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Neutron Detection 
And thoughts on why neutrons are interesting and hard to deal with



Talk plan: 
- Why are we (greater we) interested in neutrons?

- Some obvious things about neutrons

- Nuclear reactions

- Classes of detectors

- Metrology

- Fast neutrons

- How this ties into meeting


My hope is to build toward high-efficiency fast neutron spectrometry, as this is 
likely rather relevant to the topic at hand

Disclaimer: There are an astonishing number of ways to detect neutrons  
Can’t do a full treatment, just a survey… ignoring long counters, bubble 
chambers (a possible candidate), solid state, etc…
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A few well known things about neutrons: 

They are neutral: 
-  there is no direct ionization in a material, thus no continuous 
deposition of energy 

- long interaction lengths 

- don’t care much about electric and magnetic fields, not simple to 

manipulate


They interact via the nuclear force: 
- interaction depends on nuclear structure 

- Scattering and absorption trend differently 

- Very very strong isotope and energy dependence


They are ‘heavy’ 
- recoil energies can be significant kinematically


They interact via the weak force 
- isotopes with too many neutrons reach stability by emitting 

detectable radiation (usually)

https://theory.labster.com/neutron_cross-section/

Neutrons interact via nuclear forces and are thus dependent on the nuclear structure. 
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Why do neutrons matter? 

Thermal (and cold):  < 0.025 eV, > Angstrom wavelengths 
- Reactors

- Dosimetry in neutron facilities

- Penetrating w/ wavelengths similar to lattice spacing in 

materials - fantastic for studies of condensed matter, 
imaging 


- Variation in cross section can be a wonderful tool

- Cold neutrons are easy to manipulate and offer many 

precision tests of the Standard Model


Epithermal: 0.025–0.4 eV 
- Penetrating in region w/ many resonances, less material 

damage 

- Activation studies, transmutation    


Fast: > 1 MeV 
- Reactors again…

- Penetrating material studies (e.g. oil wells, concrete aging)

- Material damage studies, lattice dislocations 

- Dosimetry (50% of high-altitude dose is from fast neutrons) 

From Počanić (2019)

Current status of Vud and �, from n decay . . . remains unresolved:

Until recently, CKM
unitarity appeared valid:

A 2018 dispersion rel.
analysis of �V

R , universal
radiative correction to
superallowed � decay, has
led to a dramatic
downward shift in Vud :
[Seng et al., arXiv:

1807.10197/PRL 121 (2018) 241804,
1812.033352,

1812.04229]

(theoretical work continues)
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Neutrons from fission 

All isotopes yield similar spectra 
- 2-3 neutrons per fission

- Nearly all neutrons between 0.1 and 10 MeV 

- Most probable energy is around ~1 MeV


In the natural environment the dominant fissioning 
isotope is 238U (235U has a natural abundance of 
~0.7%) - amount varies widely but is very roughly a 
few ppm.


Fission is usually dominated by other sources of 
neutrons in the ‘nature’.
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Cosmogenic neutrons  

High energy:  
- High energy cosmic rays fragment nuclei 

(nitrogen and oxygen) and yield ‘direct’  GeV 
neutrons


Evaporation peak:  
- High energy proton and muon collisions excite 

nuclei in the atmosphere.  De-excitation of the 
nucleus occurs by statistical evaporation of light 
particles - predominantly neutrons


Thermal peak:  
- Fast neutrons from the higher portion of the 

spectrum thermalize in the ground (to a lesser 
extent in the atmosphere)


- Peak amplitude is thus highly dependent on 
environmental conditions. 

≤
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events/keV-kg-year, is precisely what we have found in
our simulation.
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FIG. 25: The Depth-Sensitivity-Relation (DSR) derived for
a Majorana-like experiment showing, specifically, the results
from this work assuming the detector is operated at a depth
equivalent to the Gran Sasso Laboratory. The raw event rate
in the energy region of interest of 0.026 events/keV-kg-year
can be reduced by a factor of 7.4 by exploiting the detector
granularity, pulse-shape discrimination (PSD), and detector
segmentation. The upper curve displays the background sim-
ulated in the case that no active neutron veto is present and
the lower curve indicates the reduction that would ensue if an
active neutron veto were present that is 99% efficient.

The results of our simulations can be used to derive
the DSR for Majorana as shown in Fig. 25. The neu-
tron induced background can be reduced by about a fac-
tor of 7.4 in Majorana owing to the use of crystal-to-
crystal coincidences and the use of pulse-shape discrim-
ination and segmentation. Nonetheless, to achieve the
target sensitivity of next generation double-beta decay
experiments, 0.00025 events/keV-kg-year corresponding
to the background level required to reach sensitivity to
the atmospheric mass scale of 45 meV Majorana neutrino
mass, the muon-induced background must be reduced by
roughly another factor of 100. This can be achieved only
by operating such a detector at depths in excess of 5
km.w.e., otherwise an active neutron veto would need to
be implemented with an efficiency in excess of 99%.

D. (α,n) Background

Once the depth requirement is satisfied, a proper shield
against (α,n) neutrons from the environment becomes
necessary. We use the standard rock and the measured
neutron flux (3.78×10−6cm−2s−1 [68, 69] ) at Gran Sasso
assuming that all underground labs have the same order
of neutron flux to establish the shielding requirement for
(α, n) neutrons. This flux corresponds to an average of
about 2.63 ppm 238U and 0.74 ppm 232Th activity in
Gran Sasso rock and 1.05 ppm 238U and 0.67 ppm 232Th
activity in Gran Sasso concrete [70]. The neutron energy

spectrum depending on the rock composition is shown in
Fig. 26. As can be seen, the total neutron flux is about
three orders of magnitude higher than that of neutrons
from the rock due to muon-induced processes, but the
energy spectrum is much softer.
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FIG. 26: The neutron energy spectrum arising from (α,n)
reactions due to radioactivity in the rock. We predict a harder
energy spectrum in Gran Sasso rock relative to standard rock
owing to the presence of carbon and magnesium.

To demonstrate the neutron flux and energy spectrum
at different boundaries we show the rock/cavern neutron
flux and energy spectrum with a shielding for Majorana
described earlier in Fig. 27 for the depth of Gran Sasso
as an example.
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FIG. 27: The energy spectrum for fast neutrons produced
by (α, n) reactions in the rock compared to those induced by
muon interactions in the rock with and without shielding. The
lower energy neutrons (< 10 MeV) are quickly absorbed using
polyethylene shielding, however, the high energy portion of
the muon-induced neutron flux persists. The addition of lead
shielding adjacent to a detector can also create an additional
source of muon-induced neutrons.

Note that the (α, n) neutrons from the rock are quickly
attenuated to the level of the muon-induced neutrons be-

Mei and Hime, Phys.Rev.D73:053004,2006

https://doi.org/10.1016/j.nima.2020.164095

Other nuclear reactions 

( ,n):  
- Fission decay chains (238U and 232Th and consist of 6 and 8 

alpha-decays, respectively)

- Energetic alphas give ( ,n) reactions on light nuclei

- Typically higher than muon induced neutrons at deep 

underground sites, but softer spectrum 

- Because they depend on makeup of rock, specialized computer 

codes used to predict spectra


Accelerator systems:  
- Light beams (protons, deuterons, alphas) on a variety of targets 

used to produce high intensity (spallation) or mono-energetic 
(nuclear reaction) neutron beams.   


- p+T, p+D, p+7Li, etc… up to 20 MeV


Reactors:  
- Obviously controlled fission in a reactor can be used to create 

very high ~1015 cm-2 neutron fields.

- Moderated to produce high flux thermal and cold beams

α

α

https://doi.org/10.1140/epjc/s10052-023-11522-x

- Gan Sasso
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Interaction length and time scales 

Neutron cross sections are in some sense ‘small’. 
- Absorption cross sections for isotopes like H and O are ~10s 

mb (100 times smaller than capture)

- Traveling at ~2000 m/s, thermal neutrons can propagate large 

distances before capturing (~10% scattering per meter in air)

- If you don’t want to deal with thermal neutrons you better 

have a hermetic shield (e.g. boron rubber)

- Fast neutrons can penetrate at meter scale in solids, among 

other things this means interactions are distributed in the bulk

- Thermalization occurs in µs and capture (solids) occurs 

~100µs scales

- Fast neutron detectors need to be large to have high 

efficiency (especially at 100 MeV and above)


Applications: 
- Thermal neutron return from materials tells you about water 

content, isotopic makeup

- Long rang monitoring of reactors

- Nuclear security

https://doi.org/10.1038/s41467-019-09967-4
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https://www.nndc.bnl.gov/endf/

Cross sections vary wildly by isotope and energy 
- several orders of magnitude difference between large 

and small cross sections

- several orders of magnitude between cross sections 

at thermal and ‘fast’ energies


At thermal energies and below vary as 1/v 
- absorption depends on time spent near the nucleus


Nuclear structure leads to resonances 
- Cross sections have important and complicated 

structures 


Many isotopes have fairly sharp changes in cross 
section. 
- cutoffs can be useful in determining spectral 
information even with counts-only information.
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Scattering solid, absorption dotted

Many/most elements have large differences 
between absorption and scattering cross sections 
- Useful for moderating fast neutrons to lower energies 

where other isotopes have large cross sections.


In light moderators neutrons loose significant 
energy per scatter (H ~ x2) 
- Fast neutrons rapidly loose energy on scales of ~10 

cm

- ‘good’ moderator materials: water, polyethylene

- One of the best moderators is 2H because it 

moderates but doesn’t capture
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Detecting neutrons  

Prompt capture reactions:  
- Utilize absorbing isotope with large (e.g kilo barns) capture cross 

sections.

- Detection depends on energetic ionizing products 

- e.g. 3He(n,p), 6Li(n,t), 10B(n,α), and uranium fission


Absorption (activation) reactions:  
- radiative capture, spallation reactions, etc… 

- Many materials (e.g., indium, gold, rhodium, iron (56Fe(n,p) 56Mn), 

aluminum (27Al(n,α)24Na), niobium (93Nb(n,2n) 92mNb), & silicon (28Si(n,p) 
28Al)) capture neutrons in narrow resonances, multiple samples allows 
reconstruction of of incident spectrum


- Activation also useful for forensics and material characterization


Elastic scattering reactions:  
- Elastic reactions transfer energy to target which is then detected (e.g 

scintillation)

- Highest energy transfer is to light nuclei, so often hydrogenous targets
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Neutron detection and metrology 

Four ranges of energy with different 
metrology needs and techniques


1) Thermal neutrons: easy to detect

But lose direction and energy information


2) 1/E region: challenging and specialized


3) Fast neutron: cross sections small, 
interaction distances large (1-10 cm)

Maintain some direction information 


4) Highest energies: interaction lengths are 
large relative to typical detectors, so again, 
energy information is a challenge 

1)

2)

3)

4)
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Gas counters 
- Most common method for detecting thermal 

neutrons 


How they work:  
- gas-filled tube with a high voltage applied across 

the anode and cathode.

- Thermal neutrons capture (e.g. on 3He) producing 

ionizing products (e.g a proton and triton)

- Ionization + voltage collection of charge 

(proportional to energy w/ appropriate voltage)  


Performance: 
- Very robust and transportable

- Various gasses usable, e.g. 3He and BF3 (toxic )

- Generally insensitive to gammas

- Counting detector only

- Rather hard to calibrate absolutely due to 

complicated geometric effects (several percent at 
best)

http://large.stanford.edu/courses/2012/ph241/lam1/

DOI:10.1063/1.4909595

few cm
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Fission Chambers: 
- Similar in function to a gas counter but with a 

fission isotope target

- Straightforward counting detector:  


- Large signal from fission fragments, well-
separated from noise and alphas


- Largely gamma insensitive

- Wide range of available masses gives wide 

range of sensitivity

- Variety of isotopes for thermal or fast 

detection

- Systematic uncertainties are tractable ≲ 1-2%

- Calibrations traceable through internationally 

accepted standards

- Physically robust and very stable
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AMANDE 2011
CCRI(III)-K11

Fission Chambers (continued): 

A special feature of fission chambers: absolute calibration 
- Dual (multi) deposit chambers allow precise inter 

comparison between deposits (e.g. NIST has ~500 
different deposits) 


- Gravimetric mass spec or alpha counting techniques 
allow absolute determination of number of target atoms 
(ref deposit)


- Response is then determined by knowledge of cross 
section


- Such a calibration is not easy/impossible to achieve with 
other detector types


- Verified through international inter-comparisons.


Applications: 
- Establish standard reactor thermal neutron fields

- Measure thermal and cold neutron beam fluence rates

- Fast neutron fluence (Cf-252, 2.5 MeV, 14 MeV)

- Neutron dosimetry

- High-dose, mixed neutron/gamma fields (e.g., fuel rods)

- Detector calibration
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erators were 0 cm ! (bare), 8.0 cm ! (1.5 cm thickness),
11 cm ! (3.0 cm thickness), 15 cm ! (5.0 cm thickness),
and 23 cm ! (9.0 cm thickness), respectively. The schematic
diagram of the measurement system is shown in Fig. 1. All
the spherical 3He proportional counters with polyethylene
moderators were placed at 1m above the floor. High voltage
(þ1;100V) was applied to each detector using high voltage
power supply (ORTEC model 478). Signals from each detec-
tor were fed to the pre-amplifier (ORTEC model 142PC) and
the linear amplifier (ORTEC model 571). The output pulse
signals were introduced to a Multi Channel Analyzer
(MCA) (ORTEC model 920E) to be converted into the pulse
height spectra. The pulse height spectra obtained by each
detector were accumulated separately at every fixed time in-
terval (1 h) by a personal computer, and summed up above

the cut-off level to discriminate the gamma-ray components.
Then the total counts of each 3He counter were obtained by
summing up the accumulated counts above the cut-off level
over a given measurement time at each measuring location.

The response functions were required to convert the
measured counting rates to neutron energy spectrum. The
set of response functions for the energy range from thermal
to 1GeV determined by Uwamino et al.8) were adopted
except for the bare 3He counter. The response function
of bare 3He counter was evaluated by Nunomiya et al.9)

Figure 2 shows the response functions used in the present
work. The reliability of the response functions was con-
firmed on an experimental basis. The calibration measure-
ment of the BS was performed in the monoenergetic neutron
fields with energy range of 250 keV to 15MeV at the
Dynamitron facility of Tohoku University,10) and also in
the thermal neutron field using a 252Cf neutron source and
bare 252Cf neutron source in the Facility of Radiation
Standards of JAERI (Japan Atomic Energy Research Insti-
tute). Throughout the series of the calibration measurements,
the differences between the measured and the calculated
values were within about 20%.

The cosmic-ray neutron energy spectra were obtained
by unfolding the measured counting rates with the aid of
response function. The SAND II code11) was used for this
unfolding, and the cosmic-ray neutron spectrum at sea level
observed by Goldhagen et al.7) was employed as an initial
guess spectrum for unfolding as shown in a solid histogram
in Fig. 3. Table 1 shows the analytical conditions for
SAND II in this study.

After obtaining neutron spectra by BS, the ambient dose
equivalent rate H"(10) and the effective dose rate HE of
the cosmic-ray at each altitude were estimated on the basis
of ICRP Pubication74. In order to estimate the ambient dose
equivalent rate H"(10), the neutron fluence to ambient dose
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Fig. 1 Schematic diagram of the experimental arrangement of the
Bonner multi-sphere neutron spectrometer (BS)
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Fig. 2 Measured and calculated response functions of the Bonner multi-sphere neutron spectrometer (BS)

496 M. KOWATARI et al.
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IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 51, NO. 6, DECEMBER 2004

Response modeled with MCNPX

Bonner sphere arrays 
- A large number of thermal neutron detectors covered with 

different amounts of moderator or absorber material 

- e.g. Cd, polyethylene, lead

- Neutron response varies by incident energy

- Complex response modeled in Monte Carlo


Performance:  
- Robust and transportable

- No direct energy information

- Requires complex unfolding often usually with a prior (and 

the attendant noise/systematics)

- Low efficiency - esp. at high E (>100 MeV)


Depending on application, e.g. cosmogenic surface 
spectrum, Bonner ball arrays have produced the best 
spectrum measurements available.
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Scintillation neutron detectors 
- Many technologies: liquid organic scintillators, crystals, plastics, glass, and 

scintillation fibers

- work somewhat motivated by the cost and scarcity of 3He


Neutron-sensitive scintillating glass fiber detectors 
- Incorporate 6Li and Ce3+ into the glass bulk composition

- Energy transfer to Ce3+ ions results in the emission of photons - read out by 

e.g. PMT

- Rugged fast, high efficiency, flexible geometry


Inorganic and organic scintillator crystals: 
- Many many possibilities e.g. 6Li doped CsI, 6LiF/ZnS:Ag, NaIF, LiCaAlF6,  

anthracene, stilbene, etc..

- Generally inorganic get doped with a neutron absorber

- Inorganics used for fast neutron detection due to hydrogen content

- High detection efficiencies, neutron - gamma discrimination

- Sometimes robust, easy to use, often expensive and/or hard to grow 

- anisotropic response


Complicated heterogeneous materials: 
- Many explorations of mixtures of scintillating materials and methods of 

optical transport have been explored.

- Mostly aimed at gamma/neutron discrimination 

DOI:10.1016/B978-0-12-819725-7.00087-8

https://doi.org/10.3390/cryst9090480

https://doi.org/10.1016/j.net.2022.10.04117

http://dx.doi.org/10.1016/B978-0-12-819725-7.00087-8
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Determination of neutron source strength

Manganese bath:  
- Internationally, the workhorse method for 

traceable determinations of neutron source 
strength 


- Capable of <1% precision for activities  105


- Traceability through CCRI(III) comparisons.


How it works:  
- Meter scale bath of manganese sulfate 

- Source placed in middle of bath (e.g. 252Cf)

- All neutrons thermalize and ~50% capture on 

55Mn; very few escape

- 56Mn decays to 56Fe mostly w/ emission of an 

846 keV gamma and a half-life of 2.6 hours

- Solution can reach saturation at reasonable 

activities and timescales


≥
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Neutron Source Calibration Facility

NaI Detectors

Marinelli Beaker

Spherical Bath of MnSO

Pump

Diffuser

1.25 m dia.

Teflon Source Holder

4

Shielding Wall
Neutron & Gamma

Lead Shield

How it works continued:  
- Activated solution is pumped to a pair of remote 

detectors (e.g. NaI) and continuously counted.  

- Various methods used to determine the 

efficiency from using a standard source artifact 
to gravimetric spiking with activated solution


Calibrated sources used to:  
- Create standard neutron fields (absolute) for 

detector or dosimeter calibration

- Neutron fields for activation or radiation 

damage studies. E.g. calibrated neutron 
induced defect studies


- In situ calibration sources for spectrometers, 
etc…


- Lower limit on activity reduces utility for some 
purposes, e.g. dark matter/neutrino detectors   


Determination of neutron source strength
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Focusing on fast neutrons  
Underground science 

- Increasing number of experiments requiring ultra low background 
environment (dark matter, double beta decay, solar neutrino,...) 
where fast neutrons can mimic experimental signals


- Fast neutron backgrounds are not well characterized either on the 
surface or underground (cosmic-induced neutrons, fission, & -n)


- Measurements and simulations are not always consistent.


National needs 

- Detection of low-levels of neutrons from fissile material 


- Use in active and passive interrogation technologies


Health physics and dosimetry


- Dosimetry of fast neutrons above several MeV is poorly 
understood - Ion therapy up to 400 MeV


- Increased exposure from 14 MeV generators and medium and 
high energy accelerator facilities

α

Finally, it is apparent that the experimental points
lie far above the MC data. If the disagreement for
the light materials is already unreasonable, the
case of lead cannot be easily explained. In fact,
even if a much lower neutron threshold of 1MeV
is considered, both MC models would still predict
a lower cross-section than those reported in
Ref. [18].

The production of lower energy neutrons by
deep inelastic scattering (DIS) of 470GeV muons
in lead was studied by the E665 Collaboration,
who found average neutron multiplicities per DIS
event of ’ 5 for neutron energies under 10 MeV
[19]. A value of 3.7 is obtained for the GEANT4
simulation of the m–N process at this muon energy,
in reasonable agreement with the experimental
result. The simulated neutron spectrum (per unit
energy) exhibits a double-exponential behaviour
below 10MeV—also in agreement with the experi-
mental findings. The two decay constants, due to
neutron evaporation from the thermalised nucleus
and from pre-equilibrium emission, are charac-

terised by nuclear temperatures of 0.93 and
3.7MeV, compared to 0:7! 0:05 and 5! 1MeV
obtained in E665. In conclusion, the spallation of
neutrons under 10MeV as predicted by GEANT4
for lead does not conflict with these experimental
data.
The role of the minimum energy transfer in the

muon photonuclear models in neutron production
was pointed out in Paper 2. This threshold comes
about because the virtuality of the photon can no
longer be neglected when it becomes comparable
to its energy. Recently, the total m–N cross-section
was reported to increase by 2–3 times if the
minimum energy transfer is decreased from 140 to
10MeV, based on the parameterisation used in
FLUKA [20]. We have confirmed that this
difference is only 10–15% greater for the
200MeV threshold in GEANT4. The aforemen-
tioned study also found that the parameterisation
used to describe the g–N cross-section in FLUKA
[16] (similar to that from Ref. [17] used in
GEANT4) overestimates more rigorous theoreti-
cal calculations when extrapolated to low energy
gammas. Consequently, the increase in the muon
cross-section with decreasing threshold is not
expected to be as large as mentioned above. In
any case, as pointed out in Paper 2, we expect
many more neutrons to be produced by brems-
strahlung (real) photons with low energies in
electromagnetic cascades than by virtual ones in
muon interactions with small energy transfers.

3. Underground neutron fluxes: a case study

The UK Dark Matter Collaboration (UKDMC)
has been assessing the feasibility of a xenon-based
tonne-scale dark matter experiment to be installed
at the Boulby Underground Laboratory. In this
context, initial calculations using FLUKA, re-
ported in Paper 3, have so far been performed of
the muon-induced background in a 250 kg xenon
target. Building on that work we present here a
case-study comparison between FLUKA and
GEANT4. The calculated neutron fluxes and
spectra at the rock/cavern boundary and after
various shields are also relevant to other under-
ground experiments in different laboratories.
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High efficiency fast 
neutron detection 

Recoil detectors 
- Recoil energy and 

cross section go down 
with target mass


- Motivates using 
hydrogenous materials 


Concept:  
- Build a large mass of organic material that provides 

some way of detecting deposited energy

- Liquid or plastic scintillators, composite materials 


Challenges: 
- Competing cross sections at high energy

- Large mass = high sensitivity to non-neutrons


- Background rejection critical

- Detector response 21
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A brief aside on material interactions: 

- Energy deposition, , is different for different particle 
types, 1/v2 n


- Generally, signal production is ‘slow’ and competes with 
other ways of dissipating energy


Pulse shape discrimination 

- Ionization density and thus molecular excitation of triplet 
and singlet states thus depends on particle type, 


- Singlet and triplet molecular states have different decay 
times 


- Very powerful way to distinguish particle type


Quenching and non-linearity  

- Density dependent excitation annihilation

- Excitons interacting with and getting neutralized by free 

electrons and ions in track

- Since density is dependent on particle type and energy, 

available signal becomes non=linear in energy.

dE/dx
∝

Neutron capture on 6Li 

Nuclear Instruments and Methods in Physics Research A 570 (2007) 72–83
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Determining scintillator neutron response 
- Various methods, e.g. TOF with tagged 252Cf 

source, accelerator based neutron beams.  


Example of ELBE - Center for High-Power Radiation 
Sources: 

- Electron beam emitted by a superconducting 
electron LINAC is used to produce a white neutron 
spectrum in a liquid-lead neutron radiator


- Energy ranges from below 100 keV to above 10 
MeV with a variable repetition rate


- TOF give neutron energy, scattering angle provides 
recoil energy transfer


- e.g. Organic glass scintillators compared to EJ-200


23

https://www.hzdr.de/db/Cms?pNid=145
https://www.hzdr.de/db/Cms?pNid=145


Capture Gating (FaNS example)
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- Trigger on 3He neutron capture

-    (very high gamma rejection) 

- Digitize all scintillator events within 
some window (~10s µs)


- Requiring a coincidence implies full 
energy deposition (approximately)


- Directly measures incident energy 
(minimal reconstruction)
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Data and plot from T. Langford

Reverse ordered events used to subtract background


Time scale dominated by neutron capture time

(can be shortened e.g. by integrating capture agent into material)
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- As noted: many materials (esp. plastic scintillator) 
have a response to charged particles that is 
nonlinear


- Optimized segmentation leads to better energy 
resolution 


- Can be characterized using neutron TOF or 
tagged 252C sources


- Energy reconstruction is improved by treating 
each recoil separately, determining energy and 
summing


- Segment size is a trade-off between cost 
(channels) and matching neutron mean free path

26



21 3He Neutron Detectors

9cm x 9cm x 56cm Plastic 
Scintillator Bars (EJ 200)

35 cm

FaNS-2 

NIST collaboration with University of Maryland:  
- 72 liters effective volume

- 56 channel DAQ - CAEN 250 Ms/s

- PMTs with excellent linearity and 

characterization


Performance:  
- Order of magnitude higher sensitivity 

compared to earlier versions

- Characterized w/ various sources in a low-

backscatter facility at NIST 

- Average efficiency 1-10 MeV (252Cf) is 3.6 ± 

0.15% 

- Scale sets ‘effective’ sensitivity range of 1 MeV 

- 1 GeV   


arXiv:1510.07607 
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Demonstration of segmentation:  
- Illuminate detector with neutron generators


 - D-T at 14 MeV 

 - D-D at 2.5 MeV 

- Low backscatter room (low mass walls)

- Use MCNP to generate a response matrix and 

then Single Value Decomposition to 
deconvolve the spectrum


- Response is good: 

- ‘raw’ ~ 1 MeV at 2 MeV

- deconvolved ~ 0.5 MeV at 2 MeV

- Roughly 2 MeV at 14 MeV

Prel
im

inary

D-D

Reconstructed MeV

D +D ! 3
He+ n (2.5 MeV )

D + T ! 4
He+ n (14.1 MeV )
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Demonstration of segmentation:  
- Illuminate detector with neutron generators


 - D-T at 14 MeV 

 - D-D at 2.5 MeV 

- Low backscatter room (low mass walls)

- Use MCNP to generate a response matrix and 

then Single Value Decomposition to 
deconvolve the spectrum


- Response is good: 

- ‘raw’ ~ 1 MeV at 2 MeV

- deconvolved ~ 0.5 MeV at 2 MeV

- Roughly 2 MeV at 14 MeV

D +D ! 3
He+ n (2.5 MeV )

D + T ! 4
He+ n (14.1 MeV )
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Cosmogenic fast neutrons (w/ structure in spectrum)
FaNS-2 surface spectrum

Prel
im

inary

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

Co
un

ts
 /

M
eV

/s

100 101 102 103 104

Energy (MeV)

 Data
 MCNP

Excess due to mis-modeled muons 
(In progress)

Data and plot from T. Langford

30



Incorporating PSD 
- Array of 16 quartz LS-filled tubes  (0.4% 

6Li-doped PSD capable UltimaGold AB) 

- Dimensions optimized for ~ MeV scale 

neutrons - maximum energy resolution 

- Combining capture gating w/ PSD offers 

much improved background rejection

- Highly transportable 


neutron recoil

gammas

15 cm
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Event by event directionality 
- Scatter-camera imaging of fast neutrons 

utilizes the kinematics of elastic scattering 
to reconstruct the incident energy and 
direction of neutrons that interact twice in a 
detector system


- E1, E2, and TOF give total energy and 
incoming cone of angles


- Design tradeoffs familiar; reject gammas 
(PSD), single scatter per segment (many 
segments) etc…


- Direction and energy can allow localization 
and identification of source 


- Negative is the obvious low efficiency 

Neutron scatter camera

Review of Scientific Instruments 87, 083307 (2016)
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Recoil track detectors  
- Image the recoiling nucleus = direction information!  


Challenge: 
- Complex to implement 

- Not a lot of signal to work with

- Efficiency


Concepts exsit: 
- RIPTIDE (CMOS sensors w/ optics) around plastic


- Bragg peak gives direction, track length gives 
recoil energy


- MONDO (250 μm layers of scintillating fibers) 

- detector capable of tracking the fast and ultrafast 

neutrons produced in PT treatment

- Primary challenge is photons/recoil

- CMOS single particle tracking (with possible 

amplification)

- Efficiency 

arXiv:2210.17431v2 Simulation

RIPTIDE

10 cm
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Future directions in fast neutron detection 
- Meter-scale 6Li doped PSD plastics developed by LLNL & 

Eljen

- Detection performance comparable to good 6Li-doped 

liquid scintillators

- PSD performance in long bars suitable for neutron capture 

ID and fast neutron recoil detection

- Robust transportable solid detectors for fast neutron 

spectroscopy at site Nucl. Inst. And Meth. A V668, P88, (2012))

1

10

210

310

0 0.5 1 1.5 2 2.5 3
Reconstructed Energy [MeV]

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5
PS

D
 F

ac
to

r [
 ]

neutron recoil

electronic recoil

ROADSTR Prototype 6Li PSD Plas<c Detector 

Bar size: 55mm x 55mm x 500mm

Detailed description of ROADSTR was presented as a SNOWMASS 21 Letter of
Interest - https://www.snowmass21.org/docs/files/summaries/NF/SNOWMASS21-
NF9_NF7_ROADSTR_Mobile_Antineutrino-184.pdf34



Physics of the Dark Universe, Vol 41, 2023, 101245

Neutron recoils in minerals 

Just like a WIMP or neutrino, neutrons cause recoils:  
- Track length (up to µm) depends on recoil energy & 

primary knockout atom

- This range can be different that signals of interest 

(e.g. atmospheric neutrinos)

- Shape of signal depends on the model of the incident 

particle, allowing statistical discrimination - not event 
by event.


- At depth, neutrons primarily come from ( ,n) and 
directly from 238U fission 


- Neutrons of 1-10 MeV scatter multiple times (but not 
densely clustered in location) yielding a ‘flat’ 
spectrum of track lengths.


Minerals with a low 238U content critical to background 
reduction. 

Similarly, precise characterization of neutron induced 
tracks is key.

α

Ranges from SRIM
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Conclusions 

- Neutron metrology is a rather mature field with many many tools available.   

- Despite this, precision neutron measurements present challenges due to the nature of the 

neutron

- Length scales of interactions 

- Cross section that are big enough the matter but small enough to allow penetration

- Single neutrons interact over a ‘large’ area


- In the context of paleo detectors: 

- Characterizing potential neutron backgrounds may be critical for many use cases

- Metrological studies of neutron induced tracks 


- Advances in high-efficiency fast neutron spectrometers offer new capabilities that could 
prove essential.  


- Don’t ignore neutron metrology
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Thanks!
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Backup slides



252Cf source
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Remove central segment to 
make accurate 
measurements of low-
activity (> 1 s-1) sources.

Source detection and calibration 
- 252Cf source runs at 50 cm show good 

statistical directionality

(simply attenuation)


- 221 µg 240Pu at 1 cm (0.23 s-1) gives 5 
sigma detection after one day


- Implies 5 sigma detection of 100 g at 10 m 
in 15 min


- Well-understood high-efficiency detector 
can in principle be used for source 
calibration, i.e. remove central tube and 
replace w/ source


- Fills gap in source strength calibration 
relevant to dark matter searches,             
i.e. 100 Bq activities

- 240Pu 
detection
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Current NIST detector suite

• Arrays of hydrogenous scintillator segments and with 
appropriate high-fidelity neutron capture technique 

  - Plastic for FaNS-1 and 2, 6Li-doped liquid for DIMA 

  - 3He tubes for FaNS-1 and 2, 6Li for DIMA 

        - Segmented to improve energy reconstruction 

• Use Capture-gated Spectroscopy for particle identification 
and energy information 

• Calibrated at NIST with Cf-252, DD, and DT neutrons 

• FaNS-1: Rapidly deployable for multiple site background 
characterization 

• FaNS-2: Detector optimized for low rates and high energies 

• DIMA: Liquid demonstrator; optimized for energy resolution 
at 1-10MeV

DIMA

FaNS-2

FaNS-1



P. Mumm, National Institute of Standards and Technology DNP Meeting, Santa Fe, NM October 30th, 2015 41

Environmental fast neutrons

15

events/keV-kg-year, is precisely what we have found in
our simulation.
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FIG. 25: The Depth-Sensitivity-Relation (DSR) derived for
a Majorana-like experiment showing, specifically, the results
from this work assuming the detector is operated at a depth
equivalent to the Gran Sasso Laboratory. The raw event rate
in the energy region of interest of 0.026 events/keV-kg-year
can be reduced by a factor of 7.4 by exploiting the detector
granularity, pulse-shape discrimination (PSD), and detector
segmentation. The upper curve displays the background sim-
ulated in the case that no active neutron veto is present and
the lower curve indicates the reduction that would ensue if an
active neutron veto were present that is 99% efficient.

The results of our simulations can be used to derive
the DSR for Majorana as shown in Fig. 25. The neu-
tron induced background can be reduced by about a fac-
tor of 7.4 in Majorana owing to the use of crystal-to-
crystal coincidences and the use of pulse-shape discrim-
ination and segmentation. Nonetheless, to achieve the
target sensitivity of next generation double-beta decay
experiments, 0.00025 events/keV-kg-year corresponding
to the background level required to reach sensitivity to
the atmospheric mass scale of 45 meV Majorana neutrino
mass, the muon-induced background must be reduced by
roughly another factor of 100. This can be achieved only
by operating such a detector at depths in excess of 5
km.w.e., otherwise an active neutron veto would need to
be implemented with an efficiency in excess of 99%.

D. (α,n) Background

Once the depth requirement is satisfied, a proper shield
against (α,n) neutrons from the environment becomes
necessary. We use the standard rock and the measured
neutron flux (3.78×10−6cm−2s−1 [68, 69] ) at Gran Sasso
assuming that all underground labs have the same order
of neutron flux to establish the shielding requirement for
(α, n) neutrons. This flux corresponds to an average of
about 2.63 ppm 238U and 0.74 ppm 232Th activity in
Gran Sasso rock and 1.05 ppm 238U and 0.67 ppm 232Th
activity in Gran Sasso concrete [70]. The neutron energy

spectrum depending on the rock composition is shown in
Fig. 26. As can be seen, the total neutron flux is about
three orders of magnitude higher than that of neutrons
from the rock due to muon-induced processes, but the
energy spectrum is much softer.
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FIG. 26: The neutron energy spectrum arising from (α,n)
reactions due to radioactivity in the rock. We predict a harder
energy spectrum in Gran Sasso rock relative to standard rock
owing to the presence of carbon and magnesium.

To demonstrate the neutron flux and energy spectrum
at different boundaries we show the rock/cavern neutron
flux and energy spectrum with a shielding for Majorana
described earlier in Fig. 27 for the depth of Gran Sasso
as an example.

Energy (MeV)
-110 1 10 210 310

)-1
 M

eV
-1

 y
-2

N
eu

tr
on

s 
(c

m

-1210
-1110

-1010

-910

-810

-710

-610

-510

-410

-310

-210

-110
1

10

210

310
:Rock/Cavern boundaryµ

:After poly shieldingµ

:After lead + copper shieldingµ

,n): Rock/Cavern boundaryα(

,n): After poly + lead + copper shieldingα(

FIG. 27: The energy spectrum for fast neutrons produced
by (α, n) reactions in the rock compared to those induced by
muon interactions in the rock with and without shielding. The
lower energy neutrons (< 10 MeV) are quickly absorbed using
polyethylene shielding, however, the high energy portion of
the muon-induced neutron flux persists. The addition of lead
shielding adjacent to a detector can also create an additional
source of muon-induced neutrons.

Note that the (α, n) neutrons from the rock are quickly
attenuated to the level of the muon-induced neutrons be-

1 MeV - GeV: Muon-induced neutrons (depth dependent)
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Large fluctuations with local environment and conditions 

are also lowand roughly similar to those obtainedwith the GEANT4
Binary INC model, up to an energy of about 1 GeV. For higher
energies, however, they decrease in contrast to those obtained with
both the GEANT4 Bertini INC and the GEANT4 Binary INC model.
This trend is also seen for all other PE spheres (not shown).

For those PE spheres that contain lead shells, differences
between the various codes and models are observed in a similar
way (Fig. 4) as for the pure PE spheres. The major differences
become obvious only above about 20 MeV. Again, use of
the GEANT4 Bertini INC model provides the highest values for the
response. In contrast to the results from the pure PE spheres,
the MCNP/LAHET results for the spheres with lead are almost as
high and expectedly do not decrease with increasing neutron
energy above 1 GeV. More specifically, they are very similar to those
obtained with GEANT4, up to an energy of about 200 MeV. Above
this energy the GEANT4 Binary INC provides values more than
a factor of 2 lower than those obtained with the other codes. Note
that for these two spheres, no HADRON calculations were available,
so the response functions of LAHET were used instead to determine
fluence and dose rates.

The fact that for the pure PE spheres the GEANT4 Binary INC
provides higher values than the MCNP/LAHET codes while it
provides lower values for those PE spheres that include lead, may
indicate that the nuclear models used in the present work might
not be equally suitable to model neutron interaction with light and
heavy nuclei.

3.2. Neutron fluence rates and neutron ambient dose equivalent
rates

While this finding is interesting for itself and asks for a more
detailed analysis of the nuclear models used, it must not necessarily
mean that it is important in terms of unfolded neutron spectra, as
well as in terms of dose quantities. To research this inmoredetail, the
count rates shown in Fig. 2 were used and the spectral neutron flu-
ence rate distributions were deconvoluted, using the four different
response function sets calculated as described above. The resulting
four neutron spectra are shown in Fig. 5 in the lethargy representa-
tion. In this representation, equal areas below the curve correspond
to equal neutron fluence rates in the considered energy region.

Clearly, there are only minor differences belowa neutron energy
of about 1 MeV, while there are some major differences above: The
height of the cascade peak at 100 MeV is much lower for the
GEANT4 Bertini INC than that for GEANT4 Binary INC, MCNP/
LAHET, and MCNP/HADRON due to the highest response values
obtained by the GEANT4 Bertini INC in that energy range (Figs. 3
and 4). In order to quantify these differences, the neutron fluence
rates deduced from the four neutron spectra integrated over the
four energy regions indicated in Fig. 5 are given in Table 1.

As can be deduced from Table 1, for all codes/models the total
neutron fluence rates obtained do not differ much (less than 4%)
from those obtained with the standard MCNP/LAHET response
functions. A closer look reveals, however, that the GEANT4ebased
response functions result in somewhat larger epithermal neutron
fluence rates (12e13%) than those obtained with the MCNP-based
response functions. In contrast and more important in terms of
dose (see discussion below), the neutron fluence rate is signifi-
cantly lower when based on GEANT4/Bertini INC (about 18%), for
neutrons with energies above 20 MeV. This is because GEANT4/
Bertini INC resulted in the highest response functions, at these
energies (see Figs. 3 and 4). Altogether, the neutron spectra
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Fig. 4. Response functions for those PE sphere that include lead, as obtained using the
different neutron transport codes and nuclear models.
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Fig. 5. Four neutron spectra unfolded from the mean count rates shown in Fig. 2, based
on the response functions calculated with GEANT4 Bertini INC, GEANT4 Binary INC,
MCNP/HADRON and MCNP/LAHET, respectively.

Table 1
Neutron fluence rates deduced from the neutron spectra of Fig. 5; percent values
describe relative difference to the MCNP/LAHET results.

GEANT4/Bertini
(cm!2 h!1)/(%)

GEANT4/Binary
(cm!2 h!1)/(%)

MCNP/LAHET
(cm!2 h!1)/(%)

MCNP/HADRON
((cm!2 h!1)/(%)

Thermal 78.4/3.8 78.7/4.1 75.6/0 75.7/0.1
Epithermal 80.4/13.4 79.7/12.4 70.9/0 70.7/!0.4
Evaporation 69.1/!2.4 68.6/!3.1 70.8/0 71.1/0.4
Cascade 107.4/!18.0 128.6/!1.8 131.0/0 127.2/!2.9
Total 335.4/!3.7 355.7/2.1 348.3/0 344.6/!1.0
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Fig. 3. Response functions for the 5, 8, and 12 inch spheres, as obtained using the
different neutron transport codes and nuclear models.
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TABLE II
FITTED PARAMETERS FOR THE ANALYTIC MODEL

. In the Appendix, we provide a table of numer-
ical values of neutron differential flux, , for
determined from the shape of the Yorktown Heights spectrum
scaled down to the location of New York City (NYC) at sea
level (as it is shown in Fig. 6), then further adjusted up to the fit
in Fig. 5, and up to the mid-point of solar modulation using (3).
We refer to this spectrum as the “reference” spectrum. Its flux is
0.901 times that of the measured spectrum at Yorktown Heights
and 1.07 times that of the scaled spectrum shown in Fig. 6.

The spectrum may change shape slightly in the GeV region at
higher cutoffs. The airplane measurements of Goldhagen et al.
[14], obtained at an altitude of 20 km, found that the fraction of
the total flux that was above 10 MeV was 8% higher at a cutoff
of 11.8 GV than at 0.8 GV. Calculations by Mares et al. [37]
show that the cutoff dependence of the spectrum shape is less
than half as much on the ground as it is at 20 km.

V. ANALYTIC MODEL

In addition to tabulated values of , a simple analytic
expression has been fit to the NYC reference neutron spectrum
in the energy range from 0.1 MeV to 10 GeV

(6)

The values of the parameters , , and in (6) were
constrained by requiring that the energy-integrated fluence,

, in the energy regions of the evaporation and
high-energy peaks from the model agree with the experimental
data to within a few percent. The numerical values of these
parameters are listed in Table II. Since the flux in the thermal
peak, and to a lesser extent the plateau region, depend on
the local environment, functions fitting these regions are not
presented here.

Fig. 7 shows a graph of the evaporation and high-energy re-
gions of the reference spectrum and the analytic model in the

representation. The data are shown as a histogram
and the analytic model is the solid smooth curve. The fit is vis-
ibly very good above 10 MeV and reasonably good in the evap-
oration region down to about 0.4 MeV.

VI. COMPARISON TO JEDEC STANDARD

Fig. 7 also shows the spectrum from Appendix E of JEDEC
Standard JESD89 [38]. The JEDEC model was a fit through
previously published data adjusted to the same conditions as
our reference spectrum. (This was the main reason we chose
those conditions.) It has been used for a number of years and
forms the basis of current SER calculations. The JEDEC model
underestimates the reference measured flux integrated from 50
MeV to 1 GeV and overestimates

Fig. 7. Upper-energy portion of the reference neutron spectrum at New York
City, sea level, and mid-level solar modulation (histogram), the analytic fit (solid
smooth curve), and the model from Appendix E of JEDEC Standard no. 89 [38]
(dashed curve).

Fig. 8. Differential flux, , of cosmic-ray induced
neutrons as a function of neutron energy. The data points are our reference
spectrum from the measurements, the solid curve is our analytic model, and
the dashed curve is the JEDEC model [38].

it from 5 to 50 MeV and again from 1 to 10 GeV by factors of
1.7 and 1.3, respectively.

Fig. 8 shows the same data as Fig. 7, but presented as the
more familiar differential flux (neutrons ).
As already shown in Fig. 7, our analytic model reproduces the
measured spectrum better than the JEDEC model.

VII. CONCLUSION

Five sets of neutron spectrometer data have been collected
and analyzed from a variety of sites across the United States
to determine the flux and energy distribution of cosmic-ray in-
duced neutrons on the ground. The measurement sites had a
wide range of altitudes and a small range of geomagnetic cutoff
rigidities (1.6 to 4.7 GV). An extended-energy Bonner sphere
spectrometer was used that collected data simultaneously across
an energy range from 1 meV to about 10 GeV. The measured
total neutron flux varied by a factor of 15 from the highest
to lowest altitude sites, but the shape of the spectrum above
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Introduction 
In recent years CAEN has developed a complete family of digitizers that consists of several models differing in sampling frequency, 
resolution, form factor and other features. Besides the use of the digitizers as waveform recorders (oscilloscope mode), CAEN 
offers the possibility to upload special versions of the FPGA firmware that implement algorithms for the Digital Pulse Processing 
(DPP); when the digitizer runs in DPP mode, it becomes a new instrument that represents a complete digital replacement of most 
traditional modules such as Multi Channel Analyzers, QDCs, TDCs, Discriminators and many others. In this application note, we 
describe the capability of the series x720 (12 bit, 250MSps) to perform neutron-gamma discrimination based upon the digital pulse 
shape analysis. The development of this FPGA firmware was based upon liquid scintillating detectors of type BC501-A. 
All detector and neutron/gamma source based tests were performed at the Triangle Universities Nuclear Laboratory (TUNL) on the 
campus of the Duke University in collaboration with Mohammad Ahmed. 

Neutron-Gamma discrimination with liquid scintillators 
Liquid scintillating detectors are widely used to achieve neutron-gamma discrimination due to their effective Pulse Shape 
Discrimination (PSD) properties [1].  
The light emission of liquid scintillating detectors comprises of a fast decay component, as well as a substantial slow decay 
component. These components arise from de-excitations of different atomic states in the scintillator. The relative population of 
these states depends on the energy loss (dE/dx) of the particle. In organic liquid scintillators, these components strongly depend on 
the energy loss.  
The gamma rays interact in the scintillator mostly via atomic Compton scattering or pair production mechanisms. The neutrons are 
detected by scattering them with the protons. These two different processes for gamma-rays and neutrons give rise to significant 
difference in the slow decay component of the light emission. This difference becomes the basis of pulse shape discrimination in 
the liquid scintillating detectors [2]. 

Set-up description 

The detector is a 5 inch diameter, 2 inch thick liquid scintillator of type 
BC501-A. The scintillator is coupled to a Hamamatsu R1250 photo-
multiplier tube (PMT). The base is also a Hamamatsu model HTV 
H6527. The detector is biased to -1430V.  
The signals from the PMTs are connected to the digitizer inputs via 
120 feet low-loss RG8 cables. 
The detector is biased to -1430V. The signals from the PMTs are 
connected to the digitizer inputs via 120 feet low-loss RG8 cables.  
The digitizer is a 4 channel, 12 bit, 250 MS/s DT5720 (Desktop 
version). The analog bandwidth is about 120 MHz and the input 
dynamic range is 2 Vpp; the DC offset can be adjusted by means of an 
internal DAC in the range -2/+2 V. 
The digitizer runs the preliminary version of the DPP-PSD firmware for 
the digital charge integration and neutron-gamma discrimination. This 
principle of operation of the DPP-PSD firmware can be summarized by 
the following operations that are executed in real time inside the 
FPGA 

 The baseline of the signal is calculated by a programmable length mean filter and subtracted from the input signal; the 
result is compared with the trigger threshold and, if exceeded, a trigger is issued; it is also possible to use the threshold 
only to get armed, then wait for the pulse peak and issue the trigger at that time.  

 With the trigger, the baseline is frozen, two gates of programmable width are opened and the charge integration starts; 
the signal fed to the integrator is delayed of a programmable number of samples in order to let the gates to start before 
the trigger. 

 The trigger also initiates the event building: this can include the waveforms (i.e. row samples) of the input, baseline, 
trigger, gate and other signals, the time stamp of the trigger and the charges calculated within the two gates (short and 
long). 

 

Fig. 1:  The  detector  used  for  these  measures  is  a  5”x2”  BC501-A 
liquid scintillator coupled to an Hamamatsu R1250 PMT  

Liquid 
Scintillator

2.5-MeV source. We determined the templates by minimizing the
squared Euclidean distance (L2) of the normalized pulses within
each of the two clusters. We also estimated templates with a
robust version of cluster analysis based on an L1 distance metric.
In this approach, within each cluster, the median value rather
than the mean value is computed. The robust and non-robust
cluster analysis methods yield similar template estimates.

From the 137Cs gamma-ray source, we determined an electronic
recoil template by a robust signal averaging method. Each baseline-
corrected pulse was normalized so that its maximum value was 1.
At each time sample, the trimmed mean of all the processed pulses
was computed, and the resulting pulse was divided by its integral
value. Values of the trimmed mean at each relative time of interest
between the 0.1 and 0.9 quantiles of the distribution were averaged.
For the 2.5-MeV source, we estimated a nuclear recoil template with
the same robust signal averaging method described above. The
estimated nuclear recoil and electronic recoil templates from the
cluster analysis agree well with the corresponding robust signal
averaging estimates. Moreover, the estimated nuclear recoil tem-
plates determined from start and stop pulses for the 2.5 MeV case
were in very close agreement for the range of amplitudes that we
attribute to neutron capture on 6Li.

4.3. Discrimination statistics

The Matusita distances between a normalized pulse of interest, pm,
and the template pulses for the electronic recoil p̂e and nuclear recoil
events p̂n are

de ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffi
pmðiÞ

p
$

ffiffiffiffiffiffiffiffiffiffi
p̂eðiÞ

q" #2

ð6Þ

and

dn ¼
X

i

ffiffiffiffiffiffiffiffiffiffiffi
pmðiÞ

p
$

ffiffiffiffiffiffiffiffiffiffi
p̂nðiÞ

q" #2

ð7Þ

where i is the time increment for the digitized pulse. The normalized
pulses sum to 1. Negative values are set to 0 before taking square
roots in the above equations. Our primary PSD statistic is

logR¼ log
dn

de
: ð8Þ

For comparison, we also computed a prompt ratio statistic

fp ¼
Xp

XT
ð9Þ

where Xp is the integrated pulse from t¼0 to to and XT is the
integrated pulse over all times. Here, we set to to be the time
where the nuclear and electronic recoil pulses cross.

For both discrimination statistics, Figs. 8 and 9, we estimate an
amplitude dependent discrimination threshold based on events that
produce logR values less than 0. We then formed a curve in
(amplitude, logR) or (amplitude, fp) space. For each method, we
sorted the corresponding curve data according to amplitude bins and
determine the median amplitude and median discrimination statistic
within each bin. In sequence, we fit a monotonic regression model
[52] and then a smoothing spline to each curve. The degrees of
freedom of the smoothing spline were determined by cross-valida-
tion [53]. We determined a threshold for each particular amplitude
by evaluating the smoothing spline model at that amplitude.

The separation between the logR statistics appears more dramatic
than the separation between the fp statistics for the 137Cs and
2.5-MeV sources. Theoretically, we expect that the logR statistic
conveys more information because it is based on a 201-bin repre-
sentation of the observed pulse whereas the prompt ratio is based on
a 2-bin representation of the observed pulse. A careful quantification
of the relative performance of PSD algorithms based on these two
statistics is a topic for further study. One could also form larger bins
to smooth out noise before computing a logR statistic for any pulse as
discussed in Refs. [54,55]. In future experiments, our digital acquisi-
tion system will have a higher (10-bit or 12-bit) resolution compared
to the 8-bit resolution of the data shown in this study. This should
facilitate refinement of our PSD techniques. In this work, we
neglected to account for the energy dependence of the templates.
In future work, we may account for this dependence.

5. Summary and conclusions

A liquid scintillator doped with 0.15% 6Li by weight was fabricated
and made into a test cell. The process of making the scintillator does

Fig. 7. Waveform templates for nuclear recoil and electronic recoil events
determined by cluster analysis from calibration data from a 2.5-MeV neutron
source (contaminated by gamma-rays).

Fig. 8. Empirical distribution of logR statistics.

Fig. 9. Empirical distribution of prompt ratio statistics. The width of the prompt time
window is determined by where the nuclear and electronic recoil templates cross.
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• N-P scattering to detect deposited 
energy 

• Use pulse shape to separate gammas 
from neutrons ~100x reduction

• All neutron interactions detected, mostly 
partial-energy depositions
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1.3.2 The liquid scintillator proton recoil detector

The liquid scintillator proton recoil detector is perhaps the opposite of the

passively moderated 3He counter. Rather than detecting the capture of a thermal-

ized neutron, these detectors function by detecting the recoil proton from a neutron

scatter. With their large hydrogen content, liquid organic scintillators are highly

e↵ective neutron moderators. Depending upon the mass of the recoiling nucleus, a

neutron can transfer any fraction of it’s energy, up to a certain cuto↵ energy.

Er =
4A

(1 + A)2
(cos2 ✓)En (1.8)

Er|max =
4A

(1 + A)2
En (1.9)

Er is the energy of the recoiling nucleus, A is the atomic number of the nucleus, ✓

is the angle (in the lab frame) of the recoil, and En is the incident neutron energy.

For hydrogen, the neutron can transfer all of it’s energy to the recoiling proton. For

carbon, the other main element in organic scintillator, the recoil nucleus can receive

a maximum of 0.28 En [12]. Carbon recoils do not produce light in the scintillator,

but manifest as a loss of up to 28% of the total neutron energy.

Liquid scintillator also possesses the important ability to distinguish between

nuclear recoils and electronic recoils using the shape of the resulting pulse of light.

Nuclear recoils excite longer-lived excitations (triplet vs singlet state) in liquid scin-

tillator which lead to a slightly longer pulse of light. Figure 1.19 shows example

traces of typical gamma and neutron interactions in liquid organic scintillator. The

29
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Fisher et al. 2011

Ido et al. 2009
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• Neutron monitoring stations to 
study solar activity are spread 
across the globe

• Data freely available!

• Can compare pressure corrected 
and uncorrected event rates
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• 89 remain after BG 
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