
Detectors		
for	thermal	neutrons	

“Neutrons	for	Chemistry	and	Materials	Science	Applica9ons”	
Erice	05/07/2018	

UNIVERSITÀ	DI	MILANO-BICOCCA	

Giuseppe	Gorini	



About	me	
	
Detectors	for	Vibra1onal	Spectroscopy	
	
Fundamentals	of	thermal	neutron	detectors:	
-  Gas	detectors	
-  Scin1llator	detectors	
-  Semiconductor	detectors	

Concluding	remarks	
	
	
	
	

Outline	
Erice	05/07/2018	



About	me	
Erice	05/07/2018	



Professor	of	Experimental	Physics,	Milano-Bicocca	University	

PhD	in	Physics	at	Scuola	Normale	Superiore,	Pisa.	Topics:	neutron	measurements	and	plasma	physics	
At	Milano-Bicocca	University	since	its	birth	in	1998	
Now:	Director	of	Physics	Department	
Research	in	neutron	and	high	energy	photon	spectroscopy	instrumenta9on	
Key	collabora9ons:	JET,	ISIS,	ESS	
Presently:	Sponsor	of	VESPA,	Coordinator	of	CNR	in-kind	contribu9on	to	ISIS		
	
Catholic,	married,	2	sons	
Cita2on	report	(WoS	26/03/2018):	Journal	papers=286,		
H=30,	Sum	of	Times	Cited=	3675,	Average	cita2ons	per	year=	136.	
	

Giuseppe	Gorini	
Erice	05/07/2018	

	



Some	recent	pictures	
Erice	05/07/2018	



Some	recent	pictures	
Erice	05/07/2018	



Erice	05/07/2018	

Less	recent	pictures:	
2003	



Erice	05/07/2018	

Less	recent	pictures:	
2008	



Less	recent	pictures:	
2009	

Erice	05/07/2018	



Less	recent	pictures:	
2011	

Erice	05/07/2018	



Less	recent	pictures:	
2010	

Erice	05/07/2018	



Detectors	for	VibraBonal	Spectroscopy	
Erice	05/07/2018	



VISION	
Erice	05/07/2018	

Three-dimensional rendering of the VISION instrument 
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Basic crystal analyzer geometry 
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10 backscattering diffraction detector modules, 
7 equatorial backward detector modules,  
7 equatorial forward detectors,  
6 equatorial diffraction detector modules.  

Each module has 8 tubes filled with 3He (Helium-3). 

The equatorial diffraction and backscattering diffraction detector modules 
have tubes filled with 20 atm of 3He (Helium-3).  

Equatorial forward and backward detector modules 
have tubes filled with 3 atm of 3He.  
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Fundamentals	of	thermal	neutron	detectors:	
-	Gas	detectors	
-	ScinBllator	detectors	
-	Semiconductor	detectors	
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Main reference on radiation detectors: 	


Glenn F KNOLL, Radiation Detection and Measurement	





However…	

Thermal neutron detectors would deserve a dedicated book!	

But you find a good overview chapter in the book	
Carpenter, Loong	

Elements of Neutron Scattering Techniques and Applications	
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Neutron Detectors

 How does one “detect” a neutron?
– Can’t directly detect slow neutrons

 —they carry too little energy
– Need to produce some sort of measurable quantitative (countable)

electrical signal

 Need to use nuclear reactions to convert neutrons into charged particles (or 
photons)

 Then one can use some of the many types of charged particle detectors
– Gas proportional counters and ionization chambers
– Scintillation detectors
– Semiconductor detectors



photons 
or charge

converter

n
collect 

charge or 
photons amplify

gain
digitise algorithm

“disk”

order may be different, or step skipped

“Converter” “Detector” “Electronics”

Efficient neutron converters a key component for neutron detectors

+ +
ESS 2013-11-12!

Demonstrator#for#Timing#and#
Control#Interface##

Control!Boxes!
• Servers controlling a collection

of equipment

• Standardized platform
Components 
CS core services 
HMI
Integration support



    Challenges in neutron detection

• Neutrons have no charge: they do not produce ionizations or
excitations in matter directly; neutrons are difficult to stop.

• Background : main component  gamma-rays;
discrimination against gamma-rays is not easy.

• High detection rates are often required: usually neutron detectors are
used in a regions of high neutron (and gamma-ray) flux

• Cross-sections of neutron reactions on which neutron detectors can be
based decrease with increasing neutron energy  fast neutrons with
high efficiency is particulary difficult



Interaction of neutrons with matter
• No electric charge  no electromagnetic interaction (or too weak)

• Only strong interaction with the nuclei

n + nuclei

used for fast
neutrondetection

used for slow neutron
detection

fast  and slow
neutrondetection



Slow Neutron Detection 
• Cross-section for elastic (potential) scattering : σe = 4πR2

• Cross-section for capture reaction follows characteristic 1/v
dependence for low neutron energies

• The form can be derived from Breit-Wigner resonance lineshape
(single level resonance formula), e.g. neutron capture and
capture-independent gamma-ray emission (radiative capture):

197Au + n → 198Au + γ	



  

€ 

E << ER ;Γn ≈ v;  =  /mv : ER  Resonance energy
Primary decay is γ emission and independent of 
neutron ⇒  Γ≈ Γγ



Commonly Used Neutron Reactions 
n + 3He → (4He)* → p + 3H, Q = 0.765 MeV, target abundance ~ 1.4x10-4 % (5.3 kb) 

n + 6Li → (7Li)* → 4He + 3H, Q = 4.78 MeV, target abundance ~ 7.5% (940 b) 

n + 10B → (11B)* → 7Li* + 4He, Q = 2.31 MeV, 94% branch, nat. abund. ~20 % (3.8kb) 
           → 7Li  + 4He, Q = 2.79 MeV,   6% branch 

n + 113Cd → (114Cd)* → 114Cd + γ, Q ~ 8 MeV, target abundance ~ 12% (21 kb) 

n + 157Gd → (158Gd)* → 158Gd + γ, Q ~ 8 MeV, target abundance ~ 16% (255 kb) 

n + 235U → (236U)* → (fission fragments), Q ~ 200 MeV, target abundance ~ 0.7% 

(n,p) 

(n,α) 

(n,α) 

(n,γ) 

(n,f) 



Cross section vs neutron energy for some reactions of interest in neutron detection (G. Knoll)
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Ideally, for a reaction-based detector
and for En<< Q:

NOTE : spectrum does not give
any information on the energy of
the incident neutron

Principles of neutron detection:
reaction-based detectors

Large Q  better discrimination
between  neutrons and gammas
(pulses due to s not represented)

V

Flat counting plateau
(ideal case)

Flat plateau allows stable

counting operation

Vop

@Vop

Hd: discrim threshold



Gas	detectors	
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Gas Detectors
n He H H MeV+ → + +3 3 1 0 76.

σ
λ

= 5333
18.

barns

~25,000 ions and electrons
(~4´10-15 coulomb) produced
per neutron 

Anode

Cathode

- +

Fill gas

Gas Proportional Counter

radius

E-field

HV

R
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Gas Detectors
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Heavy particle 
(M1) range 

Light particle 
(M2) range

Ionization 
tracks 

Neutron capture 
event 

Ionization tracks in 
proportional counter gas

Electrons drift toward the central anode wire.  
When they get close, they accelerate 
sufficiently between collisions with gas
atoms to ionize the next atom.  A Townsend 
avalanche occurs in which the number of 
electrons (and ions) increases the number 
many-fold, about x103.  Separation of these 
charges puts a charge on the detector, which 
is a low-capacitance capacitor, causing a 
pulse in the voltage that can be amplified and 
registered electronically.
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The 3He Proportional Counter 
•  n + 3He → p + 3H, Q = 764 keV (3H = triton (t)) 
•  Assume En<<Q; Q = Ep + Et; Momentum 

conservation: 

  Ep = 573 keV; Et = 191 keV 

  Range R in Si:  Rp ~ 6µm, Rt ~ 5µm 
  Ranges in gas ~1000 x range in solid ~ few 

mm’s (Rρ ~ 0.25 mg/cm2 for α in He gas) 

Lost p  
energy 

Lost 3H  
energy 

Thermal peak 
Q-value  

deposited in gas 

The wall effect 

Wall effect depends on tube 
dimensions and gas pressure 



• Spectrum depends on size and geometry
detector
•  interactions produce small amplitude
pulses that can be eliminated by amplitude
discrimination
• For counting purposes, the threshold
should be set around A

A

schematic
191 765

dN
/d

E

Deposited energy, E (keV)

(a)

+
765

Deposited energy, E (keV)

+
(c)

574 765

dN
/d

E

Deposited energy, E (keV)

(b)

+

3He counters: n/γ discrimination

giuseppe
Typewritten Text
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Sizes of Proportional Counters

• PCs come in many sizes.
- Diameters from ~ 5. mm to 50 mm.
- Fill gas pressures are highest for small diameters,

up to 40 atm, and lowest for large diameters 2.~ 3. atm.
- Lengths vary from cm to meters; the longer detectors,

up to about 3. m long, are typically those of
larger diameter.
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MAPS Detector Bank (at ISIS)



3He based detectors

• Helium-3	Tubes	most	common
• Typically	3-20	bar	Helium-3
• 8mm-50mm	diameter	common
• Using	a	resistive	wire,	position	resolution

along	the	wire	of	ca.	1%	possible

IN5@ILL

can be large arrays of 10s of m2

• First	micro	pattern	gaseous	detectors	was	MSGC
invented	by	A	Oed	at	the	ILL	in	1988

• Rate	and	resolution	advantages
• Helium-3	MSGCs	in	operation

D20 powder diffractometer 
1D localisation 
48 MSGC plates (8 cm x 15 cm) 
Angular coverage : 160° x 5,8° 
Readout pitch : 2.57 mm ( 0,1°) 
5 cm conversion gap 
1.2 bar CF4 + 2.8 bars 3He 
Efficiency 60% @ 0.8 Å 

Curved 1D MSGC for the D20 Powder Diffractometer (2000) 



Detection efficiency	



ε= 1 – exp(- N σ d) 	



Approximate expression for low efficiency:	



ε=  N σ d	



Here:	


σ = absorption cross section (energy dependent)	

            
N= number density of absorber 	

 	

           
d= thickness	



	

N=  2.7x 1019 cm-3 per atm for a gas at 300 K.	


	

For 1-cm thick 3He at 1 atm and “thermal” neutrons, 
	

ε=  0.13.	





The BF3 slow neutron detector 
n + 10B  →  (11B)*  
            →  7Li* + 4He, Q = 2.31 MeV  [94%] 
K.E.  0.84 MeV + 1.47 MeV  
           →   7Li   + 4He, Q = 2.79 MeV   [6%] 

•  BF3 gas, enriched to >90% of 10B 
•  Operated as proportional or G-M counter 
•  However, recombination and formation of 

negative ions require lower pressure P < 
1atm 
–  Range of α-particles ~ 10 mm 
–  Pronounced wall effect 

•  As in 3He tube, spectrum reflects 
response of detector, NOT neutron 
energy 

“Ideal” response: large tube, all reaction 
products absorbed in gas volume. 

Obs. response due to partial energy loss in tube walls 

BF3 counters: 
P ~ 0.5 – 1 atm 
2000 – 3000 V 
M ~ 100-500  



BF3 proportional counters

•The range of 2.31 MeV alpha-particle @ 1 atm: ~1 cm

10B(n,α)  reaction  is  employed  in  BF3 proportional  tubes  where BF3 gas is
the neutron converter and the detector medium simultaneously.

•The BF3 gas is enriched in 10B  (up to more than 90%) to increase the
sensitivity to neutrons (natural B has ~20% 10B)

wall effect: not all energy deposited in gas



BF3 counters: properties

• Aging (degradation of performance after ~1010-1011 counts)

• Wall effect are reduced by making the detector larger or rising BF3 pressure

• Small tubes are acceptable as long as a clear counting plateau is maintained.

• Detection efficiency decreases as neutron energy increases (1/v behavior of
cross section)

• At high flux, multiple  pulses in short time succession may give a net
pulse large enough to be mistaken for a neutron pulse



            

Boron-lined detectors

• Boron deposited on the inner surfaces
of the chamber is the target material
for conversion of the neutrons into a
7Li and an  (10B(n,)7Li)

• 7Li or not both enter the chamber.

• As 7Li or  are charged, they are
detected in the gas filling the detector

• -range in boron is ~1mg/cm2  boron plating should be thin
 the neutron detection efficiency (~10%)  is lower in 3He or
BF3 counters.

n


n

7Li

Al wall

boron
layer

gas

Schematic ilustrating the
operation principle of a boron-
lined detector



Boron-lined Proportional Counters
• interior walls of a conventional proportional counter coated with solid boron.

• use standard proportional gas

• Neutron interactions with 10B take place in the wall of the counter Only one
of the two emitted particles (7Li or ) reaches the gas with some fraction of its
initial energy

the energy of particles entering the
gas and producing pulses varies:

7Li:  from 0 to  0.84 MeV
:   from 0 to 1.47  MeV

N

threshold ~ here

As there is no well-defined “valley” to set the threshold in, the count rate
plateau curve is ~10%/100V



• A more suitable proportional gas can be used
• Higher gamma-ray insensitivity (due to lower fill

pressure and lower operating pressure)
• Less aging effects
• Can give faster signals  (by proper choice of

gas)

• worse long-term counting stability
• lower efficiency (~10%)

Comparing Boron-lined with BF3
proportional counters:

           



Fission chambers: principle of operation
Neutron cause fission of the material covering

one (or both electrode) of the chamber

The high energy  ionising  products  output
pulses of the ionization chamber.

235U is the most used material; 238U and 232Th are used for fast neutrons

for slow neutrons, the two FF are
emitted in oposite directions

Other fissionable isotopes are 239Pu, 237Np, 234U and 233U.

 and background also present;

• The most common filling gas is Argon  plus  10% methane (or 2%  N2), with
filling  pressures  typically from 1 to 5 atm (pressure depending on the
application). At this pressure the range of FF is ~ a few cm.

Fission fragments (FF) are very energetic (for example 235U :
Q~200 MeV  FF share about 160 MeV);

            



Fission chambers
Coating thickness should be as large as possible to increase

efficiency

BUT
smaller than the range of fission fragments in the coating material
(average range of  FF from 235U is ~7 m ≡13mg/cm2 coating;

Typical coating thickness: 0.02 to 2 mg/cm2

Typical efficiency for thermal neutrons: 0.5 -1% (and even
lower for fast neutrons)



(T.W. Crane &M. Baker, Neutron detectors)

Gamma-sensitivity and neutron
efficiency of some neutron detectors



ScinBllator	detectors	
Erice	05/07/2018	



23

Scintillation Detectors

n Li He H MeV+ → + +6 4 3 4 79.

barns
8.1

940 λσ =
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Some Common Scintillators for Neutron 
Detectors
Intrinsic scintillators contain small concentrations of ions (“wave 

shifters”) that shift the wavelength of the originally emitted light to 
the longer wavelength region easily sensed by photomultipliers.

ZnS(Ag) is the brightest scintillator known, an intrinsic scintillator that 
is mixed heterogeneously with converter material, usually Li6F in 
the “Stedman” recipe, to form scintillating composites.  These are 
only semitransparent. But it is somewhat slow, decaying with ~ 10 
µsec halftime.  

GS-20 (glass,Ce3+) is mixed with a high concentration of Li2O in the 
melt to form a material transparent to light.

Li6Gd(BO3)3 (Ce3+) (including 158Gd and 160Gd, 6Li ,and 11B), and 
6LiF(Eu) are intrinsic scintillators that contain high proportions of 
converter material and are typically transparent.
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Some Common Scintillators for Neutron 
Detectors-cont’d

Li glass (Ce) 1.75x1022 0.45 % 395 nm ~7,000

LiI (Eu) 1.83x1022 2.8 % 470 ~51,000

ZnS (Ag) - LiF 1.18x1022 9.2 % 450 ~160,000

Material
Density of
6Li atoms
(cm-3)

Scintillation
efficiency

Photon
wavelength 

(nm)

Photons 
per neutron

Li6Gd(BO3)3 (Ce),

YAP ~18,000 per 
MeV gamma 

3.3x1022 ~40,000~ 400

350NA
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GEM Detector Module
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SNS 2-D Scintillation Detector Module

Shows scintillator plate with all fibers installed and 
connected to multi-anode photomultiplier mount.



Scintillator	Neutron	Detectors

3 Managed by UT-Battelle
for the Department of Energy

Fiber-scintillator detectors
� Each module has 0.3 m2 detection area. 

� Totally 30 units (9 m2) have been installed in 2 neutron diffractometers 
(POWGEN, VULCAN) at SNS.

� The detector efficiency can be as good as He-3 tubes (25 mm diameter 
at 10 bar). 

� It is cost-effective to replace He-3 detectors. 

! ZnS:Ag/6LiF microparticle scintillator is used.

! 154x7 pixels, each pixel has a size of 5x50 mm.
3 Managed by UT-Battelle

for the Department of Energy

Fiber-scintillator detectors
� Each module has 0.3 m2 detection area. 

� Totally 30 units (9 m2) have been installed in 2 neutron diffractometers 
(POWGEN, VULCAN) at SNS.

� The detector efficiency can be as good as He-3 tubes (25 mm diameter 
at 10 bar). 

� It is cost-effective to replace He-3 detectors. 

! ZnS:Ag/6LiF microparticle scintillator is used.

! 154x7 pixels, each pixel has a size of 5x50 mm.3 Managed by UT-Battelle
for the Department of Energy

Fiber-scintillator detectors
� Each module has 0.3 m2 detection area. 

� Totally 30 units (9 m2) have been installed in 2 neutron diffractometers 
(POWGEN, VULCAN) at SNS.

� The detector efficiency can be as good as He-3 tubes (25 mm diameter 
at 10 bar). 

� It is cost-effective to replace He-3 detectors. 

! ZnS:Ag/6LiF microparticle scintillator is used.

! 154x7 pixels, each pixel has a size of 5x50 mm.

POLARIS DETECTORS

POLARIS DETECTORS

Scintillator detectors
with WLSF read-out

Single crystal diffractometer “SENJU” at BL18

Al rod

Number of modules : 31
Detection area : 2.8 m2

Pixel size : 4 ×4 mm

J-PARC, 200 kW
BL10, 
Decoupled
moderator

*�A�large�area�position�sensitive�scintillator�detector�
for�time�of�flight�Laue�single�crystal�diffractometer,�SENJU

*��Detector�development�initiated�in�2010��to�present,�
*��Manufactured�31�detectors�already.�Reinstallation�will�resume in�end�2011.


��������������������������
	��������������������������������

SENJU detector�

�
���

SENJU detector:�
To�cover�10m2,�required�160�dets

(3He�tube
1inch,�3m�tube�� 0.075�m2 )

Detector�module

POWGEN@SNS

POLARIS
@ISIS

SENJU@JPARC

Latest generation of scintillator detectors on 
instruments reaching sizes of >10-20m^2

IMAT@ISIS

50% scintillator 
detectors@ISIS
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! Detector�efficiency� 30~40%�@�1.6Å
! The�SENJU detector�was�still�loosing�half�of�the�absorbed�neutrons�

in�the�scintillator.�

Scintillator�thickness
ZnS/10B2O3

0.2�/�0.4�mm
With�various�
threshold�
voltages

Detector�efficiencyNeutron	Scintillator	Detectors

• Scintillator	typically	used:	6Li	embedded	in	ZnS	
• Scintillator	detectors	tend	to	be	used	for	more	thermal

neutrons	
• Efficiencies	of	30-40%	for	thermal	neutrons
• 2D	position	resolutions	of	few	mm	possible
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Detector Developments: Scintillation Detectors
6 Workplan

� Detectors with wavelength-shifting-
fiber light readout

� Key issues: large area with 
minimum dead space, fiber layout, 
low �-sensitivity, position 
resolution, detection efficiency

Recent Activities:
6 Light loss study with regard to various bending techniques, the bending

radius, the fiber length and mechanical handling (e.g. polishing of the end 
cap) for two fiber types (Y11, BCF 91A)

6 Light output study of 6LiF-ZnS based scintillators with different ratio of the 
components with neutrons of a moderated 252Cf-source 

6 Mechanical design of 30 x 30 cm prototype detector and design of FPGA 
based readout electronics for Multianode photomultipliers

•Position is given by coincidences between x and y
•Reduce numbers of PMTs: PMT shares many fibres
•Encoding becomes complex

Module for SAPHIR@FRMII



Neutron	Scintillator	Detectors

Develop	a	high-resolution	neutron	detector	technique	for	enabling	the	construction	of	position-
sensitive	neutron	detectors	for	high	flux	sources.
• high-flux	capability	for	handling	the	peak-flux	of	up-to-date	spallation	sources	(x	20	over	current	detectors)	
• high-resolution	of	3	mm	by	single-pixel	technique,	below	by	interpolation	
• high	detection	efficiency	of	up	to	80	%

light sensitive detector or collected by different optical means as there are lenses,
mirrors or fibres towards such a detector. This can be a photographic film, a CCD
camera, a photo multiplier (PM) or a photo-sensitive gaseous counter. But all the
integrating light-devices also record the light generated by the gammas.

On a continuous neutron beam the lithium loaded ZnS scintillator NE422 is
applicable only for measurements where its gamma sensitivity is of little
importance for the result: in beam- monitoring or neutronography. The gamma
background can only be discriminated on a pulsed neutron beam and with a
counting light detector, taking advantage of the time of flight difference between
neutrons and gammas.

Owing to the short decay time of the glass-scintillator NE 905, a local rate up to
several MHz / mm2 can be recorded with a directly connected PM. This is also valid
for a position sensitive PM. The combination of the latter with this scintillator is the
neutron detector with the highest rate capability and with a spatial resolution of about

Table 5: Characteristics of the most useful scintillators for thermal neutrons {12}.

Figure 6: Pulse height spectra of the scintillators NE 905 and NE 422
(Nuclear Enterprises) irradiated with a lab. Am-Be neutron source
(reaction: n ( 6Li , αα ) 3H + 4.79 MeV ) and measured with a photo multiplier
at the same amplification. In a second measurement a boron loaded plastic
absorber was installed between source and scintillator in order to distinguish
between gamma background and neutron signal.

3.3-11

n

gamma

• Now	pushing	the	limits	of	scintillator	detector	technology
• Gamma/n	pulse	shape	discrimination
• Scintillation	decay	time	(secondary	>10us	for	ZnS)

• Big	improvements	need	novel	better	scintillator	materials
or	improvement	in	rate	capability

1x1 Demonstrator

Scintillator
1 mm Li glass
scintillator
variations:

I thickness
I pixelated

grooving of
glass

I filled grooves

Hamamatsu
H8500c

multianode
photomultiplier
tube (MAPMT)
8 ◊ 8 channels
highly compact
typical anode gain
uniformity of 1:3

IDEAS’ ROSMAP
connects directly to
MaPMT
internal trigger
(from dynode)
spectroscopic and
counting modes
communicates
through USB link

Hanno Perrey (LU) SoNDe Testbeam and Plans ESS DG Meeting October ’15 3 / 7
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10Boron-based	Thin	Film	Gaseous	Detectors

	neutron

4He

7Li

4He

7Li

gas	volume	 	10B4C	layer

Efficiency	limited	at	~5%	(2.5Å)	for	a	single	layer
•natB contains

80 at.% 11B and 
20 at.% 10B

• Boron is difficult to deposit
• Use 10B4C
• Conductive, stable



Enhancing	the	efficiency	of		
10B-based	Neutron	Detectors

	neutron

10B4C	layer substrate

10B4C	
laye

rgas		
volume

gas		
volumeMulS	layer	

Grazing	angle	(<10˚)

subs
trate

1

2
10B4C	

laye
r

	neutron

Generic	approaches	to	improve	efficiency



10B4C layer 
!

substrate 

gas  
volume 

!neutrons 

Efficiency	of	10B	Detectors:	
Perpendicular	Geometry

• Single	layer	is	only	ca.5%
• CalculaSons	done	by	many	groups
• AnalyScal	calculaSons	extensively	verified	with	prototypes	and	data
• Details	maTer:	just	like	for	3He

• MulSlayer	configuraSon	(example):
!!!!!!!!!!!!!!!!!!!!!!!!!Mul%&Grid!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!3He!tubes!–!1!inch!–!4.75!bar!!!
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Background	-	Gamma	Sensitivity

3HeNeutrons
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2.5A
10A~80% @ 5˚ 

~44% @ 5˚ 

44% @2.5Å 
80% @10Å

smaller	inclined	angles:	higher	efficiency

F. Piscitelli, PhD Thesis, U.Perugia (2014)
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Efficiency	of	10Boron	Detectors:	
Inclined	Configuration



Multi-Blade 
sample 
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Neutron	Reflectometry:		
A	Rate	Challenge

•Rate	requirements	is	high:	
•Intensity	of	new	sources	
•Time	structure	of	pulse	
•Advanced	design	instruments

y 

ESS requirements 

The state of the art 

3He 
technology 

x100 x10 

Multi-Blade 

10B 
technology 

0.3 x 4 >1000 

x10 x1 

MulS-blade	design:	
•High	rate	capability	
•Sum-mm	resoluSon



MulS-Blade	Design

Multi-Blade 
sample 

neutrons 

Wigner Research Institute 

Budapest Neutron Centre 

Meeting at BNC - December 2015 

2000’s

2011

2016

2015

2019

2018

Design simple: “KISS” 
Modular 
Cheap 
Make design available 
“Open Source Hardware”



Micropattern	Gaseous	Detectors

•Field started by A Oed at the ILL with the
micro-strip gas chamber (MSGC) in 1988 
•Now widespread: many variants
•Potentially very good resolution and very
high rate capability

2nd Workshop: https://indico.cern.ch/event/365380/ arXiv:1601.01534   22'

eg Gas Electron Multiplier 
(GEMs)

Summary of 1st workshop for MPGDs for neutron detection: arXiv:1410.0107

•Growing interest for applications for
neutron detection 
•2 workshops organised by CERN RD51
Collaboration (with HEPTECH) on Neutron 
Detection using MPGDs

Rate	tests	with	thermal	neutrons

https://indico.cern.ch/event/365380/
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          The BANDGEM Detector: Principle of Operation 



BAND-GEM DETECTOR ASSEMBLY 

The full Lamella System. Aluminium cathode  
mounted on top 



Assembly with Triple GEM 
detector  

128 Pads of area 6x12 mm2 
have been used as anode 

6 mm 

12 mm 

2 mm Lamella disposition on the pads 

BAND-GEM DETECTOR ASSEMBLY (cont'd) 



	BANDGEM	detector	for	neutron	diffrac5on	
measurements	
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sample pos. 

GEM position 

•  First BANDGEM Prototype 
•  Bronze sample 
•  BANDGEM @ 90° 
•  3He counts about 3.4 times the 

BANDGEM 
•  BANDGEM/3He Solid Angle Ratio = 0.45 
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the Gadolinium conversion electrons have not only on average a far larger range, but also do not
leave a straight ionization track. Figure 2 shows the typical curved track of a 70 keV electron in
Ar/CO2 70/30 as simulated with Degrad [25].
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Figure 2: Track of 70 keV electron in Ar/CO2 70/30 simulated with Degrad.

3. Experimental setup

3.1 Beam line and detector setup

For the detector tests at JEEP II, the monochromator of the R2D2 beam line was optimised to
deliver mono-energetic neutrons of 2 Å, with a maximum flux of 11 kHz at a beam size of 2⇥2 cm2.
The beam line was equipped with a beam monitor, two sets of movable collimating slits made of
borated Al blades, and a calibrated 3He tube 3a.

The detector under test was a standard 10 x 10 cm Triple-GEM [26] detector flushed with
Ar/CO2 70/30 mixture at 10 stl/h. It consisted of three standard GEM foils stacked at a distance of
2 mm from each other and powered with a resistor chain. The current through the resistor-divider
was set to 730 µA in order to obtain an effective gain of about 5000. The conversion volume or drift
space was 10 mm long, and as cathode served a 250 µm thick sheet of natural Gadolinium. Natural
Gadolinium contains 14.80% of 155Gd and 15.65% of 157Gd, the remainder are Gd isotopes without
significant cross section for thermal neutrons. The high voltage to the cathode was provided with a
second power supply, and a drift field of 700 V/cm was chosen to avoid electron attachment to elec-
tronegative impurities and the subsequent loss of primary ionization electrons, while keeping the
drift velocity smaller than 2.0 cm/µs [27]. Given the large thickness of the cathode, the converter
was used in reflecting mode, i.e. the neutron beam, impinging orthogonally to the detector, cross
the readout board and the GEMs before reaching the Gadolinium cathode as shown in figure 3b.
In this way the conversion electrons do not need to traverse the entire Gadolinium thickness in
order to reach the active volume, which leads to a higher neutron detection efficiency. On the other
hand the scattering of the neutrons in the detector material decreases the position resolution and

– 3 –

Gd-GEM

The s of the position resolution amounts to 320 µm for the µTPC concept and 2025 µm for the
centre-of-mass approach. The results of all analysed regions can be found in table 1. The s of the
position resolution is everywhere better than 350 µm for the tape edges and the µTPC technique.
The values for the beam edges are indicative of the divergence of the collimation system and the
scattering of the beam. Even here the µTPC technique is usually a factor two better then the centre-
of-mass approach. Table 2 shows the results of the measurements with the 2 cm x 2 cm beam. Since
the edges of the in the 2 cm x 2 cm beam hit distribution in figure 7c are a combination of beam
edge and copper tape edge, the resulting position resolution amount to on average 500 µm.
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Figure 9: 3 mm x 10 cm collimated beam P3: Distribution of the reconstructed y coordinate using
a center-of-mass-based technique (in blue) and the µTPC analysis (in red).
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Gd

(a) Detector under test at R2D2 beam line.
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450 kΩ

1 MΩ

1 MΩ

1 MΩ

10 MΩ

2 mm
2 mm
2 mm

……

10 MΩ

10 MΩ

10 mm
conversion electron

neutron

HV1: 4000 V

HV2: 3300 V
Gd sheet (250 um)

(b) Schematic representation of the detector.

Figure 3: Measurement setup at R2D2 beam line with collimation slits and Triple-GEM detector
in reflecting configuration.

Gadolinium contains 14.80% of 155Gd and 15.65% of 157Gd, the remainder are Gd isotopes without
significant cross section for thermal neutrons. The high voltage to the cathode was provided with a
second power supply, and a drift field of 700 V/cm was chosen to avoid electron attachment to elec-
tronegative impurities and the subsequent loss of primary ionization electrons, while keeping the
drift velocity smaller than 2.0 cm/µs [27]. Given the large thickness of the cathode, the converter
was used in reflecting mode, i.e. the neutron beam, impinging orthogonally to the detector, crossed
the readout board and the GEMs before reaching the Gadolinium cathode as shown in figure 3b.
In this way the conversion electrons do not need to traverse the entire Gadolinium thickness in
order to reach the active volume, which leads to a higher neutron detection efficiency. On the other
hand the scattering of the neutrons in the detector material decreases the position resolution and
the efficiency. Geant4 simulations of the detector under test indicate that due to the scattering only
80% of the 2 Å neutrons reach the converter, where all of them are captured. In 51% of the capture
reactions conversion electrons are created, of which in 15% of the cases at least one reaches the
drift space. The expected efficiency in reflection mode is therefore 0.8 times 0.15 or 12%.

The efficiency measurement was carried out using a 0.2 x 2 cm collimated beam. First the
3He tube was installed directly behind the second set of slits, and a rate of 11 kHz was measured
with the 3He tube. After the removal of the 3He tube, a Cd sheet was placed in front of the GEM
detector, and a rate of 3.7 kHz measured with the GEM detector. Finally the Cd was removed, after
which the GEM measured a rate of 4.7 kHz. Apparantly the thermal neutron beam was dominated
by a high amount of background. Under these conditions the measured efficiency of (4.7 kHz -
3.7 kHz) / 11 kHz or 9.1% comes reasonably close to the simulated efficiency of 12%.

3.2 Detector readout and DAQ

The readout board was a cartesian x/y strip readout [28] with 256 strips and 400 µm pitch in x
and y direction. Four APV-25 [29] hybrid chips per readout were used to pre-amplify the signals.
The waveforms were digitized with the Scalable Readout System (SRS) [30] and acquired with
the ALICE DAQ system DATE [31] and the Automatic MOnitoRing Environment (AMORE) [32]
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•NMX:	<<1mm	posiSon	resoluSon	requirement,	
Time	Resolved,	ca.	1m^2	detector	area	
•Take	Micro	Time	ProjecSon	Chamber	concept	
from	ATLAS	experiment	upgrade	
•ResoluSon:	use	single	layer	Gd,	look	for	electrons

Track$x$ Track$y$

Start$of$track$
Start$of$track$B$layer$ B$layer$

BYGEM$detectors$for$NMX$

Courtesy of Dorothea Pfeiffer, ESS/CERN.  

1
2$

uTPC Boron: track and time structure of α/Li+ in 
Ar/CO2 gas (70/30).  
  
Development started in March at CERN.   
 
Getting ca. 100 - 200 µm resolution: limited by 
source setup. Take to neutron test beam soon.  
$
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Figure 6: (a) Schematic drawing of setup for tracking, (b) Position resolution of < 200µm measured with
10B4C

shown in figure 7b.

(a) (b)

Figure 7: (a) Picture of 10B4C coated cathode with copper grid, (b) Plot of hit distribution with clearly
visible sharp edges between regions with and without hits

Figure 6a shows the track of an ↵ particle in the drift volume. Charges created close to the cathode
drift towards the first GEM amplification stage. At an electric field of 1 kV/cm, the drift speed of
electrons in ArCO2 (70%:30%) is in the order of 4 cm/µs, which is slow in comparison with the speed of
m/µs and faster at which the ↵ particle and the conversion electrons propagate. Therefore the charges
from the end of the track close to the GEM foil are amplified first and induce a signal in the readout,
whereas the electrons from the beginning of the track arrive last. The µTPC concept uses now the
time structure of the induced signals on the strips to determine the start and end of the tracks. The
analog readout chip APV25 [20], which has 27 time bins of 25 ns length, was used in combination with
the Scalable Readout System (SRS) [21] to acquire data with a Boron-GEM and a Gd-GEM. The time
di↵erence in the described setup should amount to 200 ns or 8 time bins, but is slightly reduced by
di↵usion. Figures 8a 8b show two typical tracks of an ↵ particle and a conversion electron. The y axis
displays the time bin of the APV25, and the x axis is the strip number of the readout strip (400 µm
pitch). Beginning and end of the track are clearly visible. A simple constant faction discriminator was
used to determine the time at which the signal in each strip reached 50 % of the final amplitude. The
strip with the highest threshold crossing time indicated then the start of the track. Figure 6b compares
the position resolution obtained with the µTPC concept (in red) to the center-of-gravity approach (in
blue) for ↵ particles. The position resolution extracted from the fit of the ERF functions is �=1 mm for
the center-of-mass-based reconstruction and �=200 µm for the µTPC concept. The µTPC concept thus
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Figure 6: Charged particle track in the drift volume of the Triple-GEM detector with Gd cathode.

the resulting curved path that the conversion electrons travel in the drift volume. However with
the a particles from 10B4C [20] and their straight path, the waveforms just had one maximum. To
identify the start of the track, it was thus sufficient to determine for each strip the time t where
the rising flank of the pulse reaches 50% of its maximum amplitude (7a). The start of the track
was then the strip with the largest t. For the Gd conversion electrons one reaches better results
when using the time of the global maximum (7b) or the time when the falling flank falls below a
set threshold (7c). The best results are obtained when the time of the last local maximum is used
(7d). Interpreting the track as a point cloud composed of local maxima, an approach based on the
Principal Component Analysis (PCA) [35] has been tested to reconstruct the whole track. It did
not lead to an improvement in position resolution compared to the last local maximum algorithm,
and was discarded due to the considerable computational effort.

Figure 8a shows the cathode with copper grid that was used for the measurement. The copper
grid was added to stop the conversion electrons from escaping from the converter into the gas. It
provides a sharp edge to measure the position resolution in addition to the edge of the collimated
beam, which is widened by the scattering of the neutrons in readout board and GEM foils. Both
types of edges can be seen in the plot of the hit distribution 8b. To determine the improvement in
position resolution due to the µTPC analysis compared to the traditional center-of-mass approach,
the regions with a large step in the hit distribution were studied.

Figure 9 shows as example the analysis of the position resolution in region P3 of the 0.3
x 10 cm collimated beam in figure 8b. The standard deviation s of the position resolution is
extracted from the fit of the complementary error function to the data. The reconstructed position
obtained with the µTPC concept (last local maximum) is shown in red, the centre-of-mass approach
in blue. The s of the position resolution amounts to 320 µm for the µTPC concept and 2025 µm
for the centre-of-mass approach. Since the Copper tape did not stop all conversion electrons, an
improvement of the position resolution is to be expected in presence of a sharper edge. The results
of all analysed regions can be found in table 1. The s of the position resolution is everywhere
better than 350 µm for the tape edges and the µTPC technique. The values for the beam edges
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Preferred	Detector	Technologies	
for	Baseline	Suite

Detectors for ESS will comprise 
many different technologies

Best-Guess at Detector 
Technologies for 16 Instruments:

arXiv:1411.6194

Instrument (class) Technology Preferred Design

ODIN (imaging) Scint/Other

SKADI (SANS) Scintillator
LOKI (SANS) 10B-Based

FREIA (Reflectometry) 10B-Based
ESTIA (Reflectometry) 10B-Based
DREAMS (Diffraction) 10B-Based

BEER (Diffraction) 10B-Based
HEIMDAL (Diffraction) Scintillator

NMX (MX) Gd-GEM
CSPEC (Dir. Spectroscopy) 10B-Based

VOR (Dir. Spectroscopy) 10B-Based
BIFROST (Spectroscopy) Helium-3

IMAGIC (Diffraction) 10B-Based
VESPA (Spectroscopy) Helium-3

MIRACLES (Spectroscopy) Helium-3
TREX (Dir. Spectroscopy) 10B-Based

Neutron Camera/MCP 
Pixellated Scintillator 

StrawTubes 
MultiBlade 

MultiBlade
Jalousie

A1CLD/AmCLD 
WLS Fibre Scintillator 

Gd-GEM
MultiGrid
MultiGrid

?
Jalousie
Tubes?
Tubes?

MultiGrid

1
1

3

2
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What’s	missing?	
Erice	05/07/2018	



Semiconductor	detectors	
Erice	05/07/2018	
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Semiconductor Detectors

n Li He H MeV+ → + +6 4 3 4 79.

barns
8.1

940 λσ =

6Li-loaded semiconductor



9

Semiconductor Detectors-cont’d

 ~1,500,000 holes and electrons produced per neutron (~2.4×10-13

coulomb).
– The detector acts as a capacitor. The ionization partially discharges the

capacitor and can be detected directly without further amplification.
– However, standard device semiconductors do not contain enough

neutron-absorbing nuclei to give reasonable neutron detection
efficiency.

This is a challenge for future development.



Detectors	must	be	chosen/DESIGNED	for	the	specific	applica9on.	
Typical	applica9on	is	“coun9ng	above	threshold”	
	
Neutron	energy	spectroscopy	requires	detector	SYSTEMS	
	
Requirements	to	be	considered	when	designing	detectors:	
Gamma-ray	sensi9vity	
Count	rate	
Time/space	resolu9on	
Environment	(B	field,	temperature	etc)	
	
Digi9ze!	
	
	
	
	

Concluding	Remarks	
Erice	05/07/2018	




