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•  Basic Physics 
–  Compton Effect 
–  Energy 
–  Flux 
–  Energy Spread 
–  Pulse Length 
–  Brilliance 
–  Harmonics/ Broadening 

•  Laser Performance 
–  Self-Excited Arrangements 
–  External High Power Optical Cavities 
–  High Peak Power 



•  Ring Sources 
–  Direct Illumination 
–  Self Excited 
–  External Cavities 

•  Linac/ERL Based Sources 
–  Self Excited 
–  Direct Illumination 

•  Future Proposals 
–  X-Rays 
–  Gamma-Rays 

•  Conclusions 



A. H. Compton, Phys. Rev., 21, 483 (1923) 

Proved light had particle-like properties 
   when observed with low intensity light 

Nobel prize in Physics, 1927!! 



Unpolarized Incident 
X-ray Beam 

Classical prediction 

Experiment 
λ� − λ =

h

mec
(1− cos θ)

Planar scattering 
Quantum effect! 



•  Undulators and wigglers get small wavelength light 
from high-energy (expensive, multi-GeV) electrons 

•  Synchrotron light sources: 

•  Compton sources use a high-powered laser to 
generate EM fields instead of wigglers or undulators 
–  Scattered photons from laser are shifted into X-ray 
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κ ≈
√
2 (undulators), ≈ tens (wigglers)γ ≈ thousands
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λlaser ≈ 10−4λundulator ⇒ lower γ by ≈ 102
Big deal!!Tens of 
MeV electrons! 



Karagodsky and Schachter, Plasma Phys. Control. Fusion 53 (2011) 014007 



•  Layout 

•  Energy 

•  Thomson limit 



•  Early 1960s: Laser Invented 
•  Brown and Kibble (1964): Earliest definition of the field strength 

parameters (normalized vector potential) K and/or a in the literature 
that I’m aware of 

 Interpreted frequency shifts that occur at high fields as a “relativistic 
mass shift”. 

•  Sarachik and Schappert (1970): Power into harmonics at high K and/or 
a . Full calculation for CW (monochromatic) laser. Later referenced, 
corrected, and extended by workers in fusion plasma diagnostics. 

•  Alferov, Bashmakov, and Bessonov (1974): Undulator/Insertion Device 
theories developed under the assumption of constant field strength. 
Numerical codes developed to calculate “real” fields in undulaters. 

•  Coisson (1979): Simplified undulater theory, which works at low K and/
or a, developed to understand the frequency distribution of “edge” 
emission, or emission from “short” magnets, i.e., including pulse effects 



Coisson low-field strength undulater spectrum* 

*R. Coisson,  Phys. Rev. A 20, 524 (1979) 



Polarized in the plane containing             and   



Define the Fourier Transform 

This equation does not follow the typical (see Jackson) convention that combines both positive 
and negative frequencies together in a single positive frequency integral. The reason is that 
we would like to apply Parseval’s Theorem easily. By symmetry, the difference is a factor of 
two. 

With these conventions Parseval’s Theorem is 

Blue Sky! 



•  There is no radiation parallel or anti-parallel to the x-axis 
for x-dipole motion (gives the 0.5 in Compton’s curve) 

•  In the forward direction  θ΄→ 0, the radiation polarization 
is parallel to the x-axis for an x-dipole motion 

Generalized Larmor 
(in frequency space) 



Parseval’s Theorem again gives “standard” Larmor formula 

Total energy sum rule 



Generalizes Coisson to arbitrary observation angles 



With Φ = π and a << 1 the result is identical to the weak field undulator 
result with the replacement of the magnetic field Fourier transform by 
the electric field Fourier transform 

Undulator Thomson Backscatter 

Driving Field 

Forward 
Frequency 

Lorentz contract + Doppler Double Doppler 







•  Percentage in 0.1% bandwidth (θ = 0) 

•  Flux into 0.1% bandwidth 

•  Flux for high rep rate source 



 Sources of Energy Spread in the Scattered Pulse 

Source Term Estimate Comment 

Beam energy spread From FEL 
resonance 

Laser pulse width Doppler  Freq 
Indepedent 

Finite θ acceptance (full width) θ = 0 for 
experiments 

Finite beam emittance Beta-function 



•  In general 

•  For Compton scattering from a low energy beam 



•  At high photon energy (in beam frame), scattering 
rate couples to the polarization variables 



γ  = 100, distances are normalized by λ0 / 2π 

x 

z 





And the (Lorentz invariant!) phase is 



For a flat incident laser pulse the main results are very similar to 
those from undulaters with the following correspondences 

Undulater Thomson Backscatter 

Field Strength 

Forward 
Frequency 

Transverse Pattern 

NB, be careful with the radiation pattern, it is the same at small angles, 
but quite a bit different at large angles 



•  Resonance frequency in forward direction red-shifts 

•  Flux into the nth harmonic (n odd) 

•  Non-flat illumination pulses give ponderomotive 
broadening 



20-period 
equivalent undulater: 





G. A. Krafft, Phys. Rev. Lett., 92, 204802 (2004) 



•  Direct illumination by laser 
–  Earliest method 
–  Deployed on storage rings 

•  Optical cavities 
–  Self-excited 
–  Externally excited 
–  Deployed on rings, linacs, and energy recovered 

linacs 

•  High power single pulses 
–  Deployed on linacs 



Federici, et al. 
Nouvo. Cim. B 59, 247 (1980) 

Compton Edge 
78 MeV 



Compton Edge 
270 MeV 

Sandorfi, et al. 
PAC83, 3083 (1983) 

NSLS 



Compton Edge 6.5 MeV 
Yamazaki, et al. 
PAC85, 3406 (1985) 



Quantity Dimensions 

Wavelength 200 nm-10 microns 
Circulating Power 0.1-200 kW 
Spot Size 50-500 microns 
Rayleigh Range 40 cm-5 m 

mirror mirror spot 
size w=2σ 

Rayleigh 
Range (w2π/λ) 



Location Wavelength Circulating 
Power 

Spot 
Size 

Rayleigh 
Range 

Orsay 5 microns 100 W mm 0.7 m 
UVSOR 466 nm 20 W 250 microns 0.4 m 

Duke Univ. 545 nm 1.6 kW 930 microns 5 m 
Super-ACO 300 nm 190 W 440 microns 2 m 
Jefferson 
Lab FEL 

1 micron 100 kW 150 microns 1 m 

laser 

electrons 



Location Wavelength Input 
Power 

Circulating 
Power 

Spot Size 
(rms) 

Jefferson Lab 
Polarimeter 

1064 nm 0.3 W 1.5 kW 120 microns 

TERAS 1064 nm 0.5 W 7.5 W 900 microns 
Lyncean 1064 nm 7 W 25 kW 60 microns 
HERA 

Polarimeter 
1064 nm 0.7 W 2 kW 200 microns 

LAL 532 nm 1.0 W 10 kW 40 microns 

laser 
electrons 



Litvinenko, et al., Phys. Rev. Lett., 78, 4569 (1997) 





Parmeter Value Unit 

Photon Energy 100 MeV 
Production Rate 1010 photons/sec@9 MeV 

Laser Wavelength 545 nm 
Circulating Power 1.6  kW 

Polarization 100% 

H. R. Weller, et al., Prog. Part. Nucl. Phys., 62, 4569 (2009) 

Topoff allows larger circulating power now! 





Parmeter Value Unit 

Photon Energy 10-20 keV 
Production Rate 1011 photons/sec 

Laser Wavelength 1064 nm 
Circulating Power 25  kW 

Polarization 100% 
Ultimate Brilliance 5×1011 p/(sec mm2mrad20.1%) 



Wiggler assembly 

Neil, G. R., et. al, Physical Review Letters, 84, 622 (2000) 



Parameter Designed Measured 
Kinetic Energy 48 MeV 48.0 MeV 

Average current 5 mA 4.8 mA 

Bunch charge 60 pC Up to 135 
pC 

Bunch length 
(rms) 

<1 ps 0.4±0.1 ps 

Peak current 22 A Up to 60 A 

Trans. 
Emittance (rms) 

<8.7 
mm-mr 

7.5±1.5 
mm-mr 

Long. Emittance 
(rms) 

33 keV-
deg 

26±7 keV-
deg 

Pulse repetition 
frequency (PRF) 

18.7 
MHz, x2 

18.7 MHz, 
x0.25, x0.5, 
x2, and x4 





Boyce, et al., 17th Int. Conf. Appl. Accel., 325 (2002) 



•  Take the biggest laser you can get and focus to 
smallest spot you can 

•  Single shots at low repetition rate 
•  High peak brilliance (but not at FEL levels) 

 Pogorelsky, et al., Phys. Rev. ST-AB, 3, 090702 (2000) 
 F. Albert, et al., Phys. Rev. ST-AB, 13, 070704 (2010), 
Daresbury ALICE Group 



 D. J.Gibson, et 
al., Phys. Rev. 
ST-AB, 13, 
070703 (2010) 





In this paper we described our first results on the locking of a Ti:sapph oscillator to a high finesse 
FPC. For the first time, to our knowledge, we demonstrate the possibility of stacking picosecond 
pulses inside an FPC at a very high repetition rate with a gain of the level of 10000. By studying the 
stability of four-mirrors resonators, we developed a new promising nonplanar geometry that we 
have just started to study experimentally. Finally, we mentioned that we shall next use the recent 
and powerful laser fiber amplification scheme to reach the megawatt average power inside FPC as 
required by the applications of the Compton X and gamma ray sources. 

 V. Brisson, et 
al., NIM A, 608, 
S75 (2009) 

N.B., 10 kW FEL there, sans spot! 



BES Workshop on Compact Light Sources (2010) 



 Hajima, et al., NIM A, 608, S57 (2009) 
 TRIUMF Moly Source? 

Uranium Detection 





 Graves, et al., NIM A, 608, S103 (2009) 





Quarter Wave SRF Injector 

Developed in collaborations with 
Niowave Inc, UW-Madison,                        
Naval Postgraduate School 

SRF Injector Parameters 
Energy gain [MeV] 4 
RF frequency [MHz] 176 
Average current [mA] 1 
Operating temperature [K] 4.2 
RF power [kW] 5  
Peak wall E-field [MV/m] 55 
Peak wall B-field [mT] 105 
Accelerating E-field [MV/m] 32 
Cathode E-field [MV/m] 45 

 G. A. Krafft, CUBiX NSF Review (2010) 



4 K SRF Technology: Spoke cavities 
Lower RF frequency => 4K operation 
More compact for given frequency 
Good mechanical rigidity 
Moderate gradient (10 - 12 MV/m CW) 

4K SRF CW Linac 

SRF Linac Parameters 
Energy gain [MeV] 25 
RF frequency [MHz] 352 
Average current [mA] 1 
Operating temperature [K] 4.2 
RF power [kW] 30 

Jean Delayen developing cavities at 
newly formed Center for Accelerator 
Science at Old Dominion University 
(Chris Hopper of ODU/CASA) has a 
velocity-of-light design 



•  Transverse displacement 

•  Modified chicane 

•  Modified “π” bend 
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SRF Accelerator 

Optical Cavity 



 A. Bacci, et al., NIM A, 608, 
S90 (2009) 



•  Compton sources of high energy photons have 
existed for about thirty years 

•  The have followed the usual progression: [1] borrow 
an existing machine (1st generation), and [2] make it 
better by technological innovation (2nd generation?) 

•  We are perhaps approaching 3rd generation devices, 
i.e., accelerators specifically designed for Compton/
Thomson sources. 

•  Expect “convergence” with high energy collider 
design ideas 

•  Lots of ideas, but still looking for the “killer app”. 



•  A “new” calculation scheme for high intensity pulsed 
laser Thomson Scattering has been developed. This 
same scheme can be applied to calculate spectral 
properties of “short”, high-K wigglers. 

•  Due to ponderomotive broadening, it is simply wrong to 
use single-frequency estimates of flux and brilliance in 
situations where the square of the field strength 
parameter becomes comparable to or exceeds the (1/N) 
spectral width of the induced electron wiggle 

•  The new theory is especially useful when considering 
Thomson scattering of tabletop TeraWatt lasers, which 
have exceedingly high field and short pulses. Any 
calculation that does not include ponderomotive 
broadening is incorrect. 



Todd Satogata 
Jefferson Lab, Old Dominion University 
(With some slides from Jean Delayen) 
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•  Long-range space travelers 
(e.g. to Mars) are exposed 
to high radiation doses 

•  Most concern is about 
heavy ions from galactic 
cosmic rays 

•  Less expensive to simulate/
study on earth 
–  200-800 MeV/u ions 

•  Biological effects of high 
radiation doses of this type 
are controversial 
–  DNA damage, repair 
–  Mutagenesis 
–  Carcinogenesis 
–  Cellular necrosis 

•  Radiation also kills cancers 



•  Conventional X-ray cancer 
treatment accelerators are 
“small” 
–  Single room “facility” 
–  5-25 MeV X-rays 

•  x100 diagnostic X-ray 
–  Generated by a small linac 

or a betatron 
•  A few MV/m 

–  500+ US locations 

•  Treatment planning and beam 
shaping are challenging on 
patient-by-patient basis 
–  Multiple angles, IMRT 



•  X-ray intensity-modulated 
radation therapy (IMRT) 
–  “Commonly performed” 
–  Requires multiple fields 

•  Can (mostly) avoid critical 
structures 
–  But still residual dose 
–  Residual dose is high on 

skin, in early entry areas 

•  X-ray radiotherapy is 
–  Less expensive... 
–  But not necessarily better 

Image courtesy of Varian/Eclipse Advertising 



Most proton dose is deposited in the sharp 
"Bragg Peak", with no dose beyond 

X-rays deposit most of their dose 
near the surface (skin) of the 

patient 

Scanning the proton energy makes a 
Spread Out Bragg Peak (SOBP) that spans 
the depth of the tumor 

Carbon and other light hadrons also work 
 - Even sharper Bragg peak 
 - Nuclear dissociation, larger tail dose 

100-250 MeV protons 
penetrate 7-37 cm 



•  With multiple angles/fields, protons excel even better 
–  The “spine” is better protected 
–  Dose to surrounding (healthy) tissues is intrinsically lower 



•  X-rays, protons, and light ion 
beams are all used worldwide in 
modern cancer radiotherapy 

•  Need to minimize side-effects 
–  Minimize dose to healthy tissue 
–  But dose cancer cells (>=5 krem!) 

•  X-rays are: 
–  less expensive (>500 US locations) 
–  better for peripheral/surface tumors 

•  Protons/Ions are: 
–  more expensive (~5 US p locations) 
–  better for deeper, critical tumors 
–  capable of conformal spot-scanning 

treatment; best 3D dose localization 
Images courtesy of Paul Scherrer Institute 



•  38 ion therapy facilities 
presently in operation 
worldwide 

•  22 more proposed or 
under construction 

•  protons are most 
common 

•  heavy ions are 
becoming more popular 
From PTCOG website 

http://ptcog.web.psi.ch/ptcentres.html 



•  Loma Linda (California) 
–  synchrotron accelerator 
–  built/commissioned at Fermilab 
–  first patient: 1991 
–  world-leading patient throughput 

•  up to 200 patients/day 

  Mass General Hospital (Boston) 
•  cyclotron accelerator 
•  corporate involvement from IBA 
•  first patient: 2001 
•  much faster coming up to speed 

•  >100 patients/day 



•  Some design decisions for proton/ion beams 
–  Slow spill or fast delivery 

•  Most present facilities opted for slow spill, mechanical 
collimation 

•  A few facilities (PSI, Penn/MGH/Loma Linda) are interested 
in spot or continuous scanning 

–  Energy variability 
•  Energy degraders; simple but slow, secondary n dose 
•  Variable-energy extraction: less duty factor but cleaner 

–  Beam sizes 
•  Larger beams, collimation: simpler but less flexible 
•  Smaller beams, scanning; more complex but flexible 

–  RCMS objective: simple flexibility 
–  Cyclotron vs synchrotron? 



•  Fixed energy output 
at constant current 

•  Energy degrader 
reduces beam 
energy 

•  Collimators scrape 
beam to size 
–  secondary n dose 

•  Large intrinsic beam 
size in all three 
dimensions 

(ACCEL superconducting cyclotron for RPTC, Munich) 



•  Accelerate variable 
beam intensity to 
variable energy 
–  50-250 MeV 
–  No energy degrader 
–  Smaller beam sizes 

•  Accelerate either 
–  Small beam intensity 

rapidly (30-60 Hz), 
extract in one turn 
(RCMS) 

–  Large beam intensity 
slowly, extract in 
many turns (LLUMC) 

(Rapid Cycling Medical Synchrotron, RCMS) 



Synchrotron	



Treatment 
Room	



Treatment 
Room	



Tumor Scanning	



Bragg Peak	





3.2m	



Rapid Cycling 
Synchrotron	



RFQ or Tandem 
Injector	



Research 
Room	



Eye and Fixed 
Beam Room	



Traditional 
Gantries	



8.5m	



28 m 
circumference	





•  Up to 250 MeV p 
•  1mm tolerances 
•  ~200 tons 
•  Gantries can 

dominate facility 
cost 

Courtesy of J. Flanz 

Traditional 
Gantry 



•  FFAG gantries are an excellent fit to the RCMS concept: 
–  Very strong focusing 

•  magnet ID down to as low as 2 cm 
–  Many very short magnets 

•  leverage simpler production, permanent magnets 
–  Large momentum acceptance 

•  no gantry magnet changes for 90-250 MeV protons 
–  Compatible with iron-free superconducting magnets 

•  leverage BNL world expertise in direct-wind magnets 

–  Low weight of small-aperture iron-free magnets 
•  ~50 kg/magnet (!) 
•  Total gantry beamline magnet weight ~1500 kg (!!!) 

Courtesy of D. Trbojevic 



L_BD = 25 cm, GD =-33.7 T/m, Bmax= 1.5 T + 33.7 T/m*0.012 mm = 1.9 T 
L_BF = 30 cm,  GF =+35.5T/m, Bmax=-0.25 T -+ 35.5 m*0.028 mm = 1.2 T 

scanner 

S.A.D.=4.1 m S.A. D - effective source-to-axis distance 

+-10 cm magnified 

Courtesy of D. Trbojevic 



Linear Collider magnet 

World’s first “direct wind” coil machine at BNL 

SC magnets + small beam size = practical light gantries 
New SC magnets are light and strong 
•  Iron-free (coil dominated fields) 
•  Solid state coolers (no He) 
•  Field containment 
•  “Direct wind” construction 

Courtesy of B. Parker 



S.A.D =3.12 m 

Courtesy of D. Trbojevic 

S.A.D=2.46 m 



Courtesy of D. Trbojevic 

Tracks of 90-250 MeV p 

Magnified ten times 



•  A recent new development in hadron 
therapy accelerators 
–  Alternating fast-switching transmission 

lines – gradients up to 100 MV/m (!!) 
–  Requires advanced materials 

•   Very high-gradient insulators 
•   High-frequency/voltage switches 

  In development by LLNL 
and Tomotherapy Group 

  10+ years from delivery 
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•  PET: Positron Emission Tomography 
–  Tag metabolically active compounds 

with positron emitters 
•  e.g. 18F deoxyglucose 

–  Emitted positrons annihilate with 
nearby electrons producing back to 
back 511 keV gamma rays 

–  Coincident gamma rays detected with 
photomultiplier tubes or avalanche 
photodiodes 

Metastasized 
prostate cancer 



•  Use of radioisotopes is growing 



•  New ones are being investigated 
–  123Pd for treatment of prostate cancer 

•  Half-life:17 days 
•  20 KeV x-ray 

•  Many useful radioisotopes with short lifetime are of interest 
but are not used because they would have to be produced 
close to their point of use 
–  68Ga : labeling of biomolecules for PET imaging 

•  69Ge(p,2n) 68Ga, 68 mn 

–  64Cu : cancer detection and treatment 
•  64Ni(p,n) 64Cu, 12.7 hr 

–  62Cu (10 mn) 
•  Benefit could be obtained from many more radioisotopes 

with short half-life if they could be produced locally 



SARAF Project at Soreq Nuclear Research Center, 
Yavne, Israel 



SARAF Project at Soreq Nuclear Research Center, Yavne, Israel 



SARAF Project at Soreq Nuclear Research Center, Yavne, Israel 


