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Semiconduttori Innovativi per Rivelazione di Radiazione

Low-cost large-area printing techniques
Wearable

Light:weight,and,flexible

New generation of
low cost, low power supply and mechanical flexible
Thin and comformable sensor panels and patches

management
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FAMACs

Printed large area perovskite film
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BEYOND
Semiconduttori Innovativi per Rivelazione di Radiazione"

" SIEMENS - X-ray detectors — PEROVSKITES
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Sinergie e Background

ANEMONE

hAdroN bEam MONitoring by pErovskite based detectors

@Fﬁ s _CEDAD.
CSN5

BOLAS-NEXT ~~

Flexible 1° B-based converter
deposited by the laser ablation technique

3
INFN

CSN5

Progetto Gr.V TN

HYDE - 2014

New hybrid detectors for neutrons

Gian-Franco Dalla Betta
Dipartimento di Ingegneria Industriale, Universita di Trento
INFN Padova, Gruppo Collegato di Trento
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ASI

IRIS

-Vus3

Large area, wearable lonizing
Radiation dosimeters for real-time
space crew perSonal monitoring

POR-FESR- Emilia R
milia Romagna INEN

~ Tilab
Istitate Saziomale & Fisics Nacleare

Fortrevnw

Flexible, Large-area patches for real-
time detection of ionizingradiation

CSN5

PERO2

Development of dose monitoring
Systems based on PEROvskite materials
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Sinergie e Background

Universita di Bologna
INFN Bologna

LAURA BASIRICO

PEROVSKITE FLEXIBLE FILMS
FOR PROTONS AND X-RAYS
DIRECT DETECTION AND BEAM
MONITORING
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Bologna | DIFA Berti Pichat | Room BP-2A
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Sinergie e Background L

ASI-VUS3 e SR
s

IRIS

Large area, wearable lonizing
Radiation dosimeters for real-time
space crew perSonal monitoring

ANEMONE

hAdroN bEam MONitoring by pErovskite based detectors
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@?N o __CEDAD .
CSN5

BOLAS-NEXT ~~

Flexible 1° B-based converter
deposited by the laser ablation technique

INFN

TTlab

Istiats Sareasle & Frsies Nucteare

Fortrevnw

Flexible, Large-area patches for real-
time detection of ionizingradiation

CSN5 CSN5
Progetto Gr. V. TN DevelomeerEofRdgEonitoring
HYDE - 2014 Dispositivi FLESSIBILI, scalabili su LARGHE AREE, a BASSO Systems based on PEROvskite materials
. ——— COSTO per la RIVELAZIONE DIRETTA di neutroni termici e
INEN Pacowe, Grape Gotegatod Tenip. o1 veloci in applicazioni mediche (BNCT) e monitoring ambientale
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NEUTRONI VELOCI
— perovskiti a film sottile —



2D hybrid perovskite thin films

FAST NEUTRONS
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_ | PEA* = C,H.C,H,NH,*
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(PEA),PbBr,

Fratelli, 1., Basirico, L., Ciavatti, A., Margotti, L., Cepi¢, S., Chiari, M., & Fraboni, B. (2024) Advanced Science, 2401124.
Ciavatti A., Fodera V., Armaroli G., Maserati L., Colantoni E., Fraboni B., Cavalcoli D., Adv. Funct. Mater. 2024, 34, 2405291

Lédée, F., Ciavatti, A., Verdi, M., Basirico, L., Fraboni, B., (2022). Advanced Optical Materials, 10(1), 2101145.
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2D hybrid perovskite thin films Wi

DEPOSIZIONE
9 -
[DA SOLUZIONE ]- [DISPOSITIVI FLESSIBILI e LARGE AREA]
FAST NEUTRONS

(PEA),PbBr,
U | PEA* = CgHsCH,NH,*

Lédée, F., Ciavatti, A., Verdi, M., Basirico, L., Fraboni, B., (2022). Advanced Optical Materials, 10(1), 2101145.
Fratelli, 1., Basirico, L., Ciavatti, A., Margotti, L., Cepi¢, S., Chiari, M., & Fraboni, B. (2024) Advanced Science, 2401124.
Ciavatti A., Fodera V., Armaroli G., Maserati L., Colantoni E., Fraboni B., Cavalcoli D., Adv. Funct. Mater. 2024, 34, 2405291
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2D hybrid perovskite thin films i

DEPOSIZIONE §
[DA SOLUZIONE ]- |DISPOSITIVI FLESSIBILI e LARGE—AREA]

FAST NEUTRONS

BASSA CORRENTE DI BUIO

’ (1033 A @ 500 V mm1) )
\
PEROVSKITI - NO MIGRAZIONE IONICA
IBRIDE 2D - Maggiore Stabilita

Y [ ALTA DENSITA di ATOMI a BASSO Z

(PEA),PbBr,
PEA* = C;H.C,H,NH,*

O H ¥
O s AP AP
O N Catione Catione Organico
(Cs, MA, FA) —> spacer
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Meccanismo di Interazione

@ Fast neutron }?A }‘\ } }’;
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Shao, W., Liang, H. et al. (2023). Advanced Functional Materials, 33(40)
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Simulazioni — Toolkit Geant4

PPEROVSKITE IBRIDA 2D

- ALTA DENSITA DI ELEMENTI A BASSO Z
- MAX TRASFERIMENTO DI ENERGIA A SEGUITO DELL'URTO ELASTICO

HYDROGEN CARBON
DENSITY
CLASS ACTIVE DENSITY  DENSITY
MATERIAL g e
x1022cm3 x10%22cm33
MHyPbCI3 3.242 3.79 -
SOLID STATE Rubrene 1.26 3.99 -
AMHB 1.46 4.62 -
EJ301 - 4.82 3.98
LIQUID
EJ309 - 5.43 4.35
SCINTILLATOR
Stilbene 1.15 4.61 -
PLASTIC EJ276D 1.099 4.65 4.94
SCINTILLATOR EJ200 1.023 5.17 4.69
THIS WORK | PEA,PbBr, 2.27 4.25 2.84
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BEYOND
L

Fratelli I., in preparation
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Simulazioni — Toolkit Geant4

Neutron Energy = 2.5 MeV
PVK thickness =5 um

BEYOND
L

Fratelli I., in preparation

PPEROVSKITE IBRIDA 2D

- ALTA DENSITA DI ELEMENTI A BASSO Z
- MAX TRASFERIMENTO DI ENERGIA A SEGUITO DELL'URTO ELASTICO
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energy within the perovskite (a.u.)

15 20

Fraction of particles which totally release

T

Perovskite Thickness (um)
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Simulazioni — Toolkit Geant4

Neutron Energy = 2.5 MeV
PVK thickness =5 um

BEYOND
L

Fratelli I., in preparation

PPEROVSKITE IBRIDA 2D

- ALTA DENSITA DI ELEMENTI A BASSO Z
- MAX TRASFERIMENTO DI ENERGIA A SEGUITO DELL'URTO ELASTICO
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energy within the perovskite (a.u.)
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Irraggiamento @ INFN-LNL

Acceleratore Van der Graaff (INFN-LNL, CN, 0° beamline)
Fascio 5 MeV di Deuterio, target °Be
Fast Neutrons °Be(d,n)°B
(Energia=[1-4] MeV Flusso =[0.4-3] - 10°n s1cm?)

Photomultiplier

1

EJ301 Liquid
scintillator

Fast Neutrons

°Be target

d* beam | LNL-CN 0° beamline

Meadows, J. W. (1993). In Nuclear Instruments and Methods in Physics Research (Vol. 324).

[laria Fratelli — 16 Dicembre 2024

BEYOND
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Fratelli I., in preparation
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Irraggiamento @ INFN-LNL

Acceleratore Van der Graaff (INFN-LNL, CN, 0° beamline)
Fascio 5 MeV di Deuterio, target °Be
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Caratterizzazione del Rivelatore

/ v/ Radiation Tolerance up to 108 neutrons \
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Caratterizzazione del Rivelatore

-~

v Tempo di risposta (t,..=1,65; T, =4,25)

\_

~

Rise Time=1.6s Fall Time=4.2s
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Caratterizzazione del Rivelatore AL
a N\

v~ Ripetibilita e Stabilita
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Caratterizzazione del Rivelatore Bl
a N\

v/ SELETTIVITA (= trasparenza al campo gamma)

\_ /
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Efficienza a diversi spessori di perovskite
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AN

Variando la velocita di deposizione (spin coating)
- AUMENTO dello spessore della PEROVSKITE
(thickness = [1-4] um)

I:> [ PROPRIETA di TRASPORTO CONFRONTABILI J

Fratelli ., in preparation

9/ 10




BEYOND
L

Efficienza a diversi spessori di perovskite

Fratelli I., in preparation
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e
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- AUMENTO della SENSITIVITY e dell’EFFICIENZA del RIVELATORE \
all’laumentare dello SPESSORE della PEROVSKITE

~

MA ATTENZIONE!
1) Aumento del numero di elementi ad alto Z
- calo della SELETTIVITA
2) FILM SPESSI offrono spesso PROPRIETA di TRASPORTO peggiori
k - calo dell’EFFICIENZA di COLLEZIONAMENTO /
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E 1 NEUTRONI TERMICI??



Fabbricazione del rivelatore ol Ly

FAST NEUTRONS

(PEA),PbBr,
PEA* = C,H.C,H,NH,"*
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Fabbricazione del rivelatore

THERMAL NEUTRONS
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(PEA),PbBr,
PEA* = C,H.C,H,NH,"*

MECCANISMO DI INTERAZIONE

Neutrone
Termico

Li l
PEROVSKITE \] h
THICKNESS 10 \a
> <7
w !

2

on |

0 A 0 (1ATMeV +7 Li(0.84MeV) 4 4(0.480MeV)
B+ns{ o
= a(1.78MeV +7 Li(1.01MeV)
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Fabbricazione del rivelatore i

®

DEPOSIZIONE DEL LAYER
CONVERTITORE

MECCANISMO DI INTERAZIONE

RF magnetron sputtering
10B/Ti multilayer
SEM HV: 10.0 kV WD: 11.69 mm VEGA3 TESCAN h = 1 um

SEM MAG: 15.6 kx Det: SE 5 um
View field: 17.7 ym | Date(m/d/y): 07/15/12 Performance in nanospace

A (1ATMeV +7 Li(0.84MeV) + 4(0.48MeV)

B4+ n 6% “
— a(1.78MeV +7" Li(1.01MeV)
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Fabbricazione del rivelatore i

®

DEPOSIZIONE DEL LAYER
CONVERTITORE

RF magnetron sputtering
10B/Ti multilayer
SEMHV: 10.0kV |  WD: 11.69 mm VEGA3 TESCAN h =1 um

SEM MAG: 15.6 kx ‘ Det: SE 5 pum
G

MECCANISMO DI INTERAZIONE
View field: 17.7 ym ‘ Date(m/dly): 07/15/12 Performance in nanospace
PATTERNING DEL LAYER .

hI
<> <7
w ¢
CONVERTITORE

Microstrutture 3D attraverso 0p { A4 a(1ATMeV +7 Li(0.84MeV) + v(0.48MeV)
mn

e . tecnichedi photolitografia Sy 0 (1.78MeV +7 Li(1.01MeV)

W = 15 pm
=20 um

H INFN

BOLOGNA
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Fabbricazione del rivelatore

MECCANISMO DI INTERAZIONE

Neutrone
Termico
DEPOSIZIONE della
PEROVSKITE IBRIDA 2D 7L
PEROVSKITE N_] h
SPIN COATING THICKNESS 10'\ -
i = —
Thickness = 2 um W ,

2

A (1.ATMeV +7 Li(0.84MeV) + ~(0.480MeV)

VB +n 6% _
= a(1.78MeV +7 Li(1.01MeV)
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Irraggiamento @ INFN-LNL (linea MUNES) L

PMT+ LiBO placed close to
the sample to monitor the flux
in the same conditions

Bi window to
attenuate gamma
rays

Cables>10 mto
keep the
electronics far
away, behind
the wall
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PMT+ LiBO placed close to
the sample to monitor the flux
in the same conditions

Bi window to
attenuate gamma
rays

Turno 10 giorni fa...

Cables>10 mto
keep the
electronics far
away, behind
the wall

Stay tuned...
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Conclusioni "

RIVELAZIONE NEUTRONI VELOCI

PEROVSKITE IBRIDA 2D

— Alta densita intrinseca di atomi a basso Z (H e C)

- Migliori proprieta di trasporto rispetto ai materiali organici

- Maggior stabilita ambientale, soppressione della migrazione ionica, bassa dark current
Configurazione a FILM SOTTILE

— Stampa da soluzione scalabile su larghe aree e substrati flessibili

— Trasparenza ai raggi gamma = selettivita

RIVELAZIONE NEUTRONI TERMICI
PEROVSKITE IBRIDA 2D

— Stampa da soluzione scalabile su larghe aree e substrati flessibili
+ possibilita di avere un miglior ricoprimento delle
microstrutture 3D

MICROSTRUTTURE 3D 10B SEM HV: 10.0 kV WD: 11.69 mm
- Trasferimento di carica al semiconduttore piu efficiente _ Performance in nanospace

gm
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Starting Point — Neutroni Veloci

7

contatori (i
neutroni termici

Moderatori + '

\ \_/ Sferg.cﬂlli Bonner |
p
Contatori s /4
proporzionali -
a gas 3He 7
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Starting Point — Neutroni Veloci

r N\
Moderatori +
contatori (
neutroni termici & o
L J\/ Sfers-:-.di Bonner/
Contatori
proporzionali
a gas 3He

=
RIVELAZIONE INDIRETTA

Scintillatori Plastici e Liquidi

PEROVSKITE SINGLE CRYSTALS

=

Fast neulron

fo, <E

Mn-STA,PbBr,
Screen

standard sample

ccD
&' J. Zheng et al., J. Am. Chem. Soc. 2021, 143, 50, 21302-21311

S
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/
ORGANIC SINGLE CRYSTALS -
RIVELAZIONE DIRETTA

10000 5

Background (7 h)
—— AmBe-fast neutron (7 h)

Perylene-G7-S6 (t=1.2mm)
Au contacts (0.08" diameter)
Gain=+1000X, Shaping=12us
HV=+999 V

Counts per Channel

e e S L LA R S
0 100 200
Channel Number

—Background
— 241Am
—*'Am-Be

4HCB

1

2000 4000 6000 8000

Channels

Kargar, A., Loef, E. V. van, Cirignano, L., Shah, K. S., & Member, S. (2011). 1,
4545-4549.
Carman, L., Paul Martinez, H., Voss, L., Hunter, S., Beck, P., Zaitseva, N., Payne,
S. A, Irkhin, P., Choi, H. H., & Podzorov, V. (2017). IEEE Transactions on Nuclear
Science, 64(2), 781-788.
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Starting Point — Neutroni Termici

/" RIVELATORI al SILICIO con
MICROSTRUTTURE 3D
COVERTITRICI

20.0kV 16.9mm x53 SE 3/19/2018

*  McGregor DS.. Nucl Instruments Methods Phys Res Sect A Accel
&Spectrometers, 2020;954(November 2018):161696

RIVELATORI basati su PEROVSKITE
INORGANICA + MICROSTRUTTURE
3D COVERTITRICI

sPbBr.
ITO

* Quevedo-Lopez M., et al. Adv Mater Technol. 2020;5(12):3-9.
* Quevedo-Lopez M., et al. ACS Appl Mater Interfaces. 2021;13(24):28049-56.
e Quevedo-Lopez M., et al. Adv Mater Technol. 2022;2100956:1-7.

POLIMERO + NANOPARTICELLE 1°B

—
Thermal

neutron

lonization

convertitrici

~

Boron NPs Sl |

* Sellin P., et alACS Appl Mater Interfaces. 2020;12(29):33050-7. j

& PEDOT:PSS

lonization

ITO contact
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APb
's

Organic
cation
(MA, FA)

2D layered Perovskites
PEA,PbBr, (PEA = C,H.C,H,NH.*)

3D

High X-ray stopping
power 10 cm',
comparable to CIZT.

High carriers diffusion
length >Tum in
polycrystalline films.

Low cost, low
temperature <150 C
deposition from
solution.

Optoelectronic
properties tuning by
controlling the
relative amounts of
the components

A,Pb
I'4
Organic
cation
(PEA, BA)

2D

High X-ray stopping
power.

Lower mobility
Lower lon migration
Better stability

Low cost, low
temperature <150C
deposition from
solution.

Optoelectronic
properties tuning by
controlling the
relative amounts of
the components




Boron Neutron Capture Therapy e dosimetria

Incident Beam Quality

1) Epithermal neutron flux > 10° n cm2 s?
2) Neutron energy range [0,5 eV — 10 keV]
3) Fast neutrons and gamma rays as low as possible

Epithermal
neutrons a
E.= 1.47 MeV
1/
10 x E. =0.48 MeV
1" 7 ;
B B LW (94 %)
10 5

/ E;= 0.84 MeV

000066
0600660
¢
&
]
L
:
\ 4

Air Tissue

A 0(1.47TMeV +7 Li(0.84MeV) + ~(0.48 MeV)
% (1.78MeV +7 Li(1.01MeV)
SLi + n—>H (2.72MeV + a(2.05MeV)

0B 1.5 {

~/ WEARABLE DOSIMETER
v LOW-COST &/ RAD-HARD
~/ LOW POWER CONSUMPTION

Dymova MA, et al. Boron neutron capture therapy: Current status and future perspectives. Cancer Commun 2020;40(9):406—-21.
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Stato dell’Arte per la rivelazione di neutroni i

Contatori Proporzionali a Gas Scintillatori Rivelatori allo Stato Solido
Front Contact Layer Back
(p+ GaAs or Schottky Alpha Contact

Barrier) * Particle Layer \

Neutron
. -

| High Puiity s

| ! viype Gahs rs1-type GaAs
Lithium-7 | Active Region .'."l?s“?l? _
lon l

Connected to Preampilifier

VACUTEC

5 X Bassa emissione di luce
X Carenza di *He X Tempi di risposta X Trasferimento alpha inefficiente

X Alti costi di produzione
X Impatto ambientale
X Alto consumo energetico

X Accoppiamento = < SNR

e Carturan SM, et al. Flexible scintillation sensors for the detection of thermal

* Fares M, et al. 3He proportional counter development for thermal neutron detection. Radiat neutrons based on siloxane 6 LiF containing composites: Role of 6 LiF crystals | * McGregor DS et al. Self-biased boron-10 coated high-purity epitaxial GaAs

Detect Technol Methods, 2021;5(2):264-72. . . ) . size and dispersion. Nucl Instruments Methods Phys Res Sect A Accel thermal neutron detectors. IEEE Trans Nucl Sci. 2000;47(4 PART 1):1364-70.
¢  Amaro FD, et al. Novel concept for neutron detection: Proportional counter filled with 10 B . X . A
nanoparticle aerosol. Sci Rep. 2017:7(1):1-7 Spectrometers, Detect Assoc Equip. 2019 May 1;925:109-15. * Lai CC, Boyd R, et al. Effect of substrate roughness and material selection on
P ’ p- P +  Xie A, et al. Lithium-doped two-dimensional perovskite scintillator for wide- the microstructure of sputtering deposited boron carbide thin films. Surf
range radiation detection. Commun Mater 2020 11; 1(1):1-10. Coatings Technol. 2022;433
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Interazione neutrone termico-materia

M 0 (1.ATMeV +7 Li(0.84MeV) + ~(0.48MeV)

IUB —|— Tl 697 - r 7 i
%y o (1.78MeV +7 Li(1.01MeV)

“Li 4+ n— H(2.72MeV + a(2.05MeV)

Cross Section (barn) @ 0.025 eV Natural Abundance (%)
6Li 942 7,6%
10 3842 19,9%
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Spettrometria con PVK - |letteratura

Gamma
CsPbBr3

\ =
\ !

a
57Co source -150 V

1000 -
—_ Pb escape peak 122 keV
3 ]
8
= Compton
32 500 4 |edge \ Cs escape peak
. f

136 keV
0 T T " T . r )
0 40 80 120 160

Energy (keV)

He, Y., Matei, L., Jung, H.J. et al. Nat Commun 9, 1609 (2018).
llaria Fratelli— 16 Dicembre 2024

Alpha

20 ———
“%Po Source
I I 15 minutes |
15- I 30 minutes -
Bl 45 minutes
ﬂ I I 60 minutes ]
S 10
o —
O
5-
0

5000 10000 15000
Channel Number

Quevedo-Lopez M., et al. Adv Mater Technol. 2020;5(12):3-9.



Electron/hole pair creation mean energy

empirical model of Devanathan

W =2E.+1.43 eV

The energy gap value of (PEA).PbBr.of Es= (3.00% 0.03) =2 Werpees= (7.43 = 0.06) eV.
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5 MeV proton Detection @ LABEC INFN

~ LABEC
50x10%{| < 10pA
! REQUIRED PROPERTIES
O 4,0x10°-
? . o HIGH SENSITIVITY
o 3,0x10 "1
© ]
G 2,0x10% ELECTRIC  PROTON
5 ] MATERIAL FIELD ENERGY SENSITIVITY REF.
é 1,0x10° (V um™) (MeV)
£ oo Dose Linearity MAPbBr; + (PEA),PbBr, 0.2 5 (112£001)108CH 1| @
, : , : : : TIPGe-pentacene 0.03 5 (6.4 £0.2)-102° CH*! [2]
0.0 5,0x10° 1,0x10” MAPbBr, 0.01 3 (2.19 £ 0.03)-108 C H* 1 3]
total Protons CsPbCl, 2 100-228 4-10-20 C H*-1 [4]
.9_ Th.
2000071 3y (PEA),PbBr, 0.2 5 (4.25 +0.02)-1018 C H* 1 'sl'(
- = 02Vum® wor
Q 9 0.03 *
n 190 Prot.on Curr\e/nPtLT 10 pA Basirico, Fraboni et al., Adv. Sci. 2022, 2204815, 1.
) ] =
% ox10° |. Fratelli, Fraboni et al., Sci Adv 2021, 7, eabf4462.
6 1,0x1 H. Huang, et al., ACS Appl Electron Mater 2022, DOI 10.1021/acsaelm.2c01406.
8 10 M. Bruzzi, et al., Front Phys 2023, 11, 1.
O 5,0x10 " 1
3
= Low Bias Operation
0 1x10°  2x0°  3x10°

7 total Protons



5 MeV proton Detection @ LABEC

Current (A)

Very Low Dark Current and High SNR

1x10™ 5 \

1x10™ 5

1x10™

1x10™° +———
0 10 20
Time (s)

InducedCurrent / Dark Current

10°

10 3

! m MIXED 2D-3D PVK
® PURE 2D PVK

10’ 10° 10° 10"

Proton Flux (H's cm™)

Basirico, Fraboni et al., Adv. Sci. 2022, 2204815, 1.

INFN

" LABEC

REQUIRED PROPERTIES

o HIGH Signal to Noise Ratio = dark current has
to be lower than 1% of the signal current




5 MeV proton Detection @ LABEC INFN

" LABEC

REQUIRED PROPERTIES

90%

o FAST RESPONSE for Real-Time monitoring

Current (A)

10%

330 340 350 360 370
Time (s)

Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124




5 MeV proton Detection @ LABEC INE{IG\I

10

REQUIRED PROPERTIES

lonization (keV um'l)

Il 2D perovskite

J 7] Kapton substrate

o TRANSPARENT to be placed in-line avoiding
perturbation of the primary beam

0 5 10 15 20 25 30

Depth (um)

Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124




5 MeV proton Detection @ LABEC

< 3x10

Current (

2x10™" 1

RADIATION HARDNESS
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Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124
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response ( > 2 Gy)



Flexible and large area beam monitor based on 2D perovskite thin film

H

o
N
N

Current (A)

'—\

o
A
w

12

FLEXIBILITY and
SCALABILITY

Pixel dimension
down to 0.5 mm

GAECHROMIC

REPRODUCIBILITY

—n— device 1
—e— device 2
—A— device 3
—v— device 4

—<— device 6
—b»—device 7
—e— device 8
—o— device 9

50

REQUIRED PROPERTIES

25 -

device 5

.25

Photocurrent variation (%)
o

-10

5 0 5
Voltage (V)

10 1 2 3

4 5 6
# Device

Xl-ra;/
o LARGE AREA and FLEXIBLE (> 10 x 10 cm?) and
B o good SPATIAL RESOLUTION
7 8 9

Fratelli et al., Adv. Sci. 2024, 101002/advs.202401124




Flexibility
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Studio di diversi spessori per aumentare l'efficienza
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Boron
(400 nm x 6h)

Boron + Ti
Co-sputtered
(few nm x 30 min)

Titanium
(35nmx1h)
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Fig. 4. A summary of the Be(d, n) thick-target spectra for deuteron energies of 2.6 to 7 MeV in steps of 0.4 MeV.

Meadows, J. W. (1993). The 9 Be(d, n) thick-target neutron spectra for deuteron energies between 2.6 and 7.0 MeV. In Nuclear Instruments and
Methods in Physics Research (Vol. 324).
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