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Storage ring short pulse x-ray source and bunch slicing 

The need for short pulse, short wavelength light sources
– High resolution dynamics in solids

Existing laser based light source
– Atomic radiation from short pulse laser irradiated solids (ps, KeV)
– High order harmonics (as, 100 eV)
– Thomson scattering

Ways to generated short pulse radiation from beam based sources
– Free electron lasers 
– a storage ring

• One pass machine, such as an ERL 
• Deflecting a beam 
• Slicing the beam 
• Thomson scattering
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Bunch length in a storage ring

Limited by many factors for about 100 ps
– Energy spread thus dispersion
– Intra beam scattering
– RF noise
– Beam instability

Scientists want short x-ray for ultrafast science, ~100 fs
– Deflecting cavity (to be demonstrated)
– Low momentum compaction factor operation (play with the dispersion 

of the optics in the ring, operational at BESSY, 0.7 ps, and BESSY II, 
3.5 ps)

– Laser pulse slicing
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Short pulse radiation in a storage ring: deflecting cavity
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The idea of bunch slicing

Schematic of the laser slicing method for generating femtosecond
synchrotron pulses.

(A) Laser interaction with electron bunch in a resonantly tuned wiggler. 
(B) Transverse separation of modulated electrons in dispersive bend of the 

storage ring. 
(C) Separation of femtosecond synchrotron radiation at the beamline image 

plane. 

A. A. Zholents and M. S. Zolotorev, Phys. Rev. Lett. 76, 912 (1996) 
R. W. Schoenlein et al., Science 287, 2237 (2000) 
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Bunch slicing

Energy gain or loss of an IFEL 
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Bunch slicing: Energy gain and loss

A. A. Zholents and M. S. Zolotorev, Phys. Rev. Lett. 76, 912 (1996) 
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General transform matrix in accelerators
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H. Wiedemann, Pharticle Accelerator Physics, 3rd edition, Springer Verlag, p. 920

– U and V are independent cosinelike and sinelike solution of the motion; 
� ρ: bending radius; 
– L is the distance between the two undulators
– D is the dispersion from the bypass.  
� δi: momentum deviation at the cooling undulator
– u can be x,y, or z
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Bunch slicing: pulse duration and dispersion

Clearly the minimum pulse duration is determined by the laser pulse duration plus total 
slippage length between the beam and the laser
The pulse duration is further characterized by the path difference between the particles  
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– U and V are independent cosinelike and sinelike solution of the motion; 
� ρ: bending radius; 
– l is the distance undulators and the radiation device
– D is the dispersion function.  
� σx, σ’x : beam size and divergence
� σe : energy spread

And  

A. A. Zholents and M. S. Zolotorev, Phys. Rev. Lett. 76, 912 (1996) 
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Dispersion and path length difference
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Demonstration experiment

ALS Storage ring
– E=1.5 GeV, σE=1.2 MeV, 
– Udulator: LU=3 m, K=13, λU=16 cm 
– Laser: λ=800 nm, τL=100 fs, power W=4 GW (0.4 mJ per pulse), 1 

kHz
– Expected energy modulation ΔE=9 MeV, measured 6 MeV

On axis

off axis

R. W. Schoenlein et al., Science 287, 2237 (2000) 
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Summary

Practical issues 
– Difficult for higher energy rings

• For APS at E=7 GeV, σE=6.7 MeV, 
– laser energy (∝ΔΕ2) will be 30 time higher, 12 mJ, doable
– Wiggler period (∝γ2) will be 65 m, difficult

– Pulse duration limitation: slippage, dispersion  
– photon flux limitation: reduction factor 0.5ητL/lb, η<1. 

Light sources implemented femto slicing
– Advance Light Source, LBL

• 105 photons/s, 2-10 keV, beam energy 1.5 GeV
– BESSY II, Berlin, 

• 104 ph /s /0.1% BW, 100 fs, 0.3-1.4 keV, beam energy 1.7 GeV
• S.Khan et al., PRL 97, 074801 (2006). 

– Swiss Light Source, in progress
– SOLEIL, in progress
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Suppressing micro bunching using: laser heater 

XFEL needs high peak current, thus bunch compression
– LCLS: 10 ps ->200 fs

Compression cause micro-bunching instability
– Seeded by small longitudinal density modulation (drive laser?)
– Driven by CSR and wake field
– In a bend, the radiation from the tail catches the head, cause 

additional density modulation (10-20 micron level)
– Accompanied by growth in energy spread and 
– Destroys the emittance

To fight with the instability
– Increase the uncorrelated energy spread can in crease the Landau

damping
– Wiggler
– Plus a Laser heater
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Simulation results for LCLS

Borland, Proc. PAC 03, p2707
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Laser heater and some details

The energy spread from the PC gun is too small to matter for the FEL but 
good for CSR micro-bunching growth
Need to increase the uncorrelated spread:
– laser heater (inverse free electron laser)
– and a wiggler

(1) Increase the energy spread by a 
factor of 10

(2) Do it at a location with minimum 
emittance effect

Huang, FEL 04
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Energy modulation in an IFEL

Energy gain or loss of an IFEL 
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A. van Steenbergen et al., Phys. Rev. Lett. 77, 2690 (1996).
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Effect of beam matching in an undulator

Huang et al., FEL 04; Phys. Rev. ST Accel. Beams 
7, 074401 (2004)
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Simulation Result for LCLS

Wu et al, SLAC-PUB-10430
Simulation for 8% laser modulation at 150 microns

Energy modulation

Before heater

After heater
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Simulation Result: undulator entrance

Wu et al, SLAC-PUB-10430

No heater

heater

- -No heater
_ heater

- -No heater
_ heater
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Laser beam heater: summary

In simulation, it does seem to suppress the effect of micro-bunching effect
Need to match the beam for best heating effect
Problems
– Will the heater seed bunching at certain frequency?
– What is needed to be done to see this? 
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Cooling of a particle beam

Needs for better beam emittance
– High brightness for beam based light sources
– High luminescence for colliders
– Cost saving for FELs

Beam cooling methods 
– Ionization cooling: muon, ions
– Electron cooling: ions
– Radiation cooling: electrons
– Emittance exchange
– Stochastic cooling: ions
– Optical stochastic cooling: electrons
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Stochastic cooling: history

1968, invented by S. van der Meer
1975, demonstration at ISR
1977-83, tested at CERN, FNAL, Novosibirsk, INS-Yokyo
1984, Nobel prize to van der Meer, shared with C. Rubbia, for finding of 
W and Z bosons
1993, extended to optical stochastic cooling by A. A. Mikhailichenko and 
M. S. Zolotorev
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How does it work

A bunch is a mix of particles and empty space
One can squeeze the empty space out
To do so
– The information of the particle position is needed
– The information is feed back to the particle

For a one particle betatron cooling
– Particle position pick up
– Info amplified
– Info fed back to the particle
– Amplitude reduced over time

For many particles
– Each particle feels its own kick
– Kick of other particles average to zero
– Assuming adequate mixing

S. Van der Meer, Nobel prize talk
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Suppose at some time when a kick of is applied, 
without changing the speed of the oscillators. The new position is 

So the amplitude of each oscillator becomes a function of time and the rms 
amplitude is

Now the question is 
– Can we reduce the amplitude over time?
– If yes, how quickly can we do it?

Stochastic cooling explained
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With the kick, the change in amplitude is 

Averaging over time 

Stochastic cooling explained
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Stochastic cooling explained

Both terms on the right have 

Therefore 
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Stochastic cooling explained

Use and summing over 
i, we have  

That is, the average amplitude changes over time! 
Can be cooling or heating! At optimum gain g0=1,

This is the change per correction.
That favors smaller particle numbers!
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Stochastic cooling: 
How to measure the signal and the bandwidth limitation
Perform a Fourier transform over an arbitrary period of time 2T 

All measurements system have errors thus, with a response function G 

For a finite bandwidth Δf, the total samples the system can have per second is Δf. Thus 
the cooling rate is the change in δ2 per correction and the number of measurement per 
second, and at optimum gain g0=1,  

J. Marriner and D. McGinnis, AIP 249, 693 (1992)
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Stochastic cooling: cooling time

The above will work only when the phases are always 
random, therefore there is always enough of deviation to 
drive the cooling. With a mixing rate of M (=1 for perfect 
mixing, >1 for less than perfect), meaning the time needed 
for the system to randomize, cooling time is now  

instead of

J. Marriner and D. McGinnis, AIP 249, 693 (1992)
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It also works for energy correction, etc.
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Stochastic cooling: cooling time and results

J. Marriner and D. McGinnis, AIP 249, 693 (1992)

Pickup-amplifier-kicker, in microwave.
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Optical stochastic cooling: transient time method

Why optical? Higher bandwidth
– Conventional system with waveguide has limited bandwidth of about 1 GHz 
– Optical system easily goes up to THz.  A 10% bandwidth at 800 μm gives 40 THz 

of bandwidth. 
Thus allowing more particles to be cooled in a shorter time
Better for electron and proton systems
Transient time method: allows adjustment of mixing
Implementation

– An undulator as signal pick up
– Optically amplified
– Another undulator as a kicker

A. Mikhailichenko and M. S. Zolotorev, PRL 71, 4146 (1993).
M. S. Zolotorev and A. A. Zholents, PRE 50, 3087 (1994)

The radiation from U1 is amplified and 
brought together with the beam in U2 
where the particle energy is changed. The 
change is determined by the relative phase 
between the particle and the transient time 
of the radiation.  

MN
fΔ

=
τ
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Optical stochastic cooling: things to follow 

Using longitudinal effect as an example
Formulating the kick correction  
Calculating the cooling decrement
Obtain the optimum relative kick
Obtain the optical gain
Numerical examples

A. Mikhailichenko and M. S. Zolotorev, PRL 71, 4146 (1993).
M. S. Zolotorev and A. A. Zholents, PRE 50, 3087 (1994)



38
USPAS, 2008

Optical stochastic cooling: the kick

In the first undulator, an electron radiates
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� δP: relative momentum deviation after the kick
� Δφ, phase shift between the radiation and the 

particle
– li,l0, path length through the bypass
– Nu : number of undulator periods
– g: amplification factor of the optical 
– D2, D’2 are the dispersion and derivative in the 

second undulator
� Δx, Δx’, changes in betatron coordinate and 

angle
– G is the fractional kick in  momentum
� γ, E0, relativistic factor of particle and radiation 

field of the a particle

S. Y. Lee, ‘Beam Damping in OSC’, 
http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUC
F-AP-02-01.pdf
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General transform matrix in accelerators
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H. Wiedemann, Pharticle Accelerator Physics, 3rd edition, Springer Verlag, p. 920

– U and V are independent cosinelike and sinelike solution of the motion; 
� ρ: bending radius; 
– L is the distance between the two undulators
– D is the dispersion from the bypass.  
� δi: momentum deviation at the cooling undulator
– u can be x,y, or z

The path length, which defines the transient time, is as following

DiViUii IIxIxll δ+++= '0
l0: reference path length for particles with zero momentum deviation
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Optical stochastic cooling: cooling rates

A particle will feel the radiation from all other particles, thus the change of momentum 
is (for ID>0) 
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From here, the average of the following change due to the kick can be calculated, 
using the same technique used before, and the distribution function of the beam. 
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Same Eqs as before, except 
the kick depends on the 
phase difference

S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Where the particle distribution function, path length and transverse momentum are

α, β are the Twiss parameters, p is the normalized betatron phase 
space coordinate in the first undulator
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α β, γ are the twiss parameters at the first undulator, and εx is the emittance
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Optical stochastic cooling: cooling rates

Therefore we have 
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Where u is the a measure of the total thermal energy of the beam
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Optical stochastic cooling: cooling rates

Optimizing over G, the optimum cooling occurs at  
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Place unulators placed at the betatron waist, so that, 

S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Optical stochastic cooling: cooling rates

Optimizing over G, the optimum transverse cooling occurs at   
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Optical stochastic cooling: cooling dynamics

One has the cooling dynamics is now

T is the revolution period

For equal optimum cooling, Gx=Gδ, thus
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S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Equal cooling decrement dynamics

The dynamics becomes
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Gain for OSC

During one pass of the undulator, a particle emits n photons at energy hν
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Gain for OSC

During one pass of the undulator, a particle emits n photons at energy hν
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Gain for OSC

At optimum gain P
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Electron examples: laser power

S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Electron example: final emittance

S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Proton example: laser power

S. Y. Lee, ‘Beam Damping in OSC’, http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
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Optical stochastic papers 

C. Tschalaer ,’Optical Stochastic Cooling - Beam Bypass Parameters and Optical Gain,’ MIT-
Bates Internal Report, B/IR#07-02 
S.Y. Lee, ‘Optical Stochastic Cooling possibilities at MIT-Bates’, 
http://filburt.lns.mit.edu/accelphy/OSC/Pubs/BATES.ps
M. Babzien et al., ‘Optical stochastic for RHIC using optical parametric amplification,’ PRSTAB 
7, 012801(2004) 
S.Y. Lee, ‘Beam Damping in Optical Stochastic Cooling,’
http://filburt.lns.mit.edu/accelphy/OSC/Pubs/IUCF-AP-02-01.pdf
A. Zholents and M. Zolotorev, ‘Optical stochastic cooling of muons,’ PRSTAB 4, 031001(2001) 
S. Heifets and M. Zolotorev, ‘Quantum theory of Optical Stochastic Cooling,’ PRE 65, 016507 
(2002).  
A.Zholents, W.Barletta, S.Chattopadhyay, M.Zolotorev, ‘Halo Particle Confinement in the 
VLHC using Optical Stochastic Cooling ,’ JACoW Proc. EPAC 2000, 262 
A. Zholents and M. Zolotorev, ‘An Amplifier for Optical Stochastic Cooling ,’ JACoW Proc. PAC 
1997,1804 
Damping Ring for testing the Optical Stochastic Cooling Method 
A.A. Mikhailichenko, BINP, JACoW Proc. EPAC 1994, 1214 
M. Zolotorev and A. Zholents, ‘Transit-time method of optical stochastic cooling,’ PRE, 
50, No 4 (1994) 
A.A. Mikhailichenko and M.S. Zolotorev, ‘Optical Stochastic Cooling ’, PRL 71, 4146(1993). 
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Optical stochastic cooling at MIT Bates

osc

AmplifierUndulator Undulator

Undulator radiation
Magnetic Delay Line

SHR beam

http://filburt.lns.mit.edu/accelphy/OSC/osc.html
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Optical stochastic cooling: summarizing

Achievement of highest luminosity in collider experiments requires 
combination of complementary techniques
Promising technique for high energy protons, ions to lower cooling 
time under certain conditions 
Not effective for high energy electrons due to radiation cooling
Technique has not been experimentally verified 
Significant technical challenges in implementation for proton: laser 
power
Can test much of physics with lower energy stored electron beam
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Laser ion cooling

Laser cooling is a process of transferring laser momentum to atoms/ions
Then the ions cool down by radiation
It also applies to ions in a storage ring 
Can generate “crystal beams” (Gilbert, Phys. Rev. Lett. 60, 2022 (1988))
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Laser ion cooling

Mechanism
– Doppler shift
– Absorbing less, radiate more
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Laser ion cooling in storage ring

Demonstration

Schottky spectrum

Cooling on

Cooling off

S. Schroeder, Phys. Rev. Lett. 64, 2901 - 2904 (1990)

Two lasers: 
An Ar ion laser co-propagating with the ions, set 
at resonance for ions at lower energy side; 
A counter propagating dye laser tuning at high 
energy size swept to higher value. 
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Laser stripping

To purify the ionic states for ion accelerators (proton included)
For proton machine, needs H+, but many start with H-

– Foil stripping
– Lorentz + Laser stripping

• Any particle travel in a B field will see a E field of
• Thus an electron can be pull from the ion 

Proof of priciple experiment at SNS: Danilov et al., PRSTAB 10, 053501 
(2007).

P. Drumm et al., Proc. EPAC 2000, 2234 (2000)


