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A novel SANS detector geometry!
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An alternative detector design for Small Angle Neutron Scattering (SANS) applications is currently under development at the 
European Spallation Source (ESS) [1].  Given the unavailability and high price of 3He, this detector design utilizes gaseous 
detectors with 10B as neutron converter and is ideally suited for a SANS instrument at the ESS. The novel aspects of the 
geometry,  exploiting  the properties  of  the converting  material,  in  combination  with  the performance of  the detector  are 
addressed by means of  analytical  calculations,  as  well  as  detailed Monte Carlo  simulations  using a  customized version of 
GEANT4. Last but not least, progress from the conceptual prototype design is presented.!

•  gaseous detector banks 10 m long, 0.5 m in diameter!
•  simple, cheap and material-oriented design!
•  excellent polar angle resolution δθ/θ < 10 %!
•  10B4C-coated Al layer in back-scattering mode for maximizing 

efficiency [2,3]!
•  Ar/CO2 gas mixture!
•  high efficiency thanks to the grazing angle!
•  small impact of local scattering on angular resolution!
•  collimation for reduction of long distance scattering!

YZ cross section of the proposed SANS detector!

•  GEANT4 simulations of realistic geometry!
•  combination of GEANT4 and McStas libraries (NXSLib) for proper treatment of thermal neutrons!
•  tools in place to begin with detailed optimization studies!
•  preliminary results on the scattering background of the proposed geometries for background reduction (material thicknesses have been 

exaggerated to enhance the effect)!

Analytical calculations of the polar angle resolution, efficiency, Q access and Q resolution for the detector banks surrounding the vacuum tank [4]!

•  ESS has entered the detector prototyping phase !
•  First attempt focusing on a simple single channel gas counter!
•  The 10B4C converter sheets partly cover the interior of the pipe!
•  First signals obtained at the ESS Detector Lab!
•  Next focus on a SANS prototype with realistic geometry!

Preliminary simulations of polar 
angle scattering effects with 
different neutron energies for the 
proposed geometries, aiming on 
background reduction.!
!
•  No absorbing flanges (left)!
•  Multiple absorbing flanges (right)!

Proportional counter with a single absorbing 10B4C sheet (a), 
end cap with gas supply (b) and electronics (c).!

Coated components for the 
SANS prototype are available!

SUMMARY

•  Analytical calculations of the proposed SANS detector pave the way to realistic simulations!
•  Preliminary GEANT4 simulations of background scattering available!
•  Realistic detector optimization now possible – simulation tools in place and operational!
•  Simple prototype will be used to validate simulation results on scattering at small scattering angles!
•  Next step of prototyping is a realistic SANS geometry!

(a)! (b)! (c)!

Oscilloscope trace of the counter (persistent mode)!
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ESS	Neutron	Instrument	positions:	 
December	2016

ESS	Instrument	Layout	(December	2016)

ESS	In-Kind	Partners	also	collaborate	on	
sample	environment,	data	management	
systems	etc.	

Lead	Partners	for	instrument	
construction

+		
Nuclear	Physics	

Institute

+		
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Schedule:	Where	are	we	for	detectors?
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2018 2019 2020 2021 2022 2023 2024 2025

Electronics	
/ICS/DMSC Design

Construc)on Construc)on Construc)on Installation Installation Installation

Design
Construc)on Installa)on Installa)on Installa)on Commissioning Commissioning Commissioning

Construc)on Installa)on Commissioning
Commissioning

Commissioning Operation Operation Operation

photons 
or chargen

collect 
charge or 
photons amplify

gain
digitise algorithm

order may be different, or step skipped

“Converter” “Detector” “Electronics”

“DMSC-land”

2011 2012 2013 2014 2015 2016 2017

Coatings Detector	Conceptual	
Designs

Detector	
Prototype	
Designs Strategy	for	

Instruments,	
Instrument	Designs

People,	
workshops	and	
facili)es,	
Instrument	
Designs

Electronics Instrument	
Detector	Design

ICS/DMSC	interface Electronics

Instrument	
conceptual	design	

ICS/DMSC	interface

Construction

See Tobias Richter’s and 
Thomas Gahl’s talks

Detector	schedule	is	longer	than	the	instrument	build	schedule
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Challenge	for	Rate



What	can	be	done	with	this	brightness

Instrument Design Implications for Detectors

Smaller samples
Better Resolution 

(position and time) 
Channel count

Higher flux, shorter experiments Rate capability and data volume

More detailed studies Lower background, lower S:B 
Larger dynamic range

Multiple methods on 1 instrument 
Larger solid angle coverage

Larger area coverage 
Lower cost of detectors

Also:	scarcity	of	Helium
-3	…

.

Developments	required	for	detectors	for	new	Instruments

{
{



What	can	be	done	with	this	brightness

Implications for Detectors Implications for Detectors

Better Resolution 
(position and time) sqrt(10)

Channel count pixelated: factor 10 
x-y coincidence:sqrt(10)

Rate capability and data volume factor 10 
Lower background, lower S:B 

Larger dynamic range
Keep constant 

implies: factor 10 smaller B per neutron
Larger area coverage 

Lower cost of detectors Factor of a few

Developments	required	for	detectors	for	new	Instruments{
What	does	a	factor	10	improvement	imply	for	the	detectors?



Instantaneous	
Rate	Capability	(log)

1 10 100 1000

Requirements	Challenge	for	Detectors	for	ESS:	
beyond	detector	present	state-of-the	art

Rate	Requirements

Imaging

Diffraction SANS

Reflectometry

Direct Spectroscopy

Indirect Spectroscopy

1	=	state-of-the-art

factor	by	which	requirements	
exceed	state-of-the-art

Resolu=on	and	Area	RequirementsIncrease	factor	
detector	area

		

		2	___	

				

		1	___	

																										I																																									I																																						I																																						I						
																									1																																2																														3																														4																																																	
+∞															

Imaging

Diffraction

SANS

Reflectometry

D
ir.

 S
pe

ct
r.

IS
≈

	+∞

Resolution	
improvement	

factor

The	farther	the	box	from	the	
(1,1)	reference	point,	the	bigger	
the	challenge	for	detectors.	

(1,1)	=	state-of-the-art



Challenge	by	Instrument	Class

Instrument Class Challenge which dominates 
detector design on instrument 

Reflectometry Rate, Resolution See Francesco 
Piscitelli this afternoon

SANS Rate, Resolution, Area (cost)
Imaging Resolution, Rate

Diffraction Resolution I. Stefanescu et al, JINST 
12 (2017) P01019

Direct Spectroscopy Area (Cost), Rate See Anton Khaplanov 
this morning 

Indirect Spectroscopy Rate

Varied	Challenges	

{ use	SANS	as	example,	as	
complicated	with	

parameters	improved	at	
the	same	=me



SANS:	State-of-the-art

•Typically stacks of 1m long 8mm He-3 
tubes 
•Rate limitation few MHz for 10% 
dead time 
•Resolution defined by tube 
dimensions

eg D22@ILL

count-rate load that resulted from this method. A 10% dead-time is
found for count-rates above 2 MHz. Note that these numbers re-
present the dead-time of the entire detector system, hence include
both physical dead-time effects of the counter tubes themselves
and limitations induced by the read-out electronics.

5.5. Solid angle correction

A key feature of SANS-1 is the possibility to translate the pri-
mary detector perpendicular to the neutron beam by 0.55 m. This
allows measurements with an increased Q-range. If measurements
are performed for short detector distances (minimal distance
1.1 m) large scattering angles above °40 arise and the standard cos3

solid angle correction breaks down [25]. In the following, we
carefully consider the effects that are caused by such large scat-
tering angles on a detector consisting of an array of single tubes,
which are considerably different from a flat detector.

Data obtained from a standard 1 mm water Helma cell and a
1 mm vanadium single crystal at a detector distance of 1.1 m with
a horizontal displacement of 0.5 m illustrate these effects. For both
samples, (almost) exclusively incoherent scattering with a con-
stant ( ) =S Q 1 is expected by theory. Corresponding data is dis-
played in panels (a) and (b) of Fig. 7. In both panels, red lines in-
dicate the radially averaged data without any correction for the
solid angle. Strong deviation from a constant ( ) =S Q 1 is seen,
mostly caused by solid angle effects.

For a quantitative description, we start with a theoretical cal-
culation of the efficiency profile of a single counter tube along its
diameter. At a given gas pressure of 15 bar the efficiency profile is
given by the cylindrical cross-section of the tube, assuming an
exponential attenuation of the neutrons. Panel (c) of Fig. 7 depicts
typical efficiency profiles for different neutron wavelengths from 4
to 12 Å. For decreasing wavelength the efficiency drops at the
edges of the tube. In the center of the tubes the efficiency reaches
100% for all neutron wavelengths except for λ = Å4 , where a de-
creased efficiency of 93% is observed.

For increasing inclination angle of the scattered neutrons three
main effects come into play. (i) The gap, caused by the finite
thickness of the tube walls closes until at Θ = °2 23c the active area
of the tubes start overlapping. Θ = ( )r a2 arcsin 2 /c with the inter-
tube pitch a and the radius of the active area r. This effect is
schematically indicated in panel (c) of Fig. 7. It can be readily seen
in an upward kink at Θ = °2 23 of the data indicated in panels
(a) and (b).

(ii) The standard solid angle correction for a flat detector is
given by

Δσ Θ
Θ

Θ( ) =
( )

( = ) ( )
p p

D
2

cos 2
2 0 1

x y
3

where Θ( )D 2 is the distance from sample to the detector, px and py
represent the pixel size in x- and y-directions, respectively. The
results of the standard solid angle correction applied to the water
and vanadium data is symbolized by the blue markers in panels
(a) and (b).

As can be immediately seen, this correction is not sufficient as
both the shadowing effects and the tube geometry are not taken
into account. The shadowing effect originates from the fact that for
scattering angles Θ Θ> ≈ °2 2 23c , neighboring tubes partly shadow
each other. This results in an effective reduction of detection vo-
lume. Secondly, the tube geometry gives rise to an anisotropic
detection surface in horizontal and vertical direction. For higher
vertical angles (along a tube) the incident angle of scattered
neutrons on the detector changes, giving rise to a decrease by

Θ( )cos 2 y . However, in the horizontal direction the detector geo-
metry remains unchanged since the neutrons always hit a tube
with circular shaped surface. Only the solid angle decreases due to
higher distance from the sample position. This leads to a decrease
by Θ( )cos 22 which is isotropically effecting the scattered intensity.
A more detailed approach was given by [25]

Δσ Θ
Θ Θ
Θ( ) =

( ) ( )
( = ) ( )

p p

D
2

cos cos 2
2 0

.
2

x y y
2

Here, the geometry of a detector consisting of single tubes (tube
direction along y) is taken into account, whereΘy is the component
of Θ2 along the y-direction. Moreover, we numerically included the
effects that are caused by tube gaps and shadowing. The increasing
mean free path of neutrons for increasing scattering angle in the y-
direction is also included in our model. Details of our numerical
results are also illustrated in panel (c), where the efficiency profile of
a single tube at a high scattering angle of Θ = °2 30 is included. The
sharp cut-off, caused by tube overlap can also be seen.

(iii) Due to increasing multiple incoherent scattering the ef-
fective transmission of a flat sample reduces for increasing neu-
tron flight path at large scattering angles. With a thickness of
1 mm, this only affects the H2O sample (transmission 50%) and not
Vanadium (transmission 87%). To account for this effect,

⎡⎣ ⎤⎦θ μ θ θ
θ

( ) = ( ) { − } ( )
= − + ( ) ( )

μ μ θ− − − ( )ef e e fTr 2 2 1 , 2

1 1/cos 2 3

x ef1 2

was used, where e denotes sample thickness and Tr θ( )2 is the
transmission depending on the scattering angle. The factor μe is
calculated from the measured transmission Tr μ( ) = ( − )e0 exp [26].

Fig. 6. (a) Spatial resolution along a single 3He tube detector measured with a pinhole beam for different operation voltage. (b) Dead time of the primary detector of SANS-1
as a function of count rate for a homogeneous distribution of neutron intensity over the detector.

S. Mühlbauer et al. / Nuclear Instruments and Methods in Physics Research A 832 (2016) 297–305302

S. Muehlbauer et al., 
 NIM A832 (2016) 297 eg SANS-1 at FRM-II



Rates	in	SANS	Data	

•At spallation sources, data is highly 
peaked in time 
•Additional challenge for the detector 
rate requirements example simulated data from 

LOKI@ESS

•A 1m 8mm psd He-3 tube detects across ca. 
80cm2 
•To improve rate capability need to reduce this 
area: 

•Pixelate 
•Multiple layers in depth (see Davide 
Raspino, next talk)

K. Kanaki and A. Jackson



Choppers Sample	Area Detectortube

SKADI layout

Polarizer,	
Spin	Flipper

Neutron	
Extraction

Collimation

Bunker Heavy	shutter

11

Sample	Area	
38.5	m Total	Length	

59.4	m

• 2	moving	detectors		
	 1m2	–	pixel	6	mm	
	 400	modules	/	detector	
• 1	fixed	detector	@20	m	
	 20x20	cm2	–	pixel	3	mm

•about half detector area in initial scope 
•half in later upgrade Sebastian Jaksch, Guenter 

Kemmerling, Ralf Engels



SoNDe	Detector
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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	6	or	3	mm	by	single-pixel	technique	
•	high	detection	efficiency	of	up	to	80	%

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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scintillator
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I pixelated
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glass
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H8500c
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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

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

+

MA-PMT (H9500 or H12700)

+ IDEAS IDE3465 
+FPGA

Grooved Li glass (GS20)

ca 50x50mm 8x8 pixels 
64 pixels



SoNDe	Detector
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•Count rates on a module up to 250 kHz, linear to 200 kHz 
•Corresponds to >20 MHz @10% deadtime for full 1m^2 
•No degradation up to 5E14 neutrons integrated flux 

•Results from initial 
evaluation system



LOKI	Detector	RequirementsSection view through Loki
LoKI'Overview'

14'
CollimaEon'changers' Aperture'Changers'

Bunker'Shielding'Instrument'Shielding'

Detector'Vessel'
&'

Detector'System'

Chopper'System'

Experimental'Cave'

•Short instrument  
•Wide angle detector 
coverage up to 45 deg 
•Arranged in 3 banks 
•total 9m^2

•Rearmost bank ca. 1x1m, movable 
•6mm resolution 
•Other banks 2x2m fixed. Relaxed resolution requirements

•about half detector area in initial scope 
•half in later upgrade



Enhancing	the	efficiency	of		
10B-based	Neutron	Detectors

	neutron

10B4C	layer substrate

10B4C	
laye

rgas		
volume

gas		
volumeMul$	layer	

Grazing	angle	(<10˚)

subs
trate

1

2
10B4C	

laye
r

	neutron

Generic	approaches	to	improve	efficiency

See Anton Khaplanov’s talk this 
morning for an application of this 

See Francesco Piscitelli’s talk 
this afternoon for an 
application of this 



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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Boron'Array'Neutron'Detector'(BAND)'
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10B4C# 10B4C#

n'
Al2O3 

Al2O3 

Alumina lamellae coated on both sides with 10B4C 

θ'

Using low θ values (few degs) the path of the neutron inside the 
B4C is increased ! Higher efficiency when detector is inclined 
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Triple 
GEM 
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3D 
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Ed 
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Detector'Assembly'(1)'
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mounted'mounted.'
Their'distance'is'2'mm''

An'aluminium'cathode'(few'
microns'thick)'has'been'

mounted'on'top'

Detector'Assembly'(2)'

19'

3D'cathode'mounted'inside'the'
detector'box'

Zoom'of'the'lamellae'

Detector'Assembly'(3)'

20'

Assembly'with'Triple'GEM'
detector''

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

6'mm'

12'mm'

2'mm'Lamella'disposiHon'on'the'pads'

24'

0

0,02

0,04

0,06

0,08

0,1

In
te

ns
ity

 (c
ou

nt
s/
µA

h)
 

0

0,5

1

1,5

2

4000 8000 1,2 104 1,6 104

In
te

ns
ity

 (c
ou

nt
s/
µA

h)
 

ToF (µs)

GEM'

1'

2'

3'

3He''1'

2'

3'

Comparison'with'INES'3He'tubes'at'90°'

Incident neutron 
beam 

Transmitte
d neutron 
beam 

INES sample position 

GEM'
posiHon'

λ = [ 0.17 , 3.2 ] Å 

Side-by-side 
with He-3

BANDGEM	Detector

INES
@ISIS



imap://richardhallwilton@mail01.esss.se:993/fetch%3EUID%3E/INBOX%3E310843?
part=1.3&filename=B26E880B-6B77-44E2-B4D6-895007D0CB6D.jpg

BANDGEM	Detector	
for	LOKI

Rear	Detector:	Assembly

A A

B
B

A A
B

B

Mechanical 
Convertors

Electronics 
readout pads
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BANDGEM	Detector	
for	LOKINew BAND-GEM detector assembly (1)

Stack of 24 grids with spacers

Electropolished

Boronization completed 08/2016

Nominal 1 µm of 10B4C DEPOSITION @ ESS Workshop (Linkoeping)

B4C thickness 900 nm in center, 800 at edge 
measured @ Linkoeping University using SEM

New BAND-GEM detector assembly (1)

Stack of 24 grids with spacers

Electropolished

Boronization completed 08/2016

23	cm

12
	c
m

Stack of Conversion 
elements can be 
produced and coated

Precision waterjet cutting 
(Watajet, Milan)
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Efficiency as a function of λ

• Alpha and Li ion escape efficiency from a 850 nm thick 10B4C layer = 73%
• Assumes the measured extraction efficiency in the simulation model

BANDGEM	Detector	
Results

FWHM vs tilt angle

Good agreement with simulated values
Experimental corrected for offset by about 5 degrees
Effective resolution ~ independent of λ

d S-D = 10m

d S-D = 5m

Efficiency (at 1 A) vs tilt angle

Good agreement with simulated values
Experimental setup offset between 4-5 degrees. Offline Manually corrected
Too low statistics for λ>2 Å

d S-D = 10m

d S-D = 5mon EMMA@ISIS

•Resolution as expected 
•Efficiency with tilt angle as expected 
•Efficiency>40% at 4 A

Experimental Setup @ EMMA
BAND-GEM 
on turntable

BEAM MONITOR 
GS-20 Lithium Glass Scintillator
ε(1 Å) = 0.6%

n Beam

Beam footprint

ON-pads are defined as pads whose intensity is 
> 1% of the pad with the max intensity 

Beam dimension 4 mm (t) x 4 mm (y)

Colour  = IGEM/Pad Area

ீாெ

 

ைேି௣௔

௧ୀଶ଴ ௠௦
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n



21

Detectors	for	ESS:	strategy	update	for	16	instruments

Instrument	
class

Instrument	sub-
class

Instrument Key	requirements	for	
detectors

Preferred	detector	
technology

Ongoing	developments	
(funding	source)	

Large-scale	
structures

Small	Angle	
Scattering

SKADI Pixel	size,	count-rate,	
area

Scintillators SonDe	(EU	SonDe)
LOKI 10B-based	 BandGem

Reflectometry FREIA Pixel	size,	count-rate 10B-based	 MultiBlade	(EU	BrightnESS)
ESTIA

Diffraction

Powder	diffraction DREAM Pixel	size,	count-rate 10B-based	 Jalousie
HEIMDAL 10B-based	 Jalousie

Single-crystal	
diffraction

MAGIC Pixel	size,	count-rate 10B-based	 Jalousie
NMX Pixel	size,	large	area Gd-based GdGEM	uTPC(EU	BrightnESS)

Engineering
Strain	scanning BEER Pixel	size,	count-rate 10B-based	 AmCLD,	A1CLD
Imaging	and	
tomography

ODIN Pixel	size Scintillators,	MCP,	wire	
chambers

Spectroscopy

Direct	geometry C-SPEC Large	area		
	(3He-gas	unaffordable)	 10B-based	 MultiGrid	(EU	BrightnESS)T-REX

VOR
Indirect	geometry BIFROST Count-rate 3He-based

MIRACLES
VESPA Count-rate 3He-based

SPIN-ECHO Spin-echo tbd tbd 3He-based/10B-based	

Good dialogue and close collaboration needed for 
successful delivery and integration



Preferred	Detector	Technologies	
for	Baseline	Suite

Detectors for ESS will comprise 
many different technologies

Best-Guess at Detector 
Technologies for 16 Instruments:

1
1

3

1
10



ESS	Partners	on	Detectors
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Summary
•ESS will provide increased neutron brightness  

•Novel instrument designs push requirements for detectors well 
beyond current day state-of-the-art 

•Detector systems project in good shape, and running at full speed 

•Baseline detector designs exist 

•Set of design and build partners identified and available 

•Very much an open collaboration of groups across (mostly) Europe 

•Having a capable build group and set of willing expertsise is as 
important as the details of the design 

•Detector work now very much design, and not R&D 

•Schedule and budget: make the detectors affordable  and on time 

•Enable partners
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