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PART 1

 Background for neutron course

« Neutrons properties and their interactions
 Applications using Neutrons

PART 2
* How to generate intense neutron beams
« High power proton linear accelerator

PART 3
« Examples of world-wide neutron sources
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Steaclg-state Neutron Source
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swwo Institut Laue Langevin, Grenoble

A S8MW High Flux research reactor oPtimized for
neutron studies of condensed matter.

Thc most Powemcul steaclg state neutron source In
the Worlcl.

Joint|9 owned bg Britain, France and Germang (with
SWitzerland) Austria, ltalg, SPain and Russia as minor
Par‘mers)
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SPeLLAT Neutron Production CPI

»

The l9th lager of gra hite coverin lager
18 containing slugs o{'Puranium oxic%e.
Parts of the wooden scagolding and
surrouncﬂing balloon cloth also are visible.
The complcted Eile contained 771,000

\J ’ _ - Aod® g = PouﬂAS O]CgraP i’CC, 30)590 Pouncls O1C

uranium oxide and 12,400 pounds of
uranium metal when it went critical. It cost
about $2.7 million to Produce and build.

A s _ 1 & The Pile took the form of a flattened

WK e LAy = s e”iPsoicﬂ which measured 25 feet wide and

20 feet high.
Chicago Pile 1,2/12/1942 cetns
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EUROPEAN SINQ SPa”ation Neutron Source
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575 MeV, 1.8 mA continuous
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« larget wheel: 33 ISIS like targets

SPRLLATION
Sounce

Same radiation load as ISIS and Lujan Center

CD — Neutrons Sources ASP2012 — July 31, 2012

13



EUROPEAN
SPALLATION

il SOURCE

Pulsed Neutron Source
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SINQ, PSI) near
Vi”igen, CH

m— -

e

1515, RAL, near Oxford, UK SNS, ORNL, near nowhere, USA

CD — Neutrons Sources ASP2012 — July 31, 2012
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Front-End Building

- .

@\\‘\ ~— Klystron Building
\ r— Linac Tunnel
jj"‘% >

Central

Helium
Liquefaction

Building S

Radio- ~
Frequency
Facility
Support
Buildings

Central Laboratory
and Office Complex

SNS Oak Ridge USA [ B

CD — Neutrons Sources
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s O ECD: «high power sPa”a‘cion source in global region »

| SNS Oak Ridge

CD — Neutrons Sources ASP2012 — July 31, 2012
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SNS Oak Ride
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ASP2012 — July 31, 2012
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a spaLaTION Beam Performance — cold neutrons
-~ ILL hot source || —=—ESS: bispectral thermal-cold
-=-= |LL thermal source —— SIS TS2: decoupled cold moderator

~—-— WISH ESS: effective for reduced wavelength band
— WISH ISIS TS2: effective for equal RMS resolution

Peak source brightness [n/em’/s/strA]

1011 :

Data sources: Wavelength [A]

- ILL Yellow book

- ISIS cold (solid methane) moderator, generously estimated (up to 5 times ILL!) on the
basis of benchmark experiments at Los Alamos cold moderator (liquid H,). No published
ISIS data available.

CD — Neutrons Sources ASP2012 — July 31, 2012 19
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O

. SUPerconclucting Proton Linear Accelerator (500 m)
e 2.5GeV Proton Energy

50mA (2mA) peak (average) proton current
e 357kJ/ pulse

2.86 msec Pulse |ength
e 4 Hz Pulse Frequencg

|

71.4 msec Periocls between Pulses

* SMW Proton beam power | metre

Si ngle Target Station
* Rotating Tungsten, helium cooled

22 instruments

. High reliabilitg, low losses \ /
CD — Neutrons Sources ASP2012 — July 31, 2012




The view to the South-East in 2025

Oresund briclge

Copenhagen




EUROPEAN
J SPALLATION ,
The ESS Headlines

« £SS will be the world’s best source of slow neutrons ]39 2025
e ESS will Procluce its first neutrons in 2019

« E55 will cost 1479 M€, 5 to construct

ESS will be different

Sustainabilitg & Environmental Responsibilitg
Harness Innovations

Excellent researcher suPPort
Person-centred

Pre[:)are for the future

“More than simplg neutrons”

CD — Neutrons Sources ASP2012 — July 31, 2012
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O

Swe&en) Denmark and Norwag
50% of construction costs |7 Partners toclay

Spain, France, Germany, ltalg, UK, Switzerland, Hun%arg, Czech Republic,
Poland, Netherands;-Estonia, Latvia, Lithuania & Iceland
the remaining 50%

CD — Neutrons Sources ASP2012 — July 31, 2012
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5 Billion Euros:
SOURCE Biggest investment in Science ever in Scandinavia?

O

However, Tgcho Brahe’s S?émeborg costed the Danish
kingl% of the state buclge in 1580.

In modern time, clfncini’ce]g YES!

Or you could for 1.5 Billion Euros pay the US bankers
bonuses for 24 dagsl

CD — Neutrons Sources ASP2012 — July 31, 2012 25
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Cost of sddar heater M2 5,000
Cost of dectric heater Wz 2,000
Bxdra cost for sdar heater

_meg o>

fdl 120 litre tank
costs doout MBS

Onewear ~ 5% 15— %91‘75
th tass daout(é‘ia;r%o apt bad, 64ra cost

M then hegting costs you rothing!

U




T Innovative E‘nergg Policg
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£SS Encrgg Management Strategg

ESSS Encrgg Managcmcnt Stratcgg

- Dcsign

- OP’cimiscd

[ ] Recgclecl

Power MW
N
O

[ ] Consumed

Design OPtimised Recgcled Consumed

Aim to reduce operations costs bu ~9 M€ p.a.

vvasie neat re-use




@ spaLaTION This is how it is usua“g done
Elec’tricity
T i consumption:
1 %50 GWhr/ year
ctrical Supp) L1 s
Electrical Supply ~ Heatine Suppl
Carbon Dioxide: = Z2 P Car OﬂPP J
150,000 tonne/year = @ Dioxide:
| 15,000 tonne/

% gear
b/

CD — Neutrons Sources ASP2012 — July 31, 2012



curopesn This is how ESS will do it in 2020

O

SOURCE
Link to the A
e
Renewable - -
T Responsible
Carbon Dioxide: E .
Carbon Dioxide
120,000 tonnes/gear
save

Recyclable

Carbon Dioxide:
15,000 tonnes/year
saved

CD — Neutrons Sources ASP2012 — July 31, 2012
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zz:f;i‘::,, ESS Layout and Energy Usage

Klystrons

€-01 Fenerel

VIW

Liquifiers ‘
69 GWhl/y D g

Instruments
5 GWhly

Target station
11 GWhly

* proton highly excited
® neutron nucleus

evaporation
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J-PARC

JaPan

ASP2012 — July 31, 2012

-32-



SpaLLATION J-FARC - FARAMETERS

SOURCE

Preliminary design of SC proton linac

Design Parameters ACS Facility

Energy 400-600 MeV — =
Frequency 972 MHz ,
B 0.71-0.79 600MeV
No. of Cell 9 cell/cavity
No. of Cavity 2 cavity/cryomodule
No. of Cryomodule 11 cryomodules
Length 57.7Tm i
Surface Peak Field 30 MV/m
Accelerating Field 9.7-11.1MV/m
Synchronous Phase -30 deg —=] : F
No. of Klystron 11 klystrons j / /
Total RF Power 10 MW R
Loaded Q 500,000 400MeV

CD — Neutrons Sources ASP2012 — July 31, 2012
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Jomt Prolect between KEK and JAEA

=S Hadron Experimental
Facility

Materlals and L|fe Smence Experlmental
Facility (MFL)

Transmutation

Neutrino
Q Experimental
- Facility

\ \

3 GeV Rapid Cycling @& 50 GeV Main Ring
Synchrotron (RCS) ' Synchrotron (MR)

\ = (25 Hz, 1MW) v (0.75 MW)
B J-PARC = Japan Proton Accelerator Research Complex

CD — Neutrons Sources ASP2012 — July 31, 2012



spaLaTION J-PARC : Accelerator Complex

Experimental Area
3 GeV PS
Phase 2

(25Hz)

el 5Gev S
Experimental Area
Linac
(Superconductin\g)

Linac 50 GeV PS

(Normal Conducting)

Neutrinos to
SuperKamiokande

— Phase 1 + Phase 2 = 189 billion Yen (= $1.89 billion if $1 = 100 Yen).
— Phase 1 = 133.5 billion Yen for 6 years (= 2/3 of 189 billion Yen).
— Construction budget does not include salaries.

CD — Neutrons Sources ASP2012 — July 31, 2012
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= Sccondary Particle Produccd at J-PARC

O

Pion (r) » IMuon s I

Target Nucleus 1@ mouv
Proton (p) : "0 F\Jeutrino (v)

Neutron (n)
“j Kaon (K)

o . “ % Anti Proton (p)

Proton (p)
3 GeV, 50 GeV

Neutron (n)

Need to have high-power
proton beams

Materials & Life Science from RCS
Nuclear & Particle Physics from MR p—
R&D toward Transmutation from LINAC

— MW-class proton accelerator
(current frontier is about 0.1 MW)

CD — Neutrons Sources ASP2012 — July 31, 2012



§ouc° J-PARC
J-PARC Construction Schedule Feb. 27 2006

Year | jFy2001 | JFY2002 | JFY2003 | JFY2004 | JFY JFY2006 | JFY2007 | JFY2008 | 2009 ~

Beam Commissioning | Operation
S Wi

Items

L Inst |

Linac

3GeV RCS

Main Ring

MLF
(Materials & Life)

Hadron

Neutrino

Infrastructure - Dradhg

L] 1
Salt Farm Assets | | CONSTITUCtion
t Start

Time when this schedule was created

CD — Neutrons Sources ASP2012 — July 31, 2012
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R it

Linac building

CD — Neutrons Sources ASP2012 — July 31, 2012
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J-PARC Photo

Experimental
Facility

CD — Neutrons Sources
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TN L. 1

ess i J-PARC

J-P ARC "' §ed 400 MeV'H- Linag
R | | [lbl I\IeV at preqent]

(]AEA&KEK) e

E;' — ;‘ ‘!

\ 3
3:GeV Rapid
Cycling
Synchrotron (RCS)

—

¥ Neutlino Beatia'l ine
tp Kamioka (NU)--

o e =

50 GeV MaJn Rin

. e | 5
Materials 83' S B Synchrotron (MR
. R . 2

Life Scien
Facility (MLF)

[30 GeV at present]

m JFY 2006 / 2007
= JFY 2008 .
= JFY 2009 R LS f@Eﬁ(perimental
- Hall (HD)

«

CD — Neutrons Sources ASP2012 — July 31, 2012




8 Tt J-PARC
History of beam commissioning

2001 Construction started.

2006 Linac beam commissioning started.

2007 Linac beam energy of 181 MeV was achieved.
RCS beam commissioning started.
RCS beam energy of 3 GeV was achieved.

MR beam commissioning started.

First proton beams reached to the neutron target.
MR beam energy of 30 GeV was achieved.

First proton beams reached to the Hadron target.
User operation of MLF started.

First proton beams reached to the Neutrino target.

CD — Neutrons Sources ASP2012 — July 31, 2012 41
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History of beam delivery to MLF

B Beam Power [kWh/Day]|
@ Accumulated Beam Power (MWh]

2008 2009 2010
3000 L’]G #19 #22 #24.25 #26 #27 #28 #29 #30 #32 150
5/30~ 12/9~ 2/10~ 527~ 10/6~ 119~ 127~ 117~ 31 4f13¢- '§' Dec. 2010:
17 w20
6/16~ 2/23~
§ 2500 ] ulxs i nfu . 20 E
9/19~ 1/21~ .

% - 2 P 300 kW during
E 2000 § = g E, 1 hour of beam
(@) .

= £ © O 0 power issued
5 ||ES S = &
1500 0 2 X from the R
,‘i’ 7 g < & 2 S : om the RCS
o ) = 60
s 35 8% 35 B s
g @ S D T 7 S E2® | sk
o L& E 2
«ovl Al Lt IR oL
o — ° Time [hh:mm]

User program was cancelled
due to a trouble in cryogenic
hydrogen loop.

After the recovery of Linac-RFQ, high power operation of the F%Céd has became possible and
120 kW operation has started for the MLF users.

Neutron beamline : 12 beamlines are now under commissioning and open for users.
Muon beamline: The highest intensity beamline in the world with the 120 kW beam.

2009 summer shutdown

CD — Neutrons Sources ASP2012 — July 31, 2012
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J-FARC

11 Mars 2011: M 9 Earthquake & consecutive Tsunami: damages to JPARC

u.uvm'c;.‘ N ﬂhﬂj
Yarsogs té _eo(
amagata-/
Niigata ~ / ’g l
ﬁéi“ = { Fukushlma \
;:' ",ﬁ'_m’“ .
Niigata e PURGRY
H,,iﬁ;gﬁ Fukushimas,
/l{w L_, *‘g ) ; f
= / 7N\
i / 7 ),
o ,j 4 ; :
Nagano ‘ ’ ":!
5 \ Utsuéo'm‘rya i
o oy >
~ Maebashi V- S ™
(38 o
.y"", %’-ﬂ ﬁ:’jﬁ S;-“‘A‘) 7}(
NTJ 'x..g" PN %*‘*— 4"; | Ibaraki_f Q~
agano ,,__d,»’_ A L %’ﬁbm ]
RIHR \ % f’)
R Saitamay 5 || A
/ ﬂ\"%,, T -] U 1
{ Ny Kofi X Tokyo
! B Tokyo™ s Ch';a,f
:'. ;TQ,.-@\__?_,# !ﬁ“> ?g:
~_4 Yamanashi Kanagawa_ p. N Chiba
nmug oYokohama-“"T‘gl“
. | 4 LT
Shizuokar—=
L]
Shlzuoka 9
h_ BERY

e P B
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90-deg dump

e Major Parameters

100-deg dump

— Particles: H-
— Energy: 181 MeV
(400 MeV for ACS, 600 MeV for SCC)
—  Peak current: 30mA (50 mA for IMW at 3GeV)
— Repetition: 25 Hz (additional 25 Hz for ADS)
— Pulse width: 500 usec
Front-end Debuncher 2
q rj) DTL >le SDTL . Debuncher 1
(27 m) (84 m)

181 MeV [«

0-deg dump 0.6kW

(ACS) (400 MeV)
Front-end = IS + LEBT+ RFQ + MEBT (109 m) . si% % % @ m
CD — Neutrons Sources ASP2012 — July 31, 2012
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J-PARC - Linac Crgogcnics

«Two 9-cell e”iPtical cavities of b=0.725 at 2K (972 MHZ)

°Sthc1c structure 1Cor cavitg and tuner to reduce Lorentz force detuning

*80K thermal shield b‘g LN, and 5K thermal intercept b\q [ He

RF Power Coupler

Vacuum Vessel
Magnetic Shield

Thermal Shield (80K

He Reservoir Tank

—1K

‘ T
/T ner

-F L_( Cavity Support -F

igher Order Mode Caoupler

1.2m

k

4m

i

CD — Neutrons Sources

ASP2012 — July 31, 2012
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swumon— J~PARC SC Linac : R&D on 972 MHz crgomoclule

O

L ™

T:-“'A - A

h “ aIve Box g
s o

é‘ \ /ol Waveguide A
v . ' »

= 1

v

CD — Neutrons Sources ASP2012 — July 31, 2012
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I

Volume moderator:
implemented at J-PARC
99 % para-H, tested

CD — Neutrons Sources

“1lst1__

SPALLATION High PerFormancc cold moderator

ASP2012 — July 31,2012
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woren J-PARC SC Linac : R&D on 972 MHz cryomodule

SPALLATION
SOURCE

O

Cavitg Phase for several Pulses cluring “Tmin
(Eacc™10MV/m, Pulse Iengthzlms) Repetition:?sz}

110

100 ‘
98 I ] 108
% | ‘ ' 106 ' @4.2K
g 94 l g 104
g 92 I :5’,; 102
§ 9| 3:; 100
8 | @\) 2 . 1 K Mé 96
84 94
8| ) _
80 0 I 200 I 400 I 600 I 800 I 1000 0 0 I 200 I 400 I 600 I 800 I 1002)
Time (us) Time (us)
Phase 5tabili’c9 < +] cleg 0 Phase stabilitg < +5 cleg
Clﬂanging slowlg I 5cattering significantlg
> Control of L.He vessel pressure & (Microphonics )
automatic tuning system (Bubbling of He ?)

CD — Neutrons Sources ASP2012 — July 31, 2012 49
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SNS :

SPa"ation Neutron Source
Oakridge, Tennessee, USA

- 50
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Spallation Neutron Source Primary Parameters

Proton beam power on target 1.4 MW

Proton beam kinetic energy on target 1.0 GeV

Average beam current on target 1.4 mA

Pulse repetition rate 60 Hz

Protons per pulse on target 1.5x10"" protons

Charge per pulse on target 24 ¢ RTBT length

Energy per pulse on target 24 k. lon type (Ring, RTBT, Target)
Proton pulse length on target 695 n:  Ring filling ime

lon type (Front end, Linac, HEBT) H minus Ring revolution frequency
Average finac macropulse H- current 26 m  Number of injected turns

Linac beam macropulse duty factor 6% Ring filing fraction

Front end length 75m Ring extraction beam gap

Linac length 131 m Maximum uncontrolled beam loss
HEBT length 1 D st

Ring circumference 248 m Number of ambient / cold moderators
RTBT length SE0 m Number of neutron beam shutters

CD — Neutrons Sources

Initial number of instruments

150 m
proton
1.0ms
1.058 MHz
1060
68 %
250 ns
1 W/m

13
18

ASP2012 — July 31, 2012
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Spa"a’cion Sources

Front-End Building

Q,{.N' v : Klystron Bﬁildié?

Central
Helium
Liquefaction
Building
Radio-
Frequency £
Facility y
Support
Buildings

Central Laboratory
and Office Complex

1 MW SPa”ation Neutr
Source in Oak Rld e
NL (compl 2006)

CD — Neutrons Sources ASP2012 — July 31, 2012




SNS : the US spa"ation neutron source

SPALLATION
SOURCE

/ Front-End Building

“\‘-

Central Hﬁi' Klystron Bulldmg -

Liquefaction o 4 Linac Tunnel
Building i ‘

Radio- Frequency
~Facility =,

‘for

Central'Laboratory A , - Natﬁ'fphase

and Office Complex Materials

Sciences

Joint Institute for
Neutron Sciences

CD — Neutrons Sources ASP2012 — July 31, 2012
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Front End

tawrence perkelen)

The front-end
system produces
pulsed beams of
negative hydrogen
ions.

Key Facts

SNS : |agout

Linac

(Los Alamos and Jefferson)

The accelerator increases the energy of the hydrogen ions to one billion electron volts,
almost 90% the speed of light. The ions are transported to the accumulator ring, and

as they enter the ring, their electrons are removed, which changes them into protons.
This is the world's first superconducting
proton accelerator.

| Accumulator Ring

(Brookhaven)

Sixty times a second, the protons
are ejected from the ring and
delivered to the target.

4

Funded By: U.S. DOE Office of Science
Total Cost: $1.4 billion
Completion Date: 2006

Annual Operating Budget: $150M est (2007)

£ -
Ta r et | - ey .'.'4\\\‘.\
g 47 ; EALE PRV
(Oak Ridge) .
e,

The ejected protons bombard the target, which
produces neutrons by the spallation process.

Instrument Systems [ |
(Argonne and Oak Ridge) J

The neutrons are slowed to useful energies
and are guided into the various instruments,
where they are used for scientific experiments

and industrial development. T SP\L,y;_l[«;-‘;lllitﬂu_i[lllm
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SNS : Main Parameters

SNS Beam Evolution Parameters

Front End Linac Ring

ISILEEBT RFQ MEBT DTL CCL SCL({1) SCL(2) HEBT Ring RTET Unit
Qutput Energy 0.065 25 2.5 86.8 1856 3914 1000 1000 1000 1000 MeV
Relativistic factor 0.0118 00728 0.0728 04026 05503 0.7084 0875 0.875 0.875 0.875
Relativistic factor 1.00007 1.0027 1.0027 1.0924 11977 14167 2066 2.066 2.066 2.066
Peak current 47 38 38 38 38 38 38 38 ox10° ax10'  mA
Minimum horizontal acceptance ® 250 38 19 57 50 26 4580 480 MM mr
Output H emittance (unnorm., rms) 17 29 3.7 0.75 059 0.41 0.23 0.26 24 24 MM mr
Minimum vertical acceptance ® 51 42 18 55 39 26 480 400 M e
Output V emittance (unnorm., rms) 17 29 3.7 0.75 059 0.41 0.23 0.26 24 24 T e
Minimum longitudinal acceptance 4 7E-05 24E-05 TA4E0Q5 7.2E-05 1.8E-04 19/ mels
Output longitudinal rms emittance TBE-07 1.0E-06 1.2E-06 14E-06 1.7E-06 2.3E-06 2/ mels
Controlled beam loss; expected 0.05"  N/A 0.2° /A M/A N/A N/A 5° B2° 58° KW
Uncontrolled beam loss; expected 70 100" 2 1 1 0.2 0.2 < 1 < Wim
Output H emittance (norm., rms) 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 MM mr
Output V emittance (norm., rms) 0.2 0.21 0.27 0.33 0.39 0.41 0.41 0.46 44 44 T e

MNote a) corresponding to 27% chopped beam

b) corresponding to 5% chopped beam

c) beam loss on the transverse and momentum collimators

d) including total 4% of beam escaping foil and 0.2% beam loss on collimators
a) including 4% beam scattered on the target window

f) corresponding to 20% beam loss averaged over RFQ length

q) full acceptance without collimation
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I ‘ Commissioning of the accelerator at low power (10 kW) achieved

in May 2006. Next phase is the power ramping up to 1. 4 MW.
Present status is around 1 MW
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State-of-the-art target (SNS, I1SIS): He atmosphere

He gas:
~ 1 bar




i SNS: Linac

SOURCE
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Stiffening Rings

Titanium Bellows

NbTi Dished
| Head

Fundamental
Power Coupler
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SNS : Dcsign vs achieved Paramctcrs (oct. 2009)
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Q
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600
Parameters Design Highest
Produc- 400
tion Beam
Beam Energy (GeV) 1.0 0.93 + 200
0.01
Peak Beam current (mA) 38 40
Average Beam Current | 20 24
(mA)
Beam Pulse Length (ms) 1000 670
Repetition Rate (Hz) 60 60
Beam Power on Target | 1440 1.01
(MW)
Linac Beam Duty Factor | 0 4.0
(%)
Beam intensity on Target | 1.5 x 10" [ 1x10"
(protons per pulse)
SCL Cavities in Service 31 30

CD — Neutrons Sources
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s SNS | inac : Achieved acceleratinggrac{ients in SC _cavities
Medium beta High beta

20

5
CM12; under repair
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Cavity number

----- Design gradient O Large fundamental power through HOM coupler

Average Operating gradient
(exclude cavities not in service)

Future : finish commissioning up to 1.4 MW.

Upgrades plans: beam power upgrade to 3 MW with increasing beam energy from 1.0 GeV to
1.3 GeV (adding 9 additional high-beta cryomodules) and by increasing beam current from 38
mA to 59 mA.
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