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OUTLINE

● Neutron spectrometry with moderated thermal counters

● The Bonner’s Spheres Spectrometer (BSS)

● High efficiency BSS systems

● The HENSA project

● Previous activities with cosmic-ray neutrons

● HENSA++: status and perspectives
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Neutron detection based on moderated thermal sensors

Detector response depends on:
● Moderator material: HDPE (H2O, graphite, etc) 

➔ scattering cross section
● Moderator geometry: 

➔ size or “effective thickness”

● Neutron energy:
➔ Simple moderator: meV – 20 MeV
➔ Moderator+multipliers: meV - GeV’s 

● Thermal sensors: 3He, BF3, 6LiI(Eu) scintillator
➔ Cross section
➔ Size

G. Knoll, Radiation detection
and measurement, 3rd ed.
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3He-filled proportional neutron counters: “thermal counters”

● These neutron counters are gaseous  
ionization detectors that use 3He as 
converting gas.

● Due to the high thermal capture 
cross section, 3He filled counters 
have a high neutron sensitivity.

● For non-thermal neutrons, the high 
efficiency can be exploited by using 
moderators. 

● In addition, the low gamma-ray 
sensitivity makes these detectors 
very attractive for neutron 
spectroscopy (Bonner spheres) and 
dosimetry. 

Detection reaction:
Q=0.764 MeV ³He+n→ ³H+ p

High Thermal cross 
section:    5330 barns!!!
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The Bonner Spheres neutron Spectrometer (BSS)

6LiI(Eu) scintillator
+

Moderator spheres 
2”-12” diam.



NMDB Meeting 2025: Cosmic Ray studies with 
Neutron Detectors
19-21 March 2025, Athens, Greece

A. Tarifeño-Saldivia

6

The Bonner Spheres neutron Spectrometer (BSS)
● BSS are among the most known and widespread technique for neutron spectrometry.

● Material: 
● Moderator: HDPE (other options: paraffin wax, water,...)
● Neutron filters: Cd foils 
● Extended energy range BSS use neutron multipliers (Pb, Cu, W, ...) 

● Thermal sensor: 
● Active systems: 3He tubes (BF3 tubes, 6LiI(Eu) scintillators)
● Passive systems: Activation foils (Au, Dy, ….), TLD-pairs 700/600

NEMUS (PTB)

ptb.de

https://www.ptb.de/cms/en/ptb/fachabteilungen/abt6/fb-64/643-neutron-spectrometry/nemus/neutron-spektrometer-nemus-neutron-multisphere-spectrometer.html#c32072
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The Bonner Spheres neutron Spectrometer (BSS)

Monte Carlo (MC) 
calculated 
response matrix (R)

Real 
spectrum 

(True)

Magnitude 
measurement

Reconstructed 
spectrum

Unfolding algorithm

● Number of detectors: Typically 5 up to 16 spheres → ill-posed linear inverse problem! 
➔ Nasty connection with unfolding!

● Detector responses: calculated by using general purpose 
Monte Carlo codes. Requires:
➔ Satisfactory geometrical model of the detector
➔ High Precision nuclear data for neutron transport
➔ Validation 

● Energy spectrum reconstruction (unfolding): requires
➔ A-priori information (again MC calcs!)
➔ An unfolding algorithm
➔ A well-trained user 
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High efficiency BSS

Main applications:

● Environmental dosimetry

● Cosmic rays and space weather

● Nuclear safeguard

● Underground physics

Conventional BSS systems provides responses of just 
a few cm2!

How to increase the efficiency?

Reaction 
products

Thermal neutron

Tube wall ~ mm

The efficiency 
is proportional 
to the active 
surface instead 
of the active 
volume

Gaseous 
Thermal 
Neutron 
detector

NEMUS
Bare: spherical counter, 1.3” 
diam, 2 bar 3He

Spherical
counter

Cylindrical
counter



NMDB Meeting 2025: Cosmic Ray studies with 
Neutron Detectors
19-21 March 2025, Athens, Greece

A. Tarifeño-Saldivia

9

The High Efficiency Neutron Spectrometry Array (HENSA)
● HENSA is based on the Bonner Spheres Principle. Energy sensitivity from thermal to 

evaporation/high-energy neutrons (depending on the design).

● Originally proposed in 2011 for underground research (JL Tain, IFIC).

V2011 (6 dets)

V2018 (8 dets)

V2020
(10 dets)

2020

Configuration for cosmic-
ray measurements 
(CR-2020)

Van based setup

Jordan eta al. 
Astr. Phys 42 (2013) 1-6

LSC/Spain

Felsenkeller/Germany

In 2021, the HENSA spectrometer design has been 
re-optimized in order improved energy resolution 
for application in underground research and 
cosmic-ray studies.
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HENSA: final instrument designs

HENSA-LSC-V2022

Underground research 
(N. Mont-Geli, PhD thesis, UPC)

Cosmic-ray studies 
(A. Quero , PhD thesis, UGR)

MC simulations 
by the Geant4 
application 

ParticleCounter

www.particlecounter.net

http://www.particlecounter.net/
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HENSA spectral sensitivity
Standard extended Bonner Spheres A. Quero, PhD Thesis (UGR)

Hu et al. NIMA 940 (2019) 78-82

HENSA neutron response is ~10 times larger than standard Bonner Spheres systems in 
the energy range from thermal up to 10 GeV. 
The higher neutron response means:
● Improved precision in low radioactivity or underground facilities.
● Temporal response in the scale of ten of minutes to hours for detecting fluctuations of 

cosmic-ray neutron flux at ground.
Currently two spectrometer designs:  underground facilities & Cosmic-ray neutrons 
(HENSA++)

www.hensaproject.org

http://www.hensaproject.org/
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Cosmic-ray neutrons and space weather

Sunspot number

Climax neutron monitor

Neutron background anti-correlation with solar 
cycle. Cosmic Ray flux from the Climax Neutron 
Monitor and rescaled Sunspot Number.NOAA/NASA forecast for Solar Cycle 25. Maximum solar activity 

expected for July, 2025 (+/- 8 months). Solar minimum between 
Cycles 24 and 25 was observed around Dec. 2019 (+/- 6 months).
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Cosmic-ray neutrons in quiet solar conditions
Secondary neutrons produced by cosmic rays 
depends mainly on:
- Solar cycle.
- Geomagnetic cutoff rigidity.
- Altitude.

● Peninsular spanish territory covers a range of 
cosmic rays vertical cutoff rigidity (Rc) values from 5 
GV to 9 GV. In Ceuta and Melilla, Rc-values are 9.15 
GV and 9.6 GV, respectively. In Canary Islands Rc is 
~11.7 GV.

● Thus, the whole spanish territory covers a relatively 
ample range of Rc-values compared to other larger 
countries (for instance USA with 1.5 GV < Rc < 4.7 
GV).  

S
  

p
  

a 
 i

  
n

Martens et al. Space Weather 11 (2013) 603–635.

Analytic models for cosmic-ray neutrons are 
based on data taken in US ~20 years ago! 
● 5 sites, altitude from sea level to 3450 m
● Rc: 2.97 - 4.68 GV
● Solar cycle: Sep/2002-Jun/2003, around peak solar activity 

cycle 23
Gordon et al.  IEEE Trans. Nucl. 
Sci. 51:6 (2004) 3427-3434
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Cosmic-ray neutron studies with HENSA

GOAL: Study of cosmic-ray neutrons produced during cycle #25 (foreseen for 
2022 -2030)

● Continuous monitoring of cosmic-ray neutrons will 
provide complementary data to NM for cosmic-ray 
studies.

● Relevant data for dosimetry during Solar Particle 
Events (FD & GLE).

● Seminal works by Rühm et al 2009 (GLE #65) and  
Hubert et al 2019 (GLE #72) with standard Bonner 
Spheres Spectrometers.

● Study GLE’s requires data of neutron flux 
variations at time scales of 1h or less..

HENSA may provide information for understanding 
solar event dynamics with spectral resolution and 
assessment of potential radiation risk at high 
altitudes.

Hubert et al.J Geo Res: Space 
Physics, 124 (2019) 661-673

GLE72
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HENSA: cosmic-ray campaign in 2020

Spain is a good 
lab for cosmic-
ray neutron 
studies in 
pandemic times

HENSA-CR @ 2020
UPC / IFIC / UCM / HZDR 

PhD thesis:
N. Mont-Geli (UPC)
A. Quero Ballesteros 
(UGR)
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HENSA-CR campaign 2020: description

● Dates: July-August, 
October/November 2020

● 9 weeks of field campaign
● 4000 km in the route
● 9 different sites in Spain
● From sea level up to 2850 m
● Rc: 5.4-8.9 GV (complementary 

data to Gordon+2004) 
● Data acquisition time 2-4 days. 
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HENSA-CR campaign 2020: results

Mares et al 2020

Sept 2018

Rc: 4.45 GV

● Confirmed structure and flux magnitude with 
HENSA

● Confirmed effect of higher sensitivity of 
HENSA with respect to conventional BSS. 

● Over 2000 m altitude, relative uncertainty in 
count rates at 1h time window is ~2% or less. 

PRELIMINARY
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Solar modulation corrections

How to normalize our data?

Just an exercise!

● We can use NM data!
● Data from 25/07/2020 to 17/11/2020.
● The reference location for us is the 

measurement at IFIC (13/10/20 - 
16/10/20).

● Each NM data is normalized to this 
period of time (I/Io).

● Corrections are < 1% (as expected).
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Corrections by altitude

● Data corrected by solar 
modulation and Rc:

● Then, fitted to the 
equation:

PRELIMINARY

 (Gordon et al. 2004)
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Reconstructed spectra corrected by altitude, solar modulation and Rc

Gordon et al.  IEEE Trans. Nucl. 
Sci. 51:6 (2004) 3427-3434

This work!

PRELIMINARY
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HENSA-CR2020: time resolution for spectral measurements

Thermal Epithermal Evaporation

High-energy Total

Thermal Epithermal

Evaporation

High-energy Total

0-12 h

12-24 h

● Study of the time 
resolution.

● “Extreme case”: 30 min 
time base

● Unfolding during 24 h.
● IAA (Sierra Nevada), 

8.55 GV, 2850 m. 

● Confirmed capabilities for 
spectral reconstruction at 
“short” period of time (30 
min).

● Enables to study Solar 
Particle Events with 
neutron spectral resolution 
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Next step: dedicated HENSA spectrometer to CR applications 
High efficiency spectrometer for space weather applications (HENSA++): 
- Array of 16 detectors (3He, 4 atm, 60 cm AL) for measurements of cosmic-ray neutrons.
- Sensitivity from thermal neutrons up to 10 GeV.
- Focus on monitoring solar activity and environmental radioactivity.
- System assembled and commissioning during 2024 (detector array, electronics and auxiliary systems). 
Intercomparison activities at different facilities.
- Commissioning phase at OAJ using reduced setup (3 detectors) Nov/24-Jul/25.  
- Final deployment for first experimental run planned during summer 2025 at the  (A. Quero, PhD 
Thesis).

HENSA++ 
final design

Commissioning lab gamma/n Rooftop IFIC 
experimental building

Final site, OAJ, 2000 msl

Observatorio Astrofísico de Javalambre
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Commissioning of HENSA++

Outdoor measurement: HENSA + (Baby)IAXO team (Baby) IAXO laboratory measurement

Target M Position 2

Intercomparison exercise BSS 
measurements (p-channel, Target M)

Benchmarking measurements with AmBe 
source (Calibration laboratory)

Spain

PSI
Switzerland
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Commissioning of HENSA++

Since Nov/24, 
HENSA++ is 
producing 
bunches of 
interesting data 
related to space 
weather 
monitoring!

● Just 3 detectors!
● Very poor spectral 

sensitivity.
● Interesting data for 

dosimetry.
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REMARKS

● There are many technical remarks!

● But the most important ones:

● Results from the HENSA-CR2020 campaign will be released this 
year.

● There is lot of room for collaboration of HENSA++ with the NM 
community.

● Potentially, HENSA++ spectral information can be integrated into 
the NMDB.

● What do you think? (how, what and when)

Discussion is welcomed!
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PEOPLE

● Instituto de Física Corpuscular (IFIC), CSIC-UV, Spain
A. Tarifeño-Sadivia, J.L. Tain, S.E.A. Orrigo, B. Rubio, E. Nácher.

● Institute of Energy Technologies (UPC)
F. Calviño, N. Mont i Geli, A. Casanovas, G. Cortés, A. De Blas, R. García, M. 
Pallàs, B. Brusasco.
● Universidad Complutense de Madrid (UCM)
L.M. Fraile, V. Martínez Nouvillas

● Helmholtz-Zentrum Dresden-Rossendorf (HZDR)
D. Bemmerer, M. Grieger

HENSA collaboration at LSC
● CIEMAT 
D. Cano-ott, T. Martínez, J. Plaza del Olmo

● Centro de Astropartículas y Física de Altas Energías
M. Martínez, M.L. Sarsa, A. Ortiz de Solórzano

HENSA collaboration for cosmic-rays & space weather
● Universidad de Granada
A. Lallena, A. Quero

www.hensaproject.org

http://www.hensaproject.org/
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THANKS
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BACKUP SLIDES
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Online data from HENSA++ @ OAJ



NMDB Meeting 2025: Cosmic Ray studies with 
Neutron Detectors
19-21 March 2025, Athens, Greece

A. Tarifeño-Saldivia

30

HENSA++ Telegram bot

HENSA++ bot: remote “shift” 
available everywhere with just a 
mobile phone! 
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Optimization of responses for HENSA++

HENSA++ proposal design HENSA++ Optimized version

A. Quero, PhD thesis, UGR (Granada)

MC simulations by the Geant4 
application ParticleCounter.

+ Intensive MC calculations have been 
performed.
+ Explored hundreds of possible detector 
configurations.
+ Optimization based on improving the 
resolving power of the array & tradeoff with 
technical viability (construction & weight). 
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Final solution: resolving power 

Dotted: Initial | Continuous: Optimized

Comparison of the resolving power 
moments

Even exp’s

Odd exp’s

A. Quero, PhD thesis, UGR (Granada)

Final version will use 60 cm counters at 4, 8 and a small one (30 cm) at  20 atm.
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Energy spectrum reconstruction: algorithms

M. Reginatto, Rad. Meas. 45 (2010) 1323-1329

● Iterative procedures: usually black-magic 
recipes!

● Stochastic methods: Monte Carlo, genetic 
algorithms, ...

● Regularisation: add constraints to enforce 
smoothness

● Least-squares adjustment
● Bayesian parameter estimation: requires an 

analytical model for fitting
● Maximum entropy principle: justifiable from 

information theory consistent treatment of prior 
information and uncertainties

● Machine learning...

Most of this methods require a-priori 
information that is retrieved from MC 
calculations
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Energy spectrum reconstruction: trained users

Rad. Meas. 153 (2022) 106755
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Energy spectrum reconstruction: trained users


