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Why neutrons: neutron characteristics and neutron scattering
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Radius of nuclear force: 10-12 ~ 10-13 cm
Wavelength of neutron: 109 cm
Atomic distance in sample: >10%cm
. . 27i°
Fermi potential:  U®=——bs(r-R)
m do _b2
U(Q) =be"* dQ

a spherical symmetry

b: the scattering length, a property only of the nucleus of the the scattering
atom and its spin state.

d’oc
scattering function: JOdE o« S(Q,E)
S(Q E)_W%J- Z< 'QR(O)e'QR (t)>e IEt/hdt
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Target Station of spallation neutron sources
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Neutron Source Design

» Neutron scattering instruments can be designed to work in
continuous mode or in time of flight mode.

e There is no one instrument that can cover most of the
Q- space with sufficient resolution and flexibility.

* Instruments have varying requirements with respect to spectral
properties and time structure.

« This is why instrument and source designers have come to interact
ever more closely in conceiving new systems (not so in the early
days of reactor development).

PS‘83:>|PO (S ‘:{>lPO’:>|SD‘DP

—  How far should one go in this philosophy?

Prlmary A AT A AN N A LY ) J 1 IVAI bample and 1 1 1IAJI N Ulv 1l Data.
source source space sample Space detector processing
operators environment operators
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Neutron Yield of Different Nuclear Reactions

Nuclear process Example Neutron yield | Heat release
(MeV/n)

D-T in solid target 400 keV deuterons on 4*10™ n/d 10 000
Tin Ti

Deuteron stripping 40 MeV deuterons on 7*10 n/d 3500
liquid Li

Nuclear photo effect 100 MeV e  on “**U 5¥10° n/e’ 2 000

from e -bremsstrahlung

°Be (d,n) °Be 15 MeV d on Be 1 n/d 1 000

°Be (p,n;p,pn) 11 MeV p on Be 5¥10° n/p 2 000

Nuclear fission fission of *°U by 1n/fission 180
thermal neutrons

Nuclear evaporation 800 MeV p+ on ***U 27 nlp 55

(spallation) on Pb 17 n/p 30
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Neutron Spectra from Different Nuclear Reactions
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Visualisation of the Spallation and Fission Processes

L Caicade
- = panicle (¥
Intra nuclear ~ ' . -Q'__
~ cascade , Jo &
' o Inter nuclear
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pnmary Lead - CaSCade
particle. |
e
~1GeV
Spallation
- ~ Highl
| ' n'ucl_e_‘u_:s
: Fission:
~ Slow ; _ & 0y
neutron o ey
. Splitting of the excited nucleus

Chain reaction via
moderated neutrons

@ Proton

O Neutron

eSpallation

* Nno chain reaction

e pulsed operation

e 35 neutrons/proton

e ~45 MeV/neutron

*Fission

» chain reaction

e continuous flow
* 1 neutron/fission

180 Mev/neutron
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Spallation neutron yield and angular distribution

|| ----Carpenter: %
Y(E)=0.1*(A+20)*(E-0,12)
- | === =Vassil'kov et al:
~ Y(E)=29.3"'E"0.75-8.2
0 1 2 3 7 8

Energy per nucleon (GeV)

Measured neuron yieI‘d from thick
lead targets
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Choice of proton and its energy

Total Neutron Yield (n/p)

Neutron Production by Protons on

Lead
70
60 1 Y(E)=32,5%(Ege)”"” - 8/ +
50 +
40 - —> +
30 +
20 | Y(E)
—Y(E)E
10 +
() \ \ \ \ \ \
O 05 1 15 2 25 3 35

Proton Energy (GeV)

Yield per Unit Energy

(n/p/GeV)
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Arguments for higher
proton energy:

Easier to accelerate to
higher energy than to
increase current (in
particular with circular
accelerators)

No Bragg peak above 600
Mev

Radiation damage in
target and window
materials scales roughly
with number of protons
per unit area, not with
beam power.
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Target Material and Shape

Cylindrical (6 cm, L cm)

(16.23, 60), (12.36, 60) Rectangular (W x H x L cm”)
(14 x9.88 x60), (24 x 6.44 x 60)

100 ¥ 1 1 I 1 1 I I I 1 1 I 1 ‘ 3 I I I

—_ - - Proton beam
E - - (uniform g
© - 7 distiribution) g8
S |- -
= - -
= . il
5 L -
o i -
T e ~— —  roton beam shape
E i | ylindrical (¢ cm) 13.23, 9.36
o B | ectangular (W xHcm?) 10x6.88, 20 x 3.44
= | i
S 40 —
) 0.04
§ i ] = r I 14“"39 BB'" em’(Hg) ]
0 i i £ : S 24%x6.44" cmz{HgJ -
Z - 1 £0.03 - 314"":;9 88'" cm’(Pb-Bi)
% 20 — “E e 24% %6441 cm’(Pb-Bi) 1
E . - ‘EUUE ——¢]236cm(Hg] -
= i 5 N 12.36 cm(Pb- Bi)]
- E 3
= - . E
@ 0 P R T N TR DR N RN U SO S S B R R E 0.01 _.
= -
o .
0 ! a 3 4 < 0-|II|I||ll||lll|llll|lJ_j|-
Proton Energy (GeV) 0 10 20 30 40 50

Distance from incident surface (cm)
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Neutron Moderation
* Moderation of neutrons occurs by collisions with moderator atoms

* In each collision a constant fraction of the energy is lost

« “Logarithmic enerrg)i decrement”: A is the atomic

& = InE,-InE, 1for A=1 number of the
iz 2/(A+2/3) for A>1 moderator atom

* Number of collisions x required to slow down from energy E, to E;
X = 1/E*In(E,/E,) for = E, 2MeV and E;= 1 eV: x =14.5/¢

Parameter Element

H D Be C @) Hg Pb
A 1 2 9,01 {12,01| 16 | 200,6 |207,19
o, (1024 cm?) 20,51 | 3,40 | 6,18 | 4,73 | 3,75 | 26,53 | 11,01
p (g/cm3) ) 0,07 (0,263| 1,85 | 2,3 | 1,13 | 1355 | 11,3
X, =N*s, (cm?) | 0,86 | 0,27 | 0,76 | 0,55 | 0,16 | 1,08 0,36
& 1,000 | 0,725 0,206 | 0,158 | 0,120 | 0,010 | 0,010
1xX(2MeV->1eV) 14,5 | 20,0 | 70,3 | 92,0 | 121,0 | 1460,1 | 1507,9 |
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Neutron Reflector

« Similar physical procedure to moderation of neutrons, i.e.
reflection occurs by collisions with moderator atoms

* Requirements:
e Large scattering density
» Large-angle scattering: larger mass than that of a neutron

» Large energy loss to shorten the slowing-down time: not too

larger mass
p(gcm3) Mol mass | ¢ ((102®m?) | No (cm?) | &
H20 1.0 18.01 44 .4 1.485 0.925
polyethylene | 0.918 14.01 45.3 1.765 0.913
D20 1.1 20.03 10.5 0.347 0.505
Be 1.85 9.013 6.1 0.754 0.206
Graphite 1.6 12.01 4.7 0.377 0.158
Fe 7.86 55.847 11.5 0.930 0.035
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outline

Instruments of spallation neutron sources
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Schematic instrument layout at pulse source

sample

Epallaim} S -
source w
detector array
sample
llitll
Y ’
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Cletector array
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TOF data collection

Detector

150
1Rb H(SeO,), /500 K
INEAT/} =62 A
r E | angle group 18

’ 100_Q=1.86A‘|

LX

S(Q.m) [au]

Sample 50_‘

-0,2 -0,1 0,0 0,1 0,2

energy transfer [meV]

Q=k-k Wavevector transfer

ho = = — E; Energy transfer

ke|= | k|  “Inelastic” scattering 1(Q, o)
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Basic components of TOF spectrometer
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REIBT: BBNPASENTEIED, WINREKIIREIGI T
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Neutron guide

ot v h3ISE: AP
o RAIRIE, K

ATFHEIDEEKE. &
T g o —sz EET e =
| BERND T ImFESN

S|SFFmER, B
D P EERK,

Cilas

Osmic
Swissneutronics
Mirrotron

&EE%ﬂMm&KHEL%F%@QE&
KA KNS EBEER
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Neutron detector
BNES: AkBIWESID S, St Ees, 18%!3%%55?@
DIBRDRE (BE2), BNERIQ, o). FNESH N RIFNes
—4EF0 4N B RBURNIES S,

£
AR 25
W%%W%
o ARG 2%
= Reuter Stokes
= Canberra

RBIRA: DI RS SOBBIRFIRICK
3 FPBK
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Data acquisition

HEREF; R

162 ER SEMERS
B 2 B 2%

Il

1645 #t
EiEE AN

MPSD-16

E-Bus1 |

E-Bus 2
E-Bus 3

LRl

BIEXSADTARS : SIRSYRIUENRE, B BHF——
TR, EIEAE,

Ethernet

POMIEBIT: 10,000
[Nig®@E: 6,000

BEKPEE: 6x107 (I
Bh450, NEIEE1X0.25Gb)

DPERIE
AT BEIF—
HIEIBIE
HEEFH......

REEN : 1B EMEBIERM; BEIHIEIRRICK. RIAEH
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outline

CSNS
(H B+ FIF)
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30T CRANE

User%ab

No.1 Instrument Hall % Hot Cell
Ve 50T CRANE
Walkway

'Service Area

Equip. Passage

B _ Basement

Passage

Gas Room

No.2 Inst t Hall
//, 0.2 Instrument Ha

Helium Compressor Room
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Parameters | Phase | | Phasell | PHASEIII
Beam power on target (kW) 100 200 500

1;___35 Y on target (GeV) 1.6
= \}er fi-.—*- eam current (nA) | 62.5 125

g ul;e)re—petltlon rate (Hz) 25

_.—F—ﬂ-

w%/ﬁii

Target 1; Tungsten lor 2
Moderators | 3; LH2(C), LH2(DP), H20(D )

Reflector Be

By "'"f__\ ,é.'ﬂ Nt ron instruments 3 20
PIEEENBAIo! in hall (uSv/h) 25
SANOPC ation  (hrs/yr) 5000
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FHERIRP TR

Tungsten cladded by

Material 0.5 mm tantalum
607.5 mm (tungsten:

Length 570 mm; tantalum: 15
mm; heavy water: 22.5
mm)

Cross section 50x130 mm

Coolant

D20O/H20, l.5mm
channel

Target container

8mm SS316 (2/4mm
for incident window)

Tungsten Target

Joint Flange —

Target Shell

Beam footprint: 40 mm X120 mm,
Gauss distribution in two direction,
FWHM: 20 mm X60 mm.
Inlet velocity : 300K, 3.2L/s
Outlet pressure: Obar,
with reference
pressure 4bar
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FRERIZRP IR

thickness

Steel reflector Beryllium reflector

DWM

March19, 2010

coolant

view surface

water

premoderator 20mm

thickness

view surface VxH |100x102.2 mm
DPHM hydrogen volume | 120x120x50 mm 20K

hydrogen vessel

thickness /mm

view surface VxH |100x102.2 mm

poison position

offset from center Smm

poisoner Cd/Gd 0.5mm

decoupler Cd/ B4C 0.5-2mm
DWM water volume 110x110x50 mm

water container Amm

thickness

decoupler Cd/ B4C 0.5-2mm
Reflector | Be reflector @ 700x800mm

Fe reflector 1000x1000x1000mm

D20/H20, 10%

volume fraction
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_ Dose control | < 2.5uSv/h
e Installation |50T crane;

11409
HYDRAULC DRIVER

i el | Gaps: 10mm for the fixed
| | blocks and shutters, 20mm
| | B & 30mm for Helium
| - | Vessel and side & top
| R | .
| i ] shielding

10 Fixed blocks | Base plate, PBW interface,
- E ‘Nﬁ He-vessel interface,
Wi neutron port interface

== — Shutter dose control: 10 1 Sv/h at
4 — 10 m from the moderator;
s SS316
Shutter 400mm travel in < 2min;
driver reproducibility: 3mm

| B
‘ | | Base Plate(80T) b
[ | [ [ )

CARBOMN STEEL
HD COMCRETE CONCRETE I:l CAST STEEL CARBOMN STEEL .FABRICATED —— . ATHERS

873

Lny
BEAM LINE SHELD Bl
UPPER MODERATOR s

=

SHUTTER BASE ||

200
|
¥

mie
[

|, 15
[

504

Block shielding:
5 m steel
+ 1 m heavy concrete

March19, 2010
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Reinforced Concrete
3 Cast Iron Base layer
N

243

1500

Foundation Waterproof Concrete
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 Average temperature :

the cryogenic system flow diagram.

FRERIZRP IR

< 20K
Temperature difference :
<3K
Para-hydrogen :
> 99%
Operational pressure:
1.5MPa
Flow rate -110g/s Flow rate 87.1g/s
HX Tt HX
14.9-20.9K Temperatur |18.5-21.7K
Temperature e
: Operational Hydrogen | Operational
Helium 0.12- : )
Refrigerator pressure of 0.75MPa circulation |pressure of |1.5MPa
compressor system compressor
Design 2.5MPa Design 2.5MPa
pressure pressure
Refrigerator 2500W/21K Heat 2400W

capacit removal
March 19, 2010 Page 5
6
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Goal: replacement,
transport and final storage of
contaminated /activated.

Principle: as low as
reasonably achievable
(ALARA) , for all personnel
and contamination control
operations

Hot Cell hatch Stair Well

1000 450

= L3000
T F Tk,AA
|

I
3000H——————————-
! |
1500 ]
I

| Service
| Waste Storage Area  Area g I
! Hatch = d‘
| —

1 - 19000

| Pipes
% Collected

Sl Area

| il

|

|

|

Equipment Area w 3

6500

4500

16000

——————— R
| .
L|! Equipment | Maintenance
S| Detecte ! Room
| Room !

***************************

10000

‘ Target Station

March19, 2010

N N A
| — g — j
| | S0 Basement!
| Tu#mel | | B
| P 4SRN SN S |
1
}J

AR EIRER AT IR
Design Maintenance
lifetime time
A: Key Component
Target 3-Syears (10dpa) 10 days
PBW 5 years (10 dpa) 10 days
Shutter >2() years 10 days
Helium Vessel |>20 years 10 days
(neutron window)
Moderator 3-5 years (poison 10 days
material)
Reflector >2() years 15 days
B: Normal maintenance
Cooling water 1-2 years 3 days
system
Monitoring 1-2 years 3 days
instruments
Routine Half a year 3 days
maintenance
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*

Engineering PND Y4

Target Cooling System / 7 /High resolution PND

Low energy DG spectrometer
.
4 -’

Long wavelength PND

Neutron physics

Spin echo spectrometer

eV Spectrometer/image

Liquid reflectometer

Multipurpose reflect@

High pressure PND / Cold neutron image

High Resolution DG spectrometer Proton beam @ngle d|ffracto@

(PND: Powder Neutron Diffractometer; RG/DG: Reversal/Direct Geometry)

Single crystal diffractometer

Low Energy RG spectrometer?” /

Moderator:

— = = D+P, LH2 e C,LH2 — « = D, Water
(20K) (20K) (300K)

March19, 2010

Page 5
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Moderator

decoupled
moderator (300 K),

water

Bandwidth( A A)

4.5 A

300

Max. Beam Size

INeutronp Coun

40(h) X20(w) mm

200

Flux at sample position

~107 n/cm?/s

Best Resolution(Ad/d)

0.2 % at 26=150°

/

Detectors Beamstop

Guide Taper focus, m=3
Source to sample distance L1 30 m
Sample- 20=150° 1.5m
detector 26=90° 2.0 m
distance L, 20=15° 3.8m
Neutron Guides Sample

I

Distance(m)

FRERIZRP IR

izontal Derection(cm)

T T T T
A/‘ \A/ :

20 |

0.0

0.5

—a— 29=15°, L.2=3.82 m, 25 cm?
—e— 20=90°, L2=2.0 m, 1.25 cm?
—=— 20=150°, L2=1.5m, 1.25 cm?

o/-:
—

1 N 1 N 1
05 1.0 15

d-spacing (?)
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CHINESE ACADEMY OF SCIENCES

FRERIZRP IR

Moderator Coupled liquid H2 (20 K)
Bandwidth (A A) 6 A
Guide Bender+Sraight+Taper
40 X 60 — 20 X 30 mm?
Source to sample distance L1 | 19.5m
Sample to detector distance L2 |2 m
Sample table 6-axis movements
Polarizer/analyzer Supermirror type
Detector 2D position-sensitive detector
\ \ Position resolution: 2 mm
\ Focused guide
Moderator Bender \ Straight guide Sample
_‘ 0.25m
1 —— —S T D
/ Choppers II/_III . 2?01m
Target shielding /Pre -shielding P0|anzer Sp'n Fl'pper Analyzer
| | | | | | )
0 3 6 10 17 19.5 215

Page 6




Moderator Coupled hydrogen
(20K)

Moderator to  sample|{14 m

distance

Sample to detector distance |5 m

Detector
Effective area 50 X 50 cm?
Resolution 1 cm (FWHM)
Distance to sample 1~5m

Working wavelength range [0.4-8 A

g range

0.004-3.4 A-!

March 19,

Target Shielding Targa Pre-shielding

Bearnline Shielding

i1

FREIRI SR IR

i

Collimator Monitor  TO Chopper slit

Banchwidth Chopper

Ilonitor Sample

slit

o
_ﬁ’&%«««

\

Scattering Chamber




« Experimental control

7
( SNS
CHINESE ACADEMY OF SCIENCES

FRERIZRP IR

To control the behaviors and monitor &

the status of the devices of the target -

¥y

station and instruments

3 layers:Global Control, Local Contro
Front End

EPICS:software frame

PLC (Yokogawa): frontend unit

 Experimental utility

— water supply & drainage system

— ventilation & compressed air system

March19, 2010

power distribution system

000

Passage

5000

10000, £000,

T
1000

\

LO0T,
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« TMR neutronics optimization:

— MCNPXx
— database and scattering kernel from ENDF / Sab2002/ Lal50
ENDF/B-VIl —=>| quov m
 Shielding: T
— MCNPx, DOORS MATERAL — fiRavex] gs’iﬂzE

— Cross section library HILO2K/ HEST1.0 T QIG_H_F:UGO

d ACthIatlon and afterheat UNCOLLISIONFLU)(

GEDMETRY:— DORT f

— LAHET /MCNP4C or MCNPX: ﬂ

DOSE FIELD DISTRIBUTION

spallation reactions and particle Transports;

— CINDER’90: activity, afterheat and decay gamma rays of the
radionuclide,

— MCNPA4C: the dose rate induced

March 19, 2010 Page 6
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e HIP
— temperature of 1500° C, pressure of 200Mpa

— Good interface bonding achieved

W block Ta coated HIP Ta cladding SEM interface image

 Plasma spraying

— Small gaps in um order

SEM interface image

— further process underway

March 19, 2010 Page 64
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8-tube column 4-column array preamplifier

e 2D MWPC and its electronics

By R e

t] " 2 1]
"M 4 Gmm-width Custip J"!q g
:\;-prniwlinu \'-pm\wiau

design fabrication MWPC strip readout MQ
e Scintillator detecors

— Finish its preliminary design, start scintillator ordering

March19, 2010 Page 6
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Phase set: 1ms
Phase error: £ 25ps

| Freqi1 1 No edges | Pkl | 208V | A1 F2 5) 1.048ms |

I I T |
Photograph of the prototype machine Phase control on the chopper mock-up machine
Chopper Disk Control cabinet
Neutron Beam ™ 7 1
_— Touch Control
Screen
1 Sercos Il
i Encoder y
— Driver —
Roter u uvw Local Control Computer
Vibration &Temperature sensors . Rexrth
indradrive B
servo driver _
Timing Signal L @
U Real master axis i %

encoder input

Vacuum Vessel

Neutron chopper control system on the
Mixture of B,C micro powder and TS811 epoxy resin prototype machine
March 19, 2010
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Red: No.4 (08-11-19)
Blue: No.5(08-11-21)
Green: No.2 (08-06-20)
Pink: No.2 (08-07-04)

R=90%
|
08 - R=85%
2 R=70%
S 06+
3
B 04 -
s
| 0'2 B
N p” 3dmeasurement oo VR
+ g \_ywe .
[ 1% “ " (12/2008) 01 02 03 04 05 06 07
X ks Q(nm ")

o % % A
i 28 4 .
VE : Page 67
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® Five CSNS User Meetings/Workshops on Application of Spallation
Neutron Source have been held since 2004

— User Committee has been set up

— discuss and review the design of 3 instruments for CSNS
phase-1 project

— a better understanding of special needs from the potential
users

® CSNS started to support some users for training at foreign neutron
sources in 2005.

March 19, 2010 Page 6
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FETRE

o P BUSHRRTIUA E MO S5 ) S5 A A B I R AT AR G T L

. CSNSEHiREZRE KNS ERPIITES, 5RSEN LT
(I Edg. JEERIAIEEIE) KRN HET N, DL RS R 45
T, . ME. EZ. WE, (222 Rl 8 TR,

e CSNSE—IURE. BIMEESITHI TEZ X
MBLEHRIH, HNRESHRHFEAR.

Thank You !
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