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An international science collaboration
1093 collaborators from 188 institutions in 32 countries
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Deep Underground Neutrino Experiment

2019.11.08 Simon JM Peeters | Neutrons in DUNE | IoP workshop @ KCL5

• 1.5 km underground

• On-axis 40 ktonne LAr TPC

•  disappearance and e appearance 
to measure MH, CPV, and mixing 
angles

• Large detector, capable of observing 
supernova neutrinos, solar neutrinos, 
nucleon decay and other BSM 
processes

• New  beam:
1.2 MW @ 80 GeV protons,
upgradable to 2.4 MW

• It can run in neutrino and antineutrino 
modes by switching the polarity of the 
magnetic horns.

• Wide band neutrino beam.

• Highly capable near-detector

South Dakota Chicago

1300 km 



At Fermilab
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Near Detector Hall at edge of Fermilab site
Initial upward pitch, 101 mrad pitch to get to South Dakota



Near detector design
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Designed to constrain flux and
cross section systematics in oscillation analysis:
• LArTPC with pixelated readout (50 tonne)
• Multi-Purpose Detector (MPD)

• Magnetised high-pressure GAr TPC (HPgTPC) (1 tonne) + ECAL
• Three-Dimensional Scintillator Tracker-Spectrometer (3DST-S)

LArTPCMPD

3DST-S

Moveable between 
on-axis and off-axis: 
PRISM concept

574 m from LBNF target
~60 m underground
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Two designs being considered:
Single Phase (LAr) and Dual Phase (LAr + GAr)
• Single Phase FD uses modular drift cells 

(scalable)
• Suspended Anode and Cathode Plane 

Assemblies (APAs and CPAs), 3.6 m drift, 
500 V/cm field

• Wrapped wire to reduce number of readout 
channels needed and cabling complexity

• Four 10 ktonne modules deployed in stages

Far detector design

APA APA APACPACPA



protoDUNE(s)
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• Two 6 x 6 x 6 m3 prototpyes in charged testbeam
at CERN

• Test installation, commissioning, and 
performance

• protoDUNE SP operating since September 2018,
recently protoDUNE DP started operations



protoDUNE @ CERN
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Signal formation

Argon scintillation light (~ns) detected by photon detectors, providing t0

Drift time O(ms

protoDUNE
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Supernova neutrinos in DUNE
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• DUNE will be able to 

observe the e flux 

through capture on 
40Ar

• Unique sensitivity to 

the electron flavour 

component of the flux

• Provides information 

on time, energy and 

flavour structure
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• Requires an efficient 

non-beam trigger:

neutrons could mimic 

a signal

• DAQ goal for galaxy: 

trigger on 60 electron 

neutrinos (of at least 

10 MeV) in 10 s 

(assuming a flat time 

distribution) 

• Rates depend on core 

collapse model, 

oscillation models, 

and distance.

Supernova neutrinos in DUNE



Solar neutrinos

DUNE has the potential to record about 3,000 solar neutrinos/ktonne-year 
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Solar neutrino observation

2019.11.08 Simon JM Peeters | Neutrons in DUNE | IoP workshop @ KCL18

Needs a good understanding of the detector and neutrons.



Importance of neutrons in DUNE
• To turn neutrino physics into a 

precision science, we need to 

understand the complex neutrino 

nucleus interactions

- Neutrons carry away a large 

fraction of energy

- Neutron yield is model dependent

- Neutrons are hard to detect in 

LArTPC

• Understanding the neutrons are 

also essential for low energy 

physics

- Modelling the supernova and 

solar neutrino events
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Importance of neutrons in DUNE
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Marley event generator
Model of Argon Reaction Low-Energy Yields

https://www.marleygen.org
gardiner@fnal.gov

Low-energy event

https://www.marleygen.org/
mailto:gardiner@fnal.gov


Low energy

events
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Neutron capture
on 40Ar:
   (Compton)

Neutrons need to be distinguished from neutrinos events for supernova neutrinos(online)
Neutrons need to be distinguished from neutrino events for solar neutrinos (offline)

e CC events
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Overview
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Dominant (large mass):

• Rock (238U/232Th)

• Shotcrete (238U/232Th)

• Support structure (1.5 ktonne)

(238U/232Th/56Fe(,n)/54Fe(,n))

Subdominant (low mass/activity):

• 222Rn in LAr: source of s: 
40Ar(,n)

• Insulation (glass fibre) 

(238U/232Th)

• Cryostat steel 

(238U/232Th,56Fe(,n)/54Fe(,n))

• TPC CuBe wires Be(,n) 

• APA steel / materials (238U/232Th)

Also: cosmogenically generated 

neutrons



Support structure



Background mitigation
• Rock & shotcrete:

considering shielding

(water or plastics)

• Steel support structure:

quality control

• Internal material:

background screening,

minimise exposure to mine air,

maximise air from surface

• Internal radioactivity (LAr):

background screening and 

quality control of

filter materials

Possible effect of screening:
Arxiv:1808.08232



Screening in ‘waffle structure’

John Beacom

But, do neutrons really move deep into 

the volume?

…and how well do we understand the 

capture final states?

(expensive and poses many challenges)
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Simulation is computing intense!
(but the challenge has been taken up enthusiastically!)
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Neutron capture cascade
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also, the line intensities are given by
summing over all the cascade schemes:

With this, you can show:                                  = 1

Ignoring repeated lines, CapGam gives 0.912: 
off by about 9%!?

ENDF Data Base
(CapGam)



Neutron capture in LAr
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Hardell, R. and Beer, C., 1970. Thermal Neutron 

Capture in Natural Argon. Physica Scripta, 1(2-3), p.85.

n + 40Ar 41Ar* : dominant
n + 36Ar 37Ar*

Radiative neutron capture on 
Argon results in an excited atom 
of the next heaviest argon 
isotope.

The excited argon isotopes de-
excite with very specific total 
energy:
6.1 MeV for 41Ar, 
8.8 MeV for 37Ar.

This energy is carried away by at 
least one photon on the case of 
37Ar and at least two photons in 
the case of 41Ar.

=0.978

(No repeated lines)
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Neutron capture in LAr
kT = (8.617x10-11 MeV/K)(293 K) =2.53x10-8 MeV

(for DUNE this would be 0.75x10-8 MeV)Three measurements 
from 1960’s
All claiming ~5% 
uncertainty, but differing 
by about 50%

..also averaged over a 
thermal spectrum from a 
reactor rather than as a 
function of energy
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New measurement: ACED

Argon Capture Experiment at DANCE

DANCE is located on Time-Of-Flight beam at Los Alamos
TOF can discriminate energy from 0.01 eV to ~105 eV



ACED 

results
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Neutron transport
Effective neutron mean free path could be ~30 m!

(ENDF: as currently in GEANT4)
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Well-placed neutron source…
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…but is this correct??

According to GEANT4…



Experimental data
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• At 57 keV, the theory 

predicts that there is a 

“deep” anti-resonance dip

• Previous measurement 

(Winters ‘91) doesn’t 

agree with the theory (a 

factor 100 difference)

• The sensitivity of previous 

measurement is limited

• Measurement needs to be 

done with high precision



Measurement precision
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R.R. Winters, R.F. Carlton, C.H. Johnson, 

N.W. Hill, and M.R. Lacerna, Phys. Rev. C 

43 492 (1991)

1.6% effect



ARTIE
Argon Resonant Transport Interaction Experiment
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Measurement of 57 keV neutron anti-resonance in 40Ar at
LANSCE (Los Alamos Neutron Science Center). 



ARTIE
Argon Resonant Transport Interaction Experiment
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October 8-20 beam run at LANL 

• Beam off: understand constant-in-time backgrounds
• Beam on, shutter closed: understand the beam-related backgrounds 

(gammas, skyshine neutron) 
• Liquid argon filled, beam on: sample-in neutron transmission counting
• Gaseous argon filled, beam on : sample-out neutron transmission 

counting 
• Aluminium filter in, beam on: understand the background from 

scattering in the beam pipe
• Carbon target, beam on: reference material measurement

Result expected before the end of the year Courtesy: Jing-Bo Wan/Bob Svoboda



Summary
• DUNE is an exciting neutrino experiment that will 

provide loads of interesting physics in the next 

decade

• For low-energy physics, such as supernova and 

solar neutrinos, neutrons are an important 

background

• Care is being taken in the design and 

development of the DUNE detector module to 

minimise the neutron backgrounds

• Neutron interactions in Ar need to be understood 

in detail: we are improving our understanding
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Nucleon decay
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Courtesy: Bob Svoboda



Oscillation physics
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Appearance

Disappearance



Oscillation physics
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>5  mass ordering determination for all CP values
>5  CPV discovery over a wide range of CP values



Oscillation physics
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Neutrino cross sections on Ar

2019.11.08 Simon JM Peeters | Neutrons in DUNE | IoP workshop @ KCL46


