic) owing to the flavour-conversion mech-
anism enhanced by the MSW effect (see Methods). Borexino detects 
them by means of their weak elastic scattering off electrons. A fraction 
of the incoming neutrino energy Eν is transferred to one electron, which 

deposits it in the liquid scintillator. The scintillator light is detected by 
about 2,000 photomultiplier tubes, which ensure high detection effi-
ciency of photoelectrons produced by incident optical photons at their 
photocathodes. For 7Be (Eν = 0.384 MeV and 0.862 MeV) and pep 
(Eν = 1.44 MeV) neutrinos, the induced electron recoil endpoints are 
0.230 MeV, 0.665 MeV and 1.22 MeV, respectively. For the continuous pp 
and 8B spectra, they are 0.261 MeV and 15.2 MeV, respectively.

The detected light and its time distribution among photomultiplier 
tubes yield three important quantities for each interaction event in  
the detector: its deposited energy, roughly proportional to the total 
number of detected photoelectrons; its position within the detector, 
obtained from the analysis of the photon arrival times at each photo-
multiplier tube; and its particle identification, based on a pulse-shape 
discrimination method that exploits the different time structure of 
liquid-scintillator light pulses produced by different particles (elec-
trons, positrons, α particles and protons)27. For reference, a 1-MeV 
electron produces on average 500 photoelectrons in 2,000 photomul-
tiplier tubes, its energy is measured with σ ≈ 50 keV and its position is 
reconstructed28,29 with σ ≈ 12 cm.

We divided the analysis into two energy regions that are affected 
by different backgrounds, which need to be handled differently: a 
low-energy region (LER) of 0.19–2.93 MeV, to measure the pp, 7Be 
and pep neutrino interaction rates, and a high-energy region (HER) of 
3.2–16 MeV, to measure 8B neutrinos. For the same reason, the HER is 
further divided into two subregions, below and above 5.7 MeV (HER-I 
and HER-II). The measurement of 8B neutrinos cannot be extended 
below 3.2 MeV because of the 2.614-MeV γ-ray background from 208Tl 
decays, originating from trace 232Th contamination of the thin nylon 
liquid-scintillator containment vessel.

The reconstructed position of each event within the detector allows 
us to define a fiducial volume optimized differently for the analysis in 
the LER and HER-I/II. The LER fiducial volume is chosen to suppress 
external γ-rays from 40K, 214Bi and 208Tl contained in materials sur-
rounding the scintillator and consists of the innermost 71.3 t of scintil-
lator selected with a radial cut (radius R < 2.8 m) and a cut in the vertical 
direction (−1.8 m < z < 2.2 m). The HER is above the energy of the 
aforementioned γ-rays. The analysis in HER-I requires only a z < 2.5 m 
cut to suppress background events related to a small pinhole in the inner 
vessel that causes liquid scintillator to leak into the region outside the 
inner vessel. The total selected mass in this case is 227.8 t. In contrast, 
the analysis in HER-II uses the entire scintillator volume, 266 t, since 
the above-mentioned background does not affect this energy window.

The LER analysis uses exclusively Borexino Phase-II data collected 
between December 2011 and May 2016, in which the internal 85Kr and 
210Bi contamination was reduced with respect to Borexino Phase-I, 
thanks to a liquid-scintillator purification campaign carried out in 
2010 and 2011. The total LER exposure is 1,291.51 days × 71.3 t.  
With the exception of 208Tl decays (Q-value, total energy released  
in the decay, about 5 MeV), the HER is above the natural, long-lived 
radioactive background, making it possible to use a larger dataset, col-
lected between January 2008 and December 2016, for a total exposure 
of 2,062.4 days × 227.8 (266.0) t for HER-I (or HER-II), respectively.

The analysis proceeds in two steps: (1) the event selection, with a 
different set of cuts in the three energy regions to maximize the signal- 
to-background ratio, and (2) the extraction of the neutrino and  
residual background rates with a combined fit of distributions of global 
quantities built for the events surviving the cuts. The main event selec-
tion criteria are conceptually similar for the LER and the HER and are 
conceived to: reject cosmic muons surviving the mountain shield30; 
reduce the cosmogenic background (that is, radioactive elements pro-
duced in muon-induced nuclear spallation processes); and select an 
optimal spatial region of the scintillator (the fiducial volume). More 
details on the cuts are discussed in Methods.

Several backgrounds, listed in Table 1 and described in detail in 
Methods, survive the event selection cuts. To disentangle the neu-
trino signal from these backgrounds, two different fitting strategies 
are adopted for the LER and the HER. The LER analysis follows a 

Fig. 1 | Nuclear fusion sequences and neutrino energy spectrum. 
Schematic view of the pp and CNO nuclear fusion sequences. The solar-
neutrino energy spectrum is obtained from http://www.sns.ias.edu/~jnb/, 
using the updated fluxes taken from ref. 18. The flux (vertical scale) is given 
in units of cm−2 s−1 MeV−1 for continuum sources and in cm−2 s−1 for 
monoenergetic sources.
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13C + p → 14N + γ

14N + p → 15O + γ

15N + p → 4He + 12C

pp-Q pep-Q

99.6% 0.4%

hep-Q

7Be-Q

8B-Q

85%

15%

0.13%

2 × 10–5 %

99.87%

pp chain CNO cycle

CNO-Q

15N + p → 16O + γ

16O + p → 17F + γ

17O + p → 14N + 4He

99.96% 0.04%

pp-I

pp-II

pp-III

7Be + e– → 7Li + Qe

3He + p → 4He + e+ + Qe

p + e– + p → 2H + Qep + p → 2H + e++ Qe

8B → 8Be* + e+ + Qe

13N → 13C + e+ + Qe

15O → 15N + e+ + Qe
17F → 17O + e+ + Qe
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!e ⟷ !μ,!

Neutrinos propagating through matter alter the vacuum oscillation parameters (MSW effect).

Energy-dependent effect: lower energy solar neutrinos less affected by matter (“vacuum-like”).

Survival probabilities have been well-measured at lower (Borexino) and higher energies (SNO, Super-K),
but the transition region has not.

Downward transition between low and high energy regimes is sensitive to the matter effect.
→ Probing this regime would test the MSW mechanism.

A. Allega (Queen’s University) 2026 CAP Congress, Ottawa
June 22, 2026
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