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Where we are with NSS Detector Systems

Richard Hall-Wilton

Leader of Detector Group
Deputy Division Head of Instrument Technologies

On Behalf of the ESS Detector Group and Partners
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ESS Partners on Detectors ‘ess)) B
On Behalf of the ESS Detector Group and Partners |
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the detector developments are team efforts:  Multi-Grid Detector for Neutron Spectroscopy:
large number of people and institutes involved Ragyits Obtained on Time-of-Flight Spectrometer

CNCS
... for example: MultiGrid ...

M. Anastasopoulos?, R. Bebb?, K. Berry?, J. Birch¢, T. Brys’, J.-C. Buffet?,

J.-F. Clergeau, P. P. Deen?, G. Ehlers?’, P. van Esch?, M. Everett’, B. Guerard?,

R. Hall-Wilton®¢, K. Herwig’, L. Hultman¢, C. Héglund<, I. Iruretagoiena‘, F. Issa?,
J. Jensen‘, A. Khaplanov“; O. Kirstein‘, I. Lopez Higuera“, F. Piscitelli?,

L. Robinson?, S. Schmidt?, I. Stefanescu“

. “European Spallation Source, P.O Box 176, SE-22100 Lund, Sweden
The MUItl'BIade Boron'1 O'based Neutl‘on DeteCtor bSpallation Neutron Source, 1 Bethel Valley Road, Oak Ridge, TN 37831, USA

. . . ¢Linkoping University, Thin Film Physics division, IFM, SE-581 83 Linkoping, Sweden
for hlgh IntenSIty NeUtron ReerCtometry at ESS 4 Institute Laue Langevin, 71 avenue des Martyrs, FR-38042 Grenoble, France

¢Mid-Sweden University, SE-85170 Sundsvall, Sweden.
E-mail: Anton.Khaplanov@esss.se

everyone who made a
material contribution

F. Piscitelli,~' F. Messi,” M. Anastasopoulos,® T. Brys,“ F. Chicken,“ E. Dian,° J.
Fuzi,? C. Hdglund,*¢ G. Kiss,? J. Orban,? P. Pazmandi,’ L. Robinson,*¢ L. Rosta,?
S. Schmidt,*¢ D. Varga,? T. Zsiros,? R. Hall-Wilton®/

? European Spallation Source ERIC (ESS),
P.O. Box 176, SE-22100 Lund, Sweden.

bLund University,

P.O. Box 118, SE-22100 Lund, Sweden. o for examp/e,' MU/Z’/B/&O’G s

¢Hungarian Academy of Sciences Centre for Energy Research,
Konkoly Thege Miklos vit 29-33, H-1121 Budapest, Hungary.

4 Wigner Research Centre for Physics,

Konkoly Thege Miklos it 29-33, H-1121 Budapest, Hungary.
¢Thin Film Physics Division,

Linkdping University, SE-58183 Linkoping, Sweden.
f Mid-Sweden University,

SE-85170 Sundsvall, Sweden.

E-mail: francesco.piscitelli@esss.se
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* Introduction

* Challenge for Detectors for ESS Instruments
* Strategy for the ESS Instrument Suite
¢ Electronics for ESS Instruments

* ESS Detector Group

* Workshops and Facilities available in Lund
e A List of Reference Material

* Conclusions



ESS Neutron Instrument positions: 7 f\*‘\mm
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Challenges for Detectors for ESS Instruments

* Each Instrument class faces different challenges in terms of requirements
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Efficient neutron converters a key component for neutron detectors

converter

photons

collect
or charqge

charge or “dmsc-land”

photons amplify ~ digitise  algorithm

order may be different, or step skipped

“Converter” Defoctor” “Electronics”
etector




Isotopes Suitable as Cold and N

Thermal Neutron Convertors

reaction energy particle energy |particle energy
n ("He, p) °H +0.77MeV | p 0.57 MeV [°H 0.19 MeV
n (°Li, o) °H +4.79MeV | « 2.05MeV |°H 2.74 MeV
93 %

n ("B, o)’Li +2.3 MeV +7(0.48MeV) | ¢ 1.47 MeV |'Li 0.83 MeV
7%

n ("B, o) 'Li +2.79 MeV | 177 MeV | Li 1.01 MeV
n (“°U, Lfi) Hfi +~100 MeV | Lfi <= 80MeV |Hfi < = 60 MeV
n(""Gd, Gdye” +<=0.182MeV | conversion electron 0.07 t0 0.182 MeV

Table 1: Commonly used isotopes for thermal neutron detection, reaction

products and their Kinetic energies.

* Inregion of interest, cross sections scale

roughly as 1/v
* G. Breit, E.\Wiegner, Phys. Rev., Vol. 49, 519, (1936)

* Presently >80% of neutron detectors
worldwide are Helium-3 based

(ILL Blue Book)

| ) SPALLATION
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Only a few isotopes with sufficient
interaction cross section

To be useful in a detector
application, reaction products
need to be easily detectable

¥ =ghermal ‘ ! ' | ' ‘
He-3 (n, p) -
10° b= - -
g B8-10 (n, @)
3
o
—
0
7
§ 10 b~
[+ o
O |cold
1=
1eV 1 keV
10°l | I | | L ! L
1020 10" 1 10’ 10? 108 10¢ 10 10% 10°

NEUTRON ENERGY (eV)
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can be large qrrays: of 10s of m?

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

8mm-50mm diameter common

Using a resistive wire, position resolution

along the wire of ca. 1% possible

See abstract N13-2 this week

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

NEUTRONS
FOR SCIENCE

INS@ILL

First micro pattern gaseous detectors was MSGC

invented by A Oed at the ILL
A. Oed, NIM A 471 (1988) 351

= ; 20 powderdiffratometer Rate an d rESOI UtiO N a dva ntages
1D localisation

48 MSGC plates (8 cm x 15 cm) Helium-3 MSGCs in operation

! 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
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3 2013 design (TDR)

x1014
8 o

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

» thermal moderator
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What can be done with this brightness ‘93‘5 SPALLATON
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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

**** c-wnl|oH }o Adaeds

Developments required for detectors for new Instruments
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What can be done with this brightness €85/ :u

What does a factor 10 improvement imply for the detectors?

Implications for Detectors Implications for Detectors

Better Resolution sgrt(10)
(position and time) .
pixelated: factor 10

Channel eout X-y coincidence:sqrt(10)

Rate capability and data volume factor 10
Lower background, lower S:B Keep constant
Larger dynamic range 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
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Requirements Challenge for Detectors for ESS: (& e

beyond detector present state-of-the art

Rate Requirements

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

1 10 100 1000 Instantaneous
1 = state-of-the-art Rate Capablhty (Iog)
Increase factor
detector area Resolutlon and Area Requirements
A i
i '(1,1) = state-of-the-art
i B | ks The farther the box from the
| ’ (1,1) reference point, the bigger
I ,' the challenge for detectors.
'l
q
q
’
' ' Resolution
ol aaannnny |S pmmameeesse e improvement
1 . . . . W > factor

1 2 3 4
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Challenge by Instrument Class va SpALLATON

Challenge which dominates detector design on
Instrument Class

instrument
Reflectometry Rate, Resolution
SANS Rate, Resolution, Area (cost)
Imaging Resolution, Rate
Diffraction Resolution
Direct Spectroscopy Area (Cost), Rate
Indirect Spectroscopy Rate

Varied Challenges
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Strategy for the ESS Instrument Suite



Schedule: Where are we for detectors?

Detector schedule is longer than the instrument build schedule

ST T
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photons :
h U
" — arge o = “DMSC-land”
PR amplify digitise ~ algorithm E
gain order may be different, or step skipped =

Detector
Prototype
Designs
Strategy for
. Detector Conceptual &Y
Coatings Instruments,

Designs :
5 Instrument Designs

People, Electronics Instrument
workshops and Detector Design
facilities,

Inst.rument ICS/DMSC interface Electronics
Designs

Instrument
conceptual design

ICS/DMSC interface

Construction

o8 o oo ot oz o3 om0

Electronics St Construction Construction Construction
esign
/ICS/DMSC &
Construction Installation Installation Installation
Design

Construction Installation = Commissioning

Commissioning

Commissioning Operation

Installation Installation

Installation
Commissioning Commissioning

Commissioning

Operation Operation
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Instrument sub- Key requirements for |Preferred detector Ongoing developments
class detectors technology (funding source)

Small Angle SKADI Pixel size, count-rate, Pixellated Scintillator SonDe (EU SonDe)
Large-scale  Scattering LOKI area 10B-based BandGem
structures FREIA
Reflectometry ESTIA Pixel size, count-rate 10B-based MultiBlade (EU BrightnESS)
Powder diffraction DREAM Pixel size, count-rate 10B-based Jalousie
Diffraction HEIMDAL 10B-based Jalousie
Single-crystal MAGIC Pixel size, count-rate 10B-based Jalousie
diffraction NMX Pixel size, large area Gd-based GAGEM uTPC(EU BrightnESS)
Strain scanning BEER Pixel size, count-rate 10B-based AmCLD, A1CLD
Engineering | ,36ing and ODIN Pixel size Scintillators, MCP, wire
tomographv chambers
Direct geometry C-SPEC Large area
T-REX (3He-gas unaffordable) 10B-based MultiGrid (EU BrightnESS)
Spectroscopy VOR
Indirect geometry BIFROST Count-rate 3He-based He-3 PSD Tubes
MIRACLES He-3 PSD Tubes
VESPA Count-rate 3He-based He-3 PSD Tubes
SPIN-ECHO Spin-echo tbd tbd 3He-based/10B-based

Good dialogue and close collaboration needed for
successful delivery and integration 18



Detectors for ESS instruments: establish a baseline

(1/2)

Detector Design Design Teams Build Teams Technical [Schedule
Risks Risks

LOKI BandGEM Milan-Biccoca/CNR/INFN/ESS Milan-Biccoca/CNR/INFN/ESS Medium/ Low
(2011-...) Low

SKADI Pixelated Scintillator =~ SoNDe: FZJ/LLB/IDEAS/LU/ESS  SoNDe: FZJ/LLB/IDEAS/LU/ESS Low Low

(SoNDe) (2011-...)

NMX Gd-GEM BrightnESS:ESS/CERN BrightnESS:ESS/CERN Medium * Low

(2014-...) U. Bergen and/or Wigner /
ESS
ODIN Misc: MCP, Scintillator, Various: PSI, Berkeley, ISIS PSI Low Low

Semiconductor
BrightnESS: IAEP, MiUN, ESS

DREAM Jalousie POWTEX: FZJ/CDT FZ) Low Medium
POWTEX
BEER A1CLD HZG/DENEX HZG/DENEX Low Medium
AmCLD (2011-...) (ik start
delay)
FREIA Multi-Blade BrigthnESS: ESS/LU/Wigner ISIS/ESS/LU/Wigner Medium Low
(2013-...)
ESTIA Multi-Blade BrigthnESS: ESS/LU/Wigner PSI/ESS/LU/Wigner Medium Low
(2013-...)

© Baselines, detector design, design teams and build teams identified



Detectors for ESS instruments: establish a baseline

(2/2)

W Detector Design Build Teams Technology Risks
RISkS

C-SPEC

T-REX

BIFROST
HEIMDAL

MAGIC

MIRACLES
VESPA

SPIN-ECHO

Multi-Grid

Multi-Grid

Multi-Grid

Helium-3 (tubes)

Jalousie

Jalousie

Helium-3 PSD tubes
Helium-3 PSD tubes

3He-based/10B-based

CRISP: ESS/ILL
Linképing Univ.
BrightnESS: ESS/ILL
(2009-...)

CRISP: ESS/ILL
Linkdping Univ.
BrightnESS: ESS/ILL
(2009-...)

CRISP: ESS/ILL
Linkoping Univ.
BrightnESS: ESS/ILL
(2009-...)

PSI

POWTEX: FZJ/CDT
(2012/3-...)

N/A
N/A

ESS/Wigner? *

ESS/TUM/LLB? * Low

ESS/FZ)? *

PSI
DK/PSI/NO

FZJ/CDT/LLB

ESS-B
CNR/ISIS

Low

Medium: Inst Rate?

Low

Low

Low

Low/Medium
Availability?
Low

EUROPEAN

) SPALLATION

Low

Low

Low

medium

Medium

Low

Low

Low

Close working collaborative relationships to mitigate risks

N
o



Preferred Detector Technologies

for Baseline Suite

Detectors for ESS will comprise
many different technologies

Best-Guess at Detector
Technologies for 16 Instruments:

® Boron-10 ® Scintillator
' Helium-3 ® Gd-GEM
® High Resolution

( %\ "\ EUROPEAN
| | SPALLATION




Mitigation Plan

LOKI

ODIN

BEER
C-SPEC

ESTIA

DREAM
MAGIC
BIFROST

Primary Detector
Technology

BandGEM

Misc: MCP,
Scintillator,

Semiconductor, ...

AmCLD/A1CLD
Multi-Grid

Multi-Blade

Jalousie

Jalousie

He-3 Tubes

Critical
decision dates

17Q3: final
technology
decision

2018

2018 Q1

Technology
Decision
2017Q4

Technology
decision
(17Q47)

TG3: 17047
TG3:18Q27?
TG3:19Q17

Backup Detector
Technology

SONDE

Several
Technologies
already involved

Jalousie

He-3 Tubes

SINE2020

AmCLD/A1CLD
AmCLD/A1CLD

Helium-3 Pixels

Cost Backup
Detector
Technology
(EUR)

7M

N/A

3M
>10 M

750 k

25M
25M
1,5M

Risk exposure (delta): >15 MEUR

Critical decision
dates for Day 1
Option

2019 Q2

2019 Q2

2020 Q1
2020 Q1

2020 Q1

2020 Q1
2020 Q1
N/A

Secondary

backup Detector
Technology (Day
1 configuration)

He-3 PSD MWPC

Scintillator+CCD

He-3 PSD MWPC

MultiGrid
Prototypes

He-3 8mm PSD
Tubes

He-3 PSD MWPC
He-3 PSD MWPC
N/A

EUROPEAN
) SPALLATION

Cost of
secondary Day
1 option to
contingency
(EUR)

500 k

100 k

500 k
200 k

500 k

500 k
500 k
0

Risk exposure: 2.8 MEUR



10Boron-based Thin Film Gaseous Detectors €35/
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"B v > TLi* + YHe

CTLit “He + 0.48MeVayray | 2.3 MeV

— TLi+*He

+ 2. 79 M eV

(04%)
(67%)

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

onatB contains
80 at.% "B and
20 at.% 1°B

neutron

gas volume

* Boron is difficult to deposit
 Use '9B,C
« Conductive, stable




” PP N
19B4C Thin Fil ' €% mi
4 In Film Coatings e

r * A number of groups have shown it is Helmholtz-Zentrum
Geesthacht

Im.og — sgam Possible to deposit large areas of high
L quality Boron Carbide cheaply

* PVD Magnetron Sputtering

4 * Deposition parameters highly
; adaptable

R » A very interdisciplinary effort ez
W RS A =
« ESS-Linkoping Deposition I s N ;  REK
Facility -' | e, e S
* Industrial Coating Machine WAL | | deposition chamber i ‘
e Capacity: >1000m?/year AL TTH =] | o
coated with °B4C | ‘4 l L\ e T N

\ - W £ i &
ﬂ M cryopump d B
turbo molecular pump EEES

-

- As-deposited | 10'* neutrons/cm?

50 nm 50 nm




Enhancing the efficiency of

(,.«/;\“:w EUROPEAN
10B-based Neutron Detectors =

gas
volume

Multi layer

neutron

Generic approaches to improve efficiency

Grazing angle (<10°)

neutron
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NE U TRON S Zenteum fie Materi- und Kisstenforschung

FOR SCENCE Inclined Configuration

Y/ / | o Efficiency of 1°Boron Detectors: @\5)
\e>

smaller inclined angles: higher efficiency

gas volume gas volume 1 O . . —_ . .
¢ - MIEE
neutron KQ /@ ‘@ % 0,9 1 mlf,,u |"‘ | TI
C & g N 5 0.8- .
1 MU % 0,7 Mk
10B,C layer o
08 T T T T 50,6:
' | 1 o | - |——2.5A g 0,51
0.7 \ " ~80% @5 | | —=—10A 504
' | | 0,31 —P1,1um 'B,C, 0= 1°
| o 0,2 10 — o
0.6/ 44% @2.5A o Pl Tum 86,022
| ; ’ —P1, 1um "B,C, 0 = 4°
80%@1OA 0,0 —T T~ T T T r 1 '4| —T T T
0.51 ] 2 4 g8 9 10 11 12

7
S

~44% @5

efficiency
o
=

0.3] _
0.2} _
0.1 X i .
| | —6—6—o0—6—o6—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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¢ Field started by A Oed at the ILL 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

HVSun
M 2 Rate | ° e - 40 MHZ/Cm2
24007 ; . . .. : /
;_:‘aqg.oe._ | . | | g * Growing interest for applications for
: ] > neutron detection
* 2 workshops organised by CERN RD51
| Collaboration (with HEPTECH) on Neutron
..T. Detection using MPGDs
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/
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A run through the individual instrument classes

* Diffractometers

* Engineering Diffractometer
* NMX

* Reflectometry

* SANS

* Direct Spectrometry

*This is by no means a comprehensive overview



Instruments: DREAM, MAGIC, HEIMDAL 7N e
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¢ Inclined angle B-10 detectors, angled at sample

* eg DREAM

assembly

NN

N \ \.,. -. :; > _\:1\';‘. y
\\\ s 2 Back scattering module ¥

g




Instruments: DREAM, MAGIC, HEIMDAL RN cunorean
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I‘|| “ ‘IJ[ | ] ‘KI l.""-:_.j‘l‘ ‘Iﬂl ‘:j'::::f I{"vv/’ Y
Module with 8 segments a

10°

|

’y . : a . ) <

|

-z

LN\ %

position resolution can be roughly reproduced by
simulation

‘‘‘‘‘

Neutron beam %

integration of electronics into ESS DAQ about to start



Instruments: DREAM, HEIMDAL, (MAGIC) 7R eunovean
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Rates ...

100000
e Global time-averaged detector rate, which is defined as the total number of neutrons per 10000
second recorded by the whole detector. This is relevant to designing the bandwidth in the @
[
data acquisition and storage chain. 3 1000
g
e Local time-averaged detector rate, which is defined as the total number of neutrons per § 100
[
second recorded in a detector pixel, channel or unit. The local rates for the detectors deployed = . _—-—-"""" - peak rates, experimental :
at diffractometers are usually given per tube (if *He-tubes are used) or PMT (if scintillator . - average rates, experimental
. . . . 10 :
detectors are used). For simplicity, we normalise the local rates to cm?. . ——average rates, Eq. 3.1
. L . : —peak rates, Eq. 3.1
e Global instantaneous peak detector rate, which is defined as the highest instantaneous 1 : : : Tpeakrates = ‘ ‘ ‘
neutron count rate on the whole detector. ° 2 ° * 80 e m e e
20 (deg)

e Local instantaneous peak detector rate, which is defined as the highest instantaneous neu-
tron count rate on the brightest detector pixel, channel or unit. At pulsed sources, the instan-
taneous rate could be more than an order of magnitude higher than the average rate as the
neutron emission is concentrated in short bursts. The knowledge of this rate is important in
determining whether a detector technology is suitable to be utilised for a specific application
and has impact on the design of the detector and electronics.

* peak rates, experimental
1000 - average rates, experimental

—average rates, Eq. 3.1

—peak rates, Eq. 3.1

100

Neutrons/detector element/s

http://arxiv.org/abs/1607.02324
|. Stefanescu et al, JINST 12 (2017) P01019 T w e w w m m w m m

20 (deg)

Figure 5. Distribution of the neutron events per second detected in the WISH position-sensitive detectors
(top) and GEM scintillator elements (bottom) as a function of the scattering angle 26. The experimental data
were collected with the same NayCa3zAl,Fy4 reference sample. The experimental error bars are smaller than
the size of the symbols. The red horizontal lines correspond to the rates estimated with Eq. 3.1, by using the
time-averaged flux values quoted in literature for both instruments [8, 35] and a sample scattering factor of
5%, as extracted from the VITESS simulation with the Na,Ca3zAl;F4 sample [95]. 31


http://arxiv.org/abs/1607.02324

Counting rate definitions

Global Local
over whole detector area per cm?, mm? or pixel
o A A
5 _ O _
S, | 2 ®
(© C - \.
S .| 2 - :
> | - .E . .E ——
e & - *m -
QO time time
E Data storage o | b*'f'
otal numper ot neutrons . Total number of neutrons
Relevant for bandwidth in oer second on whole Readout DeS|gn N e
DAQ and storage detector area unit ared
At peak is the worst dleitoctor aite: detector area
" A /condition, ie. ‘ A
g 2 highest ‘ >
n ‘n
ch n § - 5 —©® ‘
2 5| - ® :
= =
c : >
o
c - -
— SANS Highest instantaneous RefleCtometry Highest instantaneous
number of neutrons per number of neutrons per
Relevant for detector second on whole detector second in the brightest
technology choice are3

pixel or unit area

*|. Stefanescu et al. ,”Neutron detectors for the ESS diffractometers,” Journal of Instrumentation , vol. 12, no. 01, p. P01019, 2017.

orightness



e Engineering Diffractometer: T

11+ Geesthacht
Zentrum fur Material- und Kustenforschung
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D1-D4 Detectors at 2m to sample:
« 1Tmx1mi.e. 30° x 30°

n>60 % (2A)

Position Resolution: 2 mm x (5 mm)
Max Rate:< 10 1/s (global)
moveable

Arc-Detectors at 1m to sample:
1.5mx0.5mi.e. 100° x 30°

n> 60 % (2A)

Position Resolution: 2 mm x 5 mm

« Max Rate: 10° 1/s (global) ]
SO
»
Am-CLD: Y
I
4

Boron-10 based
detector

A




el  Engineering Diffractometer: (72 cvnovean

%) SPALLATION
Zentrum fur Material- und Kustenforschung g / SouRCE

) k‘g\—_f.ﬁ(

\\ .//

prototype Am-CLD on test at V20, HZB
April’17
- mm position resolution

- variable efficiency - sub-mm position resolution

- very high efficiency
- mechanically very complicated
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Spatial overlaps only
14 28 42 (3.409 A, 134.4 ms) 21 35 49 (2.809 A, 110.8 ms)
1529 43 (3.309 A, 130.5 ms) 22 36 50 (2.739 A, 108.0 ms) 27 5379 (1.812 A, 71.4 ms)
16 30 44 (3.215 A, 126.8 ms) 23 37 51 (2.672 A, 105.4 ms) 22 43 64 (2.236 A, 88.2 ms)
17 31 45 (3.124 A, 123.2 ms) 24 38 52 (2.608 A, 102.9 ms) 18 35 52 (2.752 A, 108.5 ms)
18 32 46 (3.040 A, 119.9 ms) 25 39 53 (2.548 A, 100.5 ms) 17 33 49 (2.920 A, 115.1 ms)
| 19 33 47 (2.959 A, 116.7 ms) 26 40 54 (2.489 A, 98.2 ms) 19 37 55 (2.602 A, 102.6 ms)
<<1mm spatial 20 34 48 (2.882 A, 113.6 ms) 15 29 43 (3.327 /}3‘\ 131.2 ms)
: 27 52 77 (1.856 A, 96.4 ms
resolution to be 1.800 t0 2.019 Angstroms 5620 74 (1933 A, 76.2 me)
able to integrate ® 2.019 to 2.237 Angstroms 24 46 68 (2.103 A, 82.9 ms)
intensities ® 2.237 to 2.456 Angstroms 22 42 62 (2.306 A, 90.9 ms)
® 2.456 to 2.675 Angstroms 3(1) gg gg gggg ﬁx $8667ms))
® 2.6751t02.894 Angst i . ) -/ MS
® 25894103112 Aﬂgztﬂz Seneratec using 1h° | 285378 (1:833 A, 72.3 ms)
: : Daresbury Laue Suite
® 3.11210 3.331 Angstroms o, hpall et al. J. Appl. Cryst. (1998). 31, 496-502

398110 3.550 Angstroms ar; et al. J. Appl. Cryst. (1999). 32, 554-562

Helliwell, J.R. et al. J. Appl. Cryst. (1989) 22, 483-497
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eNMX: <<1mm position resolution requirement, o1 4000V

Time Resolved, ca. 1Im”2 detector area
eTake Micro Time Projection Chamber concept 550 k)
from ATLAS experiment upgrade 1MQ
eResolution: use single layer Gd, look for electrons sooka

HV2: 3300 V

g 2 1 MQ :
.g Boron § :
Start of track ) 450 kQ 3 _[>_C
B layer _ ol Star. track g javer neutron @
gl ] 1MQ
5 -l - - >
JINST 10 (2015) P04004 e
120 125 i 50 200 205 210 215 220 225 bsao 500 | last-local-maximum
Track X Track .. ____] I ey I fit local-maximum (o=320 um +/- 21 um)
y - I [+ center-of-gravity
? 5 o g 2000 — RO BT fit center-of-gravity (0=2025 um +/- 391 um)
9 Gadolinium - B B
'.g O : ‘|
o <DE | ‘|
£ o ' . . .
& 1500 — '. Resolution < strip pitch
E-—.-.'T.I ________
1000 —
500 —
- Subm. JINST
O B 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
y strip [0.4 mm] 146 148 150 152 154 156 158

y strip [0.4 mr
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e Rate requirements is high:

*7/ SOURCE

NEUTRONS
FOR SCIENCE

A Rate Challenge

ESS requirements

) area spatial resolution | global rate local rate
e Intensity of new sources (mm xmm) | (mm x mm) (s1) (s~ tmm~?)
e Time structure of pulse 500 x 500 [<0.5,2] x 2 [5,100] - 10° | [5,300] - 10
e Advanced design instruments t t
x10 x100
Detector
' The state of the art
Ly . .
E area spatial|resolution | global rate lpcal rate 3
i (mm x mm) (mm} X mm) (s7h) (s[ 'mm™?) Heh |
Specular | 500 x 500 L x 2 100 -10° | |300 technology
reflected :
Neutron beam intensity _ i ! 10
y | X X
~~~~~~ E Multi-Blade ' '
0 | e — "~~~ %\{ area spatial resolution | global rate local rate 108
"""" (mm x mm) (mm x mm) (s7h) (s~ 'mm™?) Hnol
0.3 x4 >1000 technology
air-D20.txt
| Abla=4%, WFM OFF Multi-blade design:
10 _4° . . -
, fed 1R eHigh rate capability
10 ;
> 102 e Sum-mm resolution
E 107 6=0.33  1=0.5s ] “\\ | (i
& 10 \ !
107° : | \
10 T NEULrONS gl e :

0.05 0.1 0.15 0.2 0.25
QA

Multi-Blade




BrightnESS

(7 \\ \ EUROPEAN

Multi-Blade Design Sk

) LUND UNIVERSITY

>
> DeSign simple: “KISS” Wigner Rese@ﬁgﬁz
> Modular
> Cheap %
> Make design available Budapest Neutron Centre
> “Open Source Hardware”

neutrons

Multi-Blade —_— T
oo s TRLS) 2019
S L |22 2018
e ez
Technology -

Demonstration 2 O] 6

Technology
Development

2015

Research to Prove
Feasibility

Basic Technology
Research
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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).
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Spatial Resolution FWHM ~ 0.5mm

4D

ds

>

WWS'Z ~ INHAMJ Uonn|osay [ene

Raw image from the detector

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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Images
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o : 35mm
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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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SANS: State-of-the-art 3| o

;= = —a ©g D22@ILL
e Typically stacks of Tm long 8mm He-3 ARG LA N\

tubes

¢ Rate limitation few MHz for 10%
dead time

® Resolution defined by tube
dimensions

3.0
(b) detector dead time

N
O)
T

measured count rate [MHZz]
@)

0.5F S. Muehlbavuer et al.,

NIM A832 (2016) 297 | eg SANS-1 at FRM-I|

O | | | | |
0 0.5 1.0 1.5 2.0 2.5 3.0

theoretical count rate [MHZ]




y (cm)

Rates in SANS Data

* At spallation sources, data is highly

peaked in time

* Additional challenge for the detector

rate requirements

.. « s
., . .
‘. ‘At .
ot s .
20 4 T
Loy
o .

. .IJ:.A '.-... .,-:,
- .',. '._v:',
_20 - - L I A
- N e s ~
-~

xy at z=5m (diblock polymer)

-10 -2C 0 20

-~ ~

e —— N
5T Tl N

"\ EUROPEAN

” / SOURCE

vy

&5 | spaLamon
W
\ X

water sample

700000 -

800000 +

500000 -

400000

300000

200000 A

100000 A

— tof@cample
— lo[@5m
— tof@10m

example simulated data from

LOKI@ESS

K. Kanaki and A. Jackson

50 80 100 120 140 160
tof (ms)

® A Tm 8mm psd He-3 tube detects across ca.

80cm?2

® To improve rate capability need to reduce this

areaq:
¢ Pixelate

* Multiple layers in depth



SKADI layout

Neutron Choppers Sample Area Detectortube
Extraction

Sample Area

385m Total Length

59.4m

Collimation

Polarizer,
Spin Flipper . ) =

Bunker Heavy shutter

* 2 moving detectors
1m? — pixel 6 mm
400 modules / detector
e 1 fixed detector @20 m
20%x20 cm? — pixel 3 mm

* about half detector area in initial scope ,

| Sebastian Jaksch, Guent
® half in later upgrade ebastian Jaksch, Guenter

Kemmerling, Ralf Engels
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Solid-State Neutron Detector A ) 0 \ - — f
N _//'

UNIVERSITET

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)
e high-resolution of 6 or 3 mm by single-pixel technique

* high detection efficiency of up to 80 %

ca 50x50mm 8 ixels

64 pixels IDEAS IDE3465

+FPGA
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Solid-State

Neutron

UNIVERSITET

Countsin 5 min

* Results from initial _
' evaluation system

9CH7
SCH07
10/
LV
SE07
ACHT

35107

® Count rates on a module up to 250 kHz, linear to 200 kHz

® Corresponds to >20 MHz @10% deadtime for full Tm”"2
* No degradation up to 5E14 neutrons integrated flux
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LOKI Detector Requirements 1835 ) guwmmon

e Short instrument

e Wide angle detector
coverage up to 45 deg
e Arranged in 3 banks
e total I9m”2

® Rearmost bank ca. 1x1m, movable
® 4mm resolution
® Other banks 2x2m fixed. Relaxed resolution requirements

* about half detector area in initial scope
® half in later upgrade
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' :n C ni Ricerche 2“;'::;“53?{3: Linkdping University \'

BANDGEM Detector

3 UN[VLRSIT,

n, o Ide-by-side
Analytical calculatlops are valid for this geometry . with He-3
< 10 cm > ;%; , ‘\ 1
Cathode NN 2 006 ‘ ]
AR O O R O O 2 ‘ | ) GEM
3D |6 cm = 002 T4 3 -
Lamella; |!| L |
System: || 0 | 1 | |
_— s e INES
o <> v 7 15 L @ISIS
Eyl 2 mm S
Trip|e{::::::::::::::::::::::::::::::::::::::: 2 1 ’ Indic
GEM EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEETRmE _,GC_,J 3 b
E 05 L ear
Padded Anode o | | |
Alumina lamellae coated on both sides with 1°B,C 4000 8000 1,210 1,6 10°

. Using low 6 values (few degs) the path of the neutron inside tt
B,C is increased 2 Higher efficiency when detector is inclined
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* Stack of Conversion
elements can be
produced and coated

Precision waterjet cutting

(Watajet, Milan)
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Results

on EMMA®@ISIS

40 :_ d s-p=10m
[ . >
: B &
30 [ i3] . H H

Efficiency [%]

|

* Resolution as expected 7
e Efficiency with tilt angle as expected N X
 Efficiency>40% at 4 A ' F =i

2 A Simulated

2
: 1 L 1 | L L | L . L | L | L |
I 00 2 4 6 8
" Tilt Angle [Deg]
10 |
. 50 .
I C " ]
8 i
— — 40 — ° - ]
£ : -
= 6 i 2
% 6 _ = b
30 4
E - » k5 - ]
o | ]
I = ; ]
L L ]
) : = . T 20 - n .
: — FWHM Simulated @ 1 A | ]
I ; FWHM Simulated @ 2 A g = = mData ]
dsp=10m E i T - . . ]
o | Pl K m = EEWHM Measured @ 1A | | : e e eSimulation ;
E ® o oFWHM Measured @ 2 A ] 0or ]
0 : L l | O nnnnnnnnn T S S N T S S S I 6 & % & 4 8§ § § 9 L G @ 5 5% § 45 5 5 4 | TR T S U T TN N T
0 2 4 6 8 10 0 1 D) 3 4 5

Tilt Angle[Deg] Wavelenght [A]
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Direct Spectrometers: )

Multi-Grid Detector Design B N4

) —

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

] 8 10

g =5meVv

Elastic/signal &=1.5mev
Ei=0.7 meV

counts (us)

| “w Very background

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

Cheap and modular design

Possible to build large area
detectors again

20-50m? envisaged for ESS
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Multi-Grid test at CNCS

Installation completed
Detector inaccessible for
next 6 months

i \ Rt
(AT e |
| H ‘

N NNR NN I I ;
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* Test side-by-side with existing technology in world
leading instrument
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Operation since 2016-07-14

'\\:—";j of

brightness

NEUTRONS
FOR SCIENCE”

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

56



Multi-Grid test at CNCS ” esy o
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NSS — Functional decomposition

from Oliver

Functional

AR decomposition facilitates
to identify common /
similar requirements

Instrument 2 Create centralised
workpackage to avoid

recurring engineering
cost in individual

instrument projects;
Motion Control & c .. ick
Y ———— minimise ris

Instrument N Ensure proper
integration

A

Provide solution to
instrument projects

* need to efficiently maintain and operate equipment
Schedule is the driver
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Modular Instrument Control Concept \" s
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EPICS (ICS)

Timing (ICS)

Shutter Collimation Beam PSS Detector Detector
Movement Changer Monitors Movement Readout
Chopper Chopper Readout Vacuum Sample
Control Control Control Environment
. — T.Gahl et al, Proc.
Beam Extraction + Bunker Area Beam Transport & Conditioning Area Sample Area

ICANS XXI (2014)
* Modularisation to manage key interface arXiv: 1507.01838



Detector - DMSC Interface

Expert User LS
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Instrument Components (Hardware)
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Detector Electronics and Interfaces to %;ﬁg)
l
\\&

DMSC and ICS

* Design underway for all aspects

{ S} ' N= Am;r/‘:i?gti:irz\:/::?f?::/exfer ]7Q4
\\\\\ ///// * Modularisation to manage key
interface
gzlrlzcst::;:g:?;: 17Q4 ¢ Slngle in-kind partner (STFC, UK)
pata matching for backend readout
e Example of synergy with existing
European expertise to reduce
O I

developments needed by ESS
e Adapting rather than developing

Plug in I/F modules

* |CS interface design and

17Q4 prototyping underway
® Design model: arXiv: 1507.01838

® DG-DMSC interface
covered by BrightnESS task
5.1 and 4.4

® Resources in place: work
well underway

62



Detector Electronics and Interfaces to

DMSC and ICS

o
//ﬁ\\ EUROPEAN
C(%)) SPALLATION
l\\_‘// SOURCE
N

Front end module
Amp/digitize/buffer/xfer

\1[/

Collection of data
Zero Suppression
Data matching

I I

Plug in I/F modules

® joint meeting

[—»_

{:-' ‘1"‘.

e event formation: underway

il I

* ICS IK at Daresbury
in-place
* work restarted

® Detailed discussions underway

® in-house: VMM chip available, and integration underway
e CPIX (CDT) IDEAS(SKADI) GEMINI(LOKI) well advanced

® Candidate hardware purchased
* implementation ongoing
* 1st prototype: this year

e Candidate hardware purchased
* implementation ongoing

e 1st prototype: this year. prob summer

® Rack+UPS:
e Candidate systems being tested.
® 1-2 chosen and qualified.

with DMSC on data definition: 9 May

® HV/LV crates: 2 systems
integrated to EPICS at IIIP

® Moving to using for detectors in
workshop

® Tobias’ group and Brightness task 5.1

63
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Detector Systems --- “System Analysis”

Inputs
x 22 detectors for instruments
» Power
Electric mains (clean, filtered,
isolated) Monitorin
Safety Earth &
Detector ground
HYV, LV
» Ethernet
Slow control Monitoring
» Services

Cooling water
Air / N2 (Cooling / environment)
Gas (Ar, CO2, CF4, maybe others)

Monitoring

» Safety
Interlocks / Emergency

buttons / Sensors  Monitoring

» Signal
Clock Signals
Telegrams Monitoring
UTC Timestamp

»Neutrons
Neutrons

NB Details vary for each instrument

Outputs

» Ethernet

Data
Monitoring Data Monitoring
Slow control

» Waste
(VWarm) water

(Warm) Air / N2 (Cooling / environment)
Waste Gas (Ar, CO2, CF4, maybe others)

Heat Monitoring
» Safety
Alarms Monitoring

» Environment

Temperature, pressure, humidity
Monitoring

» Alignment

Alignment Monitoring
Positioning



Beam Monitors
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Beam Monitors N/

\\__/

Type ___ supplier |

MWPC Mirrotron- Filled with3He

Scintillator from (4) ORDELA  gasor N
Zﬁl":fﬁ{n Fission chamber LND 2351

(1)

GEM CDT Coated with 1°B

(1)

Scintillator Detector Li-glass beads
Fission cha (1) Quantum

2D-GEM monitor for ESS realized by Milan-
CNR
Mirrotron to be filled by Nitrogen

transmitted
5 absorbed
| - ] incident \
2D- MWPC from Mirrotron Two MWPC from ORDELA filled bearm \
with 3He or 1N scatiered
monitor

67
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Beam monitors-main results

MWPC
from
ORDELA

MWPC
from
ORDELA

MWPC
BM-100X50
from
Mirrotron

2D-MWPC
from
Mirrotron

™~

Scintillator from
Quantum Detectors,
(V] ¢

Fission chamber
from
LND

Isotope used for e 14N 3He 3He 108 6 235
neutron capture
Gas pressure Partial pressure  Partial Partial pressure Partial pressure Total pressure ------ Total pressure
mbars 6,0795 pressure 6,5 0.4 100 1013,2
81,06
Filled gas 3He+*He N+CF, 3He+CF, 3He+CF, Ar/CO, - P10
+CF,
Active Area 114 x 51 114 x 51 100 x 50 100 x 50 Diameter 100 28 x42 Diameter 108.0 mm
(mm?) mm
Applied voltage (V) 850 850 1300 Anode at -1000 650 300
-3500V
Drift at 1500V
Attenuation 4.5 4.4 2.5 7.3 11.1 0.49 3.87
%
Calculated attenuation % 4 4 2 0.1 2
Measured Efficiency at 2.4A 0.12 3.3x103 0.11 0.01 2.7 0.052 0.01
%
Supplier efficiency % 0.1 0.001 0.1 0.015
at 1.8A
Scattering % 3.9 3.8 4 9 10.3 0.74 3.8

What now?

eUpdating requirements from instruments for monitors both for commissioning and operation
eTaking into account operational environments
eBy autumn will have a draft set of recommendations

68
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The ESS Detector Group
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e Support and facilitate partners to be able to deliver performant detectors for world class
instruments

e Act as a host institute to assist and enable in-kind partners to deliver where requested

e Facilitate installation and Commission detectors

e Operate and maintain detectors throughout their lifetime

e Interface management for in-kind partners with other parts of NSS and ESS and other in-kind
partners

e Integrate detectors into a homogeneous ESS instruments suite

e\Where necessary, assist in the design and development of detectors with partners for partners
e A technology service group capable of long term support

70
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Detector Workshops and Facilities available in
Lund

* Detector workshop
* Source Facility
* Thin Films workshop

* Simulations



The ESS Detector Group: Facilities

Detector Coating Workshop Embla Workshop LU Source Facility

Laboratory to test detectors and
prototypes. It is a collaboration between

In-house production facility in Linkdping, which will
carry out the manufacturing of 1°B,C coatings needed

composed of a fully equipped machine

for the construction of detectors, supplying high shop and an area to build and the ESS Detector Group and The
quality neutron converters. The production capacity assembly detector mechanical Department of Nuclear Physics of Lund
exceeds the 1000 m? of 1°B,C coating per year. components. University.

Utgard Detector Workshop R2D2 at IFE

ICS Electronic Integration Area

IS

R2D2 is the test beam line that the

© ESS UTGARD ' Detector Group is setting up in
collaboration with IFE at the JEEPII
Detector Group has set up an reactor. The main goal is to provide a
electronics lab for long-term This workshop is a share space between dedicated beam channel for testing of
readout development work at the Accelerator Division, Scientific Activities detectors and the development of new
ESS headquarters in Lund. Division and Detector Group. neutron techniques relevant to ESS.
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eca. 700m”2 shared
between sample
environment,
integrated control
systems and
detector group
eabout 500m north
of present offices

e Reconfigurable
based upon need

Delecior
lab

scale matched to meet needs
during construction and installation
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® Co-located with Linkoping University
for synergies in expertise and facilities
e Just moved across the road to locationf 4
available until 2025 e - e TR
e Industrial coatings machine and “ |
production line setup

e Capacity: several times ESS needs
o |f interested in coatings: contact us
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Source Facility

e ocated in basement of Lund U physics dept
eca. 700m from present offices

e Uses radiation source permit from Lund U

® Possibility to use radioactive sources in Lund

eje development, testing, quality assurance, ...

o SAT possible for detectors in Lund
eHeavily used over last couple of years

e Many neutron and gamma sources available
eneutron: Am/Be
e Gamma: Fe-55, Co-57, Co-60, Ba-133, ...
e Electronics, DAQ, gas, infrastructure, elog
available for testing

eTagging method available for fast neutrons
eeg as recently used for evaluating B-loaded
concrete
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e gl Calculation, Simulation, Data and All That

e Simulation is a very powerful tool

® ... but the computer will always lie to you ...
Analytical

e Data from prototype tests is golden Calculation

® Lack of ability to trigger independently on the
neutron means some degree of arbitrariness in definin
the measurement

® Checking that your measured data is correct is
complicated

Simulation

e Additionally, always try and calculate analytically or
“back of envelope” what your expectation is
® (Or at least upper and lower limits)

® Use all 3 of these together to understand the Data from prototypes
performance of your prototypes

It is much cheaper to simulate a detector than build it: faster development cycle




Neutron diffraction in

o e Mt
AT Sern

Rise DTU

National Laboratory for Sustainzble Energy

e GEANT4 is an invaluable simulation tool

« However, thermal/cold neutrons not well
validated

 No support for crystal diffraction

A new plugin NXSG4 allows neutron
diffraction in polycrystalline materials

e Based on nxs library, used in McStas, Vitess

* Using simple unit cell parameters, only low
energy neutron scattering is overriden. All
other GEANT4 capability retained.

 Available at http://cern.ch/nxsg4

e J.Comp Phys Comm 189 (2015) 114

Monte Carlo Particle Lists: MCPL: Allows to pass particles between McStas, MCNP, GEANT4

httos:// ls.github.io/mcol/

T. Kittelmann et al., subm. J. Phys Comm (2016) https://arxiv.or

Interaction cross section [barn]

polycrystalline materials:
Add-on for GEANTA4
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Abstract N28-18 this week

abs/1609.02792

Neutron kinetic energy [eV]

Scattering angle [*]

ScaHermg in AI

1 2 3 5 5]
Neutron wavelength [A]



http://cern.ch/
https://mctools.github.io/mcpl/
https://arxiv.org/abs/1609.02792

il Simulation of Neutron Scattering (L& awos
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brightness y
* “NCrystal" models physics of thermal neutron transport i ~ [— Gacapture ony

Sapphlre at 300k
. . . . 30 — sapphire fitting, Mildner and Lamaze, 1998 | |
in poly- and single-crystalline materials
* Interface to MC models: GEANT4, MCNP, McStas

¢ ¢ G4 capture + inelastic + elastic (10' mosacity)
® § G4 capture + inelastic

N
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The scattering physics in NCrystal is a combination of the inelastic and elastic z

scattering processes. The double differential cross section describes the likelihood E 20

of a neutron being scattered into a small solid angle d2 with final energy between S

E’ and E' + dE’. It can be expressed as % 15¢
5

0?0 B 0?0, N 0%0
OE'0Q  OE'0Q  OE'OQ

NCrystal — ——— 7

data-driven models in red , , , , , , ,
therory-driven models in blue 0 2 4 6 8 10 12 14 16

o] . Wavelength, angstrom
single crysta
Bragg model
continuous thermal
@rystal Bragg m@ scattering

\

elastlc scattering pr@ 1nelastlc scattering process

polycrystal Bragg n’@\ CE format discrete mo@
single crystal
Bragg model
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Extension under alpha
testing



The ESS Detector Group: Simulation Framework

MCPL files

v
RESTRAX. "«
McXtrace,

Y
W Ge,ant%

T. Kittelmann, E. Klinkby, E. B. Knudsen, P. Willendrup, X. X.
Cai, K. Kanaki. "Monte Carlo Particle Lists: MCPL",

Submitted to Computer Physics Communications (2016);
arxiv:1609.02792.
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http://arxiv.org/abs/1609.02792

The ESS Detector Group: Simulation Framework-MultiGrid _
Work of Eszter Dian

CER, Hungary in-kind contribution

o

MG genmetry in GFANTA

Vanadium energy transfer spectrum
Bragg-scatter from end of detector Above and below Bragg edge
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Measured time spectrum as A Simulated time spectrum as a function of Simulated and measured time spectrum
a function of depth for 4.6 A I depth for 4.6 A neutrons
neutrons — IN6 demonstrator n

A. Khaplanov et al. “In-beam test of the Boron-10 Multi-Grid neutron detector at
the IN6 time-of-flight spectrometer at the ILL", Journal of Physics: Conference
Series 528 (2014); doi:10.1088/1742- 6596/528/1/012040.
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A List of Reference Material

* A lot of material is publicly available: here is a partial list and where to find it
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* Comprehensive references willl be added to archive version of the talk ...
* come back in a few days



Mood Message so far ...

® Development time is long: typically 10 years
from conception to utilisation

b o here:it RO

challenges one at a time, and remain calm
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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 runn
* Baseline detector designs exist 3
» Set of design and build partners identified and availak
*Very much an open collaboration of groups across (mostly E

* Having a capable build group and set of willing expertsise is

p

important as the details of the design

* Detector work now very much design, and not R&D
* Have the capability to support partners as needed

* Enable partners

e '
* *
A GoNDe
* *

* - * . Solid-State Neutron Detector




