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OUTLINE

* Neutron spectrometry with Bonner spheres
 The HENSA project

« Cosmic-ray neutrons

e HENSA++
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Neutron spectrometry with Bonner spheres

NUCLEAR INSTRUMENTS AND METHODS 9 (1960) 1-12; NORTH-HOLLAND PUBLISHING CO.

A NEW TYPE OF NEUTRON SPECTROMETERT

RICHARD L. BRAMBLETT, RONALD I. EWING and T. W. BONNER

The Rice Unwversity, Houston Texas

Received 4 July 1960

Neutrons are dztected 1n a small Li%I{Eu) saintillator placed
at the canter of polyethylene moderating spheres with sizes
ranging from 2 to 12 inchesin diameter Theefficiency of this
neutron counter has bzen experimentally determined using
monoznergetic neutrons from thermal energies to 15 MeV

The counter has excellent energy sensitivity from 01 to
2 MeV and 1s particularly useful for determining the shapes
of continuous neutron spectra The pronounced difference in
the efficiencies for the five sizes of spheres which have been
calibrated provides a basis for accurate neutron energy
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determination The good y ray discrimination of the counter
allows 1t to be used with a radium-beryllium neutron source
Neutron spectra from a variety of sources have been deter-
mined with this counter These include the two groups of
neutrons from the C!(p,n)N'4 reaction, the evaporation
spectrum of the neutrons from the reaction Rh1%3(p,n)Pdlos,
the energy spectra of inelastically scattered neutrons, and
the neutron spectrum from the scattering of fast neutrons
by the floor and walls of a building




The Bonner Spheres neutron Spectrometer (BSS)

* Bonner spheres (BS)
spectrometers are among the
most known and widespread
techniques for neutron
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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
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The HENSA project: evolution of the spectrometer

* HENSA s based of the Bonner Spheres Principle. Energy sensitivity from .~ - — I
thermal to 10 GeV. . __—
* Potential lines: neutron background in underground facilities, cosmic rays
neutrons and space weather, environmental radioactivity...

V2011 (6 dets)

Configueric,
ray measurements
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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

210 70

Detl Bare . 3 o |
Det2 HDPE 4.5x4.5x70 cm?
Det3 HDPE 7X7x70 cm?® 8 -
Det4 HDPE 12x12x70 cm?® .
Det5 HDPE 18x18x70 cm?®
Det6 HDPE 22.5x22.5x70 cm? E(i—:%t:);}nage: section of the D8 detector!®.
Det7 HDPE 27%27x70 cm? Right image: section of the D3 detectorf®!.
Det8 HDPE + Pb 21x21x70 cm3+ 5mm Pb

thickness
Det9 Cd 0.5mm thickness
Detl0 HDPE + Pb + Cd 25x25x70 cm3 + 0.75mm Cd

+10mm Pb
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Response (cm’)

HENSA spectral sensitivity

Standard extended Bonner Spheres HENSA version 2019
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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
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Secondary neutrons produced by cosmic rays
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Physics of cosmic rays and space weather
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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

Vertical Geomagnetic Cutoff Rigidity 2008

GV
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Figure 3. Global grid of vertical geomagnetic cutoff
rigidities (GV) calculated from charged particle trajec-
tory simulations in the IGRF field for 2008.

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

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).

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

LSC, Canfranc-estacion (1100 m) Astian (2140 m)

OAJ, Teruel (1950 m)
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IFIC, Valencia (~sea level)

*UGR, Granada (750 m)

HENSA campaign along the

Spanish territory close to the
minimum of solar activity
(2020, solar cycle #25)

Cosmic ray induced neutron background

+ Cosmic ray physics and space weather ' H E N S A
+ Environmental radiation dosimetry ah Effid S
+ Single-event upsets in microelectronics kg ERGIERCY Lo SpECiome Ry Sy

www.hensaproject.org
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Spain is a good
lab for cosmic-
ray neutrons in
pandemic times




HENSA campaign 2020: July-August, October

ISES Solar Cycle Sunspot Number Progression

- . E  HENSAcampaign 2020 * 9 weeks of field campaign
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HENSA campaignh 2020: status of data analysis

* 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:

N. Mont, PhD thesis, UPC (Barcelona)

Press correlations Sum

E 150 g 9
1483—"]* Total rates / 2h s~ 1 4
1465— ~~“~“LJ UeM (750 m) 4705— # +oF oy i
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g 1 | H se0f- , hstln 2140m
= 142 SN :
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Preliminary results:
Gordon+04, Clem+00, Belov+1999:

d(B) _ dgo(E)
dl dls

- Far(d) - Fesyp(Re,d, I) (3) * High energy flux (En>10 MeV) with

dst, — d altitude and cutoff rigidity.
Fa(d) = exp [(527)] (4) giaity
o * Cross-check for atmospheric depth with
Fsyp(Be,d, 1) =N [1 —€exp (R—g)] (5) Det10.
N. Mont, PhD thesis, UPC (Barcelona)
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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.
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HENSA and space weather (HENSA++)

* Characterization of cosmic ray neutrons produced during extreme solar weather
events during cycle #25 (foreseen for 2022 -2030)

GLE
start of FDs
— 0.18 \*‘
* Ground Level Enhancement (GLE) are produced i LMWW |
strong flux of high-energy solar particles. s T i
5 015 (@) pomc, W
« Seminal works by Riihm et al 2009 (GLE #65) and i N —-
Hubert et al 2019 (GLE #72) with standard Bonner :
Spheres Spectrometers. S WM&W‘“ W
: MMW WM

* Required precision data on neutron flux variations D o T

on the scale of less than 1h.

Ty 320 -.m% M
HENSA may provide information for understanding 3 0 - : ‘»,\\: MWMW
solar event dynamics with spectral resolution and © 0 gsoronm F
assessment of potential radiation risk at high e e
altitudes. = - :
3 480 HMM ﬁ#‘*
Require high altitude sites and continuous 3 e - ¥ ﬁ Mwwm
measurements w0 (d) LMKS, NM Y

5 6 7 8 9 10 11 12
Day in September 2017
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HENSA++: new infrastructure for neutron spectrometry

Proyecto: IDIFEDER/2021/002

INSTRUMENTACION AVANZADA EN » DlenlEetet AN sy
DETECCION DE NEUTRONES PARALAVIDAY for cosmic neutrons:
EL CLIMA ESPACIAL: HENSA++ ;Itlrg)detectms (SFie, 60cm, 4
- Dedicated electronics.
PhD thesis

Programa Comunitat Valenciana Fondo Subvencion: 260.199,21 € A_ Quero’ UGR

Europeo de Desarrollo regional (FEDER) Beneficiario:

2021 - 2027 CSIC - Instituto de Fisica Corpuscular

I F I % GENERALITAT
( VALENCIANA

llllllllllllllllll
llllllllllllllllll

Financiado por
la Unién Europea

INSTITUT DE FISICA
CORPUSCULAR

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.

; { AUNINRORVNE 3 Workshop on TRASGO detectors AE RS el
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Response [cm’]

Optimization of responses for HENSA++

HENSA++ proposal design HENSA++ Optimized version
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+ Intensive MC calculations have been

performed.

+ Explored hundreds of possible detector MC simulations by the Geant4 Particle
configurations. application ParticleCounter. Counter
+ Optimization based on improving the

resolving power of the array & tradeoff with _
technical viability (construction & weight). A. Quero, PhD thesis, UGR (Granada)

A. Tarifefio-Saldivia
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Final solution: resolving power A. Quero, PhD thesis, UGR (Granada)
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- Resolving power of a multisphere neutron spectrometer
Marcel Reginatto*
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Final version will use 60 cm counters at 4, 8 and a small one (30 cm) at 20 atm.

A. Tarifefio-Saldivia
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Commissioning of HENSA++: detectors

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

Temporal site for HENSA++:
4l - Rooftop of Physics

= department UV

y - Expected ~ 6 months

| campaign for commissioning
with physics data at sea level.
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Active temperature control required
I 1 I 1 I L .,
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Commissioning of HENSA++: remote control

804008 8:050 @ il F == 8060 @ il = @
= HE HENSA UGR-IFIC-UPC : - HE HENSAU R-IFIC-UPC : = HE HENSA UGR—_IF_IE—UPC :
mbros 7 miembros 7 miemb 1 linea
Mensaje fijado x Mensaje fijado x Mensaje fijado x A_ Quero’
The available commands are: -) /LastMeteoData:... The available commands are: -) /LastMeteoData:... The available commands are: -) /LastMeteoData:...

PhD thesis,

. 0 Ar‘i;:.' 0 J data... 08:05
B | UGR (Granada)

§ { Generating the plot for the DAQ /Daglecture o505

and the Vantage Pro2 temperature

27 de junio

correlations HENSA++
08:05 ¥

/Help ggo4 i

N /DaqLecture

HENSA++
Ariel
/Help

The available commands are:

Generating the plot for the DAQ and
the Vantage Pro2 data of the last
measure... 08:06

Mdaan prowrs par hour

-) /LastMetecData: Prints the last
lecture of the Vantage Pro2 and
BMEZ280 stations

-) /MeteoPlot: Plot the full data
. history of the Vantage Pro2 and
BME280 stations

-) /MeteoPlot24h: Plot the last
24h data of the Vantage Pro2 and
BME280 stations

-) /DagLecture: Plot real time data
about the DACQ and the Vantage
lectures

-) /MeteoCorrelations: Plot real time
data about meteo-rates correlations

-) /TempPlot: Plot the ratio of the
outer and inner temperature ..

temp_plot.root
6,2 MB ROOT

08:05

AYNIARDEYNE 3 Workshop on TRASGO detectors
LAYV NBIN@IN Santiago de Compostela, 27 june 2022




HENSA++ permanent site: Sierra Nevada (~2850 m, OSN or IRAM)

Sierra Nevada
Observatory

ANV 3 Workshop on TRASGO detectors (SISO
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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.

Final agreement still to be
achieved!

IFIC 7 ] ) AYNIARDEYNE 3 Workshop on TRASGO detectors
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Adapter container for the permanent site: possible options

ugl

— 2330
UTL MTERICR

PUERTAS COMTEMEDCR

i _g %‘_-}:i

e %
I I Nt NN Y N N N IR NN Y N et Y N I B
SECCION A-A'

Credits: ZARCA S.L.

E

2581

ALIADO - A

+ 20 feet shipping adapted container o e 1
+ Tech. Specs: thermal insulation and air condltloner - = : T s
power and exterior coating (corrosion, rain, heat and

snow proof). _ _ ——
+ Received 10 offers from possible providers in Spam /s
+ 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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LSC, Canfranc-estacion (1100 m)

Astun (2140 m)
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BACKUP SLIDES
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Bonner’s Sphere Technique
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Bonner spheres spectrometers: advantages and drawbacks*

Characteristic Verdict

Comment

Energy resolution Poor

Energy range Excellent
Sensitivity Good
Operation Simple but
lengthy
Angular Isotropic
response
Spectrum Potential
unfolding for errors
Photon Good
discrimination

Restricted by similarity of response functions available

The only spectrometer presently available which will cover the energy range from thermal to
the GeV region

High sensitivity by comparison with other neutron spectrometers, and can be varied by changing
the thermal sensor

Making measurements is simple, with no really complex electronics, but it can be time consuming
Do not need to know the direction of the neutron field. [deal for deriving ambient dose equivalent,
but provides no angular data for deriving effective dose

Complex unfolding code required, and the under-determined problem means that any solution is
not unique: significant errors are possible

By the choice of an appropriate sensor systems can be made insensitive. even to intense
photon fields

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

104 i
5 10° 5
- - N -
Detection reaction: S 10? .
@
3He+n->3H+p 0=0.764 MeV £ L ]
.6 :
. (&)
High Thermal cross & o0 ]
section: 5330 barns!!! [ N
10_1 1 L ll 1 L ll 1 1 ll 1 L ll 1 1 ll 1 1 ll L 1 II 1 1 [I L k]l )
Table 13-1. Neutron and gamma-ray interaction probabilities in Wplcal gas 1072 107" 10° 10" 10® 10® 10* 10° 10° 10
proportional counters and scintillators - Energia (eV)
| Interaction Probability * These neutron counters are gaseous
Thermal Detectors Thermal Neutron I-MeV Gamma Ray  [ONization detectors that use 3He as
, ‘ e —————————=" converting gas.
He (2.5 cm diam, 4 atm) — 0.7 —0.0001 e Due to the high thermal capture
Ar (2.5 om diam, 2 atm) e 0.0005 - - cross section, 3He filled counters
BF; (5.0 cm diam, 066atm) - 0.29 ' 0.0006 h high ' t itivit
Altubcwall (Osmm) | 00 ' 0.014 ave a high neutron sensitivity. _
o | Interaction Probability * For non-thermal neutrons, the high
| - efficiency can be exploited by using
- Fast‘Delectpr? . l-lMeV Neutron 1-MeV Gaml maRay o derators.
He (5.0 cm diam, 18 atm) - 0.01 0.001  In addition, the low gamma-ray
Al tube wall (0.8 mm) : 0.0 - 0014 sensitivity makes these detectors
Scintillator (5.0 cm thick) | 0.78 - 0.26 very  attractive  for  neutron

*Extracted from Neutron Detectors, T. W. Crane and M. P. Baker Spectroscopy (Bonner spheres)

A. Tarifeno-Saldivia
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Digital acquisition system: GASIFIC70

der

Control software developed by
IFIC (J. Agramunt et al)

Portable digital acquisition system: S1S3316 Characteristice:

- Based on the digitizer Struck SIS3316. ) 1SCH'HZ5é)MgZ s_c;rr;]pllng digitizer
- Controlled by GASIFIC70 via ethernet conection. 125MHz Band widt |

- Online and offline acquisition modes. + 64MSamples memory/channel (in
- Internal timestamp, ideal for data sorting and two swap pages)

correlation analysis. « Readout simultaneous to

- For use with neutron counters, silicon detectors, acquisition

HPGe, scintillators, etc. « 14-bit resolution (12 effective bits)

A WYNIINGINE 3¢ Workshop on TRASGO detectors A ISHISHOSSaIGE
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Ambient dosimetry
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Neutron dosimetry (right now!)

Physical quantities

* Fluence, @ - -
« Kerma, K Calculated using wg, wr, Ambient dose e ————

Calculated using Q(L) - Absorbed dose, D aﬂd anthropomorphic equivalent H*(d) ~~ —>- -
and selected Phantory RSILOuES :
|

Operational quantities é

Protection quantities

« Ambient dose equivalent, H*(d) dequatel ) °, Organ absorbed dose, Dy

« Directional dose equivalent, H'(d, (2) stimate + Organ equivalent dose, Hy
+ Personal dose equivalent, Hy(d) « Effective dose, E Personal dose
equivalent Hp( d)
Related by calibration

and calculation

Conservative

approximation
Monitored quantities

Instrument responses

- 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!

UM WYSIVINGINE 3 Workshop on TRASGO detectors A IQHISRO SaIGE
2 WoLAYNRIN@IN Santiago de Compostela, 27 June 2022 E




New recommendations and impact

(@) Eakins+ 2018
—+—HSREM: H*{10)

1 EI'DU:— — h'l{'l ﬂ}, |CRP?4 = —+—GNU: H¥*(10) - PP
N ) - ] ) = XN —a—GNU: H*{10) - 150
[ Ferarietal 1997 1 F —a—tBa11: W10
B FLUKA code T g ——studsvik: H*{10)
i Sannikov et al. 1997 l H

N1.DU:_ HADRON code t — g
2 he _, ICRU-RC26 i £

new proposal

60 il ;
50 -
10 400 ~ n |
SDU E -1.5_-08 1.E07 1.E06 1.E-05 1.E-04 1.E-03 1E-02 1.E01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04
EDU : Energy (MeV)
100 - .
i pb——vvnl vl Recommended limits IEC61005
10 107 10° ()
1 ' - —=— HSREM: E_max
102 10® 107 10° 10° 10* 10® 102 10" 10° 10" 10% 10° 10* 10° e o
Energy/MeV . & PrasiaN —-—GNU'E_ma -150
o . E —8—B6411: E_max
NEEDS — Opportunities for R&D+i | R S . e P
* Industry and workers: cost reduction and T e i e~ | e
optimization of processes in routinary radiation g .
protection i
» Patients: risk control of secondary cancers in
modern medical facilities (proton therapy) -
* NeW faCiIitieS: radiation prOteCtion Cha”enges O‘E.E.-DSI III.E.-D?. 1..E-06 ‘.l.E.-O5 1.E.-04 1.E-03 1.E-02 1..E-01 1.E+00 J...Eiol 1.E+02 1.E+03 1.E+04
associated to big science projects Enerey (Mev)

Figure 3. Relative (a) H"(10) and (b) E,,.x responses of the LB6411, Studsvik 2202D
HSREM and GNU, normalized to their respective responses to 24 Am-Be
Recommended limits (solid lines), and the effects of recalibrations to the response
at 144 keV (dotted line) and 565 keV (dashed line), are also indicated.
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Neutron background in underground facilities
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Origin of the neutron background in underground facilities

muons

neutrons

gammas

Cosmic source:
High energetic protons interact with
atmosphere

4

pions

4

pion decay into muons

$

Muon induced neutron production via
electromagnetic or hadronic shower
(¥, n)-reactions, spallation processes

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

\

Terrestrial source:
# (o, n) reactions:
» Natural o emitters in rock
(238U, 232U, 232Th & daughter nuclei)
» Reaction with light elements:
X +a—-4283Y +n

~ Spontaneous fission:
» Uand Th: also SF possible
# Only 5-10=% (***U) of all decays

A. Tarifefio-Saldivia



Background neutrons in underground physics

* 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 Subterraneo 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!

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

Underground lab Depth Thermal neutron flux Fast neutron flux
(m.w.e) (em <5 1) (em <5~ 1)

CPL 1O No data (3.00 + 0.02 + 0.05)= 1077
Yang Yang 2000 (2.42 £ 0.22)=x107° 8x1077
Soudan 2000 (0.7 £ 0.08 + 0.08) x107® Mo data

. Canfranc 2450 (1.13 + 0.02) x107° (0.66 + 0.01)x107° |
Boulby 2800 No data (1.72 + 0.61 + 0.38)x107°
Gran Sasso 3600 (1.08 + 0.02) = 107° (0.23 £ 0.07)= 10°"®
Modane 4800 (1.6 £0.1) x10°° (4.0 +1.0)=10"%
CJPL-I 6720 (4.00 + 0.08) x107° No data
CJPL-I 6720 (7.03 + 1.81)=107° (3.63 £+ 2.77)=107°

AWUININERDEVNE 37 Workshop on TRASGO detectors A. Tarifefio-Saldivia
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An important physical case underground: ANAIS - 112 experiment

2-6 keV
: .. DAMAINal and DAMAILIBRA positive signal
E—W i%ﬁyé friﬁ?yi VE%W?%& 5 i\ﬁﬁiwﬁ- W% E% For ANAIS is relevant the
S . \2%cCLy | measurements of:
Goal ) total neutron flux and

spectral distribution at LSC
(Hall B).

ANAIS (Annual modulation with Nal(Tl) scintillators) intends to
provide a model independent test of the signal reported by
DAMA/LIBRA, using the same target and technique at the Canfranc
Underground Laboratory (Spain)

II) Possible long-term
variations of the neutron

@ . .
1N "&_;"L\ LSC Experimental goals flux. Requwed In order to
i set a limit on the

Lobaroterks Subterdmea de Covfrenc

*  Energy threshold at 1 keV, corresponding effect in

+ Background level below 10 keV,, at a few ANAIS baCkg round and
cpd/ke/keV,, annual modulation

* Very stable operation conditions ana|ysis_

9 ultrapure Nal(Tl) cylindrical crystals (12.5 kg each)
in 3x3 matrix coupled to two Hamamatsu

Courtesy ANAIS team

AUNINRORVNE 3 Workshop on TRASGO detectors A IHIEHO SAlGie
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Laboratorio Subterrdneo de Canfranc

Current activities in underground facilities @ %‘]\' LSC
_.J

v Neutron background measurements with HENSA at LSC

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

New measurement at Hall A @ LSC: " o
o ] New measurement at Hall B @ LSC:
;wDatarl‘az%qzuismon from Oct 2019 until In collaboration with ANAIS experiment (dark
arc : matter search):

- Data analysis S. Orrigo (IFIC). Article

submitted EPJC ( arXiv:2204.14263). - Measurements started in March 2021,

Planned until 2024, PhD thesis N. Mont,

- Continuous monitoring based on UPC

reduced HENSA setup (4 dets), PhD Collaborators: .
thesis J. Plaza (CIEMAT). Marisa Sarsa/Maria Martinez (ANAIS team,

UNIZAR)

AN 3 Workshop on TRASGO detectors
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Neutron rate [10 s

Neutron rate [10™ 5]

Results HENSA hall A @ LSC

(a) (b)
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HENSA collaboration
Hall A at LSC

10 10?
E, [MeV]

Preliminary result on spectrum

reconstruction

Fig. 4 Long-term evolution of the neutron rate observed during our measurement campaign in the Hall A of LSC in the
detectors: (a) E1; (b) E2; (¢) E3, E4, Eb and E6; (d) E7, E8 and E9.

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

Measurement Total flux/10—*cm=—2s? 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) Observed 20% larger total flux!
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Preliminary results HENSA hall B @ LSC

Det.1 o
Hall B phase 1 D:t. >

Det.5 —a&a—
* I I
I ® L T e *

10

oo

[

I

Rate (104 cps)
o
[T | 1T T 1 | T T 1 | T T T | T T 1 | [T

PhD thesis N. Mont, UPC

I I I I I
03/21 05/21 07/21 09/21 11/21 01/22

Month

* 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, | g e
UGR). 1 10 10° 10° 10°

Energy/MeV

4444%4;44‘&4

Detector response/cm’
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Neutron flux modulation in underground facilities

ISSN 1063-7796, Physics of Particles and Nuclei, 2007, Vol. 48, No. |, pp. 3437 © Pleiades Publishing, Lnd. 2017,

The Study of the Thermal Neutron Flux ——————
in the Deep Underground Laboratory DULB-4900!2 J

(6LIF + ZnS(AQ))
V. V. Alekseenko”, Yu. M. Gavrilyuk®, A. M. Gangapshev* *, A. M. Gezhaev*,
D. D. Dzhappueve, V. V. Kazalov®, A. U. Kudzhaevs, V. V. Kuzminov®, S. 1. Panasenko®, ]
S.’S. Ratkevich®, D. A. Tekuevac, and S. P. Yakimenko® Themal flux:

Institute for Nuclear Research, RAS, Moscow, Russia == 109 —_ 10'6 Mev
b Kharkiv National University, Kharkiv, Ukraine
*e-mail: gangapsh@list.ru

Abstract—We report on the study of thermal neutron flux using monitors based on mixture of ZnS(Ag) and

LiF enriched with a lithium-6 isotope at the deep underground laboratory DULB-4900 at the Baksan Neu- NO fu | Iy SpeCtrometnC
trino Observatory. An annual modulation of thermal neutron flux in DULB-4900 is observed. Experimental stu d | es etl
evidences were obtained of correlation between the long-term thermal neutron flux variations and the abso- y :

lute humidity of the air in laboratory. The amplitude of the modulation exceed 5% of total neutron flux.
DOI: 10.1134/S1063779616060022
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An important physical case: dark matter annual modulation
Detection rate would have a cosine behaviour with a

yearly period and maX|mum around June 2nd
June

- N N
NAVARVAAVA

December

t_t{]
R(t) =S, +Sm-cos(2n T )

2-6 keV
o0 e — DANLALIBRA pliasel (104 thwivr) = 1 PAMNCIERA phae {3 oy

™ DAMAINal and DAMAILIBRA positive signal |
AN NN AN AR 1 WY
E-C_Cgé*ﬂ%w*diwéﬁfoWWL\ i WWVTW?}\
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Courtesy ANAIS team Time (day)
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Previous underground activities: HENSA measurements at LSC

Loiter of Inieed

The CUNA _
project ; 5.0x10
“F (1.8 hour
e - 1101 counts **
o =
. 1N
2 IPTANITess wirere ev v IO : W

0 DZod4 0608 1 1214 1618 2 0 0204 DE 08 1 1214 1618 I

First measurement of the neutron
6x PE blocks#,3He tube background at LSC

=
1
Iy < A — EM method

—
>
E 102 =_  ME method
j:
=,
E';

104
10°%
10°

FTTTTTTTTTTM
i

1weE By a=1.4%105 nfemifs ~
- 102 .
M.D. Jordan et al., Astroparticle 10™040%070%0%04040%0" 1 10 107

Physics 42 + Corrigendum E, [MaV]
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Previous underground activities: measurements at Felsenkeller
Two measurement campaigns (2014 & 2018)

=

# System of nine tunnels built
for Felsenkeller brewery in

1856-59
» 5 MV Pelletron ion
accelerator
for 1H, *He, 2C beams
# Combination of
i attenuation by 45 m rock
and active L veto
. 3 . M. Grieger PhD thesis .
T ins : e 4
-m s
o - L]
B . i
S, =
w 10 i S = . 5 " E
s . s P
P d
1? E
. L 10_7 E - Beschleunigerhalle - NEMUS
PHYSICAL REVIEW D 101, 123027 (2020) iF LR Iecr-:r.'lllll‘:;llE“JrrI . Bﬁlflﬁrl NEMUS
= Bestrahlu . essraum - BRIKEM
------ .ﬂ\lttl'urlierllfjngsrriessrlali:rll'l - NEIHh”US
f — Aktivierungsmessraum - BRIKEN
Neutron flux and spectrum in the Dresden I;‘e!senkeller underground facility .IG-E. SRFRA] RinrREA] RinatARiRA] R RRRANAN RABARAR I AP RPN
studied by moderated “He counters 1 0-8 1 D-G 1 0-4 1 G-Z 1 UD 1D2
S e e e E, [MeV]
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Cosmic ray neutrons with HENSA
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Environmental radiation dosimetry
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New recommendations on radiation

protection:

X ICRU 95 officially released in 2021.

X Important changes on thermal&high energy
regions

X Ambient dosimetry data should be
updated!

information on the predicting capabilities and the uncertainties of the current versions of these models under

quiet space weather conditions.

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.

A. Tarifefio-Saldivia
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Single-events upsets in microelectronics

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL 64, NO. 1. JANUARY 2017

i

Single Event Effects in Si and SiC Power
MOSFETs Due to Terrestrial Neutrons

A, Akwirk, Member, IEEE, R. Wilkins, Member, IEEE, J. McGarrity, Fellow, IEEE, and B, Gersey

Abstract— Experimental  investigation of neutron  induced
single event failures and the associated device cross sections as
well as low altitude faflure-in-time (FIT} curves in silicon (Si) and
silicon carbide (51C) power MOSFETs at room temperature are
reported along with possibl 1: jon of failure hani in
SiC devices. Neutrons are found to give rise to significantly fewer
Failures in SiC power MOSFETs compared to their Si equiv-
alents; however, SiC power MOSFETs do exhibit catastrophic
Failures when exposed to neutrons that simulate the terresirial
spectrum.

Index Terms—Fallure in time, power device reliahility, silicon
carhide, terrestrial neatrons,

I INTRODUCTION

5 SiC power MOSFETs aim to replace Si power
MOSFETs and IGBTs in the high volage range, ie.
=800V and as high as 15 kV, the terrestrial neutron radiation
hardness of these SiC power devices needs to be examined to
prevent unexpected system failures. To this end, we investigate
single event neutron induced failures in SiC devices from
different vendors in three voltage ranges in the off condition.
This is achieved using the commercially available parts with
rated voltages of 1700 V, 1200 V and 650 V. Additionally, we
test silicon power MOSFETs with voltage ratings >1200 V to
show the relative ruggedness of SiC componemts. This paper
izes our and calculated FIT rates for
these devices, along with possible preliminary investigation of

failure mechanisms in these devices.
The very high altitude terrestrial neutrons are byproducts
of cosmic rays such as high energy protons, alphas and

the newly created neutrons give rise to a high flux of neutrons
traveling vast distances in the atmosphere, even reaching
low altitudes, as shown by the cosmic shower [1]. [2] plot
in Figure 1.

The terrestrial mewtron flux reaches a peak at roughly
60,000 feet. At 30,000 feet, the integral neutron flux drops to
roughly one tenth of its peak value. At sea level, it drops by an

Iditional two orders of i however, the neutron flux
at sea level, which is roughly <25 nfem’hr for E > | MeV,
can still cause upsets and failures for clectronics and power
switches. Furnih at sea level, approxi ly 95% of the
cosmic shower constituents are neutrons [2].

The terrestrial neutron induced failures and upsets have been
reported by the Si power electronics community and by data
centers and supercomputer users [3]-[8]. The problem only
exacerbates as the electronics and power switches are used
in higher altitudes due to exponentially rising neutron flux
levels with increasing altitudes. These higher neutron levels
can render a power device that is safe to use at sea level, ie.
expected not to fail within its lifetime, a risky choice for use
on a mountaintop due to its rising Failure In Time (FIT) rates,

More specifically, the neutrons have been shown to cause
failures in power devices via interactions with lattice atoms,
as shown in Figure 2. The newtrons cannot directly ionize
charge in the device: however the neutron lattice collisions,
depicted in Figure 2b, ng rise to recoil atoms or spallation
products are very efficient in creating charge spikes along their
trajectories. Some of the resulting knock-ons are shown in
Figure 2a along with their energy distribution curve that is a

heavy ions i ing with Earth’s These interac-  pesylt of the terrestrial neutron flux energy distribution and the
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Fast EV charging Servo drives.

https://www.infineon.com/
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@INI)EI‘]M \DENT Support us oom =
Cosmic particles can change elections
and cause planes to fall through the
sky, scientists warn

Tiny invisible particles can cause bits of information held by computers to ‘flip’ with potentially serious

ramifications
Of 1 Xv)

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

lan Science Correspondent in Boston | @ kian | Friday 17 February 2017 16:40

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



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

HENSA: sensitivity to environmental conditions
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- 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!
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HENSA++ project: spectrometry of cosmic-ray neutrons and space
weather

* Detector redesign (15 dets) with focus on cosmic ray neutrons
* Commissioning PhD A. Quero (UGR)
* First campaign (2023 - ) with focus on space weather applications

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/lUGR)

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

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

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

A. Tarifefio-Saldivia
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Other applications with HENSA
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Neutron production in lightning discharges

* Neutron burst are generated by natural means in
atmospheric discharges (lightning).
e Satisfactory explanation about the neutron production PRL 111, 115003 (2013)
mechanism remained elusive since the 80's.
* First evidence of photonuclear mechanism 14N(g,n)13N
by EI‘IOtO et al in 2017 AV A}._‘Zlf()l‘ll!\’_l AV, B(Iglllyﬂ.l 0.D. Dalkarov,"> M. A. .\Icgnducv,' AV Oginnv,"’: A.S. Rux;:tskiy,l
: V. A. Ryabov," and K. V. Shpakov'
o Laborato ry Scale expenment demon Strated by Ag afanov 'PN. J[.chcrh‘l-‘:i".f:_\‘sr'm‘f fu.\'.n'{ure of the Russian /k'{fdc‘l"f:_\' of Scl-e'e.-rlca“.\' { FMM.' Leninsky Prospekt, 53, Moscow .” 9991, Russia
. . Centre for Fundamental Research (MIEM NRU HSE), Myasnizkava, 20, Moscow 101000, Russia
et al in 2013 (COI’IUOVEI’SI&D (Received 10 April 2013; published 12 September 2013)
* Photonuclear mechanism predicts (Diniz et al. 2018) a
prompt (<1lms, ~0.1-10.0MeV) and a delayed (>1ms,

epithermal up to 100keV) neutron components.

Laboratory experiments on lightning:
PHYSICAL REVIEW LETTERS 13 SEPTEMBER 2013

Agafanov et al. 2013

Observation of Neutron Bursts Produced by Laboratory High-Voltage Atmospheric Discharge

Collaboration with Joan Montaia, UPC Lightning
Research Group

Lightning High Voltage Testing Laboratory -

] ] _ LABELEC (Terrasa).

Exp & sim. of natural lightning: d e
LETTERE’; NOVEMBER 2017 | VOL 551 NATURE 481

doi: 10,1038/ nature 24630

Enoto et al. 2017
Photonuclear reactions triggered by lightning

First test in

discharge
Teruaki Enoto', Yuuki Wada®, Yoshihiro Furuta®, Kazuhiro Nakazawa®™, Takayuki Yuasa®, Kazufumi Okuda®, 2021
Kazuo Makishima®, Mitsuteru Sato’, Yousuke Sato®, Toshio Nakano®, Daigo Umemoto® & Harufumi Tsuchiya™
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Figure 5. Energy distributions of photons (top row) and neutrons (bottom row) as in Figures 1 and 2, but now
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