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Is counting a measurement?



So why measure?

… to update / improve our 
state of knowledge about a measurand.

We assume that the quantity to be measured exists 
before the measurement … 

…  and it is regarded as the cause of specific effects  … 

… giving rise to data from measuring apparatus.



Two questions then arise:

1. How well do we know the   
reference standard?

2. How well can we estimate   
the measurand using the 
reference standard?

The assignment of the measurement value to the 
object measured is always achieved through a 
comparison with … 

… the “reference standard.” 

leads to uncertainty



Ref:



The second is defined by taking the fixed numerical value of the caesium 
frequency ΔνCs, the unperturbed ground-state hyperfine transition frequency 
of the caesium-133 atom, to be 9192631770 s−1

The metre is defined by taking the fixed 
numerical value of the speed of light in 
vacuum c to be 299792458 m s−1

The kilogram defined by taking the fixed 
numerical value of the Planck constant h to 
be 6.62607015 × 10−34 kg m2 s

The ampere is defined by taking the fixed 
numerical value of the elementary charge 
e to be 1.602176634 × 10−19 A s

The kelvin is defined by taking the fixed 
numerical value of the Boltzmann constant 
k to be 1.380649 × 10−23 kg m2 s−2 K−1

The mole is defined as an amount of substance 
containing exactly 6.02214076 × 1023 elementary entities 
which is the fixed value of the Avogadro constant NA

The candela defined by taking the fixed numerical value of 
the luminous efficacy of monochromatic radiation of 
frequency 540 × 1012 s-1, Kcd, to be 683 cd sr kg−1 m−2 s3

The 
Revised SI



Therefore the question to consider is not … 

“Is counting a measurement?”

… but rather …

“Are all measurements a form of counting?”
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Quantity of interest is often a fluence.

Fluence

Sounds straightforward.

What can be simpler than counting free neutrons?

Neutron metrology

dN
da

Φ = neutrons m-2

Flux: dN
dt

neutrons s-1



… complicated by the very large range in both energies
and intensities of interest ...

Directional characteristics of the neutron field can also be of interest … 
… but is typically difficult to achieve.

Also sometimes the spectral fluence is necessary … 
… requires spectrometry.

Neutron metrology has special challenges



Detecting a neutron is more challenging than charged particles 
since neutrons are 

…  well …  neutrally charged … 
… hence interact only with atomic nuclei.

Many interaction channels … [complicated to unravel]

Thermal region:   neutron capture and fission
Higher energies:  (n,p), (n,d), (n,α) reactions, and spallation
At all energies:  scattering

Furthermore, it is seldom to have a neutron field which is 
free from gamma-rays … 

… can complicate detector response.

Neutron detection has special challenges
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Cross section

Fluence
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Why 20 MeV?

R
σ
ΦΦ =• 8529-1 

• 8529-2
• 8529-3



ISO-standards for neutron metrology: 8529

no standards for above 20 MeV



20 MeV
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σ
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electrons 
and photons

pions, protons
and neutrons

muons

cosmic ray protonaltitude
(km)

Secondary particles from 
spallation in earth’s atmosphere

Neutron production from cosmic rays in the atmosphere

At flight 
altitudes 
neutron

contribution 
is around 

40 %.

neutrons



Cosmic ray neutron spectrum in Earth’s atmosphere:
20 km altitude at 54° N, 117° W



Neutron production from cosmic rays in matter
(Monte Carlo)

2.7 g cm-2 water 2.7 g cm-2 aluminium 



Energy spectra of neutrons impinging on an 
ICRU sphere for a solar maximum GCR spectrum

polyethylene

aluminium



Neutron spectrum measured in a 
nylon phantom for Ep = 200 MeV



Neutron spectrum measured in water phantom 
for Ep = 227 MeV

Neutron energy (MeV)



Energy spectra of 
neutrons at various 

positions in Cave A at GSI 
for a 1 GeV/u 56Fe beam



Charged particles of 
energy >100 MeV

(accelerator, GCR, SPE)

Spallation in 
“any” material

neutrons

• Dosimetry
• Metrology



Two useful documents
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Two “categories” of 
accelerator-based neutron fields

broad
spectrum

(quasi)-
monoenergetic 

Thick target
(spallation)

“Thin” target
(single reaction)

simulated 
workplace fields

Time-of-flight



The CERN-EU 
high energy 

Reference Field 
(CERF) 



BaF2 Total Absorption Calorimeter



GCR simulators

Present:

Future:



7Li(p,n)7Be is often used (Q = -1.6 MeV)

direct reaction peak 
(g.s + 0.43 MeV)

continuum
(break up)

Quasi-monoenergetic beams
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Time-of-flight measurement of neutrons  produced by 
a 100 MeV proton beam irradiating a 5.0 mm Li target

(with BC-501A at 8.00 m from the target).



Time-of-flight measurement of neutrons  produced by 
a 80 MeV proton beam irradiating a 10.0 mm Be target

(with BC-501A at 8.00 m from the target).

“Difference 
spectrum”



• Cyclotron Research Centre, 
Catholic University of Louvain-la-Neuve, Belgium

• The Svedburg Laboratory, 
Uppsala University, Sweden

• Indiana University Cyclotron Facility, 
Indiana University, USA

Three important high energy neutron facilities 
closed over last decade:



Řež, Czech Republic

• Isochronous cyclotron U-120M
• Proton beams 1-37 MeV

• p + D2O (thick): 
High flux broad neutron spectra

• p + Li(thin):
Quasi-monoenergetic neutrons

Fast neutron facility at CAS Nuclear Physics Institute



Neutrons For Science Facility of GANIL/SPIRAL2

• Superconducting LINAC
• Thick Be converter
• Thin Be and Li targets
• Time-of-flight hall: 28 m
• Neutron beams 1-40 MeV
• High flux Target station                                ToF hall

Caen, France



Research Center of Nuclear Physics 
Osaka University, Japan



Takasaki Ion Accelerators
for Advanced Radiation 

Application (TIARA) in the 
Takasaki Advanced Radiation 

Research Institute (TARRI) 
of the Japan Atomic Energy Agency 

Cyclotron and Radioisotope 
Center (CYRIC)

Tohoku University
Sendai, Japan



Fast neutron facility of the

• CYCIAE-100 high current cyclotron
• 75 – 100 MeV protons
• Broad and quasi-monoenergetic neutron beams

Beijing, China



Fast neutron beam facility 
at iThemba LABS

Development towards 
an ISO-accredited 
reference facility

• k = 200 cyclotron
• neutrons produced 

via Li(p,n)
• ns-pulsed beams 

(time-of-flight)
• quasi-monoenergetic 

neutron beams 
30-200 MeV

Cape Town, South Africa



2013

MOU between 
iThemba LABS and the  

National Metrology 
Institute of South Africa



Dr Wynand Louw
Current CIPM President

https://www.bipm.org/people?userId=3287019
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Cross section
Scale



https://www-nds.iaea.org/standards/
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R
σ
ΦΦ =

Detector response 
per per target nucleus
Instrumentation 
for measurement



High energy neutron metrology 
is time-consuming

• Scintillation detectors
• Proton recoil telescopes
• Fission ionization chambers
• Bonner sphere systems
• (Monitors)



Liquid scintillator: NE-213 / BC-501A / EJ-301
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iThemba LABS version:

Ralf Nolte

• 102 mm length, 51 mm diameter
• gain-stabilised photomultiplier
• neutron-gamma discrimination
• time resolution 2 ns (FWHM)
• efficiency calculated 

with MC codes SCINFUL and MCNPX



Neutron pulse height spectra in NE-213 measured 
(histograms) and calculated (lines) with NRESP



Neutron reactions on 12C  (at 90 MeV)

[Kellogg (1956)]

… detector response must be measured …



Neutrons and gamma-rays produced by a 66 MeV proton 
beam irradiating a 6.0 mm Li target, 

measured by a 2” x 4” BC-501A detector at 0o.

neutron-induced events

gamma ray-induced 
events
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63 MeV

Time-of-flight measurement of neutrons produced by 
a 66 MeV proton beam irradiating a 6.0 mm Li target.

(Measurements at 8.00 m from the target at 0o).

0 10 20 30 40 50 60 70 80
0.00

0.02

0.04

0.06

0.08

 

 

Φ
E/Φ

0 (
M

eV
-1
)

Neutron energy  (MeV)

0 100 200 300 400 500
0

100000

200000

300000

400000

500000

600000

700000

 

 

Co
un

ts

Time of flight (T) channel



0 10 20 30 40 50
0

1000

2000

3000

4000

5000

1H(n,n)1H
12C(n,x)  

LT

Co
un

ts 
pe

r c
ha

nn
el

L  (MeVee)

Experiment

SCINFUL

Pulse height 
spectrum of 63 MeV 
neutrons in BC-501A 
detector selected by 

time-of-flight



0 10 20 30 40 50
0

1000

2000

3000

4000

5000

1H(n,n)1H
12C(n,x)  

LT

Co
un

ts 
pe

r c
ha

nn
el

L  (MeVee)

Experiment

SCINFUL

Pulse height 
spectrum of 63 MeV 
neutrons in BC-501A 
detector selected by 

time-of-flight

Fluence



40
30

20
10

0

10k

20k

62.5 MeV

Time-of-flight  T (ns)
160

120
80

40

 

Pulse height L  (MeV
ee  )

63 MeV

Time-of-flight measurement of neutrons produced by 
a 66 MeV proton beam irradiating a 8.0 mm Li target.

(Measurements at 8.00 m from the target at 0o).
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Narrow cuts in T (En) produce nearly 
monoenergetic response functions
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Spectrum unfolding (BC-501A reference detector) 
with measured detector response functions (5 - 65 MeV)

Unfolded (MAXED)

Time-of-flight

Neutron light output spectrum measured 
at 0o for a 66 MeV proton beam 

on 8.0 mm Li target

PhD: Kutullo Maibane 

June 2022 data
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θn

Active/passive
collimation

ΔE detector

E detector

Radiator 
(CH, C, …)

Proton recoil telescope
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alpha-particle 
source

beryllium metal

paraffin wax

proton detector

protons

unknown
uncharged 
radiation

(neutrons!)



Proton recoil telescope



238U (or 235U) fission ionization chamber

f U 0 0 i
i

N N kσ= Φ ∏

0Φ peak neutron fluence [unknown]

number of peak fission events (measured)

fission cross section  (known quite well)

number of 238U atoms in FC (known very well)

correction factors for efficiency (96%), neutron absorption and 
multiplication in the FC, loss of events below threshold, dead time, 
neutron attenuation in air, beam profile and time resolution 
(together add about 5% to total uncertainty in fluence)
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The HERMEIS system 
13 spheres:
Ten polyethylene: 3” – 12”
Three additional spheres 9” Pb, 8” W and 7” W 

Bonner Sphere Systems
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Applications

R
σ
ΦΦ =

1. Effects
2. Cross sections
3. Instrumentation



Relevant for aviation, space missions, workplace exposure, 
radiation therapy, ...

10.21926/rpm
.2002012

Applications: 
1. Effects

Biological systems: 
Errors in DNA nucleotide replication

Electronic systems: 
Soft bit-level errors in hardware

… both occur at the same rate for the same dose.



Radiation weighting factors and RBEM for neutrons
(low dose, low dose rate)
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Applications:
2. Cross sections

• Astrophysics models, including background reactions in 
ultrasensitive double beta decay experiments (C, Te, Cd, …)

• International Reactor Dosimetry and Fusion File (IRDIFF) 
library (Co, Bi, …) for IFMIF, ….

Li(d,xn)



Applications:
3. Characterisation of instrumentation

Scintillators, Si, TEPC, TLD, PADC, …. 

Dosimetry: Earth, Aviation, Earth orbit, Moon, Mars, …)





gamma-rayneutron



Working Group 11



Challenge: Data acquisition

In principle, modern digital 
acquisition systems are cheaper,  
more compact, and allow flexible 
post-acquisition processing …

… but remain uncharacterized 
for metrology applications.



Summary
High energy neutron metrology above 20 MeV 

1. Growing demand for improved reference standards from 
radiation protection, dosimetry, physics and biology.

2. Instrumentation is well established and will continue to 
evolve.

3.  Cross section reference standards not sufficient.

4. Status of accelerator-based reference facilities (>40 MeV)  
highly insufficient.



Recommendations
… that there is much stronger international coordination 
and cooperation … including a database of current status.

… that ISO 17025 guidelines are urgently drafted to guide 
the evolution of existing and new facilities …  covering … 
beam focusing and stability, neutron production, collimation, 
backgrounds, neutron beam size and profile, field 
characterization instrumentation and methods, beam 
monitoring, primary fluence measurement including data 
acquisition, and reporting.

… that plans are designed to guide key comparison studies 
between participating facilities.

… that the nuclear data community renews efforts to extend 
and improve primary cross section standards.



Thank you
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