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Neutron school 2007 (Los Alamos)!
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Neutron Generation and Detection/Neutron Opftics and
Instrumentation

« How 1o build a neutron scattering instrument from scratch:
- Make neutronsl!
— Transport neufrons!
— Scatter neutrons! (other people will tell you about this)
— Detect neutronsl!
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Make neutrons!

(1.5:1 ratio)*y Hg
120 ”5-_.1
« We don’'t make neutrons, we “liberate” them &
e ...by breaking atom:s! R
jz v i) 0
« Heavy atoms have disproportionally more neutrons R
- Split them info smaller atoms, and you have a surplus of N " /AR
neutrons! 3 i proton ratio
« At HFIR: nuclear chain reaction (Uranium)
o 00 10 20 30 40 50 60 70 80
o AT SNS: high power accelerator (Protons -> Mercury)




Pulsed vs Contfinuous Neutron Sources

2.5x10"°
~ Spallation Neutron Source (pulsed)
E, 2.0x10"° -
B The peak neutron production of the SNS
S . Is about 10x that of the HFIR
S 1.5x10 -
O i .
a The HFIR neutron production is about 15x
O 1.0x10" the time averaged production of the SNS
O
=
%J 5.0x10"° -
High Flux Isotope Reactor (continuous)
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Make useful neutrons!

(meV) (m/s) (K) (A)

0.1 - 100-1000 1 — 120 (“Cold") 4-30
5-100 1000-4000 120 - 1000 (“Thermal”) 1 -4

100 - 500 4000-40000 1000 - 6000 (“Hot") 0.4 -1

m) > MeV ~1E7 1E9 <mA

\

You are herel
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Moderators

usually: LH, or H,O = o
.____». Within a few
collisions, the
- R — energies will have
e - equilibrated
. ._ o around the
v temperature of
. ’ the moderator.

Proton beam

(meV) (m/s) (K) (A)

0.1 - 100-1000 1-120 (“Cold") 4-30
5-100 1000-4000 120 - 1000 (“Thermal”) 1-4
100 - 500 4000-40000 1000 - 6000 (“Hot™") 0.4 -1
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Spectra H2 vs H20 @ SNS

Fast neutrons

/

20000 / —
17500 - — o

0 | | |

0 2 4 6 8 10

Wavelength [A]

HHHHHHHH
OOOOOOO
REACTOR

AAAAAAAAAA
NNNNNNN

%QAK RIDGE

ional Laboratory




Two Instrument concepfts

Diffractometer (elastic scattering) Spectrometer (inelastic scattering)
« Characteristic changes in angle « |sotropic change in angle
« No change in wavelength « Characteristic change in wavelength
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Let’s build an insfrument already!

What does this tell use

G Bragg’s law: nA = 2d sin©
2 [ 1\
I II L, (tens of m) i 29\ 22 !

Source Sample

Detector
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At a pulsed source: Time Of Flight (TOF) - elastic
V= (I—]+|—2)/(TevenT'TO)
\/e|oci’ry <> Energy <> cheleng’rh Tevent 1

Bragg’s law: nA = 2d sin©

T [ 1\
L | |
I — N E— . ' '
Diffraction
Source Sample

An amazing amount of work goes into
perfectly recording Ty for every pulse and
Tevent fOr €very single event,

Detector

HIGH FLUX | SPALLATION
ISOTOPE NEUTRON

SOURCE

af(,OAK RIDGE

National Laboratory

REACTOR




At a pulsed source: Time Of Flight (TOF) - inelastic

Requires knowledge of Energy before AND after sample!

To
L
F e
Source
“monochromator”

inelastic
Sample

(e.g. Fermi Choppper)
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- o

! AE !

Use T, and

to calculate Tiymple
then use (Teven’r - scmple)/I—Q fo
calculate final wavelength.

Detector



Detour: Crystal monochromators

 Bragg’s law: nA = 2d sinB

 Known d-spacing, can select A by choosing 6

e Canre-use the transmitted beam for
other wavelengths!
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Detour: Fermi Choppers, velocity selectors

Too slow, shutter2 closed already

/

— ST W

! \ 52 "N v=Ady/at

Too fast, shutter2 is not open yet!

Ad, Af

Fermi Chopper Velocity selector

ST S2

Astrium

Formerly: Domier
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Reactor instruments - elastic

Monochromator
Crystal

“White" Beam

Transmitted Beam

Bragg’s Law
nA = 2d sin 6

Momentum Transfer

—_ =

Q=k;—k
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Reactor instruments - inelastic

Monochromator
Crystal

“White" Beam Transmitted Beam

Bragg’s Law %‘é& Analyzer Crystal
nA = 2d sinf R k\
2 .
Scatfered Beam Transmitted Beam
Sample
Momentum Transfer K;
Q=ki—kf 2
%
2 2
h 2 %
_ - 2 _ %

Detector
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Pulsed vs Contfinuous Neutron Sources

2.5x10"°
~ Spallation Neutron Source (pulsed)
E, 2.0x10"° -
B The peak neutron production of the SNS
S . Is about 10x that of the HFIR
S 1.5x10 -
O i .
a The HFIR neutron production is about 15x
O 1.0x10" the time averaged production of the SNS
O
=
%J 5.0x10"° -
High Flux Isotope Reactor (continuous)

460 | 600 800 1000
Time (us)

' |
o 200
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Transport neutrons!

-
\ Also: air scattering! S?mpge
Moderator cm

10cmx 12 cm,
3cmx3cm

y 3
v

20m - 60m
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Why not build closer to the sourcee

'\:4m2

e Reqal estate
e Background

e TOF Resolution:
(] | F e | | B -:

LLLLLLLLLLLLLLLLLL
OAK RIDGE | 1613, et
atis

onal Laboratory | REACTOR | SOURCE




Neutron guides

e Like any wave, neutrons can reflect

off a surface under certain condifions “’foracﬁon
(see reflectometry lecturel) "
- Low angles, long wavelengths
— Ni-58 layers deposited on glass o e revm
e Invented by Heinz Maier-Leibnitz at Blhy w e N :
FRM reactor e T |
o - g e

Bound coherent scattering length

. H. Maier-Leibnitz and T.
" Springer, React. Sci.
i Technol. 17, 217 (1963)
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Transport neutrons — with guides!

Source
10cmx 12 cm,
3cmx3cm

20m - 60m
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Neutron Guides allow unparalleled Utilization of Neutron
Beams

High Resolution Small/Wide
Angle Neutron Scattering High Magnetic
[HiRes-SWANS) - BL-3 Field Beam Line
(ZEEMANS) - BL-1

High Resolution Powder
Diffractometer (HiResPD) - BL-

Mica Backscattering Spectrometer

Guide hall 2 [MBARS] - BL-20

ILL Instruments

Variable Beam Profile Quite Intense Chopper Spectrometer for Small M gnnanced Wide Angle Laue
Reflectometer (VBPR) - BL-4 SR\ Kinetics Samples (CHESS) - BL-19 Diffractometer (EWALD) -

Reflectometer BL-18
BL-22
(QIKR] - BL-2 TBD
Guide hall 1 Flux-Optimized Order/Disorder 5 — Materials Engineering by Neutrons
SANS (FLOODS) - BL-5 ) ¥ Scattering (MENUS) - BL-17
Wide and Small Angles with Big ' —~ . - Neutron Single Crystal

Intensity (WASABI) - BL-6 = i I Diffractometer (NeSCry) - BL-16

Magnetism-Second Target Advanced < | ) Dynamically Polarized
Reflectometer (M-STAR) - BL-7 = f \ Crystallography (DYPOL) + BL-15

2 - = /V/
) & A Three-axis spectrometer S""";:‘::‘;'"“'l’“'"'l"'“"“ e v 3 Versatile Diffractometer
: ; Al Spociramoter Extreme Environment | 7 2 for Complex Magnetic
Enaronal DR LiTECtomster [SPHIINKS] - BL-8 Multi-Energy Spectrometer with a8 <| Broad-Range Wide Angle High Energy Structures (VERDI) - BL-14

1 Large-scale structure studies Xtal Analyzer (XTREME-X) - BL-9 Velocity Selector Resolution

(BWAVES) - BL-12 Terahertz

O Reactor core
~~Hot neutrons
——Thermal neutrons
~&~Cold neutrons

.eu/

https://www.ll
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X Time-of-flight spectrometer
O Nuclear and fundamental physics
[ Testand other beam positions

J Spectrometer

/ (HERTZ) - BL-13
Vi

INS Instrument for Catalysis
UANUS) - BL-10

e ORNL STS conceptual design



Pictures!

Q

80m Guide for HRPD at J-PARC Multichannel Curved Guide
Fabricated by Swiss Neutronics Fabricated by Swiss Neutronics
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Noft just straight!

L/2 \ / Geftting out of direct line of

sight reduces background
from source

R+d/?2 L=+8Rd

Length of direct sight
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Advanced neutron opftics

e Parabola: focusing

o Elliptic: imaging

A

e Zig-Zag (half ellipses): \

— Imaging + line of sight

LLLLLLLLLLLLLLLLLL
OAK RIDGE | 1613, et

National Laboratory | REACTOR | SOURCE




BUT!

 Angle/wavelength limited

 Liouville is watching youl!
— No free lunches.
— Increase in neutron flux comes with decreased resolution
- Finding the balance is a large part of instrument design

Joseph Liouville

~lcm3

Source
10cmx 12cm
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Other problems: Frame overlap

There is usually more than one pulse in a beam line

It is important (and difficult) to keep track of which pulse started when for TOF analysis

Fast neutrons from one pulse can overtake the slow ones from the previous pulse “Frame overlap”
TOF analysis becomes impossible

The longer the beam line and the higher pulse frequency the worse

TO 1/60t s 1/60t s ‘ 1/60™ s

\ 4

Source
FE Pl

Solution: Get rid of those neutrons (fast/slow/fast+slow)!
Use a chopperin phase with the pulsed source

Select time offset to chose spectrum

Might need to measure twice for full spectrum

HIGH FLUX
ISOTOPE
REACTOR

SPALLATION
NEUTRON
SOURCE

%OAK RIDGE

National Laboratory




T0 choppers

/Fos’r neutrons « Fast neutrons and gammas arrive first after proton pulse
20000 — delivery
17500 - / — hio
15000 - « 20-50 cm thick steel blade attenuates these
S . L
125007 e Requires well-balanced flywheel for good lifetime and
2 10000 - prevention of vibrations
n
G 7500 A
-
— 5000 -
2500 A
0 T I I I
0 2 4 6 8 10
Wavelength [A]
F T n > IF Tl
1/60"'s Unit running at JPARC
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Detectors...

e Several types of detectors

e |deaq: trigger a nuclear reaction that releases an energetic charged
particle that can then be detected (e.g. through an ionization event)

e Requirements:
— Position resolution
— Timing resolution
- Noft sensitive to background
- Cheap
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... and where to put them

Vacuum chamber

/
SANS: o

Wide Q range: /.\

High resolution powder diffraction: | -

Single Crystal Diffractometer:
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DISCOVER (planned @ SNS)

Frame overlap chopper |

TO chopper

Frame overlap chopper 2

Guide
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Second Target Station

High Resolution Small/Wide High Resolution Powder . .
Angle Neutron Scattering High Magnetic Diffractometer (HiResPD) - BL-21 Mica Backscattering Spectrometer
(HiRes-SWANS) - BL-3 Field Beam Line (MBARS) + BL-20

(ZEEMANS) - BL-1

Variable Beam Profile Quite Intense Chopper Spectrometer for Small @ gnhanced Wide Angle Laue
Reflectometer (VBPR) - BL-4 | \. Kinetics Samples (CHESS) - BL-19 Diffractometer (EWALD) »
\ Reflectometer BL-18
[(QIKR) - BL-2

Flux-Optimized Order/Disorder ) \ == 7 ; \ - Materials Engineering by Neutrons
SANS (FLOODS) - BL-9 e o = Scattering [MENUS) - BL-17

Wide and Small Angles with Big 7 LS ‘ == . —— ‘ Neutron Single Crystal
Intensity (WASABI) - BL -6 ' ' e\ B =5 ' Difiractometer [(NeSCry) - BL-16

Magnetism-Second Target Advanced

Dynamically Polarized
Reflectometer (M-STAR) « BL-7

Crystallography (DYPOL) - BL-15

Spherical Indirect Inelastic Versatile Diffractometer

Ktal Spectrometer T T p—— e — - for Complex Magnetic
(SPHIINXS) - BL-8 Multi-Energy Spectrometer with ’ e _ Broad-Range Wide Angle High Energy Structures (VERDD + BL-14

Xtal Analyzer (XTREME-X) - BL-9 > > Velocity Selector Resolution
. i [BWAVES) - BL-12 Terahertz

Spectrometer
(HERTZ) - BL-13

INS Instrument for Catalysis
%OAK RIDGE | g1 8 UANUS) - BL-10

National Laboratory | REACTC.. | ___ __




Like and subscribel

NXS Lecture - Thomas Huegle:

“Neutron Generation, Optics,
Detection and Instrumentation”
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