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Simplified genealogy

REQUIREMENTS ACCELERATOR TECHNOLOGIES

HIGH FIELD VH FREQUENCY

LINACS S~ HIGH (AV.) POWER HONER
COLLIDERS BEAM DIAGNOSTICS

AND CONTROLS
STORAGE FINE BEAM CONTROL

RINGS LARGE SCALE , HIGH
SYNCHROTRON HIGH BEAM QUALITY PERFORMANCE
RADIATION SOURCES ¥ SUPERCONDUCTIVITIY
|
COHERENT TUNABLE HIGH PRERFORMANCE
RADIATION (FEL) LASERS

LASER SCIENCE &
TECHNOLOGY

NEW SCIENCE  —» <— FUTURE ACCELERATORS
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High Average Power
(MW)
Hadron Beams

APPLICATIONS




Present Generation of HP Hadron Accelerators

ISIS (RAL)
pulsed
synchrotron
E=0.8 GeV
|~0.2mA
P~ 160 kW

LAMPF (LANL)

Linac E = 0.8 GeV
I=1mA P - 1MW

Maximum power ~ IMW

JL LACLARE, i 00 NSS-MIC in Lyon
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Main technology advances exploited for
High Power Hadron Beams

» Superconductivity:

RF cavities : , reliability of large high 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

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

» ION Sources: high current, high brightness

CAS 2006
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Typical SC Linac Schematic Layout

v Factory CERN SC Linac design

45 keV 3 MeV 120 MeV

6m —_——— 064m * S84 m
40MeV 237MeV  383MeV
& S

H H RFQ fFchopping [ DTLE CCDTLRPB O.SZE B 0.75 B 0.8

Source Low Energy section DTL Superconducting section Debunching
< >
668 m Stretching and
collimation line

LEP type SC Cavities PS / Tsolde

:/
Accumulator Ring
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Applications

SUPERCONDUCTIVITY

HP Hadron Beams
Applications

Spallation n@ @oactiv@
Waste Treatment @tial FUS@

Energy Productio

Materials Irradiation




WHY NEUTRONS ?

Properties of Neutrons

° Neutrons are NEUTRAL particles. They

« are highly penetrating,
= can be used as nondestructive probes, and
= can be used to study samples in severe environments.

Neutrons have a MAGNETIC moment. They can be
used to

*» study microscopic magnetic structure,
* study magnetic fluctuations, and
» develop magnetic materials.

Neutrons have SPIN. They can be

« formed into polarized neutron beams,
» used to study nuclear (atomic) orientation, and
+ used for coherent and incoherent scattering.

Nobel Laureate Clifford Shull was
The ENERGIES of thermal neutrons are similar to the among the ORNL researchers who

energies of elementary excitations in solids. Both pioneered neutron scattering by

have similar using neutrons from the
Laboratory's Graphite Reactor.

« molecular vibrations,
« lattice modes, and
* dynamics of atomic motion.

The WAVELENGTHS of neutrons are similar to
atomic spacings. They can determine

¢ structural sensitivity,
« structural information from 10°'3 to 10! cm, and
* crystal structures and atomic spacings.

Neutrons “see” NUCLEL They

» are sensitive to light atoms,

= can exploit isotopic substitution, and

« can use contrast variation to differentiate complex
molecular structures.

CAS 2006 http://www.sns.gov/new/aboutsns/index.shtml




Neutrons: Panorama

~— furattu

1-1"‘* _Engireering
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NEUTRON
PRODUCTION BY
SPALLATION

Spallation
intra-nuclear cascade
. .—:» L2
3 .5

impinging fast target nuﬁlel inter-nuclear cascade

particles
~1 Giga & cascade
particle
®

ele ctmnvolt i
g

W @

¢ proton highly excited

e oration
® neutron nucleus vapord

CAS 2006

needs
high peak current,
high brightness p, H-
or heavy 1on beams

Neutron production energy window

n/s per Watt on Target

1 pEnergy 1.5 (Gev) 2




Spallation Neutron Source - Oak Ridge

Superconducting Linac

Successfully commissioned

2007 Fully operational

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

Eliropean Spallation Soﬁrce

S P

http:/ /www.sns.gov /
CAS 2006

Superconducting
Linac

Design ready
Approval pending
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Science with neutrons
Biology and Biotechnology

Neutrons are particularly sensitive to the dynamics of molecules and single
atoms. The relevant instrumentation at the ESS promises large gain factors, up
to three orders of magnitude above what is available today. This will allow an
unprecedented increase in experimental sensitivity, which, in combination
with bio-simulation, will be applied to the study of atomic and molecular
structure and dynamics in many fields of biology.

DNA

Polymers and Soft Matter

Complexity is one of the most common characteristics of soft condensed mat-
ter. The properties are often determined by key components that are dilute.
Instrumentation at the ESS will allow the observation of such components
under both equilibrium and transient conditions. One example is the explora-
tion of the structure, dynamics and phase behaviour of multicomponent com-
plex fluids in porous media, preparing the way for e.g. tertiary oil production
or the remediation of soil contamination.

Earth and Environmental Science
Geological activity in the earth’s upper mantle is responsible for geo-hazards
such as earthquakes and volcanic eruptions. At the ESS, high temperature and
high pressure studies of the structure and dynamics of minerals and magmas
under earth mantle conditions will lead to significantly improved predictions
of earth dynamics and the related geo-hazards.

ESS SCientiﬁC Case http://neutron.neutron-eu.net/n_ess/n_ess_documentation
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Holographic Laser Discs
Liquid crystalline polymers with photosensitive side groups can undergo pro-
nounced photo-induced structural rearrangements that could be exploited,

for instance for three dimensional holographic laser discs with storage capa-

_cities of the order of 1000 GB. Structural and dynamical neutron studies at the
ESS will help to direct systematic searches for new optimum formulations that
meet the demands of a wide variety of applications.

Hydrogen Energy Economy

Hydrogen is an ideally clean carrier of energy. A future hydrogen based ener-
gy economy will need substantially better ways of storing hydrogen in a safe,
light and affordable manner. Metal hydrides, and lonic compounds of the

Tighter elements, appear promising candidates. Their relevant structural and
-9 97
|

dynamical properties can only be clarified by neutron scattering. The ESS will
provide the means to study kinetic loading and unloading cycles in-situ, aging
processes and associated diffusion mechanisms. This knowledge will be of
great importance for rational materials design.

Magnetic Neural Networks

GMR, together with the Exchange Bias (EB) effect that pins the direction of
magnetic moments in a certain direction, allows the construction of spin val-
ves, which are essential components of magnetoelectronics. On this basis,
smart micro-magnetic-media can be envisaged that could become prototypes
for magneto-neural-networks. The ESS will be an invaluable tool for the struc-
tural and dynamical evaluation of such systems.




. ZP
Accelerator Transmutation of Waste

http://lpsc.in2p3.fr/gpr/houch96/houch96.html .
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1x1012 6105

3780 fuel units
' | 1x10°
1x1011__ Trans F
] Uranic
Elements i
' (19.27 ton) | 1x104 =
A 8 Waste
Activated Clads ! ‘ S
= I (549 ton) i : _ 2 . .o
@ : : N
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CAS 2006 17



Waste before and after transmutation

100,000

spent fuel before
and after transmutation

)
=
—
©
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o
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\U raniurm ore

“~

T~

1 1 1

1,000 10,000 100,000 1,000,000

time (years)

H. Ait Abderrahim,”MYRRHA a Multipurpose Experimental ADS, for R&D objectives “, Proc. EPAC 2004, Luzern (CH)
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nccelerator Transmutation of “ aste

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

e The target is at center of
“blanket” region
(“ ) filled with -

chemically separated S _,vaeuron
I 1 “aNeuron
long-lived transuranics Nautron Capture ’

and fission products
Bel Paide

Neulron Non-radicaclive
[ ]

fissionable transuranics arranged

such that chain reactions cannot be
sustained without an external *ATW has better transmutation performance
n source faster, more complete, requires smaller investment

*ATW has simpler processing requirements
smaller number of steps, more proliferation resistant, less waste
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Principle o

scheme

Beam

Lead Fuel and Buffer

breeding ;ﬂ)_;g?tfo region

region : ' .

reflector

region

qqqqqq
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n ccelerator

CAS 2006

Accelerator

APT
Technolog

ransmute

Typical Power:
2000 MWt

iquid Lead
Coolant [

Aﬁﬂ

Advarced ACCREINIO APDICatons,

SPENT FUEL

Pyrochemical
Processes
Proliferation
resistant, low

environmental
impact

Materials Separation

g Pu &
’ 0,95 % long lived

Minor Act’s
- 9 & long lived

0,15 %

- ﬁ Stable &
short lived
3,3%

FISSION PRODUCTS

spent Fual ==
Bi Noble stals Pu, ... (Ac) Bi

/ ' [Heat Exchanger: to

steam-driven power production
(up to 40% efft.)

\ Power

Spallation s
Neutron Source \

i

Window
| Transmutation

™ .
Beam Production

Residual Waste
to Repository

Power to Grid:
~ 90%

~Region (solid

actinide fuel)

Power to Accelerator: ~10%




lccelerator 'ransmutation of “ aste

A linac designed to drive an ATW facility should have
Very high electrical efficiency (ac-power to beam-power)

Minimum capital and operating costs

Minimum spatial footprint (short length)

Capability to aqust beam power on target over a wide range
High availability and operational flexibility

Employ the best mix of established technology and anticipate
technology advances.

Nominal beam parameters SUPERCONDUCTING !
10 to 40 MW proton beam
1GeV, 10to 40 mA, CW

CAS 2006



LANL and

ADTF | . r ;layfmm Milano

(Accelerator Driven Test Facility)

SC Linac Design

350 MHz 700 MHz
Injector&  2-gap 3-gap 3-gap
350 MHz spoke spoke spoke
LEDA RFQ p=0.175  $=0.20 p=0.34

5-cell elliptical ~5-cell elliptical
B=0.48 p=0.64

T A

6.7 MeV 14 MeV

CAS 2006




K° MYRRHA Present Accelerator
LINAC solution

STUDIECENTRUM VOOR KERNENERGIE
N 3 1 ’ 4
Rl S B T o S

CENTRE DETUDE DE LENERGIE NUCLEAIRE

SC spoke |

. \ | \ iy | e SC elliptical cavities (700 MHzis sections)
h (between 5 (350 MHz, 1 or2 W sl i
\ , 430 MeV)  sections) 100 MeV 200 MeV 500 MeV
Low energy Intermediate High energy
section energy section section
. s SRS
,”g ;7'7\

Spallation target
& sub-critical

underway worldwide for many applications

(Spallation Sources for Neutron Science, Radioactive lons & Neutrino
Beam Facilities, Irradiation Facilities)

CAS 2006 24



High intensity Ion Driven Inertial Fusion

“The ultimate accelerator physics challenge” Latoralsurlsces:  Prolecing shold:  Entrance window:

10 um goid
SC Dipoles P, ~200 MW
N

Scher

i i Species Merging
Induction Linac Bunchers — “Egoess H
1 per species, 24 beams each ~ 24beamiines)

Symmetry ! Be-foam
ring Capsule converter

Bunch Synchronisation Stage 1 = 1 ,6 mm Indirectly driven

1 delay-line system per ring Final Focus

‘- Spot Size Target Station . target
(to scale) ;. 4 M J / pulse ° 10 ns

Final Drift
(24 beamlines)

50 Hz

Injector Linac 10 GeV, Length > 3 kp

SC Dipoles

Preinjector :16 ion sources
per species, RFQ's and
Funneling System —

Induction Linac Bunchers (1 per species) Species Merging
24 beams each Stage (3x24 =
24 beamlines) 3X1 6

10N
sources

Main DTL Linac

\ 7l Bunch Synchronisation Stage
. . A Z 1 delaydine system per ring
synchronization faS===7 :

HIDIF Study Group
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High Power Accelerator Designs

Radioactive lons Neutron Spallation v Factory|  Multipurpose Tritium

| |
Project RIA EURISOL | KEK/ JAERI AUSTRON  SNS ESS SPL | KOMAC ‘CONCERT ATF
\

Based ANL | Sacay | Toka | Austra R?(f;e Jilich | CERN | Korea | Saclaly .

Beam Power (MW)[ 04 5 04 05 14 2Xx5 4 20 25
Energy (GeV) 09 1 3 16 1 1,33 2,2 1 1

Rep Rate (Hz) CW 25 50 60 50 50 cw cw
synchro- | synchro- SC linac DTor SC
fron fron linac
Ongoing | Operation| Ongoing | Ongoing | Ongoing | Ongoing | Ongoing | Ongoing | Ongoing
study | 2007 | study | study | study | study | study | study | study

Main Accelerator | SC Linac | SC Linac SC Linac | SC Linac | SC Linac | SC Linac | SC Linac | DT Linac

Start constr. | Ongoing

Sl 004 | sudy

Approved
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Wlore ecgiie s Acittzitier Dityeon Sail for Deoy Spzids 1Y issions

Mission: sending a probe to the Kuiper Belt in a transit time of 10 years.

Missions to deep space will require . The Stellar Neighborho
v Kuiper belt

specific impulses greater than 6000 s

in order to accomplish the mission _ OontClowa

within the career lifetime of an —

individual.

pd 3 - o L]
System analysis indicates that a 10 kg g}.,,.: L\:L, .:
. : Lens 1 Edge of
instrument payload could be sent to S Bow  Sdwsot G Gloud 7

250 AU in 10 years using 30 Fof SRESKE  oione - SHOWRRT
milligrams of anti-hydrogen (~6 10%° i

pbar).

1 light-year

Physics : antimatter incident on uranium foil has a 98% probability of
inducing fission.
LAy Two fragments of ~ Palladium-111 are emitted back-to-back with a total

energy of ~ 190 MeV. Their velocity is ~1.4x10"m/s and their mass is 1.85x1
kg/atom.

tm sm  zm Sm im im This equates to a specific impulse of 1.4 10° s.
® 2) ® @

1. U coated carbonsail 4. 10 Kg payload

0—25

2. Soliq amti—h}'drpgcn crystal storage “ At the present time,
3. Anti-proton driven power supply 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 ; pbar / beam-year
greatly increase the rate of 7 L

antiproton production . AN 1 L

-

1960 1970 1580 1950
Year Beam Deliversd

____ NER _——

CAS 2006 G.P. Jackson & S.D. Howe, “Antimatter Driven Sail For Deep Space Missions”, Proc. EPAC 2003




Hadron Accelerators
for Therapy

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

Decades of accelerator
physics and engineering
know-how




Proton Therapy Milestones

1931 First cyclotron (E.O. Lawrence, LBNL)

— 1946 Biomedical advantages of Bragg-peak (R.R. Wilson, LBNL)

Location, # pts
treated by 6/2001

1947 184-Inch Synchrocyclotron (E.O. Lawrence, LBNL)
1948 First biology experiments using protons (C.A. Tobias, LBNL)
1955 Human therapeutic exposure (LBNL)

>200 MeV, Bragg-peak
{reatment

1993 Bevalac closed (LBNL)
1930 1940 1950 1960 1970 1980 1990

Hospital-Based

BNl 301 [[BNL_{helum ion)
[Uppsala. Sweden 73] —]

236

[MGH Cambridae. MA

8906

Moscow

3414

[Dubna 84} {

88

|
[St. Petersberg

1029

[Chiba. Japan

133

[Tsukuba, Japan

£00

Villinen Switzerland

3360

CLINICAL TRIALS . |Loma VL.md;i 6174

Louvain Belgnt

n 21

Nice, France

1590

1894

Orsay, France

Nan

ica 398
is CA 284

Vancouver 57

>30.,000 patients Fouk

NCC
PATF

J.W Kwan, ICFA 20th Advanced Beam Dynamics Workshop, Fermilab, 2002
CAS 2006
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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
L.

Step 4: Cell damage concentrated

BOPP (shown here in red) is a tumor seeking in cancer cells not in healthy tissue
chemical containing boron which acts like a sponge

for neutrons. Inside the brain, BOPP gathers

around the nuclei of cancerous tumor cells. When 1B => 71,1 + 4He

the boron atoms in BOPP absorb neutrons, they

emit alpha radiation that destroys the tumor’s DNA

CAS 2006 J.W.Kwan, ICFA 20th Advanced Beam Dynamics Workshop, Fermilab, 2002




relative dose (%)

CAS 2006

ele|ctrons (21 MeV)
— carbon (270 MeV/u)

—— photons

T T
100 200
depth (mm)

® blanned In Operation

Courtesy of U.Amaldi

Hadron
Therapy
worldwide

Carbon
Photons

oo

effektive Dosis [rel. Einheitea]

~>




GSI beam-scanning technique: any shape E and I

changed within
,u.“/ a second. An
P independent

control system
monitors the
beam position
every 100 us

il and intensity
‘y m | . every 10 ps. If

e | ' either deviates
| / by > 2% from
/'“qr”,{‘:‘vl/,‘f:V’\'lvl‘y‘ul"

/ r";"'r’."h/“vl,‘ '“v"A'J‘/Hv"lhlflmm,h“m‘j‘.‘,":‘v“"”'l Spec, beam ls

@ v e 4 7 0 1O
il all SRR shut off within
Plastic sheets immersed in water 0.5 ms

|||

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

Hadron
Therapy

CAS 2006




Shizuoka in Japan GSI in Darmstadt

SHIZUQKA FACILITY GSI Pilot Installation w. C beams
Shizuoka (2002) More than 250 patients treated (2005)

Courtesy of U. Amaldi http://www.gsi.de/portrait/Broschueren/Therapie/index.html
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Maximum acceleration with intense beams: Plasma
Wakefield Accelerator (PWFA)

r A

. Defocusing
Focusing

—* = F—___:—" _':-__;'__-_'—' " electron beam

Accelerating

Decelerating

* 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?

Courtesy of J. Rosenzweig (UCLA) 34



Electron accelerators
applications




Synchrotron
Radiation
Sources




M Linearundulator— Brjlliance and Tunability are the words

B : photons/mm?/s/mrad?/ 0.1% BW)

Hard X-rays
SPrmgS

Undulators @

PM Elliptical undulator

Wigglers ®

Bending ®
magnets

Rotating anode
@

| | | e oo
1900 1950 2000 Grenoble

Courtesy of Lenny Rivkin, PSI
CAS 2006
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PERFORMANCE OF 3t GENERATION LIGHT

SOURCES

Circ. acc
upper limit (?)

Hard x-rays

ESRF (* °° )
APS -
Spring-

Courtesy of Lenny Rivkin, PSI

T T '
10°
TOP PHOTON ENERGY [eV]

Pal

Because of
radiation,

in circular

machines

are determined
by the lattice,




(Intravenous Coronary Arteriography) using
produced by Synchrotron Radiation and
monochromators was clinically tested in various laboratories in Japan and Europe
Clear dynamic images (33 shots/s) of the coronary artery are obtained, with ;
generated by an undulator at the AR ring (infravenous contrast agent applied
instead of invasive artery cateter insertion).
Background subtraction is also possible, greatly reducing the needed quantity of contrast agent.

Dynamic image
of coronary artery

-J

—_—

N

0
10
0

wh

—
'S

K 1s:33.169 keV
lodine (Z=53)

)

Gives high contrast

Carbon (Z=12)
Oxygen (£=16)

Total Cross section|b/atom]

bk o o <o
) Lo

., Hydrogen(Z=1)
40 60 80 100
X-ray energy [keV]

Figure 1: Total attenuation of X-ray for various atoms| 1].
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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.

CAS 2006




Archimedes 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.

NEWS OF THE WEEK

IMAGING

Brilliant X-rays Reveal Fruits of a Brilliant Mind

Passages writien by the ancient Grook mathe

matician Archimedes, hidden for nearly

B0 years, retumed @ view over the past

2 weeks, thankato redesrcherns atithe Stanfhad

Synchroiron Radistion Labomatory
(SSRL) in Menk Park,

Rare find. This Medietal grayer book concaals somn
tmatites by Archimedes, o of Them unique.

Califernds, The schentists wsed the synchrotron’s
hadr-thin beam of x-rays o light up the
Aschimedes tent, which was originally copied
by a 10thcentnry serfbe onto gostskin parch.
ment Thres coniur e bvier, a monk seraped off
the Archimedes text, rned the papes o deways,
and copled Greek Orthodox prayers onio the
recychd pages_ Alhough Stanford b analysis of
ithe et hasn't yet reved ed any ohwiows svole
Honary surfriies, rescarchers did find & new
geomeirie deswing = well & gev-
eral prrdously missing passape.

“Nothing usnally jumps oot
with Aseimedes” sas William
Moel, the corstor of mamserips
and rare books at the Walters Ant
Musemm in Baltimone, Marylbod,
who iz leading the restoration
ol 1t takes blood, swestl, lodl,
and tears o get st what & there™
Neveriheless, he adds, “people
will b talking shout what we ane
discovering now in 100 yess" time
amid atill amguing sheut i1

Few dispute that Aschimedes
wias one of the world's groatest
mahematictans, Today, he's knovwn
primarily for the lependary exels-
mation of “Bureka! ™ when heresl .
ized he eould messuse the volume
of objects by figurng out how much water
they dizplace. But he slso helped create a
rudimentary form of calenlus 20 cen-
turies before Mewion and Ledbaiz pud quill o
prapi. Her caame g with & way o calenlaie the
value of pd and was the fimi to tsckle the

11 AUGUST 2006 VOL 313

coneopt of infinity. And Archimedes's under-
atanding of phyydes helped bim iment e cata-
plt s other defenses that s eltyatsie of
Syracme nsed o repel Roman invaders noil
N2B . when the ety was finally over-
it and Aschimsdes was klled.
The 174-page hidden manuseript,
Known 2 the Archimedes pal impeest, v
discovared in 1906 by Danish classies
professor John Heibersg, who used a
magnifying glass fo painstakingly
decode the nesrly indsdble mderlying
text. But much remained nndeei-
phered, and the book soon disap-
pesred into aprivate collection. The
manuseript resurfaced in October
1998 when it was sold at suction ko an
anenymons buyer for $2 million. By then it
had been severel y damaged by mold. Forged
pold leaf pad ntings, completely covering four
pages, had also been added, probably in
hopes of ineresting the prayer book's value.
The day after the book's sale, Noel read
ahout the suetion in 2 New Fook Times article
that men tioned the book's dealer. Noel
e-miailed the desler, who eveninally gt bim in
codtzct with the ownes, who later sgroed to
lend the book o the Walies At Museum for
restoration and imaging. Moel says that the
wwner hes paid fir the entire project, alihoagh
theamount spent has nod been msde public.

Maord and his ool s e from Johas Hopddns
University in Baltimore, Marylnd, and the
FRochesier Instite of Tochnol ogy in Mew York
eriginally e i spednal {maging boreveal
minch of the underly ing Archimedes text.
Although bergely succesaful, the visible snd

Fuldlidard by ARAS

uliravioket Bght were unsble o peer beneath the
forged pdntings of toresolve other passsges in
ihe fadat texl In 2NE, Uvee Bogrm, 3 plosi-
chita S5RL, cameup with thel desolscening
synchrgdnon -rays overthe document o reved
chaments such & ironsnd cakdum i the fesd-
ualink. The energyofithe x-rays i nned to kdek
out inner electrons from thods elements,
Bergmamn explains. That disupdion idgges
ot electnms to diop oo the vasaneis, giv-
g gy thedr emoess eneny s s-rays witha char.
acteristic energy for esch alement, which are
then captured by adetecior. Compuier pro-
grams then convert the steady stream of
detected x-raya into gray-4cale or color-
enthamoed i mupes to reveal the bidden et
The current round of imaging was sue-
cessful, Noel savs, and reveaked numerou
previously hidden passspes, which can be
viewed st wwwarchimedsspalinpsestong In
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tresati e tithed Methond of Mechanical Theorems,
for example, Archimedes wed finile num-
bersio help him esl cubstevolimes ofparticn-
lar objects. Although much of that et had
been revealed by multispecinal imaging,
“there have boen gaps in 0w reading,” says
Haviel Mete, 3 stor an of ancient scienes sl
Stamford University in Pado Ao, California.
“Ii sooms the new [xray] images will defi-
e ly contrbuile o setiling the reading™
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ing, he sayd, becsuse many palimpaests
rermuin tobe siudied —ROBERT F. SERVICE
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Why
Hard X-ray
Sources

ERL Sources , SASE FELs




Protein crystallography

Protein Structure
Reconstruction

Typical crystal size:
S0 um by 50 pm

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

very high
brilliance

Diffraction pattern
N. Ban et. al.

Part of a Ribosome

CAS 2006 courtesy of L.Rivkin, SL@




Protein Data Bank

m Deposited structures for the year

@ Total available structures

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

04
FEFELLE LS PFIFFSFFFSSFIFLEFE PSP
Year Last updated: 09-May-2003
courtesy of L.Rivkin, SLS
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...engineering too !

discontinuiti : :
60 KeV X-ray Diffraction study of

residual stress profiles in a US
railway section.
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Distance along z (mm

Courtesy of D.J. Hughes
FaME38 (Facility for Materials
1Vertical (Z) Engineering), Grenoble

w
o

Distance along y (mm)
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[Linear vs Circular

In a storage ring, the
electrons continuously emit
photons. This “warms up” the
electron beam and negatively
affects its geometry

courtesy of L.Rivkin, SLS

CAS 2006

Controlling the electron beam
geometry is much easier in a
linear accelerator.

Thus, linac sources can reach
higher brightness levels
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Energy-recovery LINAC sources

However, contrary to the
electrons in a storage ring,
the electrons in a LINAC
produce photons only once:
the power cost is too high

Solution: recovering energy

(@) (@) @) O (@) (@) (@) O O l

Superconducting

. . ,
Accelerating EnaTenk is ideal :
section recovery

section

courtesy of L.Rivkin, SLS



New Sources

— ¢ FEL oscillators (IR, VUV)

10
KeV hv e Self-amplified spontaneous emission

(SASE) X-ray FELs
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IR, UV
Free Electron Lasers

1§

SR or LINAC
DRIVEN OSCILLATORS. | mmlp-
ENERGY RECOVERY

NZ O3 O)——ruu >




FEL Oscillator

Principle of operation

Spontaneous radiation resonance
condition: the electron slips back
by A every A, because of

e - photon speed difference
MO=0)~ A /v?

TUNABLE!
- 2
h~ MMy B, v)

Undulator
Magnetic Field

Linear Accelerator

|= electron Beam

Resonator Mirror [W

Stimulated emission




EUFELE

Storage Ring driven ) FEL Oscillator

P..=500 mW @ 250 nm =>B_,, ~ 31024 UB , Full spatial coherence

Wavelength(A)

peak

10" 10° 10° 10 10°

TTTT T T T T TTTT T T T T TTTT T T T T TTTT T T T T TTTT T T T T
I [ I [ [

A}\./)\. = 3 '10—4 FWHM O EUFELE
AT= 10 ps FWHM-> ;= 3 mm SROFEL
Rep. Rate 4.6 MHz (216 ns)

Preak = 10 kW

E=2 GeV
=400 mA

Short W15.0

%gMagnet
1 | ||||II| Il IIIIIII| 1 IIIIIIII 1 IIIIIII|

10 10° 10° 10

Photon Energy (eV)
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FEL for Industrial Applications

— Jefterson Lab FEL

IR
wiggler

Optical ‘
system L/

Dump

E= 48 MeV

t=0,4 ps

Beam e” recirculation beam line
e e=8 10°m

Energy

recovery r‘_ 10 m _’l

> 90 %
) 10 KW average
SN NN\ \\.

1-”'%”

\ ] \ 5
S’ \\_,4/\5_/ hy \;J

Thomas Jeferson National Accelerator Facility Operated by the Souts Urnie R & Asscciation for e UL S Departrnenst of Energy

Recwouating Lirsec Light Sources
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Free-electron lasers
in (and other medical applications)

| Most used wavelength band :

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

J Tunability

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

1 Coherence ( spot size ...)

J Time structure
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Free-electron lasers 2
in Surgery and Medical diagnostics

Q Tunability

Soft tissue vaporization

Two images show how critical proper tuning of the wavelength of the FEL beam is for surgery
The tissue sample on the right was cut with a beam set to 6.45 microns and shows virtually no
damage to adjacent tissue. The sample on the left, however, was cut with the beam set at a
different wavelength. The darkened areas are result of excessive heat damage.

Photo source: W. W. Keck Free-Electron Laser Center
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T. Jefferson Laboratory High Power Demo FELs
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“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: NG . N TING .

e , i ) TN NN micrograph of
amqrphlzatlon to er_1hance adhesion, : NN 7 <IN/ laser treated
fabric surface texturing, enhanced food packaging s ) ) polyester fabric
induced surface conductivity. &<

Micromachining : 2NN -

: : B AN N i Fresnel lens
ultrahigh-density CD-ROM technology &L B —
micro-optical components NN 77
Micro-Electrical Mechanical Systems (MEMS). N

=,

%

*«k& 12 microns >

W,

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.

Produced 30 times faster than with conventional lasers

Carbon nanotubes = SAle
aereospace applications

and:
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IR-UV Free-electron laser for
environmental and atmospheric research

PEARL

Flamuta sensmg =t | b { o Of

University
Hawaii

Pan-Oceanic
Environmental &
Atmospheric

R esearch
Laboratory

i
-,

* MWIR—near UV FEL = On-board laboratories
= kW visible

CAS 2006




PEARL - Free-electron laser applications in
environmental and atmospheric research

Atmosphenc ressarch o
highest altifudes

University
Remote sensing over of

largs coasfal land regions L [ RS OLS .
imestigation Hawaii

of atmasphere
and ocean

. T, colUmns . .
Marine ey, ; Pan-Oceanic

boundary TR e Environmental &
layer g

Atmospheric

Ceeanographic remole sensing
chemisiny, nuinents
airsurface inferfices Laboratory

fish cycles
imaging, bathymeiry
Emperaiue, salinty profiles

R esearch

University of Hawaii
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Kree-electron laser
( less exotic) Space application

Laser-power beaming to generate electricity in
satellites is being seriously considered.
Compared to solar panels now 1n operation, the
electrical power deliverable to a satellite 1s
expected to increase by as much as a factor of ten
by using a FEL.




Towards
X-ray

FEL's




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

pedm
Undulator Electron Dump

Beam
Electron optics l

NSNS

Beam

IR Diagnostics

Figure 2.1: The basic components of a single-pass FEL.
R.Bakker

SASE strategy:

electron bunch

LINAC (linear accelerator

“Microbunching increases the local electron density

and the amplification and creates very short pulses
L.Rivkin, SLS
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SASE FEL

UNBEATABLE BRILLIANCE
(1030 - 10%3)

“TTF-FEL (M)

TESLA FEL

2

HIGH AVE RAGE I('Jl“‘ Photonen

BRILLIANCE
(1022 - 1025)

2

Average Brightness [Photons/sec/mm /mrad /0.1%BW]

SLAC LCLS

SHORT PULSES
(1 ps — 50 fs)

Undulator 10" Photonen

(109
_/é 100 ps

CAS 2006 More complex schemes (e.g. seeding) are also being studied

Photon energy [keV]




Intensity (arb)

530 nm

LEUTL Low Energy Undulator Test Line at ANL

FEL

Undulator
Pitch:3.3 cm
Total : 20 m

+ @ Measured Dala
e GINGFR Simulation

Exponential Growth
Region

Saturation at 530 nm
Sept. 2000

o 15 20
Distance Along Undulator

Flash of UV light (385 nm) near
saturation. The expected wavelength
as a function of angle (radial offset) is
clearly seen. The darker “lines” are
from shadows of secondary emission
monitors in the vacuum chamber.
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TTF SASE FEL

e
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TESLA with X-ray User Facility
X-rays: 25 nm - 0.1 nm

3 Proposal pending, 2010?

FEL at TTF Phase Il (2004)
Soft X-rays: 60 - 6 nm
User facility

FEL at TTF Phase | (1999 - 2002)
Progf-af-Principle for SASE in the VUV
irst Lasing 2/2001, Saturation 9/2002

Saturation

20 40 68 80 100 120 1497 160 180 400
gth [nm]



TTEZ2 (DESY)

[Freo Electron Laser - 2

_Experimental Hall |~ \ .' ,“;!_ Beam Dump | Goal: =6 nm
2004

;_:—-—-‘J—_ == T —
Transport Tunnoll
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Many SASE FEL projects are under way ...

Laboratory

DESY
SPRING-8
SLAC
BESSY
ELETTRA
DESY




4th Generation
X-ray Sources




OUTLOOK : NEXT GENERATION LIGHT SOURCES

o Wy
hATCS A

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

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

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

CAS 2006




4th Generation X-ray Sources

< 0.3 um emittance (80 pC matching section
> IBA cells
— 1D + matching optics + TBA
-—= possible 1D + matchmg optics

per conducting energy recovery Linac

from Injector o Dump

I. Bazarov et al. , CHESS Techn.Memo 01-00

with a SC »Extraordinary flux.
RE system > Extraordinary brilliance, .
and energy adjustable via the photo injectbr.
recovery. » Picoseconds bunch lengths.
=P\ Pre » Great flexibility in the timing
of the bunch sequences.
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ERL
Short Pulse
Performance

CAS 2006

Peak Brilliance @ 8 keV (ph/s/0.1%/mm’/mr’)
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THE UK ERL LIGHT SOURCE DESIGN

Photoinjectors

High Average Current Injector D_E_YE
\ \ IR-FEL /0
L  — |

Temporal Mode Injector

-

50MeV SC
LINAC

e

N
4

LY

Bunch Expander
Bunch Com pressor
e” Beam Dump

Undulator Structure

[>—d [

1o

1

i

600MeV Superconducting LINAC

XUV - FEL

Undulator Radiation

effectively infinite electron
beam lifetime

very small emittance
very short pulses

pulse structure Aexibility

Bending
0 F:nal ' Magnet
eceleration Radiation

_ | ——— s

Undulator
Radiation

Bending
Magnet
Radiation

Undulator
Radiation




X-ray FEL Scientific Case
(LCLS)

. " - - Stanford Synchrodron Racval oo Laboradory
Linac Coherent Light Source e e e e

LCLS - The First Experiments Team Leaders:

\«o
l £AA Femtochemistry Dan Imre, BNL
\| —
a7

88 t=c  Nanoscale Dynamics in Brian Stephenson
: Condensed Matter APS

Atomic Physics Phil Bucksbaum,
Univ. of Michigan

Plasma and Warm Dense Richard Lee, LLNL
Matter

Report developed by

international team of ~45

scientists working with )
accelerator and laser ; Structural Studies on Single Janos Hajdu,

physics communities Particles and Biomolecules  Uppsala Univ.

ICFA Workshop on Future Light Sources J. Hastings, SLAC = §- (;:)O
Science Opportunities with LCLS jbh@slac stanford.edu ¢z},
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TESLA XFEL at DESY

user facility

superconducting y
POSITRON linac

XFEL laboratory

FEL undulator magnets

expetimental hall
& detector

s cryogenic supply shaft

25km

?‘ l—(H thch\mmpw\um

1327Gev

20-50 GeV

multiple undulators” -2

XFEL laboratory

"dog bone" damping ring

ya

20-30 GeV

vaiigkred SASB14 U1
—=5

Eﬁfw{—'&

15-25 GeV

CAS 2006

25-50 GeV
ranspori
e I327GeV

ranspori ; N\
line beginof b\

superconducting it ~ G
ELECTRON linac

500 MeY X-FEL Injector Linac
with longitudinal bunch compression
magnet chicanes (BC)

500 MeV Collider Injector Lina

TESLA-HERA
tunnel for ep
collisions




LCLS at SLAC

The LCLS

(Linac Coherent Light Source)

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).

0 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/JILC: 11.4 GHz, 75 MV/m (unloaded) an its MW Klystrons mmmsp Application

CLIC: 30 GHz, >150MV/m (unloaded), and a novel two-beam
powering scheme
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Collimated, intense, quasi monochromatic X-ray beam

The electron beam 1s generated by a 75 MeV/m
NLC (15 GHz) type Linac section

Collimated Intense
Table-Top High #-Ray Beam
Fower Laser
Laser-Like
Tunahle ¥-Hays

Bright e beam

A-Ray Intensity

.*
. —igy
‘q
.q

Tagged Agents maged Intenszity Increasedto }{—Hay EHEFQ‘_-,-“

by ®-Ray Abzomtion or Deliver Localized
Diffradion Zpectrozcopy Fadiation D ose far
Therapy
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Compton X-Ray Source Development

&.E VWheds, O, Marting G, Conptnke
Saaford Lmeor Accerator Center

1 Price
Lawrence brerrnore: A L orsoey

. [MBtefan, 1P, Heritoges EC, Landahl, B Pelletier, NC, Lubmanmn, 1r,
Departrmenis oF Apphect Frence: mnd Gectricad and Sormpober Eypmeering, Uhiversity of St i, Do

Short pulseTW laser beam off energetic electrons from a linear
accelerator, producing x-rays that are tunable between 20 and 100 kV by
changing the energy of the electron beam.

Solenoid and
Photoinjector 35 3@ ¢ Waveguide Window
— Electron Beam Diagnostics
Camera

Linac

et . - Quadrupole
o~ " e AAGNELS

Dipole
CEVCRYENE Corrector Vacuum

Magnet Pumpout
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Compton X-Ray Source Development

SLAC Compact X-band Accelerators and Microwave Power Sources

X-band permits high gradients
of up to 75 MV/m

Four times smaller than S T L TR y},
conventional technology

Focusing of ~ kA beam to 30 ?
microns in < 2 meters . _ ﬁ
Opens up a new energy and ) ‘ i’
intensity frontier to the medical -

community .. Processing accelerator
structure to 75 MV/m

X-band klystrons developed for the Next
Linear Collider

11.424 GHz

1.5 us pulsewidth

60 MW output power
420 kV, 327 A

Two klystrons used for CXS-10; however, the
clinical device will use a single source
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Compton X-ray source : Laser

UV Laser light
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 chargeb630 A for an 800 fs pulse)

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

Acceleration _ _
5.RF fields can be very high. (= 200 MeV/m)

Table-Top Terawatt Laser

fo—t

M
GRATING LENS

>
[
=
o
El
»
-]
z
>

2
ot
W f,v'v*\
S

A\
e

*The same high field conditions that exist inside a synchrotron x-ray source are gene‘rated at the
interaction point for only 5 x 10-1* seconds

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




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 > can be reached

Plasma oscillation wavelengths and longitudinal field values can be estimated from

E,~100\[n, [V /m]

n, =plasma density
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Maximum acceleration with intense beams: Plasma
Wakefield Accelerator (PWFA)

r A

. Defocusing
Focusing

—* = F—___:—" _':-__;'__-_'—' " electron beam

Accelerating

Decelerating

* 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?

Courtesy of J. Rosenzweig (UCLA) 47



