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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 ys to ~2 ms
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Materials & Life Sciences at ~3 GeV

Nuclear & Particle Physics at ~50 GeV

R&D for ADS at ~0.5 GeV
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Beam Power

Power = average beam current X kinetic energy
P=IFE = (Nef)FE

N = number of particles in bunch, f = frequency of bunches
or

N = number of particles in machine, f = repetition rate

 Beam power is a balance of energy against current
— depends on purpose of the machine (the application/science)
— takes account of general accelerator limitations
— also allows for economic considerations
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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 beqms, 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
*lrradiation facilities

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

~ EUROTRANS (Europe), TRASCO (ltaly), ADS (China), TharEA (UK)
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Beam Power Frontier
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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 >
ANSCESNS, D CERN; LHC&PS,_SARAF_.,_V |_PARC
B s CSNS, Dongguan

~ Indian SNS. -

- Other studies, e.g.
_AGS upgrade @ BNL,
“Indian SNS
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Different Approaches

* Linac or cw/high rep rate ring directing
beam onto a target

— technological challenges
— beam dynamics issues

* Linac injecting into accumulator ring

— additional challenges from accumulation and
intensity

Safety paramount: very low beam loss, minimise
radiation hazards. Hence demand for very good

quality beam. 1 W/m is the accepted goal for
uncontrolled beam loss.

Science & Technology
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SNS, Spallation Neutron Source

* 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

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

Oak' Ridge, Tennessee

* 13 neutron scattering
instruments

A stepping stone to other high power facilities

Science & Technology
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SNS Accelerator Operation

LINAC:
Accelerates

the beam to
1 GeV

Accumulator Ring: VS

Compresses 1 ms / \+

long pulse to 700 nsem\ (e
H- Stripped/ ,f\\ /

to protons : .

: Delivers
65keV  2.5MeV 87 MeV 186 MeV 387 MeV 1000 MeV . beam to
lon Source ‘ W, Target

l v v ¢ ¢ ._/{, N>
- RFQ H DTL H ccL H SRF, =0.61 H SRF, 3=0.81 ¢ — N\
Chopper system o
945 ns makes gaps
e e
C C
) O
| - | -
| - | -
> >
O O
1 ms macropulse
‘ ‘ ms |
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chopped beam

~100 bunches removed

Linac bunch train e o6 067 T M e o o 6 & e o e @ @ ‘.-

~250 microbunches

Injection x 1000 turns, 1 ms

309 ns

Accumulator ring after injection

700 ns

Science & Technology
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SNS Linac Overview

To Ring

| .

Linac dump

86.8 MeV 186 MeV 391 MeV 1 GeV
B=0.55 B=0.71 p=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
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SNS Accumulator Ring

Collimation
Injection © /,»»-,-- ==, Extraction

 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

HEBT
* Pulse 0.2-1.0 ms compressed to ~700 ns. :
p‘ﬁ[ B Target
To
Injection
Dump/
H'beam — p, Thick
% StriTing Foil Secondary Foil / /
Dipole H\‘
magnets ~_| \ /_l
i ..... m ........ 4,(.'..‘...!-'0 _/
.......... — o
............ _— I (R A
7 \_»
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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 |6.

* 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 B3 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)
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PSI - Highest Power Neutron Source

N S G
wb‘

Operates CW
Optimised for high intensity

central
control room ..

Based on cyclotrons -
« 870 keV Cockcroft Walton Injector 8V <tiiAs
« 72 MeV injector cyclotron p
« 590 MeV main cyclotron

Delivers 2.2 mA to spallation neutron

target

Shsigf Proton Actelarator
PO MeV, 2.2mA .

XFEL Injector
250 MeV

e 2009 new maximum current: 2.3 mA
achieved (1.36 MW).

« Upgrade plans to 1.8 MW by 2013 by
improving rf systems.

« Major efforts to improve reliability above
90% and reduce beam loss to 10,
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J-PARC H- Linac

Phasel: |81 MeV, peak current 30 mA = 0.6 MW from RCS at 25 Hz
Phase II: 400 MeV, 50 mA = | MW from RCS

C AN ’0\

Additional structures to 400 MeV Science & Technology

DTL: Linac commissioned June 2007
) (2012), superconducting to 600 MeV @ Facilities Council
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Quadrupole transfer line from
180 MeV linac being removed

Klystron gallery S
\ ‘_I B~ "

New ACS accelerating structures
for 180-400 MeV section;
currently being installed.

Science & Technology
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3 GeV Rapid Cycling Synchrotron Ring

Booster synchrotron, 25 Hz, 333 pA, 1 MW, fast extraction

RCS switc.hygrc!-'
>

50 GeV Main Ring

Slow cycling, 0.3 Hz, 15 pA, 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
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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)
Expected construction * 2:9 ms pulses of protons
2013-2018 * 14 Hz rep. rate (=17 Hz?)
First neutrons 2019 * 2.5 GeVenergy (=3.5 GeV?)
* 60 mA ion source current (=100 mA?)
_ . *© Lowlosses <1 W/m
- —=——w + High reliability, = 95%
R == =« Single target station; upgrade could
e ; include a second target with interleaved
T = N 40 Hz operation
. 2
T e k2
Cap
~Sres  Facility cost 1377 M€ with 22

instruments + 101 M€ site specific costs
Operating costs 89 M€,00s per year 24
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ESS: A Green Facility

“Powerbox” - electricitg

T T from waste heat

Include research,
development &
demonstration

of emerging
energy

technologies.

On Site Solar
Sgs’tems

v
Seasonal s’torage

cool & heat Goal: carbon

neutrality.

E.g. options on

s wind turbine
" farms

District

Heating
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ESS Linac

352.21 MHz : 704.42 MHz

() B TRy )
Spokes Elliptical cavities Elliptical cavities :
Source | ¥ =050  Medium f=0.70 High f8 = 0.92 Target
LEBT MEBT HEBT
3 MeV 50 MeV 188 MeV 606 MeV 2500 MeV

Energy 2.5 GeV
lon source current 60 mA (upgrade to 100 mA)

] N
!!rsd:\l.,.l

Division Accélérateurs

Half -wave resonators Spoke resonators

ESS prototyping: two half-wave resonators @325 MHz (=0.17, B=0.31) and two

spoke resonators @325 MHz (p=0.15, B=0.35) fabricated and successfully tested
26
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Chinese SNS, Dongguan

s .
Linac Tunnel™

Guest House

Target Station
and Spectrometers

@ Facilities Council 27
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324 MHz RF linac providing 80 MeV H-
beam to 1.6 GeV RCS

* Penning ion source
S0keV 3 MeV 80/130MeV (Lve=63/125u A) under construction
H LS. RFQ DTL Linac
o (T Ve, S TR | N * RPQ technology
| I 324MHz 324MHz \'\-\ developed in ADS
LEBT pS TR R 2, StUCl)’
. | * Upgrade path to
RCS [ 200 kW
1.6 GeV, 25Hz
63/125 1 A
»
Lo kit o Pp=100/200kW Dttt
= g R e
8 f""’" RTB
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
28
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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 systems

* 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, HOM, damage to SC
cavities from beam loss

* Operational beam loss: Intra-beam stripping in H- linacs 59
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Main Issues (2)

* Transverse and longitudinal matching

* 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)

-
~ Unstripped beam (H°, H) e
* Beam accumulation, phase space painting 27
wo electrors stnpped from
B it
~ Transverse and longitudinal coupling, options L
for transverse painting, options for
longitudinal painting _,
A few partally stripped H® go Unstripped H-particles go %o
. . . . straight on and are collected. 4 beam dump
* Trapping and acceleration in rings o=
~ instability studies, space charge mitigation, halo, emittance growth,
electron cloud
30
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ISIS - present

RFQ =

\\ e 70.44 MeV H- linac
k | M(,L Mu g . . . .
\ e Charge exchange injection into
R { Lo 800 MeV RCS

kA .
E / e 50 Hz operation

e 200 pA, 160 kW

e Two target stations, at 40 Hz and
10 Hz

e Dual harmonic RF system to
upgrade to ~240 kW

e Otherwise intensity limited by

\///. space charge

Science & Technology
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ISIS Power Upgrades

* 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 (decommission
the old ISIS?)

¢ Charge exchange injection, phase spac
painting

© 2MW at 30 Hz, ~5 MW at 50 Hz -
¢ All bunches for neutron production

© or transfer some bunches to new ring for

neutrino factory driver Science & Technology
@ Facilities Council 33
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Linac Front-End Project, FETS

* H-lon source development chopper

— 60 mA, up to 2 ms pulse, lifetime >3 weeks
 RFQ design

— 4 vane, 324 MHz
« Fast beam chopper (tandem, distributed)

» Diagnostics .
24 MHz, four vane
RFQ, 65 keV-3 MeV

Pgnning H- ion source,
60 mA, 2 ms, 50 Hz 34
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Rapid Cycling Synchrotron Upgrade Ring

Energy

Repetition Rate
Circumference (2.5x ISIS)
Transition ~;

Harmonic number A

RFE sweep frr

Peak RF voltage Virp

Peak tune depression AQ.

Longitudinal emittance €y,
Magnetic guide field B(t)

0.8-3.2 GeV
50 Hz
408.4m

7.2

5

6.1-7.1 MHz
~T750kV

~ 0.1
~1.5eV.s

sinusoidal

Phase |: Direct injection
from ISIS 800 MeV
synchro

Extraction

cavities

......................................

cavities

H® H- beams

Phase 1I: Charge exchange injection
from new 800 MeV linac

Science & Technology
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800 MeV H- ISIS Upgrade Linac

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

e Based on J-PARC frequency, 324 MHz

* Intermediate energy beam transport section to remove longitudinal
halo

e Superconducting from 75 MeV

e RFQ and MEBT chopper based on FETS

3 MeV 74.8 MeV
H- lon

source MEBT 4 Tank DTL (43 mA, 30 — 50 Hz) IEBT

I

' | | o B CAAaad Dﬂl:lﬂ. e i e e s i .DDD 2%3-5;2?0[08:6
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Neutrino Factory

 Proton driver

— Primary beam on production

FFAG/(s)yES)}:lrotron j . Proton Driver L opti
target " | )
R Neutrino Beam
» Target, capture channel
. C reate 7‘5, d ecay to p Buncher Muon Storage Ring
. Bunch Rotation
° COOI I ng Cooling B
. 0.9-3.6 GeV Linac fo ’ E
— Reduce transverse emittance RLA 09 GeV

(;—@ — \§
N~——ooo

3.6-12.6 GeV RLA

* Muon acceleration
— 130 MeV to 10-50 GeV

Decay ring(s)

-~ Muon Storage Ring

— Sto re fo r ~ 50 O tu rn s Neutrino Beam CR. Prior, July 2010

— Long production straights

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. ,
Science & Technology
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NF Proton Drivers

4 MW, 50 Hz, energies in range 5-15 GeV

MARS 15 (N Mokhov, H Kirk, X Ding)
0.035
without optimization —s—
% 0.03 with optimization —e—
$0.025
o
© 002
o
] i
<0.015 |
®
s 001
0.005
Proton Kinetic Energy, GeV
0 10 20 30 40 50 60
‘“mﬂﬂﬁl-q” ax.
" 2 ey
@0 j/" '\4‘\\. %%
& o \ Y
> . ?
i.’f . %
o 3 66 cells %
f 5 Q %
§ § 3GeVRCSBooster 1} 4
5 Q %
E A\ J
g N ’ 10 GeV non-scaling
g N : FFAG
3 " A iy §
- v.""l"—'—’—"&"-ﬂ)-(ff - g
) :
T §
%" g 0.2 GeV H Linac §§
®_ 1" collimation é
° &
%, g
e
% &
. .

o o
‘o 0y o AN s

Choice of energy dictated by pion production from
target

Specific models developed for NF/MC purposes
Meet specific pulse structure requirements

— 3 bunches per pulse

— compressed to ~2 ns

— held in driver and sent to target at required time
separation

Could be linac plus accumulator and compressor rings
(CERN) or combination of RCS booster (for
accumulation) and synchrotron or FFAG main ring (for

acceleration and compression) ideally have a purpose-
built design for NF

— but economic considerations may lead to compromise
by adapting/extending existing machine

Science & Technology
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FFAG Acceleration

" o Fixed-Field Alternating Gradient accelerator

e Avoids magnet ramping so good for unstable particles (e.g. muons)
e Betatron tune varies; resonance crossing

e Likely to be robust; high power proton/ion applications?

_® Much R&D needed. y

EMMA - electron model of non-scaling muon FFAG at Daresbury

Laboratory, UK

~

Science & Technology
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EMMA Results

.........................................................................................................................
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.....................................................................................................................
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..................................................................................
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EMMA demonstrated novel Serpentine  Published March
(out of bucket) acceleration 2012 as cover
article in Nature
Lecture by S. Machida, Physics
Thursday

Science & Technology
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FFAG Development

’ |‘ Extraction @ Injection —

Kicker MS Injection
ES

' |

W Al A

A - n o1 7 - Injection
Injection . N B Bump 2
Bump 1 P :

: | T O (
" ) \ “ e . '.u-

B

-

B Extract
oL Septun

Further theoretical studies of
isochronous proton FFAGs ongoing

International collaboration
established to carry out
experimental tests on 150
MeV FFAG at Kyoto
University.

H- injection, stripping,
proton acceleration, beam
dynamics issues
(resonances, emittance
growth, space-charge
Should demonstrate/verify
theory/codes and indicate
possible use for high power
and/or high rep.rate (~cw)
use.
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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

42
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CERN Linac4 and SPL

 Upgrade to CERN injector

complex "\
* Linac4 under construction to feed <

PS-Booster

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

— ISOLDE, EURISOL

— Neutrino physics, radioactive ion
beams

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

Sunday, 14 October 2012



CERN LINAC4

> PIMS CCDTL DTL chopper line RFQ

New linac to inject into PS-Booster,
replacing Linac2

* Length 86 m | “a%

» 4 different accelerating structures S Tt

* H-beam, chopped 62.5% b7

« 40 mA average current e /

* Focusing with 111 PM and 33 EM quadrupoles Linac4 \ Present 50 MeV

« Transfer line and charge exchange into PSB.

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

power SPL. & Science & Technology
@ Facilities Council 45
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Linac4 — An International Project

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

RFQ RF design, RF amplifiers, Prototype modulator, RF
I_l modulator construction from French tuners, couplers, —
Special Contribution waveguides from India  —
45 keV l 3IM V\M‘\{A 109K1eV 160 MeV Transfer line vacuum
Agreement with | | | | | chambers and
DESY on H-ion \E [T} RFQ [ | DTL HCCDTLH PIMS  |[Foermmewrss ] supports from K@
sSource / ' T Pakistan

K

80 m

A
\ .

Chopper line built — ,

in a EU Joint Participation of ~ Construction of Collaboration agreement

Research Activity ~ ESS-Bilbao in DTL CCDTLIn with Soltan Institute
construction Russia, via an (Poland) and FZ Julich (D)

ISTC Project for PIMS construction.
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Linac4 Construction Status
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Linac4 Construction Status
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TT-mode structure

Science & Technology
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The Intensity Frontier: Project X

>2 MW at 60-120 GeV
for neutrinos
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Project-X

An experimental programme built around
Fermilab’s High Intensity Frontier

H source g

A multi-MW proton source to support

Main Injector
60-120 GeV

2 MW Neutrinos

3 GeV,0.7 mA CW Linac

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

— Broad suite of rare decay experiments. Kaons
« Based on a3 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

Science & Technology
@ Facilities Council 55
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3-8 GeV Pulsed Linac and

RCS Options
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3-8 GeV Poisod Lo

* 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
~ ~250 cavities (28 ILC-type cryomodules) needed.

ms pulse length
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Project-X Neutrino Factory/Muon Collider Strategy

* Project X shares 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 directly capable of
this beam pulse format.

New accumulator and compressor ring will be needed to produce the
correct pulse structure on a NF or MC target. Possible idea of “trombone”
delay lines and funnel to combine many bunches simultaneously at target.
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Fermilab PXIE

* Project-X Injector Experiment: Prototype for front-end
* Will accelerate 1 mA (average) H- beam to ~25 MeV
» Test reliable operation of a CW 2.1 MeV RFQ accelerator

_ . _ | 25 SSR1
| ERT RFQ MEBT ¢ HWR -
0dw HOm INCOWe DWW o Hl ; S A e e f e E e e e e e - H D oo =3
‘@
LBNL FNAL, SLAC~ ANL FNAL ’F

* Demonstrate bunch-by-bunch chopping
 Test low-f3 acceleration in SRF cryomodules

« Show sufficiently small emittance growth during initial
acceleration

* Good particle extinction for the removed bunches
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A dedlcated p- |njector requwed for the
productlon of hlgh |ntenS|ty anti- -proton beams

Radioactive ion
production target

Antiproton
production target
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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 ps beam S ="
pulse length ESTS b

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

* Tolerances comparable with other high
intensity linacs

* Under construction. Commissioning 201 3?

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

To explore ever-more exotic
regions of the nuclear chart, g
towards limits of stability of nuclel. | e

(Neutron dripline)

"&é Fragmentation |\ Slemenbw
RIBs produced by fragmentation of a projectile on a
I thin 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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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 )
He_aw lons
0.75 MeV/n Experimental Area
ECR Source
Deuterons

QWR 88 MHz (beta=0.12)

/
d* : 20 MeV/n

yl-ll72 Hl: 14.5 MeV/n
pira

driver accelerator

QWR 88 MHz (beta=0.07) Beam Stop |
-/

RFQ 88 MHz (a/A=1/3)

ECR Source |
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).

* The accelerator is under construction. LA
Spiral2 is developing a completely new generatign 6 hadyr
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RFQ - full
power test

First Type B B=0.12 cryo-module

Science & Technology
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EURISOL (European ISOL Facility)

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

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

| |
* Beams impinge simultaneously on two types \%L
of target —_ &

TO LOW-ENERGY

— d irect ta rget : EXPERIMENTAL

AN AREAS

— indirectly after conversion of protons into B ’ f G o _
neutrons through a loop containing | ton of r r |

mercury surrounded by fissile material. - Y -EURISOL

TO HIGH-ENERGY TO MEDIUM-ENERGY TO LOW-ENERGY
| EXPERIMENTAL AREAS EXPERIMENTAL AREAS EXPERIMENTAL AREAS

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.

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.

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.

Science & Technology
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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

=\
.1':,%' 1'3
A
200 e
e — 1 —
I | | I I
al) meters
5 ¥ -J|-'__,-
A \ 3 % e Bearm Delivery System Folding Segment 2
A Pt o e
'.I g ; _ Linac Segment 3 '
' - S T "
: -—Il—l e ' § ¥ | ] il I . | | | ] 1 Ib—ﬁ‘.‘"‘-
-.:'_.'-"-_*'___ —_——+ - - F C i L N (] | | S e [, [ 1 I
. v ' Lingc Ségment1° FrontEnd |
Fragmantation Target o, " -

g
!... e N N TN N T | o S — e o S R e S G ] i e '-'—_ |
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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 b et modules
beams of a total power of 10 MW ona &l ' =
liquid lithium source, generating intense |
flux of neutrons (10'” neutrons/s) at

14 MeV

« IFMIF-EVEDA test facility, single
deuteron accelerator to 9 MeV, 125 mA,
1.2 MW. Under development at CEA

64
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IFMIF - Principles

: Accelerator
/ Deuteron accelerators:

2x 125 mA D+ CW at 40 MeV

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

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

®Temp.: 250<T<1000C
tron

(~107 n/s)

\ / Heat . &
h
\iource exq e \\ DIE J

Typical reactions:
Accelerator based neutron source 7&?2 d.2n)7Be, 5Li(d.n)Be, 6Li(n T)*He
using the D-Li stripping reaction - . ' - t’ - ! y t t
= intense neutron flux with the pu Z(e)am 93 Pr'nS Onh'l harge
appropriate energy spectrum \ g, / cm wide X >cm hig
(1 GW/m?3)

" ——— e 65
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IFMIF-EVEDA
A 9 MeV Test Facility

Systémes RF : 1TMWx 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
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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
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STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUOE DE L'ENERGIE NUCLEAIRE

World
Total: 19 756 TWh

- . Natural gas, 20.9%

.'.-.,\
. Wind, 0.9%

‘ Nuclear, 13.8%

Other, 0.3%

Qil, 5.7% Hydro, 15.6%
Biomass and waste, 1.3%

Coal, 41.6%

Facing the energy challenge

Electricity generation worldwide
(OECD, 2007)
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STUDIECENTRUM VOOR KERNENERGIE
CENTRE D'ETUOE DE L'ENERGIE NUCLEAIRE
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Motivation for transmutation

L

100 : - -
> transmutation spent fuel
:'5 of spent fuel reprocessing reprocessing
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0,1 f S 5
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Time (years) Duration Reduction Volume Reduction
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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 isotopes

‘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
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Accelerator Driven Systems

Reactor

Proton Accelerator

Transmutation
or Reactor or
Irradiation
Facility

(Subcritical and Critical modes)

Fast
Neutron

Source Lead-Bismuth

coolant
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SCK: (B MYRRHA

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

2 gap Spoke S cell Elliptical
352 MHz 704 MHz Beam

splitter
double- L bl L sl 1 s A,
injector : : 2-4 mA,
E =0.35 =0.47 =0.65
;P ;B oop :
17 MeV 100 MeV 200 MeV 600 MeV | Protons:

~100-200 A, _:

Low-resolution ~CW

mass separator

mass separator

Sustainable 1* Ruggedized
High-resolution ion source target:
e.g. Ta, UC/C

RFQ cooler
& buncher MYRRHA reactor

» Council

™ |, & Technology
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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 - J?”ﬂ_;_”_:D_”_;_ Generator
Zf:':ce;lerators Condenser | E %
UK-ThorEA approach: 77777 e

multiple accelerators with
redundancy, current increased
if one accelerator goes down.
FFAGs proposed for reliability
and reduced cost.

ADSR Control

_______________

rimar

Subcritical Reactor Core

/1
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Chinese-ADS Study

Spoke040 | | Elliptical 063
325MHz 650MHz

MEBT2

40 MeV 180 MeV 360 MeV 1500 MeV

LURECY Main Linac
Injector Schemel: - LEBT 3;;[;?}12 MEBTI-
35 keV 3.2 Me
Injector Scheme2: LEBT 162‘T g?le MEBTI1
35 keV 2.1 MeV
Energy 1.5 GeV
Current 10 mA
Beam power 15 MW
1 —10s (< 25000)
Beam trips/year 10 —.5 min (< 2500) I
> Hmin (< 25) W Facilities Council -
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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 in
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)

* These and others are being upgraded or have upgrade plans
(PSI, ISIS, SNS, J-PARC, GSI)

 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. C-ADS looks set on an aggressive programme.

Science & Technology
@ Facilities Council 24
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