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(A new generation of) Neutron Detectors for
Neutron Scattering Science
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Upcoming Research Facilities

PIK (St Petersburg)
Open from 2019

Ope from mid 2020’s : :
>30 instruments to be built

22 instruments t0 be builtses: it

o~

New facilities needed to:
* replace capacity from closing research reactors
#F * enhance capability to enable new science

Several other
future facilities
being considered

ESS (Lund)
Will operfin 2019 |
22 instgnents to be built 20 instruments to be built”
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Lsmsan-appropriate
“initial reaction .4 |
Comment: seems to be some naivety at the N A | v ] \ _' 11 ‘\,

moment as stocks are being emptied rapidly [} Yy

Aside ... maybe He-3 detectors are

anyway not what is needed for ESS2 | ¥V e il |
eg rate, resolution reaching the limit ... 3 ca\Q O,
Crisis or opportunity ... ¢ " S
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What is Neutron Scattering

Science?
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1932: Chadwick discovers "a
radiation with the more
Fve«c:u,ti,ar Fropm&i&s” , the

neubtron,

1994 Nobel Prize in Physics



| | sPALLATION

Applications of Neutron s

Science
Charge neutral S=1/2 spin Nuclear scattering
Deeply penetrating Directly probe magnetism Sensitive to light

] elements and isotopes
- @ N e,

Li motion in fuel cells

Solve the puzzle of High- Active sites in proteins
Tc superconductivity |

Efficient high speed trains Better drugs

Problng Ien_g‘th scales and dynamics

Red Blood
Cells
~7000 nm

A TP N LB
1158

DNAL2 nif
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Present and Future of Neutron Research

Facilities




PIK (St Petersburg)

NIST (Gaithersburg)
SNS T2 (Oak Ridge) ESS (Lund)

ﬁ w
.,'o-
F

% g
SIS (Dldcot | ‘ ¢
' "\.._ LLB (Paris)

SNS (Oak Ridge)

JINR (Dubna)

HANARO (Daejeon)

%
CSNS (Donggua

M‘

HZB (Berlin)

/

ILL (Grenoble)

B! ;
Buddpest)
/

/ -~ FRM I (Munich) ANSTO (Lucas Heights)
CNEA (Bariloche)

»

+ 4 Active centers 4 Upcoming centers

.. AND THESE ARE ONLY 18 OF THE ALMOST 50 NEUTRON RESEARCH FACILITIES WORLDWIDE
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Layout of a Neutron

InStrument

’ess,)

‘/
-‘
/

EUROPEAN
) ey

DETECTOR
BEAM MONITOR

NEUTRON OPTICS
and SHUTTER

CHOPPER 1

CLOPPER 2

—

|| +7NEUTRON OPTICS

BEAM LINE SHIELDING

Manitor 2

divergence
/

NEUTRON OPTICS

BEAM MONITOR

FETECTOR

DETECTOR

FLIGHT TANK

SAMPLE
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Challenges
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3 2013 design (TDR)

x1014
8 o

< ESS 5 MW A=1.5 A
s 7 2015 design

» thermal moderator

D 6

T

S 5
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~ 4

7 ESS 5 MW
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0 1 2 3 4 time (ms)
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Instrument Design Implications for Detectors

OS|v

Better Resolution
Smaller samples (position and time)
Channel count

Higher flux, shorter experiments Rate capability and data volume

Lower background, lower S:B

More detailed studies .
Larger dynamic range

Multiple methods on 1 instrument Larger area coverage
Larger solid angle coverage Lower cost of detectors

== e-wni|9H jo Alid1eos

Developments required for detectors for new
Instruments



Requirements Challenge for Detectors for ESS: | es:‘.* cunopean

beyond detector present state-of-the art

Rate Requirements

Indirect Spectroscopy
: : factor by which requirements
“sans
exceed state-of-the-art
m Reflectometry

>
1 10 100 1000 Instantaneous
1 = state-of-the-art Rate Capability (log)

detector area Resolution and Area Requirements
A .
; ,(1,1) = state-of-the-art
2 E K The farther the box from the
1 i ’ (1,1) reference point, the
K bigger the challenge for
ks detectors.
! 4
! 4
4
Diffraction Resolution
L S | R improvement
] : : , N—i > factor
1 2 3
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Efficient neutron converters a key component for neutron detectors

converter

photons

collect
or charqge

“disk”

charge or

photons amplify ~ digitise  algorithm

order may be different, or step skipped

“Converter” Defoctor” “Electronics”
etector




Isotopes Suitable as Cold

%\ EUROPEAN

and Thermal Neutron G
Convertors —

reaction energy particle energy |particle energy o Only a few isotopes with
n CHe.p) 7077 MV | p 057MeV_|'H 0.19 MeV sufficient interaction cross
n (Li, o) "H +4.79 MeV o 2.05MeV |°H 2.74 MeV .
B% : section
("B, a)’Li +2.3 MeV + v (0.48MeV) 4 U 83 . '
‘;%m 7‘ o 147 MeV | 'Li 0.83 MeV To bfe ugeful in a gletector
n (B, o) Li f279MeV | 1.77 MeV | 'Li 1.01 MeV application, reaction products
n (“°U, Lfi) Hfi +~100 MeV | Lfi <= 80MeV |Hfi < = 60 MeV :
n(""Gd, Gdye” +<=0.182MeV | conversion electron 0.07 t0 0.182 MeV need to be eaSIIy deteCtable
Table 1: Commonly used isotopes for thermal neutron detection, reaction
products and their kinetic energies. 104 .
He-3 (n, p) -
10° 4= . . -
. . . § B"o (na a)
* In region of interest, cross sections scale 5 -
roughly as 1/v z 0L Lein.e
* G. Breit, E.Wiegner, Phys. Rev., Vol. 49, 519, (1936) 5
w
%’ 104
6 |eold
* Presently >80% of neutron detectors 1k
worldwide are Helium-3 based 4V 1 keV
10 | | | | L ] I
102 10° 1 10’ 102 10 104 10° 10* 10

NEUTRON ENERGY (eV)
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State of the Art of Neutron Detect®#8 ==

can be large qrrays: of 10s of m?

Helium-3 Tubes most common S
Typically 3-20 bar Helium-3

8mm-50mm diameter common

Using a resistive wire, position

resolution along the wire of ca. 1%

possible

T~

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

NEUTRONS

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

- f-_& Rate and resolution advantages

G/ D20 powaer difractometer Helium-3 MSGCs in operation

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 A




10Boron-based Thin Film Gaseous

e85
Detectors

B bt o> TLi* 1 YHe »TLi+ f*He + 048MceVyray | 2.3 MceV o {(94%)
. TLi+ ‘He +2.79MeV  (6%)

Efficiency limited at ~5% (2.5A) for a single layer

onatB contains

80 at.% ''B and gas volume
20 at.% '°B

neutron

* Boron is difficult to deposit
 Use '9B,C
« Conductive, stable
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10B,C Thin Film Coatings ess spaLaron
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* A number of groups have shown it 1000 Haimholtz-Zentrum
is possible to deposit large areas RS GECIUIBCIY i
of high quality Boron Carbide
cheaply

* PVD Magnetron Sputtering

* Deposition parameters highly
adaptable

-A ven mterdlsc:lpllnary effort

h.v

UNRIPING LNAERS T

- ESS-Linkoping
Deposition Facility

- Industrial Coating it _ )
Machine 14 e

- Capacity: >1000m?2/year (R a =)
coated with 10B4C « | a1 W}

- Cheap
(a)

e T 4
- .
v

I b)
’ :

;AS-depOSited | 10" neutrons/cm? o

50 nm - 50 nm
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ESS Thin Films Workshop  au €55 5%
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*Co-located w/ Linkoping University for synergies: expertise&facilities B8
*Industrial coatings machine and production line setup =
*Capacity: several times ESS needs

*If interested in coatings: contact us

Required property Result

> 5 um on AL, Si, ALO,, etc
e | mamtam | o
Survive 104 neutrons/cm?

-Many substrates possible: l

,
| W g
‘.

Solved Ongoing

i

B4C on Kapton | B.Con Ni/Cu/Ni

- Publications:

Y Qpsm— & N *C. Hoglund et al, J of Appl. Phys. 111, 104908 (2012)
SR : "oy \ *S. Schmidt et al, J. of Materials Science 51, Issue 23 {2016)

f'ffj"'? “C. Héglund, Rad. Phys. and Chem. 113, 14-19 (2015); =

13




Enhancing the efficiency of

el
10B-based Neutron Detectors -

~—’

. gas
Multi layer volume
@
neutron

Generic approaches to improve
efficiency

Grazing angle (<10

) gas
volume

neutron




|LI1IUY / / { Efficiency of 1°B Detectors:

TECHNISCHE

UNIVERSITAT |INEUTRONS Perpend|CUIar Geometry

MONCHEN JFOR SCIENCE

Single layer is only ca.5% 198, layer substrate
Calculations done by many groups
Analytical calculations extensively verified with prototypes and data
Details matter: just like for 3He
neutrons >
Multilayer configuration (example):
Multi-Grid 3He tubes — 1 inch — 4.75 bar
1 T T T T T T T T T ! 1 T

X Jrameter

= 0.9F d red

E cad space const €

— 0.8

™

— 3 g

o 8 06k 307

< < :

0 051

I— 0.6

m 0-4_. .;....-......: ................................................... . .

Z P Poof [T 12um _

— 't : i | ——optimized for distr. 0.5F

ﬂ 03 L ;.; ........... . .......... .,‘ ..... —optimized for 10A H

] p ; : ; ——optimized for 6.34A
>b0% @1.8A | _cmmimia] o, + « «
02— 4 & 8 10 12 14 16 18 20 0 5 10 15 20

wavelength (A) wavelength(A)
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Cold direct geometry chopper spectrometer

0.2 meV < E; <20 meV TI_ITI

29m2 detector TECHNISCHE

. 'ERSITA
Horizontal coverage 5° to 135° AORICHIEN

Vertical coverage -25° to 25°
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U B Multi-Grid Detector Design

lh{‘hv &' Retearch Irfeastaucturm

wiytes ir FPlyshos

T T example from LET@ISIS
aim: replace He-3 for-this Time- of-ﬂlght (s) o

8 10
g =5meV

Elastic/signal &=1.5mev
Ei=0.7 meV

counts (us)

Very background
sensitive technique

»
s

Designed as replacement
for He-3 tubes for largest
area detectors

Cheap and modular design [

Possible to build large area
detectors again

20-50m2 envisaged for
ESS
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Multi-Grid test at CNCS [l u = €33 ) o
. % 7/ SOURCE
. SPALLATION NED N
LINKDRING LNRERSITY e e = , \ ‘1\:&;‘,{

'Bstta”?“o_” Comp'e_tbeld B10 Multi-Grid Detector
etecior Inaccessioie » Performance is equivalent
for 12 months ' : | to that of He-3 detectors

(AR et
A

l‘ A
Il

A.Khaplanov et al. “Multi-Grid Detector for Neutron
Spectroscopy: Results Obtained on Time-of-Flight
Spectrometer CNCS" https://arxiv.org/abs/1703.03626
2017 JINST 12 P04030

HI.IIIIIIIII‘II; |

He-tubes Jill i
|

[T

I [

l | |

* Test side-by-side with existing technology in
world leading instrument

* Realistic conditions

«“Science” or application performance

« 2 different technologies on the same
iInstrument



https://arxiv.org/abs/1703.03626
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.CNCS in Lund

ion of MG

Construct
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Operation since 2016-07-14 e €5
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brightness

Operation between July 2016 - June 2017

Rate in Multi-Gric

rate in MG, H:2

42 g0
days sincs 2016 July e

First day

Operating without possibility of access since installation
Count rate stable to within 1-2% for a constant setting

28



Multi-Grid test at CNCS

10

* Data and instrument resolution identical
* Technology suitable for ESS instruments 10

; A 10

1 % MuticGrigl
| =+ Hea
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Elastic resolution, meV
¥

/ ; / ' EUROPEAN
SN %j{ , SPALLATION

" / SOURCE
smum» umm SOURCE st

brlghtness

Vanadium, 3.32 meV

energy, meV

e MU -Grid

-0.6 =0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Energy Transfer, meV

* Advantages over He3 tubes:
e rate performance
* fast neutron sensitivity



i Background - Gamma

Ths Chitter &' Research Irfeataucturm

i Sensitivity T

.« * Importance of advanced testing facilities (see Francesco Messi's contribution)
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| | Efficiency of 1°Boron Detectors: t»(egg*j\ coRLLATION

:++: Geesthacht
NEUTRONS Zentrum fie Materid- und Kisstenforschung ‘// / SOURCE

FOR SCENCE Inclined Configuration N4

smaller inclined angles higher efficienc

gas volume gas volume
: o, 10 Iy
neutron Q /@ @ % 0;9 7 ‘*l” . dl
e § g N 5 0,8- '
g M U % 0.7 Mh'lm
9B,C layer o
08 T T T T E 0,6-.
— o/ ¢ o | |—=—2.5A g 0,51 ]
0.7h B 806 @ 5 - |—=10A | o 0,4-_ . Nowak et al, JAP 117 (2015) 034901:
' | 0,31 P1, 1um'B,C,© = 1°
| ° 0,2- 10 _ Ho
0.6 44%@25A | 01_ —P1,1|Jm1OB4C,@ 2
’ —P1,1um B,C,0=4°
80%@1OA 0,0'|'|'|'|'|'4|'|'|'|'
0.5¢ y 2 3 4 5 6,7 8 9 10 11 12

~44% @5

efficiency
o
=

0.3} |
0.2 |
0.1 X i .
‘ ‘ T o 9—6—96—o—>0
% 20 40 60 80 100 ' x-cathode

0 (deg) .- -10B,C-Al-plate - =
F. Piscitelli, PhD Thesis, U.Perugia (2014) ' support
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A Rate Challenge e
orightness

*Rate requirements is high:

ESS requirements

) area spatial resolution | global rate local rate
*Intensity of new sources (mm xmm) |  (mm x mm) (s (s 'mm™?)
*Time structure of pulse 500 x 500 [£05,2]x2 | [5,100]-10" | [5,300] - 10°
*Advanced design instruments 1 1
Detector x10 x100 -] OOO
' The state of the art
Ey area spatial|resolution | global rate lpcal rate 3
i (mm x mm) (mm} X mm) (s7h) (s[ 'mm™?) Heh |
Sheaiiar | 500 x 500 1 x2 100 -10° | |300 technology
reriecte :
Neutron beam intensity S i
e i X1 x10
~~~~~~ E Multi-Blade ' '
~~~~~~~ % X area spatial resolution | global rate local rate 108
2 (mm x mm) (mm x mm) (s7h) (s 'mm™?) Hnol
0.3 x4 >1000 technology

Multi-blade design:
*High rate capability
*Sum-mm resolution

Multi-Blade



BrightnESS

(7, J\ | EUROPEAN
(@SS ) spatLation
|\ / source
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Multi-Blade Results

 LUND UNIVERSITY

&
Quisner
*F. Piscitelli and P. van Esch, | Wigner Research Institute
Analytical modeling of thin film neutron converters and its application to thermal neutron gas detectors
0.9 - J. Instrum. 8, P04020 (2013)
arXiv:1302.3153

o
\|
|

measured 64% @ 5.1A

o
m
T

58% @ 4.2A

efficiency

45% @ 2.5A
0.4

Tests March 2016 at BNC (HU

——calculated
¢ measured

2 4 5] 8 10 12
wavelength (A)

F. Piscitelli et al., The Multi-Blade Boron-10-based Neutron Detector for high intensity Neutron Reflectometry at ESS, JINST 12 (3) PO3013 (2017).




Counting rate capability

18000 w \
f counts per wire (Hz)

16000 -| I local counts in a spot (Hz/mm?)

___17kHz/ch

14000

12000 N\
&
>

v

10000 -

8000

count rate

6000

1000 1500 2000 2500 2000

S|i’:i : 4000
- 1.6kHz/mm?

. +—

Rate per mm?

+

2000

v

+

0.2 04 0.6 0.8 1
fractional beam transmission

No saturation observed'

o “r “ELD N i B ar,

Spét

F. Piscitelli et al., The Multi-Blade Boron-10-based Neutron Detector for high intensity Neutron Reflectometry at ESS, JINST 12 (3) PO3013 (2017).

orightness




Spatial Resolution FWHM ~ 0.5mm

4D

ds

>

WWS'Z ~ INHAMJ Uonn|osay [ene

Mask Raw image from the detector

Resolution as designed

Some possibility to push lower if needed ...

F. Piscitelli et al., The Multi-Blade Boron-10-based Neutron Detector for high intensity Neutron Reflectometry at ESS, JINST 12 (3) PO3013 (2017).

- orightness




Images

340
320
300
280
260
—. 240
o : 35mm
— 220 =
> :
200 ge=
180

160

140

120 S

Mask Raw image from the detector (log scale)

F. Piscitelli et al., The Multi-Blade Boron-10-based Neutron Detector for high intensity Neutron Reflectometry at ESS, JINST 12 (3) PO3013 (2017).
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Multi Blade Demonstrator %5 e

Blade substrate changed from Al to Ti and SS
Absolute understanding of alignment

2 copies built

Individual readout for every wire and strip

Uniformity __ ToF spectra

—— He3d
— WultiBladz |

Preliminary
Raw data

Data taken at BNC

recently

J 10 20 30 4r0 50 60
ToF (ms)
Next step: demonstration on beam line at ISIS, UK




Preferred Detector Technologies egg; CPacLamon

/' / SOURCE

for Baseline Suite

Detectors for ESS will comprise
many different technologies

Detector Technologies for 16
Instruments:

® Boron-10 ® Scintillator
' Helium-3 ® Gd-GEM
® High Resolution
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O.Field s.tarted by A Oed at the IL.L with the |+ (29; El(ié"&%)M”TBJ'er |
micro-strip gas chamber (MSGC) in 1988

* Now widespread: many variants

* Potentially very good resolution and very
high rate capability

—_—

/‘_P\K
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Micropattern Gaseous Detectors" ess ) i

SOURCE

v /
X 4
-

<« 40 MHz/cm?
/

2.4e+07

8.9¢+06 —

Rate [Hz/em2]

* Growing interest for applications for

2 ' . ! -
| neutron detection

A | L W | L | T T T
Y Axis Title

* 2 workshops organised by CERN RD51
Collaboration (with HEPTECH) on Neutron

1 Detection using MPGDs

800 850 T 300 950
VGEM [V]

Working point

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

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


https://indico.cern.ch/event/365380/

Thoughts ...

Detector development takes time

Very difficult to go from concept to beam line in less than a decade
e.g. Multi Grid started 2009/10. On ESS instrument ca. 2021/22
Detector development time >> Instrument construction time

This should be our aspiration level for a decade ... :

| Rate Requirements

Indirect Spectroscopy
factor by which requirements
Diffraction m exceed state-of-the-art
m Reflectometry
10 100 1000 Instantaneous

1
1 = state-of-the-art Rate Capability (log)

Increase factor

oo oo Resolution and Area Requirements

A ,
i ,(1,1) = state-of-the-art
21 i " The farther the box from the
i ) (1,1) reference point, the bigger
,' the challenge for detectors.
)
' “
)
,
I

« Computing and electronics have
become ubiquitous and very cheap

» Future detectors will be much more
designed around electronics

« Simulation will play a much bigger
role in design (see Xiao-Xiao Cai’s
talk)

Specialisation and collaboration

>—>—p

collect
charge or

disk / “dmsc-land”

At amplify digitise  algorithm

order may be different, or step skipped =

. o e peser
: : : ) = fact converter
1 2 3 4
. photons
..and cost improvement of a factor n -
of few ...

gain

“Converter”

, , “Electronics”
Detector



Summary

* 4 major new neutron sources coming online in next decade

* Brightness and science goals mean that the requirements
detectors cannot be met with todays state-of-the-art det

® Helium-3 crisis means that the “gold standard” fc
detection is no longer default option ¥

L)
* Helium-3 replacement technologies and the large
instrumentation is driving the detector development.

® Boron-10 Gaseous detectors becoming mature
* This is a very active topic

* First developments are coming to realisation: yes there is pos
helium-3 neutron science!

* Neutron detectors for future instruments are going to look very
different ...

I brightness Eee

grant agreement 676548




