Introduction to thermal neutron detectors
Bruno Guérard

 Principle of neutron detectors
 Examples of 3He gas detectors
 3He shortage and alternatives

Slow neutrons (relevant to materials science) carry too little energy to detect kinetic energy by
elastic scattering reactions (proton recoil)
 Need to use absorption reactions to convert neutrons into charged particles

One can use some of the many types of charged particle detectors
–
–
–
–

Gas proportional counters and ionization chambers
Scintillation detectors
Semiconductor detectors
Image plate detectors

Neutron instruments cover a broad range of applications with different experimental
conditions. There is a specific detector design for each of them.
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Reactor of the ILL (France)
In operation since 1972
93% 235U enriched fuel element
Flux = 1.2 x 1015 n/cm2.s

ISIS (UK) spallation source
proton beam power : 0.16 MW
Pulse frequency : 50 Hz
Peak Flux = 2.3 x 1015 n/cm2.s
Average Flux = 2 x 1012 n/cm2.s
ESS Peak Flux normalised to ISIS = 13 (in 2019 !)

Neutron sources have a low intensity compared to X Ray sources
 every usefull neutron should be detected !

Neutrons are also less interacting with matter than X-Rays
Material samples must have a sufficient volume (several mm3) to produce
enough measurement statistics in a reasonable time
Consequences for the detector
 Spatial resolution is generally not a big issue
In the range of 1 mm – 1 cm
 High detection efficiency is required
>= 80% for thermal neutrons (1.8 Å)
 Background noise is critical (fast neutrons,
electronics, gammas)
Counting mode > integrating mode

High
efficiency
neutron
detectors

From large area, low resolution

The 30 m2 3He detector of the IN5 Energy
spectrometer at the ILL

… to small area, high resolution

The MSGC developed for the D19
Single Crystal Diffractometer

MSGC detectors have been invented at the ILL in 1988 by Anton Oed.
They are at the origin of micro-pattern detectors (GEM, MicroMegas, …etc)
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Basic principle

Nuclear Reactions for Neutron Detectors
• n + 3He  3H + 1H + 0.764 MeV

(sc = 5330 barns @1.8 Å)

• n + 6Li  4He + 3H + 4.79 MeV
(sc = 937 barns @1.8 Å)
• n + 10B  7Li* + 4He
7Li + 4He +2.31 MeV+ gamma (0.48 MeV)
 7Li + 4He +2.79 MeV

(93%)
( 7%)

(sc = 3840 barns @1.8 Å)
• n + 14N  14C + 1H + 0.626 MeV
(sc = 1.8 barns @1.8 Å)
• n + 157Gd  Gd*  gamma-ray spectrum + conversion electron spectrum (~70 keV)
• n + 235U  xn + fission fragments + ~160 MeV (<x> ~ 2.5) (sc = 698 barns @1.8 Å)

For thermal neutrons, sc increases linearly with l
Natural isotopical fraction
10B: 19.8%
6Li: 7.6%
157Gd: 15,7%

Scintillators

n  6 Li 

4

He  3 H  4.79 MeV

s 940

l

1.8

barns

GS20 glass (LiO2): fast (70 ns), low light output (7000 ph), expensive
LiF-ZnS(Ag): slow (200 ns & 80 ms), high light output (160.000 ph), not transparent

Thermal neutrons

60Co gamma rays

60Co gamma rays
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0.5mm thick GS20 scintillator.

Anger camera

Anger camera with GS20 scintillators, developed
at SNS for Crystallography instruments

a camera has 9 PMTs each with 64 anodes

Crossed-Fibers

3He

gas Detectors

Gas Proportional Counter
Anode

Capture of a neutron in 3He

Fill gas

Fission products ionize the gas (in general Ar-CO2 or CF4)
~25,000 ion-electron pairs

Cathode
R
-

+
HV

Electrons drift toward the anode
Townsend avalanche (Gain factor ~10-100)
Negative signal on the anode / positive on the cathode
Signal processing and measurement (max amplitude or
threshold comparison)

E-field

radius
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Individual
counters
MSGC
1000

The first Multiwires chamber (in
late 60s) has been
built for neutrons
with BF3 and no
amplification gain.
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Readout electronics

Individual readout
dead time = 100 ns

Charge division
Dead time = 1 ms
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Stopping gas  reduce the range of the ionizing particles
Calculation with http://www.srim.org/
0.49 mm

2.15 mm

Particle Range
Neutron
interaction

(for 2 bars of CF4)

Track end
Centroid

1 bar CF4

2.5 mm FWHM

2 bars CF4

1.4 mm FWHM

Energy loss
Center of Gravity of the charges = best estimation
to localize the neutron capture point
Track end is faster but double the resolution

Position resolution versus amplification
gain and quenching gas pressure

3He

+ n  p + 3H + 764 KeV

5333 barns @ 1.8 angstroms (25 meV)
 e = 14% @ 1 cm.bar

e = exp[-mal*epW]*(1–exp[-m3He*epGap])
m=r*s

Good gamma discrimination

r material density
s interaction cross-section

g
E=764 keV

Tritium (1/4E)
Proton (3/4E)

800

1200

arbitrary units)

Pulse height spectrum measured with a single 3He
counter and a low noise FET pre-amplifier

Capture probability in 3 cm of 3He for
3,4,5 bars of pressure

Application examples

PSD for Small Angle Neutron Scattering
From standard MWPC …

… to Multi-PSD

XY measured by coincidence of 2 orthogonal wire
frames (max count rate 200 KHz)

128 PSD covering 1 m2 of sensitive area.
Position measurement by charge division
Tube diam.: 8 mm. Pressure: 15 bars
Efficiency: 75 % @ 5 Angstroms

No deviation from linearity at 3 MHz
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2001: Reuters Stokes started the development of a 1 m
long, 8 mm diam. PSD for D22
2004: end of the D22 project
Hundreds of these detectors are used in several facilities.
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 counting rate capability of D22 increased by 50.
 better time resolution and lower noise background
 lower parallax error

The IN5 TOF spectrometer
in 1988

and in 2008

-1740 proportional counters in 435 boxes
- electronics occupies 25% of the surface

3 m long Multitubes, 32 tubes each
Area 30 m2 = 6 * W(old IN5)
- Reduced gap between detectors
- Reduced fabrication cost
- Mechanical simplicity

Monoblock Multitube
for SANS (D33) and
reflectometers (Figaro, D17)

Resolution: 8 mm x 1.5 mm
Det eff: 50 % @ 2 A
72 % @ 5 A

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

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 2D MWPC for the D19 Single Crystal Diffractometer (2005)

Very large angle: 120° x 29°
- 5 bars of 3He + 1 bar of CF4
- Efficiency: 80 % @ 2.5 Angstroms
- resolution : 2.5 mm (h) x 3 mm (v)
- Electrostatic lens to reduce the
Parallax error in the vertical direction.

Curved 1D MWPC for the D1B Powder Diffractometer (2011)
Window thickness : 7mm
Conversion gap 22mm : 20mm window-anode + 2mm
anode-cathode
Gas : 5 bar 3He + 1 bar CF4
Detection efficiency @ 2.52Å : 83%
Anode pitch : 0.1° ( 2.618mm at 1.5m)
1280 * 15µm gold plated W-Re wires
Aperture : 128°
Operating voltage : Va = 2050V , VC = 410V

diffraction curve from a
Silicon sample

MILAND (FP6/NMI3 2004 - 2008)
Our hope is that the name of MILAND will be associated to
• 32 cm
x 32 cm sensitive
area instrumentation”
“excellence
in neutron
• 1 mm readout pitch (640
channels)

• 5 mm conversion gap (+ 20
mm optional)
• 15 bars gas pressure (13.5 3He
+ 1.5 CF4)
• TOT (Time-Over-Threshold)
processing
BNC
Tokyo University
ESRF
SNS
ILL

LLB
ISIS
GKSS
FRM-II
LIP

Ø700 mm

190 mm

5 mm

Vol1= 1.5 litres

105 mm

10 mm

Vol2= 28 litres
(Mechanics = 5 litres)

FWHM - Cathodes
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while preserving good gamma rejection
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Imagewill
obtained
on the D16 instrument
Our hope is that the name of MILAND
be associated
to
with a lysozyme crystal, by
“excellence in neutron instrumentation”

superimposing images obtained during an
angular scan. The detector was mounted at
35 cm from the sample. The neutron flux
on the sample was 4 * 104 n/sec, and the
total acquisition time 16 hours.

YIG

Measuring the light of the avalanche
NMI3/WP22 collaboration (2008 – 2012)

Neutron Beam
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trigger
(from anodes or cathodes)

AQUISISITION CARDS: Acqiris, CC103

PC

Light emission spectrum
3He

(2bar)+CF4 (5bar)

Material

λ max. emission
(nm)

Light Yield
(photons/neutron)

Decay
(ns)

Li glass (Ce)
(GS20)

395 nm

~7,000

75

LiI (Eu)

470

~51,000

1400

ZnS (Ag) - LiF

450

~160,000

>1000

CF4 gas
amplification

300 - 600

G*2000
(G: detector gain)
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Scintillation light decay time
primary light: 15 ns
Second. light : 25 ns
Typically 100 ns total dead time
taking into account the track charge
collection time
 1 MHz counting rate @ 10% dead
time correction
<120 ns>
<50 ns>

Conditions to reach 0.5 mm FWHM position resolution ?
 6 bars of CF4
 amplification gain =1000

Primary (left) and secondary (right)
light pulse TOT distribution

MSGC is the only micro-pattern detector that can be operated at 6 bars of CF4

GSPC19 (window: 10 cm diam)
0.7 mm resolution has been obtained

GSPC91 (in project)
Window: 25 cm diam

Measurement with the parallel charge division MSGC200
Principle
Each anode is readout individually on
both ends for position measurement
Possible applications
- Resolution of 0.5 mm needed in one direction
- Very high counting rate
- Limited sensitive area (20 cm x 20 cm)
Status
Aluminium reacts rapidly with CF4 under
irradiation  need to study other gases (Ar-CO2)

3 mm

The 3He shortage crisis

•
•
•
•
•

Usage has exceeded supply for several years
Stockpiles are dwindling
US production was about 40% of the demand prior to 2008
Governments are being forced to prioritize uses
Alternatives are needed for large area neutron detectors

Neutron Scattering Need Until 2015
Facility

Consumed [L / year]

Small detectors [L]

Large detectors [L]

ORNL (SNS)

100

1,300

25,000

ORNL (HFIR)

100

1,210

2,500

Los Alamos

200

1,994

12,362

NIST

100

560

BNL

50

180

FRM II

100

650

4,500

HZ Berlin

100

520

7,850

ILL

100

1,000

3,000

JCNS

40

15

7,200

LLB

50

600

600

PSI

50

STFC

100

400

11,300

J-PARC

100

40

16,100

KAERI

150

2,000

CSNS

200

21,000

Sum

1,440

2,000

8,469

115,372

Alternatives techniques to be considered in priority
(Facility directors meeting March 2010)
6LiF-ZnS(Ag)

scintillators with coded clear fibers readout and WLS Fibers
Efficiency, count rate, gamma sensitivity worse than 3He but acceptable in the context
Solid convertor layer (Boron-lined) in gas detector Need further investigation
Short range of products limit efficiency
BF3 Widely used in the 80s
Less efficient than 3He (high bias voltage limits pressure)

Toxicity

Solid neutron convertor in gas detectors
n

+
- - Ionization track
+- +

Gas
n converter

Li

a

substrate
•

n + 10B  7Li* + 4He

7Li + 4He +2.31 MeV+ gamma (0.48 MeV)
 7Li + 4He +2.79 MeV

a and Li ions emitted in opposite direction

(sc = 3840 barns @1.8 Å)

(93%)
( 7%)

10° single-layer versus 90° multi-layer

PH spectra for 2.5 Å neutrons and different angles
PH spectra for 2.5 Å neutrons and10B4C film
thickness of 445, 665, 895 mm

The average energy decreases when the
converter thickness increases

The shape of the PH is independant
from the angle
eff X 5 at 10°  23% (measured)

Multi-Blade (10°)
Principle: Neutrons are converted on a 10B coated substrate
oriented with a small angle to the incident neutrons
 high efficiency + no parallax error + no dead zone

Several ways to measure the position..
1/ centroid of the ionization track
2/ TPC mode (Time Projection Chamber)
3H and 7Li ionization tracks (one or the other) are
reconstructed to determine their origin on the 10B substrate

Multi-Blade
TPC localization (Time Projection Chamber)

Signals measured on 10 wires in a 1D MWPC (anode pitch
2.5 mm) containing a 10B coated foil and 1 bar of CF4
The centre of gravity of the signals is measured
for each time sample (every 10 ns).

position

The resulting curve gives the position of the
ionization track projected onto the detection
plan in function of the time.
Best estimate of the n capture
The horizontal section corresponds to the induced signal after
the last section of the ionization track has been collected on
the anode frame.
This section is close from the neutron capture position
time

Multi-Blade
Scan perpendicular to the wires with a collimated beam (0.3 mm).
The measured position is encoded with channels of 0.5 mm.
Position shift = 0.5 mm, slit width = 0.3 mm
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Each colour corresponds to response of a channel when the beam passes in front of it.
Gain of a factor 2 compared to wire pitch

MultiGrid detector (90°)
neutrons
4 columns
= 8 cm

15 rows
= 15 cm

Stacking of 96 grids of 2 cm height
electrically insulated from each other
Individual readout electronics
(anodes and grids)

4 columns of 15 tubes of 192 cm length
 60 anode wires (gold plated W 20 mm)

2m

10B C
4

depositions

Coating at Linkoping university (Sweden)

17 Aluminium blades, 0.5 mm
thick, 2 cm height, for each grid
single coated
(not mounted)
15 doubled coated

single coated
(not mounted)
neutrons

C.Hoglund (ESS)

R.Hall Wilton (ESS)

ERDA analysis  79.3 at% 10B + 2.4 at% 11B + 17.1
at% C + 1.2 at% contaminants (N, O, H)
X-ray reflectivity  density = ~2.25-2.30 g/cm3
1854 2-sided blades (1440 mounted)
264 1-sided blades (not mounted)
Total surface coated = 6.3 m2

CT2 (ILL) monochromatic @ 2.5 Å

IN6 prototype

Detection efficiency Measurement

Gamma sensitivity

~10-5

The BF3 comeback ?

Test of an IN5 Multitube filled with BF3

HV limit of the electronics

82cm
Gain vs HV at various BF3 pressures
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Measurement with a BF3 Multi-grid: 94% efficiency

CONCLUSION

There is a high demand to improve the performance of actual neutron detectors
Proportional gas counters is still one of the best techniques (if not the best one)
Many designs have been developed to coop with different experimental conditions
With the 3He shortage, alternatives techniques are urgently needed, in priority for
large area detectors
Progress has been made with the 10B4C MultiGrid: 50% Efficiency measured

