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HENSA COLLABORATION: INSTITUTIONS & PEOPLE
● Instituto de Física Corpuscular (IFIC), CSIC-UV, Spain
A. Tarifeño-Sadivia, J.L. Tain, S.E.A. Orrigo, B. Rubio, E. Nácher, J. Agramunt, 
A. Algora, J. Balibrea-Correa, L. Caballero, C. Domingo-Pardo, I. Ladarescu, J. 
Lerendegui-Marco.
● Institute of Energy Technologies (UPC)
F. Calviño, N. Mont i Geli, A. Casanovas, G. Cortés, A. De Blas, R. García, M. 
Pallàs
● Universidad Complutense de Madrid (UCM)
L.M. Fraile, V. Martínez Nouvillas

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

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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OUTLINE

● Neutron spectrometry with Bonner spheres
● The HENSA project
● Cosmic-ray neutrons
● HENSA++ Cosmic-ray neutrons
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Neutron spectrometry with Bonner spheres
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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

● Bonner spheres (BS) 
spectrometers are among the 
most known and widespread 
techniques for neutron 
spectrometry.

● Moderated proportional 
neutron counters. Useful from 
thermal to GeV region.

● Typically 5 up to 14 spheres 
→ Ill-posed linear inverse 
problem!  
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The High Efficiency Neutron Spectrometry Array (HENSA)

● Original idea by J.L. Tain (IFIC) in 2010: high efficiency spectrometer including a digital 
acquisition system for the CUNA project (Canfranc Underground Nuclear Astrophysics).

● HENSA is achieved by a topological change in Bonner Spheres in order to benefit from 
high detection efficiency in cylindrical proportional neutron counters.

● HENSA project is a scientific collaboration for the exploitation of the spectrometer. Focus on 
measurements in underground laboratories and secondary neutrons produced by cosmic-rays.

● Core HENSA collaboration: IFIC, UPC, UCM, HZDR
● HENSA collaboration at the Canfranc Underground Laboratory: CIEMAT, ANAIS-112, LSC
● HENSA collaboration for cosmic-rays & space weather: UGR

www.hensaproject.org

http://www.hensaproject.org/
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The HENSA project: evolution of the spectrometer
● HENSA is based of the Bonner Spheres Principle. Energy sensitivity from 

thermal to 10 GeV.
● Potential lines: neutron background in underground facilities, cosmic rays 

neutrons and space weather, environmental radioactivity... 

V2011 (6 dets)

V2018 (8 dets)

V2019
(10 dets)

2020

2020

Configuration for cosmic-
ray measurements

Van based setup
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HENSA setup: version 2019

- The HENSA detector is an array of ten different neutron detectors. 
- 3He-filled cylindrical tube model LND-252248 of 2.54 cm of diameter and 60 cm of active 
length, 10 atm. 
- Each He-3 tube is embeded in a matrix of different materials (shieldings, high density 
poliethylene moderators and lead neutron converters). 

Detector name Material of the coat Dimensions

Det1 Bare -

Det2 HDPE 4.5x4.5x70 cm3

Det3 HDPE 7x7x70 cm3

Det4 HDPE 12x12x70 cm3

Det5 HDPE 18x18x70 cm3

Det6 HDPE 22.5x22.5x70 cm3

Det7 HDPE 27x27x70 cm3

Det8 HDPE + Pb 21x21x70 cm3 + 5mm Pb 
thickness

Det9 Cd 0.5mm thickness

Det10 HDPE + Pb + Cd 25x25x70 cm³ + 0.75mm Cd 
+10mm Pb

Fig 3. 
Left image: section of the D8 detector [6].
Right image: section of the D3 detector[6]. 
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HENSA spectral sensitivity

Standard extended Bonner Spheres HENSA version 2019

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

HENSA neutron response is ~5-15 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 fluctuations of the 

neutron  background at ground or air based measurements.
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Cosmic-ray neutrons



3rd Workshop on TRASGO detectors
Santiago de Compostela, 27 June 2022

A. Tarifeño-Saldivia

11

Secondary neutrons produced by cosmic rays

Credits Tragaldabas Collaboration
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Physics of cosmic rays 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).

Reference data from Neutron Monitors (www.nmdb.eu)

See next talk by Juanjo Blanco!
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Secondary neutrons by cosmic-rays

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
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a 
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n

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

Most of the calculations models are based on data taken in US ~15 
years ago! (Gordon et al.  IEEE Trans. Nucl. Sci. 51:6 (2004) 3427-3434)
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Mapping cosmic-ray induced neutron background in Spain

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



3rd Workshop on TRASGO detectors
Santiago de Compostela, 27 June 2022

A. Tarifeño-Saldivia

15

HENSA campaign 2020: July-August, October

● 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  
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HENSA campaign 2020: status of data analysis

N. Mont, PhD thesis, UPC (Barcelona)

Total rates / 2h 
UCM (750 m)

Delta P = 10 hPA (~1%)

Delta P = 2.5 hPA (~0.3%)

Total rates / 2h 
Astún (2140 m)

● Data analysis is progressing. 
● Data processing has been finished (PSD algorithm)
● Preliminary average rates are available.
● Now working to understand the correlation of the rates with environmental variables 

(pressure, humidity, …)
● Two examples:    
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Preliminary results: 
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Gordon+04, Clem+00, Belov+1999: 

● High energy flux (En>10 MeV) with 
altitude and cutoff rigidity.

● Cross-check for atmospheric depth with 
Det10.
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N. Mont, PhD thesis, UPC (Barcelona)
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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. 

PhD thesis N. Mont, UPC



3rd Workshop on TRASGO detectors
Santiago de Compostela, 27 June 2022

A. Tarifeño-Saldivia

19

HENSA and space weather (HENSA++)
● Characterization of cosmic ray neutrons produced during extreme solar weather 

events during cycle #25 (foreseen for 2022 -2030)

● Ground Level Enhancement (GLE) are produced 
strong flux of high-energy solar particles.

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

● Required precision data on neutron flux variations 
on the scale of less than 1h.

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

Require high altitude sites and continuous 
measurements
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HENSA++: new infrastructure for neutron spectrometry 

● Dedicated HENSA setup 
for cosmic neutrons: 

- 15 detectors (3He, 60cm, 4 
atm).
- Dedicated electronics.

PhD thesis 
A. Quero, UGR 

NEW DESIGN:
- Intended to improve “poor” resolution in HENSA-V2019 (10 dets → 15 dets).

- Proposal design:      HENSA-V2019 + 3 dets epithermal region 
       + 1 det Evap. Peak + 1 det. High peak.

- Require implementation of a dedicated measurement station at high altitude.
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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.



3rd Workshop on TRASGO detectors
Santiago de Compostela, 27 June 2022

A. Tarifeño-Saldivia

23

Commissioning of HENSA++: detectors

Lab gamma/neutron 
at IFIC
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Commissioning of HENSA++: outdoor cabinets

Temporal site for HENSA++:
- Rooftop of Physics 
department UV
- Expected ~ 6 months 
campaign for commissioning 
with physics data at sea level.

Campus UV, BurjassotCampus UV, Burjassot

Rooftop at IFIC 
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Active temperature control required
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Commissioning of HENSA++: remote control

A. Quero, 
PhD thesis, 
UGR (Granada)

HENSA++ bot: remote “shift” available everywhere with just a mobile phone! HENSA++ bot: remote “shift” available everywhere with just a mobile phone! 
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HENSA++ permanent site: Sierra Nevada (~2850 m, OSN or IRAM)

Sierra Nevada 
Observatory
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The 30-meter telescope, 
located on the Pico Veleta 
in the Spanish Sierra 
Nevada, is one of the two 
radio astronomy facilities 
operated by IRAM.

+ No national park
+ Easy access
+ Possibility to implement 
a dedicated measurement 
station.  

Final agreement still to be 
achieved!
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Adapter container for the permanent site: possible options

Credits: RETECO S.L.

Credits: ZARCA S.L.

+ 20 feet shipping adapted container
+ Tech. Specs: thermal insulation and air conditioner, 
power and exterior coating (corrosion, rain, heat and 
snow proof).
+ Received 10 offers from possible providers in Spain
+ Price: 20 – 28 k€
+ Implementation requires 8-12 months from now on.

May open opportunities for collaboration with other groups if successfully implemented
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THANKS
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BACKUP SLIDES
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Bonner’s Sphere Technique
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Bonner spheres spectrometers: advantages and drawbacks*

* Extracted from D.J. Thomas, A.V. Alevra / NIMA 476 (2002) 12–20 
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HENSA setup
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HENSA setup: “active part”

● 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). 

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

High Thermal cross 
section:    5330 barns!!!
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Digital acquisition system: GASIFIC70

SIS3316 Characteristics:
• 16CH, 250MHz sampling digitizer 

125MHz Band width
• 64MSamples memory/channel (in 

two swap pages)
• Readout simultaneous to 

acquisition
• 14-bit resolution (12 effective bits)

Portable digital acquisition system:

- Based on the digitizer Struck SIS3316.
- Controlled by GASIFIC70 via ethernet conection.
- Online and offline acquisition modes.
- Internal timestamp, ideal for data sorting and 
correlation analysis.
- For use with neutron counters, silicon detectors, 
HPGe, scintillators, etc.

 

Control software developed by 
IFIC (J. Agramunt et al)
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Ambient dosimetry
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Neutron dosimetry (right now!)

➢ For area monitoring, the operational quantity to link the external radiation to the effective dose is the 
ambient dose equivalent H*(d). 

➢ Ambient dose equivalent at a point in a radiation field is the dose equivalent that would be produced by 
the corresponding expanded and aligned field in the ICRU sphere, made of tissue equivalent material,  
at a depth d, on the radius opposing the direction of the aligned field.

➢ The recommended value of d for effective dose is d=10mm.

➢ Originally computed with the Q-L relationship of ICRP 26; now with ICRP Publication 60 revised Q-L 
(ICRU Report 57/ICRP Publication 74, 1996)

Recommendations are evolving!
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New recommendations and impact

     NEEDS                   Opportunities for R&D+i
● Industry and workers: cost reduction and 

optimization of processes in routinary radiation 
protection

● Patients: risk control of secondary cancers in 
modern medical facilities (proton therapy)

● New facilities: radiation protection challenges 
associated to big science projects

Eakins+ 2018

Recommended limits IEC61005

Solar weather events?
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Neutron background in underground facilities
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Origin of the neutron background in underground facilities
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Background neutrons in underground physics

Neutron flux at different underground facilities
Compilation from Hu et al. NIMA 859 (2017) 37-40.

● Underground research: astroparticle physics, nuclear astrophysics experiments, biological 
and geological studies.

● Neutron are a limiting factor in many rare event experiments (e.g. neutrino searches, 
neutrino-less double-beta decay experiments and dark matter searches). 

● In  underground  nuclear  astrophysics,  the  measurement of several key reactions for the 
astrophysical s-process requires ultra-low ambient neutron background (CUNA project).

● In Spain, the Laboratorio Subterráneo de Canfranc is the reference facility for 
underground physics (NEXT, ANAIS, ArDM, among others).

● Most of the measurements in underground facilities are based either on thermal neutron 
counters or scintillators sensitive to fast neutrons. Fully spectrometric measurements are 
very scarce! 
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An important physical case underground: ANAIS – 112 experiment

For ANAIS is relevant the 
measurements of: 

I) total neutron flux and 
spectral distribution at LSC 
(Hall B).

II) Possible long-term 
variations of the neutron 
flux. Required in order to 
set a limit on the 
corresponding effect in 
ANAIS background and 
annual modulation 
analysis.

DAMA/NaI and DAMA/LIBRA positive signal

Courtesy ANAIS team
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Current activities in underground facilities
✔ Neutron background measurements with HENSA at LSC

Thermal detector test
Aug/2020

New measurement at Hall A @ LSC: 
- Data acquisition from Oct 2019 until 
March 2021.
- Data analysis S. Orrigo (IFIC). Article 
submitted EPJC ( arXiv:2204.14263).

- Continuous monitoring based on 
reduced HENSA setup (4 dets), PhD 
thesis J. Plaza (CIEMAT).

New measurement at Hall B @ LSC: 
In collaboration with ANAIS experiment (dark 
matter search): 
- Measurements started in March 2021, 
Planned until 2024, PhD thesis N. Mont, 
UPC
Collaborators:
Marisa Sarsa/María Martínez (ANAIS team, 
UNIZAR) 

Approved expression of interest (EoI-26-2020). Status of quasi-permanent experiment at LSC.
 

ANAIS-112
experiment

HENSA

HENSA
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Results HENSA hall A @ LSC

Preliminary result on spectrum 
reconstruction

Measurement Total flux/10 ⁵ cm ² s ¹⁻ ⁻ ⁻ Reference
HENSA-LSC11 1.38 (14) Jordan et al. / Astroparticle Physics 42 (2013) 1–6
HENSA-LSC19 1.62 (2)  Orrigo/Tain in progress

Ratio LSC19/LSC11:    1.17 (0.12)

S. Orrigo et al 2022, submitted to Eur. Phys. J. C. arXiv:2204.14263 [nucl-ex]

Observed 20% larger total flux!
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Preliminary results HENSA hall B @ LSC

PhD thesis N. Mont, UPC

Hall B phase 1

● Hall B/phase 1: 3 detectors monitors (thermal, 
epitermal, fast), March 2021 – Feb 2022

● Hall B/phase 2: full HENSA setup (10 dets)
● Hall B/phase 3: upgrade on the detector setup, 

improved resolution (thermal – 20 MeV) based on 
optimization of the spectral powers  (A. Quero PhD, 
UGR). 
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Neutron flux modulation in underground facilities

Rates affected by 210Pb 
contaminant in the scintillator

Large volume detectors 
(6LiF + ZnS(Ag)) 

Themal flux:
 ~ 10-9 – 10-6 MeV

No fully spectrometric 
studies yet!
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An important physical case: dark matter annual modulation

 Detection rate would have a cosine behaviour with a
yearly period and maximum around June 2nd

DAMA/NaI and DAMA/LIBRA positive signal

Courtesy ANAIS team
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Previous underground activities: HENSA measurements at LSC
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Previous underground activities: measurements at Felsenkeller

M. Grieger PhD thesis

Two measurement campaigns (2014 & 2018)
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Cosmic ray neutrons with HENSA
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Environmental radiation dosimetry

Determination of radiation doses radiation 
at aviation altitudes:
● Precise experimental data is very scarce.
● Measurements during severe space 

weather radiation events.
● Model verification for the radiation field due 

to galactic cosmic radiation (quiet space 
weather conditions).

Measurements on high-terrestrial altitudes 
helps to constrain calculation models.

New recommendations on radiation 
protection:
✗ ICRU 95 officially released in 2021.
✗ Important changes on thermal&high energy 

regions
✗ Ambient dosimetry data should be 

updated!
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Single-events upsets in microelectronics

https://www.infineon.com/

Data on cosmic rays neutrons helps to improved 
knowledge on performance and lifetime of strategic 
infrastructure: power grids, communications, 
avionics, defense, etc.

 

https://www.independent.co.uk/news/science/subatomic-particles-cosmic-rays-computers-change-e
lections-planes-autopilot-a7584616.html

https://www.infineon.com/
https://www.independent.co.uk/news/science/subatomic-particles-cosmic-rays-computers-change-elections-planes-autopilot-a7584616.html
https://www.independent.co.uk/news/science/subatomic-particles-cosmic-rays-computers-change-elections-planes-autopilot-a7584616.html
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HENSA: sensitivity to environmental conditions

Average 
counting rate 
before storm

Intense storm and lightning 
activity  

- Fluctuations of the counting rates have been observed during and after the intense storm which 
affected Barcelona from 09.Sep to 11.Sep. 
- This is connected to changes on the barometric pressure due to the DANA.
- A search of lightning correlated neutrons will be done!

Options for TFG/TFM!



3rd Workshop on TRASGO detectors
Santiago de Compostela, 27 June 2022

A. Tarifeño-Saldivia

55

● Detector redesign (15 dets) with focus on cosmic ray neutrons
● Commissioning 
● First campaign (2023 - ) with focus on space weather applications 

HENSA++ project: spectrometry of cosmic-ray neutrons and space 
weather

Possible sites in Spain (Iberian Peninsula):
1) Tossa d’Alp @ 2537 m (UPC Lightning group)

2) U. de Granada facilities in Sierra Nevada 
(collaboration with   Antonio Lallena/UGR)

- Antiguo Observatorio del Mojón del Trigo @ 2605 m.
- Mountain hut nearby Veleta peak  > 3000 m.

3) Observatorio astronómico de Sierra Nevada (2850 m), CSIC.

4) Observatorio astronómico de Javalambre (1950 m), CEFCA.

PhD A. Quero (UGR)
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Other applications with HENSA
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Neutron production in lightning discharges

Diniz et al. 2018

● Neutron burst are generated by natural means in 
atmospheric discharges (lightning).

● Satisfactory explanation about the neutron production 
mechanism remained elusive since the 80’s.

● First evidence of photonuclear mechanism 14N(g,n)13N 
by Enoto et al in 2017.

● Laboratory scale experiment demonstrated by Agafanov 
et al in 2013 (controversial).

● Photonuclear mechanism predicts (Diniz et al. 2018) a 
prompt (<1ms, ~0.1-10.0MeV) and a delayed (>1ms, 
epithermal up to 100keV) neutron components. 

Collaboration with Joan Montaña, UPC Lightning 
Research Group
Lightning High Voltage Testing Laboratory – 
LABELEC (Terrasa).

Enoto et al. 2017

Exp & sim. of natural lightning: 

Agafanov  et al. 2013

Laboratory experiments on lightning: 

First test in 
2021


