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High Intensity Accelerators

* A high intensity driver delivering several MW of average beam power to

a production target

* Applications to
— spallation neutron sources
— nuclear waste transmutation
— energy amplifier
— radioactive ion beams
— secondary particle production
— neutrino superbeams
— neutrino factories

* For a Neutrino Factory:
- 4 MW at ~50 Hz, ~10 GeV
- bunches of ~1 ns rms duration.

 For a Neutron Source
— 4-5 MW at ~50 Hz, 1-3 GeV
— bunches of ~1 us

O Muon (u)
Pion (=)
Target Nucleus O g
Proton () O Neutrino (v)
Neutron (n)
O - eV Anti Proton (p)
Proton (p)

3 GeV, 50 GeV
O Neutron (n)

Materials & Life Sciences at ~3 GeV

Nuclear & Particle Physics at ~50 GeV
R&D for ADS at ~0.5 GeV
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Multiple Applications

Power Energy
Condense.d matter spallation neutrons ~1-5 MW ~1 GeV
studies
Materials irradiation |"SUtONS WIth Stipping o 5 ppy 40 MeV
reaction
Secor)dary begms, muons, ne_utrmo 4 MW 515 GeV
particle physics production
RIBS for nuclgar & with neutrons 4 MW ~1 GeV
astro-physics
Sub-critical reactors MYRRHA
for energy generation| demonstrator; thorium 5-10 MW 0.6-1 GeV
and transmutation cycle
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Projects Worldwide

* Multi-purpose facilities
~ LANSCE (US), J-PARC (Japan), PEFP (Korea), FAIR (GSI)
* Spallation neutron sources
~ SINQ@PSI (Switzerland), ISIS (UK), SNS (US), CSNS (China), ESS (Sweden)

* Radioactive ion beams

~ FRIB (US), EURISOL (Europe), RIKEN (Japan), SPIRAL2 (France), SPES
(Italy), SARAF (Israel) .......

* Secondary beams (Neutrino/muon factories)

~ Linac4+SPL (CERN), Project-X (US), IDS-NF
*Irridiation facilities

~ |FMIF (Europe/US/Japan) + prototype EVEDA (CEA)
* Accelerator Driven Systems (ADS)

~ EUROTRANS (Europe), TRASCO (ltaly), ADS (China), ThorEA (UK)

Science & Technology
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= Huge step from current status to the level of anticipated future
facilities

- Developments at each laboratory take advantage of progress at
other laboratories around the world

FRIB S

- SNS. ORNL :
LANSCES 5,0 CERN, LHC&PS,_SARAF_.,_V J-PARC

CSNS, Dongguan

- Other studies, e.g.
_AGS upgrade @ BNL,
“Indian SNS
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Overview of the PSI Facility

72 MeV Injector 2
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590 MeV Ringeyclotron
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Overview of the PSI Facility

72 MeV Injector 2

E . 870 keV
_— Cockcroft Walton
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Overview of the PSI Facility

72 MeV Injector 2

870 keV
Injector Cyclotron — Cockcroft Walton
72 MeV —> Injector
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Overview of the PSI Facility

Injector Cyclotron
72 MeV

72 MeV Injector 2

g

Isotope_
production -

|

" 870 keV
_— Cockcroft Walton
Injector

(I, < 100 pA)

72 Mew proton peam
for 1sotope prod.

590 MeV Ringeyclotron

Variable energy
Injector 1

}

o

»cignce & Technology
acilities Council

Monday, 27 September 2010



Overview of the PSI Facility

72 MeV Injector 2
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Overview of the PSI Facility

72 MeV Injector 2
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PSI Cyclotron

Sector cyclotron (magnets/resonators)
Optimised for high intensity

E=590 MeV, Imax=2.2 mA (1.3 MW)
Bmax=1.1 T, Rextr=4.5 m, Nturn=186
Extraction efficiency 99.98%

Loss: < 200W

x

x

*

The PSI accelerator delivers
1.3 MW beam power

~ loss ~10-4
~ average reliability is 90%
~ 25-50 trips per day

~ grid-to-beam power conversion
efficiency is 32% considering RF
systems only; ~ 15% including
everything

An upgrade to 1.8 MW is in
progress

~ new resonators Injector Il cyclotron
~ new 10th harmonic buncher
~ completion planned for 2013

Based on experience at PSI, the
cyclotron concept is regarded as
an effective option for
generating high power beams,
for example for ADS
applications [~ 1GeV/10MW]
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PSI: 2009 New Beam Intensity Record

Since 2009 license for standard operation 2.2 mA (cf 2.0mA); test operation at

current [uA]

500

0

1000

2.4 mA

New maximum current: 2.3 mA (1.36 MW)

beam operation in 2009 -

service 8 shifts every 3 weeks

test run:

stable operation at 2.3mA
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SNS, Spallation Neutron Source

e A short-pulse neutron source,
driven by a 1.4 MW proton
accelerator

e 1 GeV superconducting H- linac

e Accumulator ring with ~1000
turn charge exchange injection

e 60 Hz rep. rate

e Operation started October
2006

e Now routinely operating at
~1 MW for almost 5000 hrs/yr,
with 85% availability

e 13 neutron scattering
instruments

A stepping stone to other high power facilities

Science & Technology
@ Facilities Council 1
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SNS Linac Overview

To Ring

402.5 MHz 805 MHz
b RFQ ~coL 5
T T T T 1 Linac dump
Injector 2.5 MeV 86.8 MeV 186 MeV 391 MeV 1 GeV

B=0.55 B=0.71 B=0.87

Linac 260 m, 96 independently phased RF cavity/tanks
* Normal conducting from H- ion source to 186 MeV
Superconducting from 186 MeV to 1 GeV

« Charge exchange injection into accumulator ring

Science & Technology
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SNS Linac Overview

402.5 MHz . ) 805 MHz HEBT

<

M rro PRI om ) ool 0

I T T T T I Linac dump

Injector 2.5 MeV 86.8 MeV 186 MeV 391 MeV 1 GeV
=0.55 B=0.71 =0.87

\
y

Linac 260 m, 96 independently phased RF cavity/tanks
* Normal conducting from H- ion source to 186 MeV

« Superconducting from 186 MeV to 1 GeV

« Charge exchange injection into accumulator ring

Science & Technology
@ Facilities Council 1
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SNS Linac Overview

805 MHz

T I

2.5 MeV 86.8 MeV 186 MeV 391 MeV 1 GeV
=0.55 p=0.71 p=0.87

Linac dump

« Linac 260 m, 96 independently phased RF cavity/tanks
* Normal conducting from H- ion source to 186 MeV
« Superconducting from 186 MeV to 1 Gegg_

« Charge exchange injection into accumu\lh r
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SNS Accumulator Ring

Collimation
Injection © /,»«-,-- ==, EXxtraction

 90° achromat for transverse and
longitudinal collimation.

* Ring circumference 248 m

* Beam injected over ~1000 turns via
charge exchange injection.

* Final intensity 1.5x10'* ppp

* Pulse 0.2-1.0 ms compressed to ~500 ns.
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SNS Accelerator Operation

LINAC:
Accelerates

the beam to pulse to 700 nsec

Accumulator Ring:
Compresses 1 ms lon

1 GeV
to protons
65keV 25MeV 87Mev 186 MeV 387 MeV 1000 MeV
lon Source l l l
| '
H RFQ H DTL H CCL H SRF,[=0.61 LSRF, 3=0.81
Chopper system
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945 ns JP -
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SNS Power Upgrades

* Plans in place to increase the beam power and availability to design
values of 1.4 MW and 90% over the next two years.

* Number of instruments to be increased to |16 by 2010.

* Two upgrade projects at the planning stage

— increase beam power to ~3 MW by increasing beam energy to
|.3 GeV and increase beam current by 60% (1.4 mA to 2.3 mA)

* requires additional high B cavities and ion source upgrade

— construct a second target powered by sharing
beam pulses with the first target station

* 40 short pulses TS1(2 MW)
* 20 long pulses TS2 (I MWV, no accumulation)

Monday, 27 September 2010
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J-PARC H- Linac

Phasel: 181 MeV, peak current 30 mA = 0.6 MW from RCS at 25 Hz

Phase |I: 400 MeV, 50 mA = | MW from RCS
Chopper and

P INETET ~+ T » ' .
’ | h\ i

Later addltlonal structures to‘4OO MeV gy
then superconducting to 600 MeV j

DTL: Linac commissioned June 2007
HEew LN
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Quadrupole transfer line from
%) 180 MeV linac, about to be
"L removed

AN
* ~
=N -

o

Klystron gallery Zee

2 o Y New ACS accelerating
23 e s vl structures for 180-400 MeV
section
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3 GeV Rapid Cycle Synchrotron (RCS)
Booster synchrotron, 25 Hz, 333 yA, 1 MW, fast extraction

Slow cycling, 0.3 Hz, 15 YA, 50 GeV, 0.75 MW proton beam to hadron and neutrino
beam facilities.

Beam commissioned May 2008. 30 GeV in Phase |. Eventual upgrade path to 5 MW

gy
19
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ESS, European
Spallation Source
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ESS: A Long Pulse Facility

Collaboration of *  Optimised for 5 MW (upgradeable to
European countries 7.5 MW)
* 2 ms pulses (=~1.5 ms?)

Expected construction
2013-2018 * 20 Hz rep. rate (=17 Hz?)

* 2.5 GeV energy
* 60 mA ion source current (=75 mA=90 mA?)
*  Low losses <1 W/m
* High reliability, =2 95%
~~  x 3ingle target station; upgrade could include a

< | second target with interleaved 40 Hz
2 - operation

First neutrons
2018-19

R : }
] : )|

~ Facility cost 1377 M€ with 22
e = “= instruments + 101 M€ site specific costs

T m Operating costs 89 M€200s per year

Science & Technology
@ Facilities Council
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ESS: A Green Facility

“Powerbox” - electricitg

T T from waste heat

Ly
Seasonal s’torage

cool & heat

On Site Solar
Sgs’tems

‘;’% District
Heating

Include research,
development &
demonstration
of emerging
energy
technologies.

Goal: carbon
neutrality.

Eg options on

wind turbine
farms

Science & Technology

@ f(acilities Council
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ESS Linac
LEBT RFQ MEBT DTL Spoke Lowp High B Upgrade and
' Source tH 1.emw;m H 19m H 52m H 57.5m H 215m H HEBT100m | arget

75keV 3MeV SOMeV ZOOMeV SOOMeV ZSOOMeV
< 27m >< 325m >< 100m >
Energy 2.5 GeV
lon source current 60 mA (upgrade to 90 mA)
ﬂ!’?ﬂ
Half -wave resonators Spoke resonators
ESS prototyping: two half-wave resonators @325 MHz (f=0.17,
B=0.31) and two spoke resonators @325 MHz (=0.15, p=0.35) e
achnology

fabricated and successfully tested S
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Chinese SNS, Dongguan

Guest House

P S
Target Statio R
and Spectrometers :
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324 MHz RF linac providing 80 MeV H-

beam to 1.6 GeV RCS

SO0keV 3 MeV

80/130MeV (lave=63/1251 A)

* Penning ion source
under construction

H LS. RFQ DTL Linac
o U e (TP | N * RFQ technology
t 324MHz 324MHz \\* developed In ADS
LEBT SHH——08—Hlhy, Study
§ - | * Upgrade path to
| RCS | 200 kW
| 1.6 GeV, 25Hz |
63/125 1 A
o
. b Fe=100200RW e
- RTBT
CSNS-I | CSNS-II
Beam power (kW) 100 200
Repetition rate (Hz) 25 25
Average current (uA) 62.5 125
Proton energy (GeV) 1.6 1.6
Linac energy (MeV) 80 132

Monday, 27 September 2010




*

Main Issues (1)

Accelerator design options

~ Cyclotrons (PSI) or FFAGs
~ Full energy linac and accumulator/storage rings (e.g. SNS, ESS)

~ Low/intermediate energy linac, booster RCS, main accelerating ring
(synchrotron or FFAG) (e.g. J-PARC, CSNS, ISIS)

Requirement for very low uncontrolled beam loss throughout
machine (0.1-1 W/m average)

~ fast beam chopper in linac, achromats and advanced collimation system

Beam characterisation, especially in the low energy stages

~ advanced diagnostics

Halo formation, emittance growth and control in linacs

~ minimise longitudinal halo

RF: Linac frequencies, choice of cavities, frequency jump Science & Technology

@ Facilities Council
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Main Issues (2)

* Charge exchange injection H—H*

~ Foil issues: Stripping efficiencies, Multiple Coulomb scattering, Large
angle and Nuclear scattering, Energy straggling, Heating, Stress and
buckling, Lifetime, Radiation, Stripped Electrons, Emittance Growth

~ Laser stripping (incl. cw beams) ™

H* beam fomlinac

~ Unstripped beam (H°, H-)

% Beam accumulation, phase space painting s e s

H" to create protons, which
bendinto the nng

~ Transverse and longitudinal coupling, options = s
for transverse painting, options for :‘
longitudinal painting

& few partially stripped HC go Unstripped H-particles go %o
'u_su'aign on andarecollected. W beam dump

* Trapping and acceleration in rings

~ Instability studies, space charge mitigation, halo, emittance
growth, electron cloud

Science & Technology
@ Facilities Council
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Main Issues (3)

* Nanosecond bunch compression for Neutrino Factory/Muon
Collider

~ imposes additional considerations beyond (say) a neutron source.

*  Multi-megawatt targets

~ solid targets, liquid mercury, powder jets

* High intensity proton FFAG ring development

L]
1

)

.'!._—- ; “
5z

Mercury
Cooling

Stainless
Steel
Containment

Monday, 27 September 2010
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ISIS Now

[SIS&: \ e 70.44 MeV H- linac
SIS SPSSERa ])]  Charge exchange injection into
i A J

800 MeV RCS
e 50 Hz operation
e 200 pA, 160 KW

e Two target stations, at 40 Hz
and 10 Hz

e Dual harmonic system to
upgrade to ~240 kW

e Otherwise intensity limited by
space charge

TS’Q. ISIS \ | Science & Technology
. @ Facilities Council
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* Replacement linac with increase in
injection energy to ~180 MeV

*  Add new 3.2 GeV synchrotron

© Bucket-bucket transfer
(2 bunches) from ISIS

@ Simple energy increase gives
~0.75 MW to new neutron
production target (40 Hz)

* Add new 800 MeV H- linac ds

(decommission the old ISIS?) 7 ~New 3.2 GeV
" “gynchrotron
¢ Charge exchange injection, phase

space painting
¢ 5 bunches for neutron production \
o 2MW at 30 Hz, ~5 MW at 50 Hz

Science & Technology
@ facilities Council
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Linac Front-End Project, FETS

« EU/FPG6/CARE/HIPPI

— Linac architectures (nc + sc) to 200 MeV

— Diagnostics/measurements (UNILAC) and simulation

— Code comparison

« CERN and RAL test stands

— lon source, RFQ and chopper development

324 MHz, four vane
RFQ, 65 keV-3 MeV

Penning H™ ion source,
60 mA, 2 ms, 50 Hz

Monday, 27 September 2010



5 Superperiod RCS Ring

Energy 0.8 -3.2 GeV
Rep Rate 50 Hz
Circum, R:Risis 408.4 m, 5:2
Gamma-transition | 7.2

h 5

f,rsweep 6.1-7.1 MHz
Peak V¢ ~ 750 kV
Peak AQ;, ~ 0.1

€, per bunch ~1.5eVs

B [1] sinusoidal

Fast injection
from ISIS
(for 1 MW)

\/

doublet

triplet

cavities

Multiturn injection
from new H™ linac

cavities

cavities

16° dipoles

8¢ dipole

/*

collimators extraction

(for 2 - 5 MW)

) ) H,H beams

Science & Technology
@ Facilities Council
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800 MeV H- ISIS Upgrade Linac

< 324 MHz > < 648 MHz >
3 3 75 75 196 412 800 MeV
< 236 m >

» Based on J-PARC frequency, 324 MHz

* Intermediate energy beam transport section to
remove longitudinal halo

» Superconducting from 75 MeV
« RFQ and MEBT chopper based on FETS

Science & Technology
@ facilities Council
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CERN Linac4 and SPL

e Upgrade to CERN injector
complex

* Linac4 to feed PS-Booster \

* Extended to SPL, initially
configured for low power as
injector for new 50 GeV
synchrotron

- ISOLDE, EURISOL

— Neutrino physics, radioactive
ion beams

* Later configured for high power to
serve as a multi-megawatt facility
for future physics needs

Monday, 27 September 2010



CERN LINAC4

45 keV 3 MeV 50 MeV 102, MeV 160 MeV

H-source © chopper

358.2 MHz

New linac to inject into PS-Booster,
replacing Linac2

* Length 86 m %
4 different accelerating structures .= N

» H- beam, chopped 62.5% "

* 40 mA average current b T

* Focusing with 111 PM and 33 EM quadrupoles
» Transfer line and charge exchange into PSB.

* Designed to allow for future operation as part of high-
power SPL.

Science & Technology
@ facilities Council
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Linac4 — External Contributions

Network of agreements to support Linac4 construction. Relatively small
fraction of the overall budget, but access to specialized manpower !
Integration at the component level.

RFQ RF design, RF amplifiers,

Prototype modulator, RF

I_l modulator construction from French tuners, couplers, ——
Special Contribution. started. waveguides from India, in —
progress
45 keV 3IM V\M‘\{A 10pKIeV 160 MeV : x
Agreement with - | l | | | | I;Zr::lieerrgnaengac
DESY to access H- . ' .
i RFQ HCCDTLH PIMS Huansferine .o PSB_|
drawings of H- — —___ Supports from
source < fgom A , Pakistan, agreed
completed / \
o -
& — —

Chopper line built — |

in a EU Joint Participation of ~ Construction of Collaboration agreement

Research Activity ~ ESS-Bilbao in DTL CCDTLIn with Soltan Institute

completed construction, Russia, via an (Poland) and FZ Julich

started ISTC Project (D) for PIMS
Started

construction, in
preparation.
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LINAC4

+ H-ilon source: 2 MHz RF volume source delivers 40 mA at 45 keV (400 ps at
repetition rate of 2 Hz)

+ Radio Frequency Quadrupole (3 m): bunches and accelerates to 3 MeV

* Chopper line (3.6 m): 11 quads, 3 bunchers, 2 sets of deflecting plates,
removes 113 bunches from every 355.

+ Drift tube linac (19 m): acceleration to 50 MeV in 3 tanks
+ Cell-coupled DTL (25 m): acceleration to 100 MeV, 21 tanks (3 cells each)
+ 1r-mode structure (22 m): acceleration to 160 MeV, 12 tanks (7 cells)

TT-mode structure
\ —— :
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Building construction

“Mount-Citron”, September 2008
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Building construction

Status end of August 2010
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Building construction

P
N
CIN \ L L L
li\ ‘“ ~
,!*.,;-:.'.-_

v It i
1l
Status end of August 2010 :
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Civil construction - status

Delivery of tunnel and surface building, planned for 15.10.2008,
Exactly to the day 2 years after groundbreaking

Monday, 27 September 2010



Civil construction - status

Status Friday September 10th

Delivery of tunnel and surface building, planned for 15.10.2008,
Exactly to the day 2 years after groundbreaking

Monday, 27 September 2010



CERN SPL

0m 110 m 186 m 427 m
0.16 GeV 0.73 GeV 1.4 GeV 4 GeV
)
2 = = - s e
= Medium § High £ 5 b High 5 1 bins E
= cryomodule cryomodules 5 cryomodules IE
o I I |
10X 6 5x8 e A 13x 8 _
[=0.65 cavities (=1 cavities E § (=1 cavities Length: ~430 m
Accumulator
[120 ns pulses -
Accumulation E:;‘J‘Tﬂ" [-1:':: ::::l _ ( &0 ns um]_ o
. 21 gaps, nE Bunek -
 Extend Linac4 to 4 or 5 GeV wa (9
Compression t=0ps e, A
° ° - | !
* Low and High Power options _ S
t=12 ps ("-__""'n e,
Il | )
] L -
LP-SPL HP-SPL L= 24 ps _— e i
Energy (GeV) 4 2.50r5 25+5 _(-.._, e "---1..._,--) iy y
Beam power (MW) 0.16 3 0r 6 4+4 t=36 s (*‘ o D) I
Rep. Frequency (Hz) <2 50 50 = e —
etc. untll ——— — — |
Protons/pulse (x 1014) 1.5 1.5 2+1 t=96 s ¢ St )
Av. Pulse Current (mA) 20 20 40 T o
Pulse duration (ms) 1.2 1.2 08 +0.4

Accumulation/Compression for

: /
Neutrino Factory
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The Intensity Frontier: Present

250 kW at 120 GeV|
for Neutrinos

' ’ - - .’--' - : ‘v"‘ ’ - ’ v : : ' ] 4 “'. = -
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The Intensity Frontier: Early This Decade

........

N 700 kW at 120 GeV (S
for Neutrins g o ot

i

- o R e

. ; v'" o Ll ) : . : ' - : .- ) " v e -
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The Intensity Frontier: Project X

>2 MW at 60-120 GeV
for neutrinos
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An experimental programme built around
Fermilab’s High Intensity Frontier

Neutrinos
2 MW

Project-X

Recycler /
Main Injector
120 GeV

3 GeV, 1.0 mA CW Linac (

A multi-MW proton source to support

— Long Baseline Neutrino Experiment (LBNE) via a
new beam line to DUSEL in Lead, South Dakota .. -

— Broad suite of rare decay experiments. Nuclear 12 Muons

MW

Kaons

Based on a 3 GeV, 1 mA CW superconducting linac
— Warm CW front end (H- ion source, RFQ, MEBT, chopper)

Part (5-9%) of the H- beam will be accelerated in a SRF pulsed linac (5% duty

cycle) or RCS (10 Hz) for injection to Recycler/Main Injector for multi-MW
beams at 60-120 GeV.

The main portion of H beam from the 3 GeV linac will be directed to three
different experiments at lower energies

Flexible timing characteristics

Project-X will also support development of a Muon Collider and Neutrino

Factory & Sciggce & Technology
@ Facilities Council
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Project-X
An experimental programme built around
Fermilab’s High Intensity Frontier

Neutrinos
2 MW

Recycler /
Main Injector
120 GeV

“H Source WA 5 Goy 1.0 mh CW Linac (

A multi-MW proton source to support

— Long Baseline Neutrino Experiment (LBNE) via a
new beam line to DUSEL in Lead, South Dakota .. -

— Broad suite of rare decay experiments. Nuclear 12 Muons

MwW

Kaons

« Based on a 3 GeV, 1 mA CW superconducting linac
— Warm CW front end (H- ion source, RFQ, MEBT, chopper)

* Part (5-9%) of| Ionsource, RFQ | linac (5% duty

cycle) or RCS [ ssro SSR1 SSR2 8=06 | g=0.9 | ILC | [r multi-MW
beams at 60-1 /-

) )
MEBT 325MHz, 2.5-160 MeV 650 MHz, 1.3 GHz

0162GeV 23 GeV ted to three

 The main port
different expel

* Flexible timing characteristics

* Project-X will also support development of a Muon Collider and Neutrino
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An experimental programme built around
Fermilab’s High Intensity Frontier

Neutrinos
2 MW

Project-X

Recycler /
Main Injector
120 GeV

3 GeV, 1.0 mA CW Linac (

A multi-MW proton source to support

— Long Baseline Neutrino Experiment (LBNE) via a
new beam line to DUSEL in Lead, South Dakota .. -

— Broad suite of rare decay experiments. Nuclear 12 Muons

MW

Kaons

Based on a 3 GeV, 1 mA CW superconducting linac
— Warm CW front end (H- ion source, RFQ, MEBT, chopper)

Part (5-9%) of the H- beam will be accelerated in a SRF pulsed linac (5% duty

cycle) or RCS (10 Hz) for injection to Recycler/Main Injector for multi-MW
beams at 60-120 GeV.

The main portion of H beam from the 3 GeV linac will be directed to three
different experiments at lower energies

Flexible timing characteristics

Project-X will also support development of a Muon Collider and Neutrino
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3-8 GeV Pulsed Linac and RCS Options
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18 GeV Pobsod Lo

3-GeV Lmac

* RCS to 3-8 GeV under study but looks to have a limited upgrade potential (for
Muon collider and Neutrino Factory)

*  Present work concentrated on a pulsed linac

~ 1.3 GHz, 25 MV/m gradient, <5% duty cycle,1-30 ms pulse length
~ ~250 cavities (28 ILC-type cryomodules) needed.
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 Proton driver

Neutrino Factory

— Primary beam on production target

Target, capture channel
— Create mt, decay to p

« Cooling

— Reduce transverse emittance

Muon acceleration
— 130 MeV to 20-50 GeV

Decay ring(s)
— Store for ~500 turns

— Long production straights

ol
1

1.1 km

Linac option

Neutrino B‘e:a{m(

1’, Y
. \
/1 gl ¥
y 2 ) \
Bk, ’ \
z : |
B /
\‘ ’l
‘\\ l”
Hg Target é]
(-

Buncher .

Proton Driver

Bunch Rotation . Vs s
Cooling I = Vs
0.9-3.6 GeV Linac to -~
2 RLA 0.9 GeV . o« Muon Storage Ring
— Ly C-__ ¢
'/ \ 7 —— <‘§\| ,
=Y 3.6-12.6 GeV RLA AV

12.6-25 GeV FFAG

Neutrino Beam i R = <
Muon Storage Ring
= 1.5 km -
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Neutrino Factory

 Proton driver

— Primary beam on production target

FFAG/synchrotron option Linac option

ol
1

Target, capture channel

/ \
Proton Driver i ‘ / 6
— Create 7, decay to p X —= Neutrino?(

° COOIIng HgTargeté) P
— Reduce transverse emittance Buncher [ g /
i E Bunch Rotation . 6‘
 Muon acceleration x .

Cooling l S
0.9-3.6 GeV Linac to -~
— 130 Mev to 20-50 Gev 2 RLA 0.9 GeV o (_'V Muon Storage Ring
=)
3.6-12.6 GeV RLA \&) 4

« Decay ring(s) i
— Store for ~500 turns WO s
S 500 Neutrino Beam i )
— Long production straights ' Muon Storage Ring
e 1.5 km -

Additional requirements are that the proton pulse contains 1-3 bunches
and the driver must compress the proton bunches to 1-3 ns, then hold in a

compressed state for ~150 ps
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Project-X Neutrino Factory/Muon
Collider Strategy

* Project X shares many features with the
proton driver required for a Neutrino
Factory or Muon Collider

NF and MC require ~4 MW @ 5-15 GeV

* Primary issues are related to beam
pulse structure

NF wants proton beam on target
consolidated in 1-3 bunches, separated by

~150 us
Muon Collider requires single bunch

* Project X linac will deliver 4 MW (with
upgrades) but is not capable of this
beam pulse format

New accumulator and compressor ring will be needed to produce the
correct beam format on a NF or MC target. Possible idea of “trombone”

delay lines and funnel to combine bunches at target.

Monday, 27 September 2010



Project-X Neutrino Factory/Muon
Collider Strategy

* Project X shares many features with the
proton driver required for a Neutrino
Factory or Muon Collider

NF and MC require ~4 MW @ 5-15 GeV
* Primary issues are related to beam

-

o ©
N O
o W

o
o h
—
o

Mesons/protons/GeV
o
o
]

o
o
—

pulse structure 0005 |
NF wants proton beam on target 0
consolidated in 1-3 bunches, separated by
~150 us

Muon Collider requires single bunch

* Project X linac will deliver 4 MW (with
upgrades) but is not capable of this
beam pulse format

MARS I5 (N Mokhov, H Kirk, X Ding)

without optimization —=—
with optimization —s—

Proton Kinetic Energy, GeV

10 20 30 40 50 60

New accumulator and compressor ring will be needed to produce the
correct beam format on a NF or MC target. Possible idea of “trombone”
delay lines and funnel to combine bunches at target.

Monday, 27 September 2010



Project-X Neutrino Factory/Muon
Collider Strategy

* Project X shares many features with the
proton driver required for a Neutrino
Factory or Muon Collider

= NF and MC require ~4 MW @ 5-15 GeV

* Primary issues are related to beam
pulse structure
= NF wants proton beam on target

consolidated in 1-3 bunches, separated by
~150 us

= Muon Collider requires single bunch

* Project X linac will deliver 4 MW (with
upgrades) but is not capable of this
beam pulse format

New accumulator and compressor ring will be needed to produce the
correct beam format on a NF or MC target. Possible idea of “trombone”
delay lines and funnel to combine bunches at target.
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies
provide smaller bucket

area in the ring and the Y
. . B Qr-.%
small longitudinal % oy %
emittance needed for final @"’ %4%
ns bunch compression. &,§ s \ %%
Studies show that 180 MeV §°F L
is a realistic energy for NF. 4 { N 66 cells %
y ,
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| 7 ¥
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies
provide smaller bucket
area in the ring and the

A0y
.sﬂ“u“ ﬂh"(o-

small longitudinal »° S iy *a
emittance needed for final & 5 o
ns bunch compression. &ﬁ’; g \ %%
Studies show that 180 MeV g7 »
is a realistic energy for NF. & 3 "«;E 66 cells
o — § 3 3GeVRCSBooster ! %
g R ; :
N :
H é. % .“- g
Special achromat for I . s
collimation (longitudinal % \ o 1- g
g o 3 i H° H
and transverse) and & Jo e - P
momentum ramping for Y 8 5
. . . -6 xrn .
injection ] » 0.2 GeV H linac F
% &
% H collimation 10 GeV non-scaling
N FFAG
2%
% .
. >
. 40*"‘

-y a9

Science & Technology
@ facilities Council

Monday, 27 September 2010



Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies
provide smaller bucket

area in the ring and the e
T o 2.
small longitudinal PV 48 .
emittance needed for final P " S e
ns bunch compression. y»\” sig® . %Q
Studies show that 180 MeV §oF . o
is a realistic energy for NF. § 7 66 cells
o ) %
R — § i 3GeVRCSBooster ! %
g X i %
‘ e ] -
Special achromat for I X 1
collimation (longitudinal T 7
g ‘QQ‘ o ’ g
and  transverse) and g OBy - P
momentum ramping for 8 3, 8
.. . % il ‘ &
Injection 1 > 0.2 GeV H~ linac b g
e &
% H collimation 10 GeV non-scaling
& FFAG
. <%
Separate booster ring N P
. %, o
designed for low loss phase 2 o1 e
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space painting for beam
injection and accumulation.

Synchrotron moving buckets
give flexibility to capture all of
the injected beam.
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies

provide smaller bucket Separate main ring with optics

area in the ring and the ., chosen for ns bunch
small longitudinal o oy . compression.
emittance needed for final Py 5 o Could be FFAG (cheaper but
ns bunch compression. &;\’; g . %% insufficiently developed) or a
Studies show that 180 MeV & . % synchrotron (reliable, tried and
is a realistic energy for NF. g 7 66 cells » tested)
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space painting for beam
injection and accumulation.

Synchrotron moving buckets
give flexibility to capture all of
the injected beam.
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies

provide smaller bucket Separate main ring with optics

area in the ring and the P chosen for ns bunch

small longitudinal & Lo Crmy g 9 compression.

emittance needed for final e A e 2% Could be FFAG (cheaper but
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. o synchrotron (reliable, tried and

Studies show that 180 MeV §oF %
is a realistic energy for NF. gF ¥ 66 cells tested)
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Green-Field Model of a4 MW, 50 Hz, 10 GeV
Proton Driver for a Neutrino Factory

Lower injection energies

provide smaller bucket Separate main ring with optics
area in the ring and the T gy, chosen for ns bunch
small longitudinal & Lo Crmy e compression.

emittance needed for final Py o o Could be FFAG (cheaper but
ns bunch compression. & g " A insufficiently developed) or a
Studies show that 180 MeV ﬁ‘f-j;.? . Q‘% synchrotron (reliable, tried and
is a realistic energy for NF. r ¥ 66 cells tested)
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Radioactive lon Beams

To explore ever-more exotic
regions of the nuclear chart,
towards limits of stability of nuclei.

|
|
I
iZ 24 I
- (Neutron dripline) I B~ decay I
N o decay
"’ é e ! Il @ spontaneous fission)I
7Y 13 Fragmentation
il RIBs produced by fragmentation of a projectile on a thin
= 2« " target. Radioactive nuclei created are separated in flight.

Secondary beam: high energy and selectivity, but low intensity

Line

ISOL: Isotope Separation On-Line

RIBS produced by spallation, fission or fragmentation reactions of
a projectile with a thick target. Products of reaction diffuse out of
target, are ionised, separated on-line and re-accelerated.
Secondary beams: very intense but short-lived nuclei not
reachable

EaERIERER
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PR Y e
A dedicated p-injector, required for th
production of high intensity anti-proton beams
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FAIR Proton Injector

e GSI proton injector - 70 MeV, 70 mA, 6 pairs of coupled CH DTL
352 MHz, 4 Hz repetition, 36 pys beam D 3 T W
pulse length ' T S ;]

— first linac based on coupled H-Mode
cavities combined with KONUS beam
dynamics

* Tolerances comparable with other high
intensity linacs

* Construction 2010? Commissioning 201 3?

to SIS18
Re-Buncher =
Source LEBT RFQ ‘ DTL |
95 keV 3 MeV 4 70 Mey e Dump

- Facmtles Counol
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EURISOL (European ISOL Facmty)

* | GeV superconducting linac, 5SMW of
protons on neutron converter target

* Also capable of accelerating deuterons, 3He
and ions up to mass 40.

* Beams impinge simultaneously on two types
of target

— direct target

— indirectly after conversion of protons into
neutrons through a loop containing | ton of
mercury surrounded by fissile material.

Multi-MW target station

Technical preparatory work and demonstration of
principle for a high-power target station for production
of beams of fission fragments using the mercury proton-
to-neutron converter-target and cooling technology is
carried out in collaboration with the communities working
on spallation neutron sources, accelerator-driven systems
and neutrino factories. The converter will be surrounded by large amounts
of fissile material.

Superconducting cavity development

The Design Study includes fabrication and tests
of fully-equipped superconductivity

cavity prototypes and design, &f
fabrication and test of a multipurpose
cryomodule for the low-energy section
of the proton driver linear accelerator.

|
A POSSIBLE SCHEMATIC LAYOUT
FOR THE EURISOL FACILITY \x)_
—_— )

TO LOW-ENERGY
EXPERIMENTAL
AREAS

J : VI -EURISOL

TO HIGH-ENERGY TO MEDIUM-ENERGY TO LOW-ENERGY

| EXPERIMENTAL AREAS EXPERIMENTAL AREAS EXPERIMENTAL AREAS

Unstable nuclei diffuse out of the target,
are ionized and selected, and can be used
directly at low energy or reaccelerated by
another linac to energies up to 150 MeV
per nucleon in order to induce nuclear
reactions.

Science & Technology
@ Facilities Council
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FRIB - Facility for Rare Isotope
Beams at MSU

« Agreement signed June 2009. Cost ~$600m and take ~10 years to design and
build.

« Superconducting RF driver linac providing 400 kW for all beams with uranium

accelerated to 200 MeV/u and lighter ions with increasing energy (protons at
600 MeV).

« Upgrade possibilities to 400 MeV/u for uranium, to 1 GeV for protons

0 Fast beam Stopped beam
~ expenments

L |
4
e expenments
g - £
Superconducting In-flight target and . (t ) n
Llnl" r ACCH |'gr f ) ’1;‘11 nt lq arator ® Gas S:OQDH-)Q / s
e A S e Reace i Reaccelerated beam /
- Stopped beam teaccelerator —» experiments .
expernments /
(sohds)
P y
N
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SPIRAL-2

Radioactive beams facility at GANIL, Caen, France

* A superconducting linac driver, delivering deuterons with an energy up to 40
MeV (up to 5 mA) and heavy ions with an energy up to 14.5 MeV/u (up to |

mA). | max = 1 mA j
He_avy lons
0.75 MeV/n Experimental Area
ECR Source -
Deuterons

QWR 88 MHz (beta=0.07)

RFQ 88 MHz (q/A=1/3) QWR 88 MHz (beta=0.12) Beam Stop ]
| GE |

d*: 20 MeV/n

5-1-1172 Hl: 14.5 MeV/n
Dira

driver accelerator

ECR Source L
Heavy lons

[ RFQ 88 MHz (a/A=1/6) |

(optional upgrade)

* Two families of quarter wave resonators: type A
(optimized for beta=0.07, | per cryomodule) and B
(beta=0.12,2 per cryomodule).

e The accelerator is scheduled to be commissioned
from mid-201 | onwards.
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' RFQ - full
i, power test

I /A

First Type B R=0.12 cryo-module

First Type A R=0.07 cryo-module

Science & Technology
@ facilities Council
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IFMIF and IFMIF-EVEDA

An international facility planned by Japan, EU, USA and Russia to produce a high

energy, neutron-rich, environment to test materials for suitability for use in fusion
energy reactors.

* [FMIF will

— calibrate data from fission reactor and other accelerator-based irradiation tests

— generate an engineering base of material-specific activation and radiological
properties data

— support the analysis of materials for use in safety, maintenance, recycling,
decommissioning, and waste disposal systems.

« Two deuteron accelerators delivering beams of a total power of 10 MW on a liquid
lithium source, generating intense flux of neutrons (10" neutrons/s) at 14 MeV

Intersecting Deuteron Beams
(Total Power: 250 mA @ 30-40 MeV

(DPA = Displacements per Atom) 3 -~ PIEFacilities
Test modules inside S

Test Cell

Medium Fluence Module (1-20 dpa/yr,
Low Fluence Module (0.1-1 dpalfyr

e A o7
, .y iy P
o 2 oy ‘
Lk W L.
iy ¥ .-'." - -’
5
e -

el

e
£
n B
N
-,

W
':" PR -
- iyl IF 8 - -
P - { 3 Pl -
= = - s
ol oL *
" - - - 8
RS L
T . -
- . L .
! = - ¥ )
: :
r < i '.. i "_.-:I-'_
# :
.
,

lon Source
REQ..:: i

s -.? 1

Specimen Capsules
High Fluence Modules (=20 dpa/yr)
Target Area (S0 mm x 200 mm)

Flowing Lithium Stream (25 mm thick at target)
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o |
> Accelerator Toet ﬁ
/ Deuteron accelerators:

10 MW beam heat removal
with high speed liquid Li flow ®lrrad. Volume > 0.5L

for 1074 n/(s-cm?), (20 dpalyear)

®Temp.: 250<T<1000C
tron

2x 125 mA D+ CW at 40 MeV

(~107 n/s)

U e ‘--"-- o
\ Heat . 2
h
\\:.Lource / exq \\ DIE J

Typical reactions:
Acpelerator b_asec_l m_eutron so_urce Li(d,2n)Be, SLi(d,n)Be, SLi(n.T)He
using the D-Li stripping reaction - . ot on Li
= intense neutron flux with the pu Z(e)ann: QgePFmS %nh'lgharge
appropriate energy spectrum \ v / cm wide X 5¢cm hi
(1 GW/m?3)
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IFMIF-EVEDA
A 9 MeV Test Facility

Systéemes RF : TMW x 3

Synoptique EVEDA
Faisceau 1,2 MW

v v v v v v v v v v - 4 v v v oy +F v v v v v v V. v
ALAN TRATE A5 | N < A TR AR TRATE AN DRATE AN TRACE AN LA TR AN T ‘
VAN S TR AR B S FRA A A0 O AL PR AT B AL FUR BAR BLR AAE I A IR A
9 P . = . = v e o = o - . - % & i
X v, 9
RAR & Ak
| AR vy
o] f=—65m —=— 125m == 4,7m % 3]
TR AR
v ¥ o ¥ea
Vg } >
. yv.' v
7ilq. gt
v v e e DL D =y 3 Dl 1) : + & s 17 m
Q o W Nl = L === =i b 1 Logmd
. 4
g o h’v.‘ v
g ; : g
o Source D+ RFQ5MeV 125 mA  Matching \ DTL9 MeV  Ligne haute Beam dump o ;
Sy 95 keV, 150 mA 175 MHz section 125 mA énergie >1,2 MW it f.,
e e
LA V.59
v v LEBT o A A0
b2 g o G P A P AR T PR, T T T WG AT WP, FL AR L) AT T U 3 - Fa P T T e ] g 100 R
WL SR e Y g e O ¢ i A R YA e o T e e S O e i . Wi YA W W T D R Y ' Y
v Q':.V 9 Vg Vo .q g a0 Vg 7 .q 7.9 Vg V.9 : Vg 7 o gy P 5 AR T AL V.9 Vg 7 9 =%
WitV S0t W J0st U 206 B 0 B N W S Y S T LW Bt O DL D S W St W S WG B S LY A Y DL '
—- 450m -

Monday, 27 September 2010



Accelerator Driven Systems

* Nuclear waste transmutation and nuclear energy
generation using spallation neutron sources

—intense neutron flux produced from spallation reactions induced by
a proton beam on a heavy target

— neutrons are moderated and used to drive a sub-critical blanket

—long-lived nuclear waste transmuted to stable or short-lived
iIsotopes

ADSRs have the potential to replace carbon-free nuclear power stations with a

more sustainable, cost-effective and safer form of nuclear power to the benefit
of the consumer and the environment.

 ADSR fuelled with non-enriched thorium (abundant); breeds and
burns its own fuel in a plutonium-free cycle

— safety advantages that reactor is sub-critical and can be shut down very
rapidly by switching off the accelerator

 World’s first ADS experiment March 2009 at KURRI, Japan.
100 MeV FFAG proton beam on heavy metal target; spallation
neutrons bombarded into sub-critical fuel core

Science & Technology
@ Facilities Council
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MYRRHA

Belgian Nuclear Research Centre (SCK.CEN); construction planned 2015.
600 MeV, 2.5 mA proton beam on Pb-Bi target

The MYRRHA accelerator reference scheme (2010)

S(:C;vsmp::? SC elliptical cavities:

350 MHz 700 MHZ
i NC CH-DTL & 600 MeV
SC CHDTL

50 keV 3 MeV

90 MeV 190 MeV

WV \/

Independently-phased
Linac Front End Superconducting Section

Spallation target
& sub-critical
core
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ADSR: Reliability Issues

Beam availability: an order of magnitude better than present day state-of-the-art.

 Number of beam trips longer than 3 seconds to be reduced to less than 1 per week.

— related to the thermal shocks which a beam interruption causes in an ADS, adversely
affecting structural materials of the reactor and possibly causing safety issues.

« QOperability of the plant requires an extremely high availability of the proton beam.

PSI data 2001

Interruption

time 1"—-3" 13 —15 | 15 —60" | 1-2h | 2-6h | 6-12h | 12-24h | > 24h
Number 5245 524 93 19 21 6 4 4
Time sum (h) 92 42 42 25 75 45 70 167

Multiple
FFAG

ThorEA approach: multiple

Genera tion g - e @

f = e
1 llllll I |_||||_||||_' E
Condenser %
00 g

accelerators with redundancy,
current increased if one goes
down

rimar

C
ADSR Control

Subcritical Reactor Core

________________

_______________

Monday, 27 September 2010



Summary

* There is very strong interest in high power proton and ion
accelerators with a wide range of applications

* The designs of the various projects have many features
iIn common (e.g. the use of superconducting RF), leading
to large potential synergy between projects

» Two large-scale facilities have recently come into
operation (SNS, J-PARC)

* Others are being upgraded or have upgrade plans (PSI,
ISIS, SNS)

* Many medium-scale facilities are in construction (Linac4,
Saraf, Spiral2, PEFP, IFMIF-EVEDA)

« ESS, IFMIF, Project-X, MYRRHA may come into being in
the coming decade

Science & Technology
@ facilities Council
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