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What do neutrons do?

Nobel Prize in Physics 1994 - Shull and Brockhouse

Neutrons show where atoms are.....

When the neutrons
collide with atoms inthe =

sample material, they L

change direction (are |

scatt ered) - elastic - ,ij Research reactor
scatt ering. J bt }_j

__,_j ) aAtmsina .
crystalline sample |}
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Crystal that sorts and T
forwards neutrons of
a certain wavelangth

Detectors record the directions
of the neutrons and a diffraction
pattern is obtained. {energy) - mono-

The pattern shows the chromatized neutrons
positions of the at oms relative v A
to one another.

... and what atoms do

Crystal that sorts and
forwards neutrons of
a certain wavelangth
{energy) = mono-
chromatized neutrons
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3-axis spectrometer with -~
rot atable crystals and D\_T"
rot atable sample
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When the neutrons
penetrate the sample
they start or cancel
oscillations in the
atom s. If the neutrons
create phonons or
magnons they
themselves losa the
energy these absorb
= inelastic scattering

Changes in the
energy of the
neutrons are first
analysed in an
analyser crystal...

St

. and the neutrons
then counted in a
detector.
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Neutrons: microns to angstroms!

Human hair

Dut mite

Red blood cells §

Neutl:;an scattering'

DNA
Atoms of silicon
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102me— 1cm

10 m}— 10° nanometers

104 ml— 0.1 mm
100 um

10° mp— 0.01 mm
10 um

Microworld ——

{10 m}— 102 nanometers
Visible
spectrum

>

107 mi— 0.1 um
100 nm

108 mp— 0.01 um
10 nm

Nanoworld

l 10°m 1 nanometer
(nm)

100 m 0.1 nm

4 1 angstrom

Head of a pin

Microelectromechanical Devices

Quantum corral of 48 iron atoms
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We get the dynamics too!
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We can also measure

: o
how things move! _
— 104
ST
N, :5 — 10°
No one length scale, or o "wg 3
- r olymerase S —10® 2
time scale is more €« | 3
fundamental than any e 100
other! Al d g o
Molecule/Bond &
Vibration B
e
Transior Tranter  —10°
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Why Neutrons?

1. Neutrons have the right wavelength
—o(e)) 2. Neutrons see the Nuclei
» M 3. Neutrons see Light Atoms next to Heavy Ones
0@ 4. Neutrons measure the Velocity of Atoms
o 5. Neutrons penetrate deep into Matter

3 6. Neutrons see Elementary Magnets
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Neutrons have both Particle-like and Wave-like Properties

e Mass: m_ = 1.675 x 10?7 kg

e Charge =0; Spin="-

e Magnetic dipole moment: p_ = -1.913 p,

e Kinetic energy (E), Velocity (v), Wavelength (A), Wavevector (k)
E = m_v2/2 = kgT = (hk/2n)2/2 m ; k = 27/A = m_v/ (h/2r)

Energy (meV) | Temperature(k) | Wavelength (nm)
Cold 0.1-10 1-120 04-3
Thermal 5-100 60 — 1000 0.1-04
Hot 100 - 500 1000 - 6000 0.04 -0.1

Room temperature ~ 25 meV ~ 0.18 nm ~ 2200 m/s
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Neutrons see the Nuclei q{,@

H Li C O S

X-rays

neutrons
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How do we produce neutrons?
a. Fission Reactions

n! + U23>—— 2 fission fragments + 2.5n! + 200 MeV
chain reaction .
1 neutron escapes & is

FISSION

1 neutron =——f*3 2 to 3 neutrons
3

|: Example: 20 MW Research Reactor ]

o _  20x10°watts = 6 x 10Y7 fissions/second
No. of fissions/sec = 200 MeV/fission

‘ generates 1.5 x 108 neutrons/sec in the whole reactor volume !
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Swimming Pool Reactor

Thermal Neutron Fission
v~ 2.5

, (Mummm &
CoolAnT
( H O o D,0)

BioLogicaL Dmed

(EORM‘ED Cor RETE, +":'ST|::E-L)

5 x 1018 fast neutrons/sec
generated at 58 MW
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Reactor Spectrum

ERITHERMAL
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Flux Distribution around ILL Core
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* gamma heating [W/g]

50
Fig. 2. Local flux distribution of the HFR as a function of the distance from the core axis.
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ILL Instrument Layout

Gulde hall 2 (ILL 1T}

Reea ctor hall
Level D @

Guade hall | {ILL 7}
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— 520
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INI3 Do CT1
£ Three-axis group
[ Diffraction greup
—= Large-seale seruetura groap
= Rezctor hall X - L~ " . =
) Reactor core Lewal C — |LLinstruments | filled in : operationl A Time-of-lighthigh-reslution group
Hot neutrens — jointly funded instruments { apen : commbssl oning or T+ Muclear and fundam ental physics group
@ Thermal neutrens — CRG instrumeants | under construction [ Test and other beam positions

B Cold neutrons

~40 instruments operating: 12 diffractometers
12 spectrometers
6 nuclear physics

10 special instruments
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How do we produce neutrons?
b. Artificially accelerated particles

\(iii) Spallation with Protons I

SPALLATION

— 2. Inter Nuclear Cascade

Up to 40 neutrons
per incident proton

3. Evaporation

7
1. Internal Cascade | = .
EvATORATION N\ — —. 1 CrscADE \

97 % g o N éo
B 7 (et domiraies
o Shisldung
g requicemends D
§:d“'

RE.AC‘TOQ g 0o
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The Spallation Neutron Source

e Construction
completed May 2006

e Room for eventual 25

instruments
spanning physics,

chemistry, biology, &

materials science

e SNS will become the
world’s leading
facility for neutron
scattering

e Upgradeable to
higher power, 2nd
target

Central Halit ~32

Liquefaction':
Building 4

Radio“Fréquency

~ Supbort £
Buildings

Central "La-boratory

/\<"\
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Linear Accelerator

AN
= 2\

SPALLATION NEUTROM SOURCE
- 7 ~,

\l J

UT-BATTELLE

U. S. DEPARTMENT OF ENERGY




Mercury Target
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SPALLATLON NEDTROM SOURCE

UT-BATTELLE U. S. DEPARTMENT OF ENERGY o T~




You can teach the robots anything....
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Monolith — October 2004
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Spallation Neutron Source i eém
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How do we produce neutrons?

roton e P
®P 4 - ..-‘:,d‘ -"‘I'\i_g ¢
4 neutron o Jhu‘:‘-. 4

™

Vi

e .f?;r} -J';‘:*-:;;"ﬁ":ﬁ“é;:.) FlSSlOn .
aa. :!'- » . k-:"'t\._.; o ® Chaln reaCt|0n

ro

chain reaction h
pemal ) S80S  asieus e continuous flow
neutron - . .

.,-E;J s e » 1 neutron/fission
A excited nucleus
: ¢ 180 MeV/neutron
inlra-r:&claar Irletc-;;mbﬂl'
casca cascade -
L g~ Cead Spallation
3 cascade 9, ; :
‘_) e no chain reaction
' ® pulsed operation
£ 3% e 40 neutrons/proton
— "IL‘: 4
T ¢ 30 MeV/neutron
highly excited
nucleus evaporation
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Higher neutron Fluxes?

Reactors have reached the limit at which heat can be removed from the core
Pulsed sources have not yet reached that limit and hold out the promise of higher
intensities

MTR NRU  HFIR ILL

-—

o
—
(%]

HFBR  KENS ¢, LANSCE
ZING-P'0~ IPNS
Tohoku Linac_ / ~ SINQ

-

o
=Y
N

-
(=]
w

cp-2
Berkeley 37-inch ~* 1 ~p_ .
cyclotron ¢ <L, T Next-generation sources

Fission reactors

Particle driven (steady-state)
Particle driven (pulsed)
trendline reactors

-
(=]
=)

'::.'. 0.35mCi Ra-Be source

trendline pulsed sources
100

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

Thermal Neutron Flux (n/cm?-sec)
=)
(¥ 9]

(Updated from Neutron Scattering, K. Skold and D. L. Price: eds., Academic Press, 1986)
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What do we measure?

Detector

1ol 1

Sample " osf ]
oo UM

04l purt ]

2 . 4 . 6 . 8 . 10
Q/A*

Q =k¢- k; Wavevector transfer

i kil =1k “Elastic” scattering 1(Q)
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What do we measure?

Detector

150
1Rb,H(8e0,), / 500 K
INEAT /2, =62 A
k k E | angle group 18
LASRRA 100]Q=1.86 A"

o |kf|5F|ki|
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Q=ki-kK
ho = E;— E; Energy transfer

S(Q.w) [au]

50

T T - T =t
-0,2 -0,1 0,0 0,1 0,2

energy transfer [meV]

. Wavevector transfer

“Inelastic” scattering 1(Q, o)
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What information do we get?

| (Q,&)) n b(:20h ? NS(Q,&))

S % [[6.(F, e @ drdt

Inelastic coherent scattering measures correlated motions of atoms

Inelastic incoherent scattering measures self-correlations, e.g., diffusion
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Determining the Wavelength

time-of-flight crystal monochromator
(TOF) (Bragg diffraction)
pulsed L detector
source :
D Ey --fi) ----- source
sample D
4000 4000 (t-t,) _ 2d; sin(0g)
= = 22 M=
Y L n
OA ~ Oty, O, oL oA ~ od., 005
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Differences between TOF and steady-state

Steady-state

- uses single wavelength Neutron

- bandwidth (bw) = resolution width (res) | Source Spectrum
- range of data requires multiple angles I_ﬂ

t W - Alpes = Alpw
A
)

TOF
- uses range of wavelengths
- bandwidth (bw) >> resolution width (res) Neutron

’ Source Spectrum
- range of data at single angle |
fi'n..i'.bw o T

*J /\f—.ﬂ.ﬁmgﬂ AT | \
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Diffraction instruments

Detectioh
Plane

Array of 9 .

eaC Or Microstrip “‘ﬁ«-""“"“m“’“
R t Detectors \ M .

i T 9 E a :’ﬁ s :
Shielding ’ Rl . ~
-\i \ W o5 .:':p. _ = i o

Monochromater

beam line 5
shieldi
Neutron
Beam

Secondary
Shutter

detector
coverage .

Spallation source

instrument
shielding
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Inelastic iInstruments

Reactor

Spallation source
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Triple Axis Instrument at HFIR
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SNS Backscattering Spectrometer

OA RIDGE NATIOL LABORATORY /SNS
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Major Facilities in North America

The North American Neutron Scattermg Center

Propunb .-.-..-mnmc.m
Mrastran Ream Crmere are arrepeed anil
wchadided ot 3 conbimeng bast. Uposn récest.
of the proposali. a fodal scentific contact 4

The NRU Reactor
The NEL reactor st

The Intense Pulsed Neutron Source (IPMS) at Argonne Mational Laboratory(&:

IPNS Instrument Suite

+ Co-tocated # Argomra Mational Laborstory
eith the Avancerd Phocrn Soerce (APS)
B e
characterration |coupled 5-CH,)
* Qv ating xontmunly snce 1981
LIS Department of Eneegy Nitsoesl
U Facihty, with users represtnting
wrharat, industral Conponatens,

- v
faboratores throughout the US and
veren

T2 Further bachground song with

2 comact information lound at

B www.pns.anl.gov unlatca

pr——

LANSCE pruviche 0 e oy of coptdotn by s i
b 1w e, el pr-aen o v e e
Pt srengos ezl g bors e v hurbch of MY
o s M Sy o b 100

e i iy e o A P S
e i N e ey
o rmrtion o b ek, 1.3, b B v,

- e P —

.4 b ok gty By Ak, e s o

Iy w-ru-ml
i
pmtrmresr

mb‘namnmhd‘nwﬂ!w&um or 1o sebeit
n-wmnd'«hm.im ;dn-.-.lw-.«n-a

i, o gy s s ko o i
e ey ko ko k. A b e

LOBAIMES e sy b e
SRS =R

OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

[T iyl
et el i i i ke bt

NIST CENTER FOR MNEUTRON RESEMCH MNorth Amerlca s major source for cold neulruns
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M High Flux Isotope Reactor (HFIR)

Center for Meutron Scattering
OAK RIDGE NAIONAL LABORATORY

The HFIR Center for Neutron Scattering at the Oak

Ridge National Laboratory is the highest flux reactor-

based source of neutrons for condensed matter

research in the United States. The Center is a national

user facility operated by ORNL for the U.S. Department

of Energy. Thermal and cold neutrons produced by

the HFIR are usod o study physics, chemistry, materials

Spallation Neutron Source at
Oak Ridge National Laboratory

A 1.4-MW spallation source funded by
the U.5. Department of Energy will come
into cparation in June 2006

=17 of 24 instruments approved; 16 under
warious stages of construction

*Adjacent to the Ganter for Nanophase
Materials Sciencas

For additional information, visit
hitp:/fwww.sns.gov
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