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Simplified genealogy

STORAGE
RINGS

LASER SCIENCE &
TECHNOLOGY

FUTURE ACCELERATORS NEW SCIENCE NEW APPLICATIONS

       SYNCHROTRON
RADIATION SOURCES

HIGH (AV.) POWER

HIGH BEAM QUALITY

HIGH FIELD

FINE BEAM CONTROL

COHERENT  TUNABLE
RADIATION (FEL)

COLLIDERS

LARGE SCALE , HIGH
PERFORMANCE
SUPERCONDUCTIVITIY

VH FREQUENCY 
POWER

BEAM DIAGNOSTICS
 AND CONTROLS

REQUIREMENTS ACCELERATOR TECHNOLOGIES

HIGH PRERFORMANCE
 LASERS

LINACS



High Average Power
( MW )

Hadron Beams
-----

APPLICATIONS
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Present Generation of HP Hadron Accelerators
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Main technology advances exploited for
High Power Hadron Beams

   ION Sources: high current, high brightness

     RFQs : low β, high efficiency and brightness 
                 SC preinjectors (first prototypes under test)  

   Superconductivity:  
      RF cavities : low β , reliabilityreliability of large high fieldhigh field 

systems as tested in HE installations,  optimization of 
warm-cold cavity mix

 RF Power Generators : HP,  HF components
              (Klystrons..) developed and tested for Colliders
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Progress
in SC RF
gradient

1 GeV re-circulated Linac

0,35 GeV Linac

Large SC 
systems in 
operation
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“Livingston Plot” for RF SuperconductivityTotal “SC voltage” installed on accelerators in
operation

Courtesy of H. Padamsee
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Typical SC Linac Schematic Layout

ν Factory CERN SC Linac design

LEP type SC Cavities



HP Hadron Beams
Applications

Spallation neutrons

Waste Treatment

Energy  Production
Materials Irradiation

Inertial Fusion

Radioactive Ions

Applications
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WHY NEUTRONS ?WHY NEUTRONS ?

http://www.sns.gov/new/aboutsns/index.shtml
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Neutrons: PanoramaNeutrons: Panorama
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NeutronNeutron
Production byProduction by

spallationspallation

needs
high peak current,

high brightness p, H-

or heavy ion beams

Neutron  production energy window
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Major spallation sources

2 x 5 MW 

Design ready
Approval pending 

Superconducting 
Linac

SNS (Oak Ridge)

1.4 MW 

2007 Fully operational

Superconducting Linac

Apr 2006 
Successfully commissioned

Spallation Neutron Source  -  Oak Ridge

European Spallation Source

http://neutron.neutron-eu.net/n_ess/n_ess_documentation

http://www.sns.gov/
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Science with neutrons 1

ESS Scientific Case http://neutron.neutron-eu.net/n_ess/n_ess_documentation

DNA



CAS 2006 15

Science with neutrons 2

ESS Scientific Case
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TITLE ATF CERN/AT/95-44 (ET)http://lpsc.in2p3.fr/gpr/houch96/houch96.html

Accelerator Transmutation of Waste
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WasteWaste
compositioncomposition

Trans
Uranic
Elements

  Fission
Fragments
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Waste before and  Waste before and  after transmutationafter transmutation

H. Aït Abderrahim,“MYRRHA a Multipurpose Experimental ADS, for R&D objectives “, Proc. EPAC 2004, Luzern (CH)
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    ccelerator     ransmutation of     aste

• Subcritical  !! :
 fissionable transuranics arranged
 such that chain reactions cannot be
 sustained without an external
  n  source

• The target is at center of
“blanket” region
(“transmuter”)  filled with
chemically separated
long-lived transuranics
and fission products

• A  HP proton accelerator produces spallation neutrons in a
heavy metal target.
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Principle
           scheme

www.sckcen.be/myrrha/
Beam

ads

Beam
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Accelerator Transmutation of waste HOW

aste
ransmutation of

Pu   &
long lived

Minor Act’s 
& long lived

0,95 %

 3,3 %

0,15 %

     U
  95,6 %

Stable & 
short lived

FISSION PRODUCTS

SPENT FUEL

Transmuter
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Transmut initial demo confccelerator  Transmutation of     aste

10 to 40  MW  proton  beam
1 GeV ,  10 to 40 mA,    CW

SUPERCONDUCTING !

j
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ADTF
(Accelerator Driven Test Facility)

 SC Linac Design

Courtesy C. Pagani

14 MeV 44 MeV
 600 MeV
    13.3-mA6.7 MeV 109 MeV 211 MeV

Injector&
350 MHz
LEDA RFQ

5-cell elliptical
β=0.64

5-cell elliptical
β=0.48

3-gap 
spoke
β=0.34

3-gap
spoke
β=0.20

2-gap 
spoke
β=0.175

700 MHz350 MHz

ANL

ANL
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The MYRRHA accelerator
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     High intensity  Ion  Driven  Inertial  Fusion

HIDIF Study Group

“the ultimate challenge for accelerator physics “  ?

3 Ion species

“The ultimate challenge of accelerator physics”

Pav ~ 200 MW

Indirectly driven
        target

Induction Linac Bunchers
 1 per species,  24 beams each

SC Dipoles

Main DTL Linac

SC Dipoles

(to scale) 4 MJ/ pulse

1-1,6 mm 
spot size

50 Hz
10 ns

2x12x3
synchronization

 stages

“The ultimate accelerator physics challenge”

 3x16 
ion

sources

 3x2
rings
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High Power Accelerator Designs

!  Factory ATW Tritium
Ion 

driven 
Fusion

Project RIA EURISOL KEK/ JAERI AUSTRON SNS ESS SPL KOMAC CONCERT TRASCO    ATF HIDIF

Based ANL Saclay Tokai Austria
Oak 

Ridge
Jülich CERN Korea Saclaly Italy

Los 
Alamos

GSI

Beam Power (MW) 0,4 5 0,4 0,5 1.4 2 x 5 4 20 25 30 100 ~200

 Energy  (GeV) 0,9 1 3 1,6 1 1,33 2,2 1 1 1 1 10

Rep Rate  (Hz)   CW 25 50 60 50 50 CW CW CW CW 50

Main Accelerator SC Linac SC Linac
 synchro-

tron 
 synchro-

tron 
  SC linac

DT or SC 
linac

SC Linac SC Linac SC Linac SC Linac SC Linac DT Linac

Status
Start constr. 

2004
Ongoing 

study
Approved

Ongoing 
study

Operation 
2007

Ongoing 
study

Ongoing 
study

Ongoing 
study

Ongoing 
study

Ongoing 
study

Ongoing 
study

Ongoing 
study

Radioactive Ions Neutron Spallation Multipurpose 
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More exotic More exotic : Antimatter : Antimatter Driven Sail for Deep Space Driven Sail for Deep Space MissionsMissions

G.P. Jackson &  S.D. Howe, “Antimatter Driven Sail For Deep Space Missions“, Proc. EPAC 2003

SOLAR SYSTEMSOLAR SYSTEM

EARTH

Kuiper belt

Mission: Mission: sending a probe to the Kuiper Belt in a transit time of 10 years.
Missions to deep space will require
specific impulses greater than 6000 s
in order to accomplish the mission
within the career lifetime of an
individual.
System analysis indicates that a 10 kg
instrument payload could be sent to
250 AU in 10 years using 30
milligrams of anti-hydrogen (~6 1019

pbar) .

Physics : antimatter incident on uranium foil has a 98% probability of 
inducing fission. 

Two fragments of ~ Palladium-111 are emitted back-to-back with a total 
energy of ~ 190 MeV. Their velocity is  ~1.4x107

 m/s and their mass is 1.85x10-25
 

kg/atom.  

This equates to a specific impulse of 1.4 106 s. 

 

pbar / beam-year

“At the present time, 
enough antiprotons are 
generated to perform 
millisecond type thrust tests. 
In order to reach the 
inventories of antiprotons 
needed for missions such as 
the one envisioned in this 
paper, it will be necessary to 
greatly increase the rate of 
antiproton production . 



Extremely precisely controlled beams
      Therapy oriented optimization
            Economics of running the facility
                Hospital level reliability

Decades of accelerator 
physics and engineering 

know-how

Hadron Accelerators
for Therapy
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Proton Therapy Milestones

J.W.Kwan,   ICFA 20th Advanced Beam Dynamics Workshop, Fermilab, 2002
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Neutron Capture therapy
BNCT for Glioblastoma Cancer

Step 1:  Tumor-seeking drug
containing “radiation sponge”
administered to patient

Step 2: Short waiting period while
drug fixes in tumor and clears from
blood

Step 3: Patient receives neutron
radiation dose

Step 4: Cell damage concentrated
in cancer cells not in healthy tissueBOPP (shown here in red) is a tumor seeking

chemical containing boron which acts like a sponge
for neutrons. Inside the brain, BOPP gathers
around the nuclei of cancerous tumor cells. When
the boron atoms in BOPP absorb neutrons, they
emit alpha radiation that destroys the tumor’s DNA

11B => 7Li + 4He

J.W.Kwan,   ICFA 20th Advanced Beam Dynamics Workshop, Fermilab, 2002
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Hadron
Therapy

worldwide

Planned In Operation

Carbon

Protons

Photons

Courtesy of U.Amaldi

GSI
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Hadron
Therapy

The ions deposit the bulk of their energy
in the target volume.

E and I
changed  within
a  second. An
independent
control system
monitors the
beam position
every 100 µs
and intensity
every 10  µs. If
either deviates
by > 2% from
spec, beam is
shut off within
0.5 ms.

GSI beam-scanning technique: any shape

Plastic sheets immersed in water

C ions
photons

TERA
CERN
INFN
Design

G
S
I

T
E
R
A

s
i
m
u
l
a
t
i
o
n

protons ions
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Shizuoka in Japan                      GSI in Darmstadt

SHIZUOKA FACILITY
Shizuoka (2002)

Courtesy of U. Amaldi

GSI Pilot Installation w. C beams
More than 250 patients treated (2005)

http://www.gsi.de/portrait/Broschueren/Therapie/index.html



34Courtesy of J. Rosenzweig (UCLA)

Maximum acceleration with intense beams: Plasma
Wakefield Accelerator (PWFA)

• Plasma wave/wake excited by a single relativistic electron  bunch

• Plasma e- expelled by space charge forces => energy loss, focusing

• Plasma e- rush back on axis, induction field  => energy gain

• Plasma Wakefield Accelerator (PWFA) = Beam Energy Transformer
Booster for high energy accelerator?

Ez

z

r
Focusing

Defocusing

-- -
- --

-- -
- --

-- -
- --

-- -
- --

---
-- -

---
-- -

---
-- -

---
-- -

---
-- -

---
---

Accelerating
Decelerating

electron beam

e- d r i v e b u n ch



Electron accelerators
applications

Synchrotron
Radiation
“the most important
spin-off of HEP storage
rings”



20,000
Users
World-
wide

Synchrotron
   Radiation
        Sources
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Courtesy of Lenny Rivkin, PSI

Hard X-rays

1021

1015

109

   1900                1950               2000

Wigglers

Bending
magnets

Undulators

Rotating anode

APS

  PM Elliptical undulator

B : photons/mm2/s/mrad2/ 0.1% BW)

UB

PM Linear undulator

ESRF

SPring8

Brilliance and Tunability are the words

Japan

USA

Grenoble
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 Because of
   radiation,
 in circular 
  machines 
  emittance,

bunch length,
energy spread 
are determined
 by the lattice,

  

Medium E
3d Gen. LS

DIFFRACTION LIMIT

TOP PHOTON ENERGY [eV]

ESRF
APS

Spring-8

    Circ. acc
upper limit (?)

~1 nm ~1 Å~10 nm

Soft x-rays

Hard x-rays

PERFORMANCE OF 3th GENERATION LIGHT
SOURCES
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Dynamic IVCAG (Intravenous Coronary Arteriography) using
monochromatic X-rays produced by Synchrotron Radiation and

Clear dynamic images (33 shots/s) of the coronary artery are obtained, with  37 keV X-rays ,
1011 photons/s generated by an undulator at the AR ring (intravenous contrast agent applied
instead of invasive artery cateter insertion).

monochromators was clinically tested in various laboratories in Japan and Europe

Background subtraction is also possible,  greatly reducing the needed quantity of contrast agent. 

Non-invasive Coronaric Angiography
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Mammography with Mono-chromatic X-Rays

Mammography images of  adenocarcinoma. (a) conventional mammogr.; (b) 

monochromatic beam at 22.2 keV; (c) phase contrasst image; (d) histological section. 

The constrast (sensitivity to tissue density variations) goes from 8% to 0.1%, while the 

spatial resolution goes from 0,15 -0,3 mm to 0.01-0.015 mm. This means the capability to 

detect a tumor 30 times smaller in volume, i.e. a 2 year earlier detection of the tumor. 
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Archimedes text recoveredArchimedes text recovered
Passages written by the ancient Greek mathematician Archimedes, hidden for nearly 800 years
returned to view through x-ray analysis at SSRL of an ancient palinsext prayer book for which a
much older parchment had been scraped and re-used.

Palinsext : “scraped again “www.sciencemagazine.org   Vol.313, Aug 11  2006



ERL Sources ,  SASE FELs 

Why
Hard X-ray

Sources
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Protein Structure
Reconstruction

courtesy of L.Rivkin, SLS

N. Ban et. al.

Part of a Ribosome

Diffraction pattern

Typical crystal size:
50 µm by 50 µm

Low divergence e.g (0.2
x 0.2 mrad) required for
high resolution

very high
brilliance

Protein crystallography
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Protein Data Bank

X-rays: 82% Dominate!
NMR: 18%

ESRF, APS, SPring8

courtesy of L.Rivkin, SLS
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60 KeV X-ray Diffraction study of
residual stress profiles in a US

railway section.

 Transverse (Y) 

Vertical (Z)

(MPa)

Courtesy of D.J. Hughes
FaME38 (Facility for Materials
 Engineering), Grenoble

...engineering too !
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Linear vs Circular
The brightness depends on the
geometry of the source, i.e., on
the electron beam emittance

In a storage ring, the
electrons continuously emit

photons. This “warms up” the
electron beam and negatively

affects its geometry

Controlling the electron beam
geometry is much easier in a
linear accelerator.
Thus, linac sources can reach
higher brightness levels

courtesy of L.Rivkin, SLS
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However, contrary to the
electrons in a storage ring,
the electrons in a LINAC
produce photons only once:
the power cost is too high

Energy-recovery LINAC sources

Solution: recovering energy

Accelerating
section

Energy-
recovery
section

courtesy of L.Rivkin, SLS

Superconducting
is ideal  !
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New Sources

λ

Å

mm

hν

meV

  10
 KeV

• FEL oscillators (IR, VUV)

• Inverse-Compton-scattering table-top
sources

• Energy-recovery Linac based sources
(ERL)

• Self-amplified spontaneous emission
       (SASE) X-ray FELs



      SR or  LINAC
DRIVEN OSCILLATORS.
ENERGY RECOVERY

A
P
P
L
I
C
A
T
I
O
N
S

IR, UV
Free Electron Lasers
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FEL Oscillator
Principle of operation

  Undulator
Magnetic Field

!
2! ~ 1/"

#(!=0)~ #u/"2

#u
> <

Spontaneous
   emission

Linear Accelerator

Resonator Mirror

electron Beam

e - photon speed difference

  

λλ  ~ ~ λλuu//γγ22

Spontaneous radiation resonance 
condition: the electron slips back 
by λ every λu because of

TUNABLETUNABLE!!
    (B,  γ)

Stimulated emission
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       EUFELE
       Storage Ring driven   FEL Oscillator

Δλ/λ = 3 ·10-4 FWHM

ΔT= 10 ps FWHM-> σL= 3 mm
Rep. Rate 4.6 MHz (216 ns)
Ppeak = 10 kW

λ=190 nm

Pave = 500 mW @ 250 nm => Bpeak ~ 3 ·1024 UB (*) , Full spatial coherence

Courtesy B. Diviacco (ELETTRA)

EUFELE

SR -F EL

Mirrors !

world record
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FEL for Industrial Applications

E= 48 MeV
τ=0,4 ps
ε=8 10-6 m

Beam
Energy
recovery
> 90% 10 KW average



   Free-electron lasers
      in Surgery (and other medical applications)

  Tunability

 Most used wavelength band : IR

Main features that make a FEL a unique tool for surgical  and medical applications :

  Time structure

  Coherence ( spot size ...)

“Tunability is the most important attribute of FEL technology.”
    ( wavelength, power and pulse duration )



CAS 2006 20

   Free-electron lasers                            2
      in Surgery and Medical diagnostics

Tunability
Soft tissue vaporization

λ
6.45
µm



FEL for Industrial Applications

T. Jefferson Laboratory High Power Demo FELs

10 KW
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laser applcations

“Powerful, multipurpose
free-electron lasers (FELs) driven  by electron SRF  accelerators
prospectively represent substantial, cost-effective
new manufacturing capabilities for industry.” (G.R.Neil, TJ Lab)

Polymer surface processing: 
amorphization” to enhance adhesion,
fabric surface texturing,  enhanced food packaging
induced surface conductivity.

Micromachining ,
ultrahigh-density CD-ROM technology
micro-optical components
Micro-Electrical Mechanical Systems (MEMS).

Metal surface processing           laser glazing for corrosion
resistance and adhesion pre-treatments.

Electronic materials processing     large-area processing (flat-panel displays)
 laser-based“cluster tool” for combined deposition, etching, and in situ diagnostics.

........medical isotope production, fusion, ..................
and:

micrograph of 
laser treated 
polyester fabric

<        12 microns        >

Fresnel lens
components

   Carbon nanotubes Produced 30 times faster than with conventional lasers
aereospace applications
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IR-UV  Free-electron laser for
environmental and atmospheric research

University
       of
   Hawaii

Pan-Oceanic
Environmental &
Atmospheric
R esearch
Laboratory
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PEARL - Free-electron laser applications in
environmental and atmospheric research

University of Hawaii

University
       of
   Hawaii

Pan-Oceanic
Environmental &
Atmospheric
R esearch
Laboratory

LIDAR



   Free-electron laser
     ( less exotic) Space application

Laser-power beaming to generate electricity in
satellites is being seriously  considered.
Compared to solar panels now in operation, the
electrical power deliverable to a satellite  is
expected to increase by as much as a factor of ten
by using a FEL.



Towards
 X-ray
FEL’s
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Self-amplified spontaneous emission.  X-ray free-electron lasers
(SASE X-FEL’s)

X-ray lasers: no mirrors → no optical cavity →
need for one-pass high optical amplification

R.Bakker

SASE strategy:

LINAC (linear accelerator)

Long Wiggler
electron bunch

“Microbunching increases the local electron density
and the amplification and creates very short pulses

L.Rivkin, SLS

No mirrors
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Photon energy [keV]

Bends

SLS

ESRF

SLAC LCLS

TESLA FEL

BESSYII, ALS

TTF-FEL (M)

APS

Spring 8

UNBEATABLE BRILLIANCE

(1030 - 1033)

HIGH AVERAGE
BRILLIANCE
(1022 - 1025)

SHORT PULSES
(1 ps – 50 fs)

SASE FEL

More complex schemes (e.g. seeding) are also being studied



LEUTL  (ANL) 530 nm
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TTF SASE FEL
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TTF2  (DESY)

Goal: ≤ 6 nm
       2004



YEAR NAME Laboratory λ [nm]

2000 TTF1 DESY 90
2000 LEUTL ARGONNE 530
2004 TTF2 DESY 24-6
2006 SCSS SPRING-8 30-20
2008 LCLS SLAC 0.15
2008 BESSY BESSY 100-20
2008 FERMI ELETTRA 100-10
2011 X-FEL DESY 0.1

Many SASE FEL projects are under way …



4th Generation
X-ray Sources
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New installations  under
construction or on the drafting board
will allow, for instance:

-  to take single-shot photographs of
    the structure of a single molecule

Ribosome
MPG

so as to observe its evolution in real
time, while chemical reactions are
taking place in a living organism.

In the figure:Structural changes during a photo-induced
chemical reaction

OUTLOOK : NEXT GENERATION LIGHT SOURCES

- to produce long enough radiation pulses, i.e. a
narrow enough bandwith, to reach the diffraction
limit , full coherence .

or
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5-7  GeV

I. Bazarov et al. , CHESS Techn.Memo 01-003

TESLA SC Cavities

≤ 0.3 µm emittance (80 pC)

Super conducting energy recovery Linac

Extraordinary flux.
Extraordinary brilliance, 
     adjustable via the photo injector.
Picoseconds bunch lengths.
Great flexibility in the timing 
     of the bunch sequences.

with a SC
RF system
and energy
 recovery.
r =Pbeam/ PRF >
  > 200

4th Generation X-ray Sources
The Energy Recovery Linac (ERL)

Cornell
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ERL
Short Pulse

Performance

ps

ERL
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THE UK  ERL  LIGHT SOURCE DESIGN

, UK
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  X-ray FEL Scientific Case
(LCLS)

TESLA TDR
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TESLA XFEL at DESY

0.85-60 Å

3 compressors

user facility

multiple undulators



CAS 2006 40

X-FEL based on last 1-km of existing SLAC linac

LCLS at SLAC

LCLSLCLS

1.5-15 Å

2 compressors

one undulator
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New Acceleration Techniques
“Advancing the Accelerator Art”
(A. Sessler )

  The maximum achievable accelerating field determines not
only the accelerator cost per GeV, an all important parameter for
VHE LinColl, but also its physical dimensions, crucial for most
applications (e.g. medical instruments).

  R&D on the next generation “warm”  LinColl has therefore led to
     the development of very high frequency, high field RF systems
    and of their power drivers.

NLC/JLC: 11.4 GHz, 75 MV/m (unloaded) an its MW Klystrons 

CLIC: 30 GHz, >150MV/m (unloaded), and a novel two-beam 
          powering scheme

Application
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CSX Source
Collimated, intense, quasi monochromatic X-ray beam
The electron beam is generated by a 75 MeV/m 
NLC (15 GHz) type Linac section

Bright e beam
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Compton X-ray source development



CAS 2006 44

Compton X-ray source params
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Compton X-ray source :  Laser

•The same high field conditions that exist inside a synchrotron x-ray source are generated at the
interaction point for only 5 x 10-14 seconds

•Ultrashort optics techniques are utilized to synchronize and shape the laser for optimum electron beam
and x-ray production

Table-Top Terawatt Laser

12 fs laser oscillator

TW pulse
compressor

Photoelectric
Effect + RF

Acceleration

1.Emission of electrons from surface is characterized by laser pulse
shape and intensity

2.Pulse can be very short. (≈ 0.1-1 ps)

3.Current can be high. ( 0.5 nC chargeÞ630 A for an 800 fs pulse)

4.Beam size can be small. Size is determined by laser pulse shape.

5.RF fields can be very high. (≈ 200 MeV/m)

Cu

e-

UV Laser light
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New Acceleration Techniques
“Advancing the Accelerator Art”
(A. Sessler )

  New technology ( and a great deal of Physics ! ): Laser or e-beam driven
plasma wake fields are in the main R&D  line   (triggered originally by dev’pt
of  table–top TW lasers).    Field gradients > 150 GV/m can be reached

Peak laser powers today reach up to 100 TW with focused intensities of                            .  
Future 6 orders of magnitude higher  intensities could produce very bright, TeV, 
sub-picosecond intense e- pulses over a few cm. 

! 10
20

W /cm
2

Plasma oscillation wavelengths and longitudinal field values can be estimated from

!
p
"

10
15cm#3

n
o

[mm] Ez ! 100 no [V /m]

no =plasma density

HE tabletops : an entirely new generation of  applications 
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Maximum acceleration with intense beams: Plasma
Wakefield Accelerator (PWFA)

• Plasma wave/wake excited by a single relativistic electron  bunch

• Plasma e- expelled by space charge forces => energy loss, focusing

• Plasma e- rush back on axis, induction field  => energy gain

• Plasma Wakefield Accelerator (PWFA) = Beam Energy Transformer
Booster for high energy accelerator?

Ez

z

r
Focusing

Defocusing
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- --

-- -
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Accelerating
Decelerating

electron beam

e- d r i v e b u n ch


