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MANY APPLICATIONSMANY APPLICATIONSMANY APPLICATIONS MANY APPLICATIONS 
OF ACCELERATORSOF ACCELERATORS



Particle and Nuclear PhysicsParticle and Nuclear Physics
Jefferson Lab (Newport News, VA)Jefferson Lab (Newport News, VA)

Fermilab (Batavia IL)Fermilab (Batavia IL)Fermilab (Batavia, IL)Fermilab (Batavia, IL)
SLAC (Palo Alto, CA)SLAC (Palo Alto, CA)

Large Hadron Collider (Geneva, CH)Large Hadron Collider (Geneva, CH)



LARGE HADRONLARGE HADRONLARGE HADRONLARGE HADRON
COLLIDER (LHC) @CERNCOLLIDER (LHC) @CERN



SCHEMATIC OF LHC SCHEMATIC OF LHC 
EXPERIMENTSEXPERIMENTS







M di l A li tiM di l A li tiMedical ApplicationsMedical Applications

iThemba LABS iThemba LABS 
(National Accelerator Center)(National Accelerator Center)(National Accelerator Center) (National Accelerator Center) 

Outside Cape Town, South AfricaOutside Cape Town, South Africa



SEGMENTEDSEGMENTED--SECTOR SECTOR 
CYCLOTRONCYCLOTRONCYCLOTRONCYCLOTRON



NEUTRON THERAPYNEUTRON THERAPYNEUTRON THERAPYNEUTRON THERAPY



NEUTRON THERAPY NEUTRON THERAPY 
OPERATOROPERATOROPERATOROPERATOR



Neutron Therapy PatientsNeutron Therapy Patients
(6 September 1988 (6 September 1988 -- 30 September 2005)30 September 2005)

DiagnosisDiagnosis Number of PatientsNumber of Patients
Salivary gland carcinomaSalivary gland carcinoma 466466Salivary gland carcinomaSalivary gland carcinoma 466466
Head and neck carcinoma Head and neck carcinoma 241241
Breast cancersBreast cancers 189189
Soft tissue sarcomaSoft tissue sarcoma 124124Soft tissue sarcomaSoft tissue sarcoma 124124
Bone sarcomaBone sarcoma 109109
Uterine sarcomaUterine sarcoma 9191
M li t lM li t l 6363Malignant melanomaMalignant melanoma 6363
Paranasal sinus carcinomaParanasal sinus carcinoma 5252
MesotheliomaMesothelioma 2121
Bronchus carcinoma Bronchus carcinoma 66
Uterine cervix carcinoma Uterine cervix carcinoma 55
SundrySundry 6565SundrySundry 6565

TOTAL         1432TOTAL         1432



Radioisotope ProductionRadioisotope ProductionRadioisotope ProductionRadioisotope Production

iThemba LABSiThemba LABSiThemba LABSiThemba LABS



TARGETS TO IRRADIATE FOR TARGETS TO IRRADIATE FOR 
RADIOISOTOPE PRODUCTIONRADIOISOTOPE PRODUCTIONRADIOISOTOPE PRODUCTIONRADIOISOTOPE PRODUCTION



HOT CELLS TO PROCESS HOT CELLS TO PROCESS 
IRRADIATED TARGETSIRRADIATED TARGETSIRRADIATED TARGETSIRRADIATED TARGETS



Sample Radioisotopes ProducedSample Radioisotopes ProducedSample Radioisotopes ProducedSample Radioisotopes Produced



Transmutation of Spent Transmutation of Spent 
Nuclear Reactor FuelNuclear Reactor FuelNuclear Reactor FuelNuclear Reactor Fuel



CONCEPTUALCONCEPTUAL ACCELERATORACCELERATORCONCEPTUAL CONCEPTUAL ACCELERATORACCELERATOR
TRANSMUTATION SYSTEMTRANSMUTATION SYSTEM
((1999 DOE REPORT TO CONGRESS)1999 DOE REPORT TO CONGRESS)



THE RISE OFTHE RISE OFTHE RISE OF THE RISE OF 
SYNCHROTRON LIGHTSYNCHROTRON LIGHTSYNCHROTRON LIGHT SYNCHROTRON LIGHT 

SOURCESSOURCESSOURCESSOURCES
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Mechanism for EM RadiationMechanism for EM RadiationMechanism for EM RadiationMechanism for EM Radiation







11--DIMENSIONAL WAVES ON ROPEDIMENSIONAL WAVES ON ROPE11 DIMENSIONAL WAVES ON ROPEDIMENSIONAL WAVES ON ROPE







Synchrotron RadiationSynchrotron Radiation
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DIPOLE RADIATION PATTERNDIPOLE RADIATION PATTERN
NONNON RELATIVISTICRELATIVISTICNONNON--RELATIVISTICRELATIVISTIC



RADIATION PATTERN FOR RADIATION PATTERN FOR 
RELATIVISTIC PARTICLERELATIVISTIC PARTICLE

For acceleration of relativistic particle,For acceleration of relativistic particle,For acceleration of relativistic particle,For acceleration of relativistic particle,



EXAMPLE: 1 GeV ELECTRONEXAMPLE: 1 GeV ELECTRON

TYPICAL OF SYNCHROTRON LIGHT SOURCESTYPICAL OF SYNCHROTRON LIGHT SOURCES



CONSIDER ACCELERATION CONSIDER ACCELERATION 
ALONG CIRCULAR PATHALONG CIRCULAR PATHALONG CIRCULAR PATHALONG CIRCULAR PATH

Peaking of radiation along is still observed.Peaking of radiation along is still observed.Peaking of radiation along       is still observed.Peaking of radiation along       is still observed.



FOR eFOR e--’s, LINEAR IS BETTER!’s, LINEAR IS BETTER!FOR eFOR e s, LINEAR IS BETTER!s, LINEAR IS BETTER!
Synchrotron radiation power due to linearSynchrotron radiation power due to linearSynchrotron radiation power due to linear Synchrotron radiation power due to linear 
accelerationacceleration

(Independent of particle’s energy)(Independent of particle’s energy)
Synchrotron radiation power due to circularSynchrotron radiation power due to circularSynchrotron radiation power due to circular Synchrotron radiation power due to circular 
(transverse) acceleration (transverse) acceleration 



WHAT ABOUT PROTON WHAT ABOUT PROTON 
CIRCULAR ACCELERATORS?CIRCULAR ACCELERATORS?CIRCULAR ACCELERATORS?CIRCULAR ACCELERATORS?





BUT WAIT!BUT WAIT!BUT WAIT!BUT WAIT!
Someone recognized that the photons being discarded Someone recognized that the photons being discarded 
b l t b ld b f l f i di ti t tb l t b ld b f l f i di ti t tby electron beam could be useful for irradiating targets.by electron beam could be useful for irradiating targets.

High energy and nuclear physicists started performing High energy and nuclear physicists started performing g gy p y p gg gy p y p g
their usual experiments while others parasitically used their usual experiments while others parasitically used 
the Xthe X--Rays produced at the bending magnets. Rays produced at the bending magnets. 
(1(1stst generation synchrotron light sources)generation synchrotron light sources)

Then physicists and engineers began building Then physicists and engineers began building 
accelerators dedicated entirely for Xaccelerators dedicated entirely for X--Rays from the Rays from the yy yy
bending magnets. bending magnets. (2(2ndnd generation)generation)

To increase the number and variety of XTo increase the number and variety of X--Ray beams,Ray beams,To increase the number and variety of XTo increase the number and variety of X Ray beams, Ray beams, 
scientists started installing insertion devices scientists started installing insertion devices (3(3rdrd gen.)gen.)





GOOD NEWS!GOOD NEWS!GOOD NEWS!GOOD NEWS!

Radiation in synchrotrons spans the Radiation in synchrotrons spans the 
region of the electromagnetic spectrum region of the electromagnetic spectrum 
f h i f d h d Xf h i f d h d X iifrom the infrared to hard Xfrom the infrared to hard X--ray regimesray regimes..

Precisely what is needed to pursue a Precisely what is needed to pursue a 
variety of studies, includingvariety of studies, including materialsmaterials,,y , gy , g ,,
protein structureprotein structure, , chemistrychemistry, and even, and even
industrial applications.industrial applications.pppp



Synchrotron Light Sources of the World
Advanced Light Source (ALS), Berkeley, California
Advanced Photon Source (APS), Argonne, Illinois

ALBA Synchrotron Light Facilty (formerly Laboratorio de Luz Sincrotrón), Vallés, Spain
ANKA Synchrotron Strahlungsquelle, Karlsruhe, Germany 

Australian Synchrotron Melbourne VictoriaAustralian Synchrotron, Melbourne, Victoria
Beijing Synchrotron Radiation Facility (BSRF), Beijing

Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung (BESSY), Berlin
Canadian Light Source (CLS), Saskatoon, Saskatchewan

Center for Advanced Microstructures and Devices (CAMD), Baton Rouge, Louisiana
Center for Advanced Technology (INDUS-1 and INDUS-2), Indore, India 

Cornell High Energy Synchrotron Source (CHESS) Ithaca New YorkCornell High Energy Synchrotron Source (CHESS), Ithaca, New York
diamond, Rutherford Appleton Laboratory, Didcot, England

Dortmund Electron Test Accelerator (DELTA), Dortmund, Germany
Electron Stretcher Accelerator (ELSA), Bonn, Germany

Elettra Synchrotron Light Source, Trieste, Italy
European Synchrotron Radiation Facility (ESRF), Grenoble, France

H b S h t t hl l b (HASYLAB) t DESY H b GHamburger Synchrotronstrahlungslabor (HASYLAB) at DESY, Hamburg, Germany
Institute for Storage Ring Facilities (ISA, ASTRID), Aarhus, Denmark

Laboratoire pour l'Utilisation du Rayonnement Electromagnétique (LURE), Orsay, France
Laboratório Nacional de Luz Síncrotron (LNLS) Sao Paolo, Brazil

MAX-lab, Lund, Sweden
National Synchrotron Light Source (NSLS), Brookhaven, New York
National Synchrotron Radiation Laboratory (NSRL), Hefei, China 

National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan, R.O.C
National Synchrotron Research Center (NSRC), Nakhon Ratchasima, Thailand

Photonics Research Institute, National Institute of Advanced Industrial Science and Technology (AIST)
Photon Factory (PF) at KEK, Tsukuba, Japan

Pohang Accelerator Laboratory, Pohang, Koreag y g
Shanghai Synchrotron Radiation Facility, (SSRF)

Siberian Synchrotron Radiation Centre (SSRC), Novosibirsk, Russia 
Singapore Synchrotron Light Source (SSLS), Singapore

SOLEIL Synchrotron, Saint-Aubin, France
Stanford Synchrotron Radiation Laboratory (SSRL), Menlo Park, California

Super Photon Ring - 8 GeV (SPring8), Nishi-Harima, JapanSuper Photon Ring 8 GeV (SPring8), Nishi Harima, Japan
Swiss Light Source (SLS), Villigen, Switzerland

Synchrotron Radiation Center (SRC), Madison, Wisconsin
Synchrotron Radiation Source (SRS), Daresbury, U.K.

Synchrotron Ultraviolet Radiation Facilty (SURF III) at the National Institute of Standards and Technology (NIST)
UVSOR Facility, Okazaki, Japan and VSX Light Source, Kashiwa, Japan





ADVANCED PHOTON SOURCE (APS) ADVANCED PHOTON SOURCE (APS) 
ARGONNE NATIONAL LABORATORYARGONNE NATIONAL LABORATORY



APS BEAMLINESAPS BEAMLINES



(See Attwood Reference)(See Attwood Reference)(See Attwood Reference)(See Attwood Reference)



(See Attwood Reference)(See Attwood Reference)



SCHEMATIC OF SCHEMATIC OF 
INSERTION DEVICEINSERTION DEVICEINSERTION DEVICEINSERTION DEVICE



FIELD IN WIGGLER/UNDULATORFIELD IN WIGGLER/UNDULATORFIELD IN WIGGLER/UNDULATORFIELD IN WIGGLER/UNDULATOR





EM WAVELENGTH vs. EM WAVELENGTH vs. 
UNDULATOR PERIODUNDULATOR PERIODUNDULATOR PERIODUNDULATOR PERIOD



Undulator Insertion Device at Undulator Insertion Device at 
Ad d Ph S (ANL)Ad d Ph S (ANL)Advanced Photon Source (ANL)Advanced Photon Source (ANL)



PROPERTIES OF RADIATIONPROPERTIES OF RADIATIONPROPERTIES OF RADIATIONPROPERTIES OF RADIATION
Undulator radiation is principally the fundamental line k=1, Undulator radiation is principally the fundamental line k=1, 

h k i h i bh k i h i bwhere k is harmonic number.where k is harmonic number.

The spectral width of undulators decreases with the number of The spectral width of undulators decreases with the number of 
i d Ni d Nperiods Nperiods N

i l f d l t ith i d ii l f d l t ith i d irms opening angle for undulator with many periods is rms opening angle for undulator with many periods is 

Thus, increasing N both narrows the radiation cone and Thus, increasing N both narrows the radiation cone and 
spectral widthspectral width..







SPECTRAL BRIGHTNESS OF SPECTRAL BRIGHTNESS OF 
VARIOUS DEVICESVARIOUS DEVICES

(See Attwood Reference)(See Attwood Reference)



(See Attwood Reference)(See Attwood Reference)(See Attwood Reference)(See Attwood Reference)



(See Attwood Reference)(See Attwood Reference)



NEXT GENERATIONNEXT GENERATIONNEXT GENERATION NEXT GENERATION 
LIGHT SOURCESLIGHT SOURCESLIGHT SOURCESLIGHT SOURCES



SelfSelf--Amplified Spontaneous EmissionAmplified Spontaneous Emission
(SASE(SASE FELFEL ))(SASE(SASE--FEL,FEL, from BESSY Websitefrom BESSY Website))



AERIAL VIEW OF EUROPEAN AERIAL VIEW OF EUROPEAN 
XFEL (XFEL ( ))XFEL (XFEL (taken from TDRtaken from TDR))



SCHEMATIC OF EUROPEAN SCHEMATIC OF EUROPEAN 
XFEL (XFEL ( ))XFEL (XFEL (taken from TDRtaken from TDR))



COMPARISON OF VARIOUS LIGHT COMPARISON OF VARIOUS LIGHT 
SOURCES (SOURCES ( ))SOURCES (SOURCES (from XFEL TDRfrom XFEL TDR))



APPLICATIONS OFAPPLICATIONS OFAPPLICATIONS OF APPLICATIONS OF 
LIGHT SOURCESLIGHT SOURCESLIGHT SOURCESLIGHT SOURCES



FUTURE LIGHT SOURCES FUTURE LIGHT SOURCES 
(( ))((from LCLS Websitefrom LCLS Website))

Femtosecond ChemistryFemtosecond ChemistryFemtosecond ChemistryFemtosecond Chemistry
Chemical reactions between small molecules are Chemical reactions between small molecules are 
by nature ultraby nature ultra--fast, but the time sequence of fast, but the time sequence of 
these reactions can be captured with the ultrathese reactions can be captured with the ultra--fast fast 
pulses of SASEpulses of SASE--FELs.FELs.
Photosynthesis involves such ultraPhotosynthesis involves such ultra--fast reactionsfast reactionsPhotosynthesis involves such ultraPhotosynthesis involves such ultra--fast reactions. fast reactions. 
A better understanding of A better understanding of photosynthesis photosynthesis has has 
implications for future energy sources and for implications for future energy sources and for 

i lt hi h ill b i t t f Af ii lt hi h ill b i t t f Af iagriculture, which will be important for Africa.agriculture, which will be important for Africa.
Possibility to intercede during chemical reactions Possibility to intercede during chemical reactions 
to produce novel compounds.to produce novel compounds.to produce novel compounds.to produce novel compounds.



APPLICATIONS OF FUTURE LIGHT APPLICATIONS OF FUTURE LIGHT 
SOURCES (SOURCES ( ))SOURCES (SOURCES (from LCLS Websitefrom LCLS Website))

Nanoscience/nanotechnologyNanoscience/nanotechnology
Modern technology (electronic devices, computer chips, Modern technology (electronic devices, computer chips, 
and liquid crystal displays on watches) uses nanoscale and liquid crystal displays on watches) uses nanoscale 
materials.materials.
Those materials consist of simple constituents arranged inThose materials consist of simple constituents arranged inThose materials consist of simple constituents arranged in Those materials consist of simple constituents arranged in 
complex, mancomplex, man--made ways, all on a very tiny scale. made ways, all on a very tiny scale. 
Often, what is interesting about these molecules is that they Often, what is interesting about these molecules is that they 
change with time in a useful way. (For example, the change with time in a useful way. (For example, the 
molecules in an LCD display change their alignmentmolecules in an LCD display change their alignmentmolecules in an LCD display change their alignment, molecules in an LCD display change their alignment, 
dictating which numerals appear on the face.) dictating which numerals appear on the face.) 
How those states change and how the change is induced How those states change and how the change is induced 
can be better studied with the ultracan be better studied with the ultra--fast Xfast X--Ray pulses from Ray pulses from 
SASESASE FELFELSASESASE--FELs. FELs. 
As technological devices continue to get smaller and faster, As technological devices continue to get smaller and faster, 
better understanding such nanoscale processes will help to better understanding such nanoscale processes will help to 
build better technology. build better technology. gygy



APPLICATIONS OF FUTURE LIGHT APPLICATIONS OF FUTURE LIGHT 
SOURCES (SOURCES ( ))SOURCES (SOURCES (from LCLS Websitefrom LCLS Website))

Biological systemsBiological systems
U iU i t t d th t i t t f bi l i l l l ht t d th t i t t f bi l i l l l hUsing xUsing x--rays to study the atomic structures of biological molecules such rays to study the atomic structures of biological molecules such 
as proteins has turned out to be invaluable for understanding their roles in as proteins has turned out to be invaluable for understanding their roles in 
life processes. life processes. 
Often, the atomic structure of a molecule is crucial to its biological activity. Often, the atomic structure of a molecule is crucial to its biological activity. 
Nowadays, drug molecules can be created to fit the shape of certain humanNowadays, drug molecules can be created to fit the shape of certain humanNowadays, drug molecules can be created to fit the shape of certain human Nowadays, drug molecules can be created to fit the shape of certain human 
biological molecules and thereby deliver their effect in a very specific way. biological molecules and thereby deliver their effect in a very specific way. 
This is only possible with the knowledge of the structures of the This is only possible with the knowledge of the structures of the 
molecules, most often obtained from synchrotron radiation studies. molecules, most often obtained from synchrotron radiation studies. 
But the XBut the X--Ray diffraction process used to study molecular structure has its Ray diffraction process used to study molecular structure has its 
li it ti th di ti i kl d t th l l b i t di dli it ti th di ti i kl d t th l l b i t di dlimitations; the radiation quickly destroys the molecule being studied. limitations; the radiation quickly destroys the molecule being studied. 
Researchers have found a way to work around this destruction: molecules Researchers have found a way to work around this destruction: molecules 
like proteins are formed into crystals (containing millions of neatly like proteins are formed into crystals (containing millions of neatly 
ordered, identical copies of the molecule) so that many molecules are ordered, identical copies of the molecule) so that many molecules are 
simultaneously examined, thus spreading the radiation damage around.simultaneously examined, thus spreading the radiation damage around.y , p g gy , p g g
Though this technique has been extremely useful, the crystals are often Though this technique has been extremely useful, the crystals are often 
very difficult to create, and with many molecules, it may be impossible. very difficult to create, and with many molecules, it may be impossible. 
But SASEBut SASE--FELs offer another way to work around the radiation damage FELs offer another way to work around the radiation damage 
problem: the extremely bright  and ultraproblem: the extremely bright  and ultra--short xshort x--ray pulse can give a ray pulse can give a 
picture of just several hundred molecules nearly instantly before they arepicture of just several hundred molecules nearly instantly before they arepicture of just several hundred molecules nearly instantly, before they are picture of just several hundred molecules nearly instantly, before they are 
destroyed, so that the molecules can be studied in their normal wet destroyed, so that the molecules can be studied in their normal wet 
environments and no crystallization is necessary. environments and no crystallization is necessary. 



APPLICATIONS OF FUTURE LIGHT APPLICATIONS OF FUTURE LIGHT 
SOURCES (SOURCES ( ))SOURCES (SOURCES (from LCLS Websitefrom LCLS Website))

Matter under extreme conditionsMatter under extreme conditions
Conditions inside a protoConditions inside a proto--star (brown dwarf) or a star (brown dwarf) or a 
super planet such as Jupiter involve extremely super planet such as Jupiter involve extremely 
high pressure and extremely high temperatureshigh pressure and extremely high temperatureshigh pressure and extremely high temperatures. high pressure and extremely high temperatures. 
These conditions are beyond anything we can These conditions are beyond anything we can 
create on Earth now. create on Earth now. 
Much of the matter in the universe is locked in Much of the matter in the universe is locked in 
these cosmological bodies. these cosmological bodies. 
SASESASE--FELS should offer a way to create similar FELS should offer a way to create similar yy
conditions on a minute scale, allowing us to study conditions on a minute scale, allowing us to study 
these conditions and thus learning more about these conditions and thus learning more about 
these important astronomical bodies.these important astronomical bodies.t ese po ta t ast o o ca bod est ese po ta t ast o o ca bod es



APPLICATIONS OF FUTURE LIGHT APPLICATIONS OF FUTURE LIGHT 
SOURCES (SOURCES ( ))SOURCES (SOURCES (from LCLS Websitefrom LCLS Website))

Atomic physicsAtomic physics
It will be possible for the first time to observe the behavior It will be possible for the first time to observe the behavior 
of atoms that have absorbed many xof atoms that have absorbed many x--rays in rapid rays in rapid 
succession or atoms that have been struck simultaneously succession or atoms that have been struck simultaneously 
by two xby two x--rays. rays. yy yy
SASESASE--FELs will have sufficient intensity to eject ALL the FELs will have sufficient intensity to eject ALL the 
innerinner--shell electrons from an atom, producing "hollow" shell electrons from an atom, producing "hollow" 
atoms. atoms. 
Will study radiation and possibly lasing from XFELWill study radiation and possibly lasing from XFEL excitedexcitedWill study  radiation and possibly lasing from XFELWill study  radiation and possibly lasing from XFEL--excited excited 
matter.matter.
Atomic physics experiments will lay the foundation for Atomic physics experiments will lay the foundation for 
subsequent materials science experiments at SASEsubsequent materials science experiments at SASE--FELs. FELs. 
Concepts for producing 1 femtosecond XConcepts for producing 1 femtosecond X--Ray pulses with Ray pulses with 
SASESASE--FELs are currently under development. FELs are currently under development. 
With 1 fs pulses, it will be possible to catch a glimpse of With 1 fs pulses, it will be possible to catch a glimpse of 
how electrons move within an atom as it transits from onehow electrons move within an atom as it transits from onehow electrons move within an atom as it transits from one how electrons move within an atom as it transits from one 
state to another.state to another.



FINAL COMMENTSFINAL COMMENTSFINAL COMMENTSFINAL COMMENTS
For future synchrotron light sources, to For future synchrotron light sources, to y g ,y g ,
reduce undulator line widths even more and reduce undulator line widths even more and 
achieve even brighter Xachieve even brighter X--ray beams, small ray beams, small 
emittance electron beams will be needed butemittance electron beams will be needed butemittance electron beams will be needed, but emittance electron beams will be needed, but 
they are limited by intrabeam scattering, they are limited by intrabeam scattering, 
which must be accounted for.which must be accounted for.

The current revolution in light sources is the The current revolution in light sources is the 
construction of SASEconstruction of SASE--FELS with orders of FELS with orders of 
magnitude greater spectral brightness than magnitude greater spectral brightness than 
current synchrotron light sourcescurrent synchrotron light sourcescurrent synchrotron light sources.current synchrotron light sources.


