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Lecture#3:

• Introduction to OSC: general idea & OSC basics

• Transit-time method of OSC

• Experimental realization of OSC

https://doi.org/10.1038/s41586-022-04969-7
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Why do we need Optical Stochastic Cooling?
Traditional SC is based on sampling of random fluctuations→ the bandwidth of the integrated system and the 

particle density in the beam determine the cooling rate.

Goal: extend SC to optical frequencies with a subsequent increase of the bandwidth (             Hz) to improve 
cooling rate by 3-4 orders of magnitude and enable cooling of high-density protons with energies of 0.25 - 4 TeV.

<latexit sha1_base64="JI+IZpBARJg1/+2QfX8JUT7RgQY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0k0qMeCF48V7Ac0sWy2m3bp7ibsboQS+je8eFDEq3/Gm//GbZuDtj4YeLw3w8y8KOVMG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMEdoiCU9UN8KaciZpyzDDaTdVFIuI0040vp35nSeqNEvkg5mkNBR4KFnMCDZWCgLNBPLcx9y7nParNbfuzoFWiVeQGhRo9qtfwSAhmaDSEI617nluasIcK8MIp9NKkGmaYjLGQ9qzVGJBdZjPb56iM6sMUJwoW9Kgufp7IsdC64mIbKfAZqSXvZn4n9fLTHwT5kymmaGSLBbFGUcmQbMA0IApSgyfWIKJYvZWREZYYWJsTBUbgrf88ippX9S9q7p/79cafhFHGU7gFM7Bg2towB00oQUEUniGV3hzMufFeXc+Fq0lp5g5hj9wPn8AuzOQzQ==</latexit>

⇠ 1013

This goal can be achieved using two methods:

• Coherent electron Cooling (CeC) that uses electron beam as the pick-up, amplifier and kicker. 
You will learn about it tomorrow.

• Optical Stochastic Cooling (OSC) that uses free space EM waves as the signaling medium, undulators to 
couple the radiation to the circulating particle beam  and optical amplifiers for signal amplification.
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First proposition of the idea of Optical Stochastic Cooling (OSC)
• Pick-Up:

• Use a sequence of quadrupoles with changing 
polarity (Quadrupole Wiggler - QW).

• Radiation in a quadrupole is defined by fluctuation of 
the current density in a cross-section.

• The number of FODO periods will define the 
bandwidth of the radiation.

• Polarization of radiation allows to distinguish 
between the transverse directions.

• Amplifier:

• Optical amplifiers deliver bandwidth           in the 
range of 10% to 20% and normally operate at 
central wavelength       0.3-1 um.

<latexit sha1_base64="prSitX6L+Xmwmm6FMVyUp3NoiFA=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgQeKuBPUY0IPHCOaBSQizk95kyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPd5cdSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNIc6j2SkWz4zIIWCOgqU0Io1sNCX0PRHN1O/+QTaiEg94DiGbsgGSgSCM7TSY+cWJDIanAe9YsktuzPQZeJlpEQy1HrFr04/4kkICrlkxrQ9N8ZuyjQKLmFS6CQGYsZHbABtSxULwXTT2cUTemKVPg0ibUshnam/J1IWGjMOfdsZMhyaRW8q/ue1Ewyuu6lQcYKg+HxRkEiKEZ2+T/tCA0c5toRxLeytlA+ZZhxtSAUbgrf48jJpXJS9y3LlvlKqnmVx5MkROSanxCNXpEruSI3UCSeKPJNX8uYY58V5dz7mrTknmzkkf+B8/gCoHZAy</latexit>

�f/f

<latexit sha1_base64="kWGWjeF8f9vscavbEDBUlWoCDhQ=">AAAB9HicbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3LisYB/QGUomc6cNTTLTJFMopd/hxoUibv0Yd/6NaTsLbT0QOJxzLvfmhCln2rjut1PY2Nza3inulvb2Dw6PyscnLZ1kikKTJjxRnZBo4ExC0zDDoZMqICLk0A6H93O/PQalWSKfzCSFQJC+ZDGjxFgp8LmNRsTXTMCoV664VXcBvE68nFRQjkav/OVHCc0ESEM50brruakJpkQZRjnMSn6mISV0SPrQtVQSATqYLo6e4QurRDhOlH3S4IX6e2JKhNYTEdqkIGagV725+J/XzUx8F0yZTDMDki4XxRnHJsHzBnDEFFDDJ5YQqpi9FdMBUYQa21PJluCtfnmdtK6r3k219lir1K/yOoroDJ2jS+ShW1RHD6iBmoiiEXpGr+jNGTsvzrvzsYwWnHzmFP2B8/kD7/uSJw==</latexit>

� '

• Kicker:

• A dipole wiggler with corresponding period can be used as a longitudinal kicker, if it’s installed at a point of non-
zero dispersion with the correct betatron phase shift relative to the QW. 
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Radiation from a quadrupole wiggler: part 1
For a steady current of particles passing through a quadrupole field wiggler, for each particle with a given
transverse position, there exists another particle which is accelerated in the opposite direction. This process yields
destructive radiation interference in the forward direction. Hence, radiation in a quadrupole field is defined by the
fluctuation of current density in a cross section.

The undulatory factor of a QW with period of 2L:
<latexit sha1_base64="X65+BHfBlp7nWgc2UBxWOEUNsy8=">AAACC3icbVDLSsNAFJ34rPVVdelmaBFclSQUdSMU3BR0UcE+oKllMr1ph06SYWYilJC9G3/FjQtF3PoD7vwbp4+Fth64cDjnXu69xxecKW3b39bK6tr6xmZuK7+9s7u3Xzg4bKo4kRQaNOaxbPtEAWcRNDTTHNpCAgl9Di1/dDXxWw8gFYujOz0W0A3JIGIBo0QbqVcoXuNL7AWS0BRqvdQTIEXm3mSp6wmGQ3rvZr1CyS7bU+Bl4sxJCc1R7xW+vH5MkxAiTTlRquPYQndTIjWjHLK8lygQhI7IADqGRiQE1U2nv2T4xCh9HMTSVKTxVP09kZJQqXHom86Q6KFa9Cbif14n0cFFN2WRSDREdLYoSDjWMZ4Eg/tMAtV8bAihkplbMR0SE4w28eVNCM7iy8uk6Zads3LltlKquvM4cugYFdEpctA5qqIaqqMGougRPaNX9GY9WS/Wu/Uxa12x5jNH6A+szx+k/Zok</latexit>

K =
eH?2L

2⇡mc2

The number of photons radiated by one particle:
<latexit sha1_base64="yZchjhFOVyMo7BNFITYZV5mlBeI="></latexit>

�N� u �4e2

~c
K2

1 +K2

The energy of a quanta:
<latexit sha1_base64="ekFQoydDDid0/G6Lg285XqjruSQ="></latexit>

E� u 2⇡~c�2

L(1 +K2 + �2✓2)

angle of observation

The number of photons radiated by a particle with amplitude A in the relative bandwidth                      :
<latexit sha1_base64="8gaNGXUOnn7vlFRv6nbGd0wbnKo=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0Vw1SalqMuCLtwIFewDmlAm05t26EwSZyZCLcVfceNCEbf+hzv/xmmbhbYeuHA4517uvSdIOFPacb6tpeWV1bX13EZ+c2t7Z9fe22+oOJUU6jTmsWwFRAFnEdQ10xxaiQQiAg7NYHA58ZsPIBWLozs9TMAXpBexkFGijdSxD70r4JrgsBR6igm4x27ppmMXnKIzBV4kbkYKKEOtY3953ZimAiJNOVGq7TqJ9kdEakY5jPNeqiAhdEB60DY0IgKUP5peP8YnRuniMJamIo2n6u+JERFKDUVgOgXRfTXvTcT/vHaqwwt/xKIk1RDR2aIw5VjHeBIF7jIJVPOhIYRKZm7FtE8kodoEljchuPMvL5JGueieFSu3lUK1nMWRQ0foGJ0iF52jKrpGNVRHFD2iZ/SK3qwn68V6tz5mrUtWNnOA/sD6/AHAc5QV</latexit>

�f/f ' 1/M

<latexit sha1_base64="Dox5k7/1EfSwDX5Hc7ak0gU6K4U="></latexit>

�N� ' ↵ (A/A0)
2 , ↵ = �e2/~c

amplitude before cooling

amplitude after cooling
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Radiation from a quadrupole wiggler: part 2

For a bunch with N particles and length lb, the number of particles in a bandwidth:
<latexit sha1_base64="OHHAE6fVCYy9EoApzbShQBLBYng="></latexit>

�Nu ' MN(�u/lb) ' MN(L/lb)/�
2

The number of photons in the bandwidth is defined by fluctuations of the centroid of charge from these particles:

<latexit sha1_base64="D4UXsmpS6Ws7PFuCWj5+S4+GiiM="></latexit>

�Nu
� ' �N�Nu ' 1

3
↵Nu

"

"0

emittance before cooling

emittance after cooling

The total number of radiated photons in the bandwidth:
<latexit sha1_base64="d3mwk30sS2+kXIPOsVfRfFMDJV0="></latexit>

�N t ' 1

3
↵N

"

"0

Note:
• During damping, factor K decreases → wavelength shifts

• Beam envelope in the wiggler. Can be dynamically changed to restore K. 

<latexit sha1_base64="df9ol5+eEmrc58D9eoUU+zay5TE=">AAACB3icbVDLSgMxFM3UV62vqktBgkWoCHWmFHVZ0IXgpoJ9QGcsmcydNjTzMMkIpXTnxl9x40IRt/6CO//GtJ2Fth4IHM65h5t73JgzqUzz28gsLC4tr2RXc2vrG5tb+e2dhowSQaFOIx6JlkskcBZCXTHFoRULIIHLoen2L8Z+8wGEZFF4qwYxOAHphsxnlCgtdfL79iVwRbDNdcYjtmQB3GPrpGgdX9+Vjzr5glkyJ8DzxEpJAaWodfJfthfRJIBQUU6kbFtmrJwhEYpRDqOcnUiICe2TLrQ1DUkA0hlO7hjhQ6142I+EfqHCE/V3YkgCKQeBqycDonpy1huL/3ntRPnnzpCFcaIgpNNFfsKxivC4FOwxAVTxgSaECqb/immPCEKVri6nS7BmT54njXLJOi1VbiqFajmtI4v20AEqIgudoSq6QjVURxQ9omf0it6MJ+PFeDc+pqMZI83soj8wPn8AE8CXdg==</latexit>

�� ' 1/(1 +K2)
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Necessary energy change and amplification
The energy carried by the photons produced by a beam whose center if off by                             :

<latexit sha1_base64="42HrXffgnmPYpQCSsZS4B6UHRhI=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgYhNsluCGoZ0cJKIpgHZGOYndwkQ2YfzsyKYdnSxl+xsVDE1k+w82+cPApNPHDhcM693HuPG3ImlWV9G6mFxaXllfRqZm19Y3PL3N6pySASFKo04IFouEQCZz5UFVMcGqEA4rkc6u7gfOTX70FIFvg3ahhCyyM9n3UZJUpLbXPfuQCuCH7AjmQe3OGzQu6qHUfJ0W1sF4pJ28xaeWsMPE/sKcmiKSpt88vpBDTywFeUEymbthWqVkyEYpRDknEiCSGhA9KDpqY+8UC24vEjCT7USgd3A6HLV3is/p6IiSfl0HN1p0dUX856I/E/rxmp7mkrZn4YKfDpZFE34lgFeJQK7jABVPGhJoQKpm/FtE8EoUpnl9Eh2LMvz5NaMW8f50vXpWy5OI0jjfbQAcohG52gMrpEFVRFFD2iZ/SK3own48V4Nz4mrSljOrOL/sD4/AFRXpg2</latexit>

�x ' A/(Nu)
1/2

<latexit sha1_base64="l4xkjvMBxZgzTXpM54JB6I/tQco="></latexit>

�E� ' E�N
t ' 2

✓
e2

L

◆
N�2(A/A0)

2

We need to damp this amplitude with a kicker. Use longitudinal kicker—a transverse displacement provided by 
an energy change at a lattice position with nonzero dispersion. We must provide a kick:

<latexit sha1_base64="9w6r0k1jgnChfoeSj4Be7gQPrTY=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSB4SnZDUI8BDXiMYB6QDWF20kmGzD6c6RVDyM2Lv+LFgyJe/QVv/o2TZA+aWNBQVHXT3eVFUmi07W9raXlldW09tZHe3Nre2c3s7dd0GCsOVR7KUDU8pkGKAKooUEIjUsB8T0LdG1xO/Po9KC3C4BaHEbR81gtEV3CGRmpnjtwrkMhoOV92tfDhjibCQ94FZO1M1s7ZU9BF4iQkSxJU2pkvtxPy2IcAuWRaNx07wtaIKRRcwjjtxhoixgesB01DA+aDbo2mf4zpiVE6tBsqUwHSqfp7YsR8rYe+Zzp9hn09703E/7xmjN2L1kgEUYwQ8NmibiwphnQSCu0IBRzl0BDGlTC3Ut5ninE00aVNCM78y4ukVsg5Z7niTTFbKiRxpMghOSanxCHnpESuSYVUCSeP5Jm8kjfryXqx3q2PWeuSlcwckD+wPn8AIvOYLQ==</latexit>

�E/E ' �x/⌘

Assume a kicker undulator with undulatory factor, P, and the same number of periods as QW, M:
<latexit sha1_base64="gQ9QbzcsMdHKP1Ld2t3jx/uGLGc="></latexit>

⌘
eE?PL

E�
M = A/

p
Nu

The energy that must be contained in the photon radiation:
<latexit sha1_base64="ejGQ3KuSzQS75QkGDYRi7T9zVUg="></latexit>

E =
c

4⇡
E2

?L
lb
c
' c

4⇡

A2

Nu

✓
E�

ePL⌘M

◆2

L lb
c

cross section of the emitted radiation at the IP 

Comparing with energy radiated in QW, we obtain amplification factor:
<latexit sha1_base64="o7JZpB+s1d0D3mYxeFTE3i73BLg="></latexit>

 '
q

E/�E� ' 1

4

"||
r0

1

N

�f

f
, r0 = e2/mc2, "|| = �lb�E/E



8

Necessary energy change and amplification: example

Consider 
<latexit sha1_base64="lk0fXsTd72PykVVQNsZc8InHUIA="></latexit>

N u 1⇥ 1010, lb u 15 cm, M = 5, �E/E u 10�3, � u 103

<latexit sha1_base64="o7JZpB+s1d0D3mYxeFTE3i73BLg="></latexit>

 '
q

E/�E� ' 1

4

"||
r0

1

N

�f

f
, r0 = e2/mc2, "|| = �lb�E/E

We obtain                     for an electron damping, which is well below              for microwave SC                
<latexit sha1_base64="MmSMohcreJbGtS8fvizDqTPRI/Y=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJqUpKBYyVWBiLRB9SUyrHdVqrjm1sB1FFXVj4FRYGEGLlH9j4G9w2A7QcydbROffq3ntCyag2nvft5JaWV1bX8uuFjc2t7R13d6+hRaIwqWPBhGqFSBNGOakbahhpSUVQHDLSDIeXE795T5Smgt+YkSSdGPU5jShGxkpd9zAYIilRYD8lHsgdPA0MjYmGvndb7rpFr+RNAReJn5EiyFDrul9BT+AkJtxghrRu+540nRQpQzEj40KQaCIRHqI+aVvKkZ3USadXjOGxVXowEso+buBU/d2RoljrURzayhiZgZ73JuJ/Xjsx0UUnpVwmhnA8GxQlDBoBJ5HAHlUEGzayBGFF7a4QD5BC2NjgCjYEf/7kRdIol/yzUuW6UqyWszjy4AAcgRPgg3NQBVegBuoAg0fwDF7Bm/PkvDjvzsesNOdkPfvgD5zPH22tl9M=</latexit>

 u 3⇥ 102
<latexit sha1_base64="0eHhOMnUZqONRV2nxo+VffRhJMA=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvgqsyU+lgW3LisYB/QGUsmzbShmSQmGbEMBX/FjQtF3Pod7vwb03YW2nrgXg7n3EtuTiQZ1cbzvp2l5ZXVtfXCRnFza3tn193bb2qRKkwaWDCh2hHShFFOGoYaRtpSEZREjLSi4dXEbz0Qpangt2YkSZigPqcxxchYqeseBkMkJQpsU+KR3EPoe3dnXbfklb0p4CLxc1ICOepd9yvoCZwmhBvMkNYd35MmzJAyFDMyLgapJhLhIeqTjqUcJUSH2fT8MTyxSg/GQtniBk7V3xsZSrQeJZGdTJAZ6HlvIv7ndVITX4YZ5TI1hOPZQ3HKoBFwkgXsUUWwYSNLEFbU3grxACmEjU2saEPw57+8SJqVsn9ert5US7VKHkcBHIFjcAp8cAFq4BrUQQNgkIFn8ArenCfnxXl3PmajS06+cwD+wPn8ARhDlN8=</latexit>

 u 105

The required pulsed power is about 5 kW at an average power of 25 W, assuming a repetition rate of 10 MHz.
→ no apparent limitation for the design of an amplifier to effectively cool positron/electron beams.

Note: the amplification factor for protons with the same      will increase as   <latexit sha1_base64="RJlubDeeT/rt+gTwB+4CvBONEKY=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk5q90dYCDwoV/yqvwBaJ0FOKpCjOSh/9YeKpIJKSzg2phf4iQ0zrC0jnM5K/dTQBJMJHtGeoxILasJsce0MXThliGKlXUmLFurviQwLY6Yicp0C27FZ9ebif14vtfFNmDGZpJZKslwUpxxZheavoyHTlFg+dQQTzdytiIyxxsS6gEouhGD15XXSrlWDq2r9vl5p1PI4inAG53AJAVxDA+6gCS0g8AjP8ApvnvJevHfvY9la8PKZU/gD7/MHhQmPDg==</latexit>�
<latexit sha1_base64="IkEnDFhBbts3xzzfpIZf/C9tliU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4qjOlqMuCG5cV7AOmQ8mkmTY0kwzJHaEM8xluXCji1q9x59+YtrPQ1gMJh3Pu5d57wkRwA6777ZQ2Nre2d8q7lb39g8Oj6vFJ16hUU9ahSijdD4lhgkvWAQ6C9RPNSBwK1gund3O/98S04Uo+wixhQUzGkkecErCSr4dZkl/Z382H1ZpbdxfA68QrSA0VaA+rX4ORomnMJFBBjPE9N4EgIxo4FSyvDFLDEkKnZMx8SyWJmQmyxco5vrDKCEdK2ycBL9TfHRmJjZnFoa2MCUzMqjcX//P8FKLbIOMySYFJuhwUpQKDwvP78YhrRkHMLCFUc7srphOiCQWbUsWG4K2evE66jbp3XW8+NGutRhFHGZ2hc3SJPHSDWugetVEHUaTQM3pFbw44L86787EsLTlFzyn6A+fzB1nMkUI=</latexit>

rp/r0
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Damping time and temperature
Change of emittance per turn:

<latexit sha1_base64="uoCk/JUfwtD8NtsBYY16EGgIb0c=">AAACLHicbVDLSsNAFJ3UV62vqks3wSIIQkmKqBuh0I0rqWBboSllMr2xQyeTMHMjlpAPcuOvCOLCIm79DqdtFvVxYOBwzrncucePBdfoOBOrsLS8srpWXC9tbG5t75R399o6ShSDFotEpO58qkFwCS3kKOAuVkBDX0DHHzWmfucBlOaRvMVxDL2Q3ksecEbRSP1ywwsUZamH8IgqTAeZ90AVxJqLSGYLssxO8uSif91PskunX644VWcG+y9xc1IhOZr98qs3iFgSgkQmqNZd14mxl1KFnAnISl6iIaZsRO+ha6ikIeheOjs2s4+MMrCDSJkn0Z6pixMpDbUeh75JhhSH+rc3Ff/zugkGF72UyzhBkGy+KEiEjZE9bc4ecAUMxdgQyhQ3f7XZkJpO0PRbMiW4v0/+S9q1qntWPb05rdRreR1FckAOyTFxyTmpkyvSJC3CyBN5Ie9kYj1bb9aH9TmPFqx8Zp/8gPX1DT9NqzA=</latexit>

d"

dn
+

"

Nu
= 0

So the number of revolutions is approximately     . 

• The process of cooling will stop when the number of radiated quanta is of the order unity. 
• The theoretical limit for the noise of the amplifier is of the same order, i.e., one photon in the coherence 

volume. 
• This corresponds to one photon per sample which has       electrons in it. 
• This gives a decrease in emittance equal to 

<latexit sha1_base64="BPjA1evlbSz60GvWmkskyg6oUbw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL56koq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/tp/1yxa26c5BV4uWkAjma/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEratap3Ua3f1SuNWh5HEU7gFM7Bg0towA00oQUMhvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AMOKNsw==</latexit>

Nu

<latexit sha1_base64="BPjA1evlbSz60GvWmkskyg6oUbw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL56koq2FNpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4GMwvp75j0+oNI/lg5kk6Ed0KHnIGTVWur/tp/1yxa26c5BV4uWkAjma/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5qVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjlZ1wmqUHJFovCVBATk9nfZMAVMiMmllCmuL2VsBFVlBmbTsmG4C2/vEratap3Ua3f1SuNWh5HEU7gFM7Bg0towA00oQUMhvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AMOKNsw==</latexit>

Nu

<latexit sha1_base64="bOOxuiH1egMVXpug7/jEC4i3bQ4=">AAACHHicbVA9SwNBEN3zM8avU0ubxSBoE+9U1DJgYyURjAnkQpjbzJnFvbt1dy8YQn6IjX/FxkIRGwvBf+Pmo9DEBwtv3pthdl4oBdfG876dmdm5+YXF3FJ+eWV1bd3d2LzRaaYYVlgqUlULQaPgCVYMNwJrUiHEocBqeHc+8KsdVJqnybXpSmzEcJvwiDMwVmq6R0EHFErNha2ig9+VF4CUKn3Ae+of7AUgZBvoZTPbb7oFr+gNQaeJPyYFMka56X4GrZRlMSaGCdC67nvSNHqgDGcC+/kg0yiB3cEt1i1NIEbd6A2P69Ndq7RolCr7EkOH6u+JHsRad+PQdsZg2nrSG4j/efXMRGeNHk9kZjBho0VRJqhJ6SAp2uIKmRFdS4Apbv9KWRsUMGPzzNsQ/MmTp8nNYdE/KR5fHRdKh+M4cmSb7JA94pNTUiIXpEwqhJFH8kxeyZvz5Lw4787HqHXGGc9skT9wvn4ArtKhpA==</latexit>

"f/"0 u 1/(↵Nu)

For our earlier example, the reduction is 103.

• The damping time:
<latexit sha1_base64="cyJvN2PR3Zw5B0MW84wdFEtKDCQ="></latexit>

⌧ u NuT =
N

(�f/f)
(�u/lb)T 10 ms for 1/T = 10 MHz.

Note: 
• For cooling of the energy spread, the QW must be installed in a place where the beam size is 

mostly defined by the energy spread. 
• For both transverse emittances and energy spread cooling in the same time it is necessary to 

arrange the bend between the pickup and the kicker so that the betatron phase shift must be 
more than        . 

• This makes the bend not isochronous and yields the existence of a threshold emittance!

<latexit sha1_base64="G7WE+A/T6j8BoNsWhX3rAE6XQCc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU01KUY8FLx4r2A9oQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKrX4irmqDcsWtuguQdeLlpAI5moPyV38YszTiCpmkxvQ8N0E/oxoFk3xW6qeGJ5RN6Ij3LFU04sbPFsfOyIVVhiSMtS2FZKH+nshoZMw0CmxnRHFsVr25+J/XSzG89TOhkhS5YstFYSoJxmT+ORkKzRnKqSWUaWFvJWxMNWVo8ynZELzVl9dJu1b1rqv1h3qlUcvjKMIZnMMleHADDbiHJrSAgYBneIU3RzkvzrvzsWwtOPnMKfyB8/kDLVmOOw==</latexit>

⇡/2
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OSC basics: Transfer Matrix
In the proposed system, the efficiency of the transverse kick is lower compared to the 
longitudinal kick→ we will rely on longitudinal kick and plane-to-plane coupling.

Let’s first discuss coupled horizontal and longitudinal motion. 
Consider that vertical motion is uncoupled and can be omitted for this example. 

Transfer matrix between pick-up and kicker:
<latexit sha1_base64="tqpP1KNTB5iMlrIbt/50Lz17fq0="></latexit>

M =

2

664

M11 M12 0 M16

M21 M22 0 M26

M51 M52 1 M56

0 0 0 1

3

775 , x =

2

664

x
✓x
s

�p/p

3

775

<latexit sha1_base64="9S0YwVj6v5KxDwbNF+plm2omcpI="></latexit>

M11 =

s
�2

�1
(cosµ+ ↵1sinµ) , M12 =

p
�1�2sinµ

M21 =
↵1 � ↵2p

�1�2
cosµ� 1 + ↵1↵2p

�1�2
sinµ, M22 =

s
�1

�2
(cosµ� ↵2sinµ)

with

Matrix elements describing x-s coupling are bound up by motion symplecticity (remember the first day of lectures?):
<latexit sha1_base64="OI8mLk0D5JTYyGzBPHoS+4IlqRA=">AAACDXicbZDLSsNAFIYn9VbrLerSTbAKrkpSiroRCm7cFCo0baGNZTKdtEMnF2ZOxBLyAm58FTcuFHHr3p1v47SNoq0/DHzzn3OYOb8bcSbBND+13NLyyupafr2wsbm1vaPv7jVlGAtCbRLyULRdLClnAbWBAaftSFDsu5y23NHlpN66pUKyMGjAOKKOjwcB8xjBoKyeftQFegeul9TSm6SRft/sWnrxw2lPL5olcypjEawMiihTvad/dPshiX0aAOFYyo5lRuAkWAAjnKaFbixphMkID2hHYYB9Kp1kuk1qHCunb3ihUCcAY+r+nkiwL+XYd1Wnj2Eo52sT879aJwbv3ElYEMVAAzJ7yIu5AaExicboM0EJ8LECTARTfzXIEAtMQAVYUCFY8ysvQrNcsk5LletKsVrO4sijA3SITpCFzlAVXaE6shFB9+gRPaMX7UF70l61t1lrTstm9tEfae9fLkmc2g==</latexit>

MTUM = U

<latexit sha1_base64="t/JXKIg599uE31WQxFcdXA68+h4="></latexit>

M16 = D2 �M11D1 �M12D
0
1

M26 = D0
2 �M21D1 �M22D

0
1

M51 = M21M16 �M11M26

M52 = M22M16 �M12M26

Then one obtains: Similar to a ring slip-factor, we can introduce P-to-K slip factor:
<latexit sha1_base64="fWLFr0RUNjueFyk4WWAbfAgRbHM=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieLEmpagXoeDFYwX7AU0sk+2mXbq7CbsbodQe/CtePCji1b/hzX/jts1BWx8MPN6bYWZemDCqtOt+W7ml5ZXVtfx6YWNza3vH3t1rqDiVmNRxzGLZCkERRgWpa6oZaSWSAA8ZaYaD64nffCBS0Vjc6WFCAg49QSOKQRupYx/4RMOVd+b3gHO4L5/6wJI+dOyiW3KncBaJl5EiylDr2F9+N8YpJ0JjBkq1PTfRwQikppiRccFPFUkAD6BH2oYK4EQFo+n9Y+fYKF0niqUpoZ2p+ntiBFypIQ9NJwfdV/PeRPzPa6c6ugxGVCSpJgLPFkUpc3TsTMJwulQSrNnQEMCSmlsd3AcJWJvICiYEb/7lRdIol7zzUuW2UqyWszjy6BAdoRPkoQtURTeohuoIo0f0jF7Rm/VkvVjv1sesNWdlM/voD6zPH6eflTE=</latexit>

⌘ = 1/�2 � ↵ring slip-factor
<latexit sha1_base64="phM61Fd2HW2iNyDttAT+bAggdOo="></latexit>

⌘12 =
M51D1 +M52D0

1 +M56

2⇡R
P-to-K slip-factor

describes the longitudinal displacement for a 
particle with momentum deviation ∆p/p in the 

absence of betatron oscillations 
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OSC basics: Damping Rates
The linearized longitudinal kick to a particle due to its interaction with its own amplified radiation in the kicker: 

<latexit sha1_base64="aP+9K4Qz6phUbgzSiTvuF6B6ONQ="></latexit>

�p/p = k
⇣
M (1)

51 x(1) +M (1)
52 ✓(1)x +M (1)

56 �p/p
⌘

<latexit sha1_base64="YMsT3r6lRRSAoWxwV+4OOLUN4nk="></latexit>

k = 2⇡/�

<latexit sha1_base64="4AeIzTQHYJYWlZw5La9Q6K/sQXI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lKUY8FLx4r2A9oY9lsN+3SzSbsTkpLyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPz/FhwDY7zbW1sbm3v7Bb2ivsHh0fH9slpS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vpv77QlTmkfyEWYx80IylDzglICR+rbdAzYFP0in2VNadq+yvl1yKs4CeJ24OSmhHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLir1Es5jQMRmyrqGShEx76eLyDF8aZYCDSJmSgBfq74mUhFrPQt90hgRGetWbi/953QSCWy/lMk6ASbpcFCQCQ4TnMeABV4yCmBlCqOLmVkxHRBEKJqyiCcFdfXmdtKoV97pSe6iV6tU8jgI6RxeojFx0g+roHjVQE1E0Qc/oFb1ZqfVivVsfy9YNK585Q39gff4AZSeTdQ==</latexit>

x(1) vector of particle coordinates in the pick-up
<latexit sha1_base64="kF0lYjKDCjj8eHm1S63BrrpwgwI=">AAAB+XicbVBNS8NAEN34WetX1KOXxSLUS0lKUY8FL16ECvYD2lg22027dLMJu5NiCfknXjwo4tV/4s1/47bNQVsfDDzem2Fmnh8LrsFxvq219Y3Nre3CTnF3b//g0D46bukoUZQ1aSQi1fGJZoJL1gQOgnVixUjoC9b2xzczvz1hSvNIPsA0Zl5IhpIHnBIwUt+2e8CewA/Su+wxLbsXWd8uORVnDrxK3JyUUI5G3/7qDSKahEwCFUTrruvE4KVEAaeCZcVeollM6JgMWddQSUKmvXR+eYbPjTLAQaRMScBz9fdESkKtp6FvOkMCI73szcT/vG4CwbWXchknwCRdLAoSgSHCsxjwgCtGQUwNIVRxcyumI6IIBRNW0YTgLr+8SlrVintZqd3XSvVqHkcBnaIzVEYuukJ1dIsaqIkomqBn9IrerNR6sd6tj0XrmpXPnKA/sD5/ACLOk0o=</latexit>

M(1) pick-up-to-kicker transfer matrix

Using the perturbation theory and symplecticity of undamped motion one obtains the cooling rates: 
<latexit sha1_base64="Z4wi68MsobAYheOcZPAhPOqurqw="></latexit>

�x = �

2

⇣
2⇡R⌘1 +M (1)

56

⌘

�s = ⇡R⌘1

Then the sum of the decrements: 
<latexit sha1_base64="tszR3gfDNiFNuUjihPu3xhGthzA=">AAACH3icbVDJSgNBFOxxjXEb9ehlMCiKGGZCjF6EgBcvQgSzQCYObzo9pknPQnePGJr5Ey/+ihcPioi3/I2dBXEraCiq6vH6lZ8wKqRtD42Z2bn5hcXcUn55ZXVt3dzYbIg45ZjUccxi3vJBEEYjUpdUMtJKOIHQZ6Tp989HfvOOcEHj6FoOEtIJ4TaiAcUgteSZFZfpcBc8dZ8dfnGR7Z0duQEHrNw+JAlkqpRd3qh95yDz1HEl88yCXbTHsP4SZ0oKaIqaZ3643RinIYkkZiBE27ET2VHAJcWMZHk3FSQB3Idb0tY0gpCIjhrfl1m7WulaQcz1i6Q1Vr9PKAiFGIS+ToYge+K3NxL/89qpDE47ikZJKkmEJ4uClFkytkZlWV3KCZZsoAlgTvVfLdwDXYvUleZ1Cc7vk/+SRqnoVIrlq3KhWprWkUPbaAftIwedoCq6QDVURxg9oCf0gl6NR+PZeDPeJ9EZYzqzhX7AGH4CJkei+A==</latexit>

�x + �s = �

2
M (1)

56

If                                        : 
<latexit sha1_base64="nrQygMcps2K3WbqRzJF825MqpZ8=">AAACHnicbZBNS8MwGMfT+TbnW9Wjl+IQPI12zJfLYKAHjxPcC2y1pFm6hSVpSVJhlH4SL34VLx4UETzptzHrKszNBwK//P/PQ/L8/YgSqWz72yisrK6tbxQ3S1vbO7t75v5BW4axQLiFQhqKrg8lpoTjliKK4m4kMGQ+xR1/fDX1Ow9YSBLyOzWJsMvgkJOAIKi05JlnfUijEfQSJ63/YjWtX98n/UgQhtPMmb9q1/bMsl2xs7KWwcmhDPJqeuZnfxCimGGuEIVS9hw7Um4ChSKI4rTUjyWOIBrDIe5p5JBh6SbZeql1opWBFYRCH66sTJ2fSCCTcsJ83cmgGslFbyr+5/ViFVy6CeFRrDBHs4eCmFoqtKZZWQMiMFJ0ogEiQfRfLTSCAiKlEy3pEJzFlZehXa0455Xaba3cqOZxFMEROAanwAEXoAFuQBO0AAKP4Bm8gjfjyXgx3o2PWWvByGcOwZ8yvn4A3zWi5g==</latexit>

↵1 = ↵2 = D0
1 = D0

2 = 0
<latexit sha1_base64="EnEb1Tc5tk7vT1e8mf5O14+027w="></latexit>

�x = �

2

D1D2p
�1�2

sinµ1

�s = �

2

✓
M (1)

56 � D1D2p
�1�2

sinµ1

◆
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OSC basics: Cooling Range
The cooling force is linear only for small oscillations, in our case cooling force can be expressed as:

<latexit sha1_base64="vSLQhQiW7nHD+qM5J6Vj40Qmn0s="></latexit>

�p

p
= sin (axsin x + apsin p)

dimensionless amplitudes due to betatron and synchrotron 
motion expressed in units of the phase advance of the laser wave 

<latexit sha1_base64="GWZ5FqHNIbuZPTXxPcSCVNeZw7g="></latexit>

ap = k
⇣
M (1)

51 D1 +M (1)
52 D0

1 +M (1)
56

⌘✓
�p

p

◆

<latexit sha1_base64="A5G/wRZZFpbHMocVr6dSsOu187M="></latexit>

ax = k

r
"̃
⇣
�1M

(1)2

51 � 2↵1M
(1)
51 M (1)

52 + (1 + ↵2
1)M

(1)2

52 /�1

⌘

<latexit sha1_base64="yoUHYheBdVSipaqiWi0nESQLuVM="></latexit>

"̃ = x2/� + 2↵x✓ + (1 + ↵2)✓2/�

Averaging momentum kicks over betatron and synchrotron oscillations, one obtains the form factors for the transverse and 
longitudinal damping rates:

<latexit sha1_base64="F2Fo2YO2fseFO9H8DAQL4MFWpzk="></latexit>
�1(ax, ap)/�1
�2(ax, ap)/�2

�
=


F1(ax, ap)
F2(ax, ap)

�
=


2/ (axcos c)

2/ap

� Z
sin (axsin( x +  c) + apsin p)


sin x

sin p

�
d x

2⇡

d p

2⇡

phase shift of the transverse cooling force

<latexit sha1_base64="gKeidqd1M7Vrd7jPGqe4gXCmDOk="></latexit>
F1(ax, ap)
F2(ax, ap)

�
= 2


J0(ap)J1(ax)/ax
J0(ax)J1(ap)/ap

�

• Damping rates oscillate with growth of amplitudes.
• For a given degree of freedom, damping rates change the sign at its own amplitude equal to                       and at the 

amplitude of                       for the other degree of freedom.
• Both cooling rates have to be positive for all amplitudes → stability condition:

<latexit sha1_base64="I87FqsW7nyJ16tcMJw4tCKDJWKI="></latexit>

µ11 ⇡ 3.832
<latexit sha1_base64="IMVxlCkYct7y9Q9yx5z4RfUhMuU="></latexit>

µ01 ⇡ 2.405

<latexit sha1_base64="RAeiiiLAjHnuhP6gOgiKkwzKIuk="></latexit>

ax,p  µ01 ⇡ 2.405
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OSC basics: Cooling Range
<latexit sha1_base64="RAeiiiLAjHnuhP6gOgiKkwzKIuk="></latexit>

ax,p  µ01 ⇡ 2.405Stability condition                                     yields the stability boundaries for the emittance and the momentum spread: 

<latexit sha1_base64="y5qfXKKTFx6ewXCmGwXrVTSLRsM="></latexit>

"max =
µ2
01

k2
⇣
�pM

(1)2

51 � 2↵pM
(1)
51 M (1)

52 + �pM
(1)2

52

⌘

✓
�p

p

◆

max

=
µ01

kS12

For further analysis we introduce the relative cooling ranges as ratios of cooling area boundaries                    and    
to the rms values of momentum spread,      , and horizontal emittance,   . 

<latexit sha1_base64="98UNgQXzpYa5xWy3fLSl8dw3hDE="></latexit>

(�p/p)max
<latexit sha1_base64="Ja0H4fRkgYEORY4Wg90gPfI1Bek="></latexit>"max

<latexit sha1_base64="0reeeQTUm/M1G7rrz3PMAEG2ipM="></latexit>�p
<latexit sha1_base64="3TYwgoEMACfpN2Jw+WrfSozCGjY="></latexit>"

<latexit sha1_base64="eJV2NOqHiyK1DiL2lcGg2PuP7aw="></latexit>

n�s = (�p/p)max /�p, n�x =
p

"max/"

• Transverse cooling range does not depend on the dispersion in the pickup undulator but depends on the 
beta-function in it. 

• Beam cooling in a collider requires 
<latexit sha1_base64="Qc9E/LAc+n42WTEahglUuLFNRZo="></latexit>

n�s, n�x � 4



The cooling dynamics is determined by the following parameters:
• Initial r.m.s. momentum spread and emittance
• Wave number of optical amplifier
• Dispersion invariant 
• Path length delay
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OSC basics: Beam Optics and Its Limitations
<latexit sha1_base64="EnEb1Tc5tk7vT1e8mf5O14+027w="></latexit>

�x = �

2

D1D2p
�1�2

sinµ1

�s = �

2

✓
M (1)

56 � D1D2p
�1�2

sinµ1

◆
need these terms in the brackets to 

be different – place a defocusing 
quad in the chicane!

<latexit sha1_base64="lmJ8l0NhcxvK1DcfilXdAO9gOwY="></latexit>

A⇤ = D⇤2

/�⇤

Leaving leading terms in the thin lens approximation, and assuming that the bends have zero length and don’t 
produce horizontal focusing:

<latexit sha1_base64="339e3oKS47ejV2rDxx5R7v2JstU="></latexit>

M (1)
56 ⇡ 2�s, S12 ⇡ 2�s� �D⇤h,

�x/�s ⇡ �D⇤h/(2�s� �D⇤h)

path lengthening in chicane trajectory offset in chicane

<latexit sha1_base64="tYV1lsEVWyZxt+j0/Zhi7uUDQnE=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8xd0Q1IsQEMRjBPPAZAmzk9lkyOzsMtMrhJC/8OJBEa/+jTf/xkmyB00saCiquunuChIpDLrut7Oyura+sZnbym/v7O7tFw4OGyZONeN1FstYtwJquBSK11Gg5K1EcxoFkjeD4c3Ubz5xbUSsHnCUcD+ifSVCwSha6bFTGwhyTbzz226h6JbcGcgy8TJShAy1buGr04tZGnGFTFJj2p6boD+mGgWTfJLvpIYnlA1pn7ctVTTixh/PLp6QU6v0SBhrWwrJTP09MaaRMaMosJ0RxYFZ9Kbif147xfDKHwuVpMgVmy8KU0kwJtP3SU9ozlCOLKFMC3srYQOqKUMbUt6G4C2+vEwa5ZJ3UarcV4rVchZHDo7hBM7Ag0uowh3UoA4MFDzDK7w5xnlx3p2PeeuKk80cwR84nz+DHY93</latexit>

� = 1/F

Assuming equal damping rates, the cooling ranges are:
<latexit sha1_base64="SX+rKgKQJlv5GYpmFv4yaJABDJc="></latexit>

n�s ⇡
µ01

k�p�s
,

n�x ⇡ µ01

2k�s

r
A⇤

"

Note: one can significantly affect the optics parameters by changing the distribution of cooling rates. An
increase of horizontal damping can allow a reduction of the optical amplifier wavelength, but at the
same time it makes more difficult to handle an increase of beta-function in the cooling area required to
keep sufficiently large value for the horizontal cooling range.
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OSC basics: Beam Optics and Its Limitations
Another important limitation on the beam optics is associated with the higher order 
contributions to the sample lengthening coming from the betatron and synchrotron 
motions. 

• Averaging of cooling force with the second order lengthening shows that to avoid shrinking of cooling boundary the 
second order contribution at the cooling boundary has to be less or about half of the first order contribution. 

• That yields the requirement on an acceptable value of the second order contribution computed at the boundary of cooling 
range  

• In our example, the compensation is achieved by placing a sextupole in between dipoles of each chicane leg. 

• It decreases the sample lengthening by more than an order of magnitude so that the contribution for the horizontal plane is 
smaller than for the vertical one. 

Particle angle         introduces the relative delay     

Orbit lengthening:     

<latexit sha1_base64="AlGnsWMVatZdxa95T+OZn/1xCC8=">AAAB8HicbVDLSgNBEJyNrxhfUY9eBoMQL2E3BPUY8OIxgnlIsoTZSW8yZHZ2mekVQshXePGgiFc/x5t/4yTZgyYWNBRV3XR3BYkUBl3328ltbG5t7+R3C3v7B4dHxeOTlolTzaHJYxnrTsAMSKGgiQIldBINLAoktIPx7dxvP4E2IlYPOEnAj9hQiVBwhlZ67OEIkJXNZb9YcivuAnSdeBkpkQyNfvGrN4h5GoFCLpkxXc9N0J8yjYJLmBV6qYGE8TEbQtdSxSIw/nRx8IxeWGVAw1jbUkgX6u+JKYuMmUSB7YwYjsyqNxf/87ophjf+VKgkRVB8uShMJcWYzr+nA6GBo5xYwrgW9lbKR0wzjjajgg3BW315nbSqFe+qUruvlerVLI48OSPnpEw8ck3q5I40SJNwEpFn8kreHO28OO/Ox7I152Qzp+QPnM8fQiyQAw==</latexit>

✓(s)
<latexit sha1_base64="obSsqVv2wIBdMKqLVvg0ooyEnz8=">AAACAXicbVDJSgNBEO1xjXGLehG8NAYhXpKZENSLENCDxwhmgUwMPZ2apEnPQneNEEK8+CtePCji1b/w5t/YWQ6a+KDg8V4VVfW8WAqNtv1tLS2vrK6tpzbSm1vbO7uZvf2ajhLFocojGamGxzRIEUIVBUpoxApY4Emoe/2rsV9/AKVFFN7hIIZWwLqh8AVnaKR25tC9BomM6oK+dLEHyO6LOX1aKLYzWTtvT0AXiTMjWTJDpZ35cjsRTwIIkUumddOxY2wNmULBJYzSbqIhZrzPutA0NGQB6NZw8sGInhilQ/1ImQqRTtTfE0MWaD0IPNMZMOzpeW8s/uc1E/QvWkMRxglCyKeL/ERSjOg4DtoRCjjKgSGMK2FupbzHFONoQkubEJz5lxdJrZh3zvKl21K2XJzFkSJH5JjkiEPOSZnckAqpEk4eyTN5JW/Wk/VivVsf09YlazZzQP7A+vwBSTSVcw==</latexit>

�s/s = ✓2(s)/2
<latexit sha1_base64="DNBEvpdcK2mSSscjbUmbCUu0C+Y="></latexit>

�s2 =
1

2

Lc/2Z

�Lc/2

✓r
"

�(s)
(sin(µ(s)� µ0) + ↵(s)cos(µ(s)� µ0))

◆2

ds

=
"

2

µc/2Z

�µc/2

(sin(µ� µ0) + ↵(µ)cos(µ� µ0))
2 dµ

<latexit sha1_base64="sq6SL8kILbrUyhqsJRryZV46u8U=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyEp9bEs6MJlBfuAJoTJ9KYdOnk4MxFKKPgrblwo4tbvcOffOG2z0NYDFw7n3Mu99wQpZ1LZ9rdRWlldW98ob1a2tnd298z9g7ZMMkGhRROeiG5AJHAWQ0sxxaGbCiBRwKETjK6nfucRhGRJfK/GKXgRGcQsZJQoLfnm0ci9Aa4Iln5em7gcHrBjnftm1bbsGfAycQpSRQWavvnl9hOaRRAryomUPcdOlZcToRjlMKm4mYSU0BEZQE/TmEQgvXx2/gSfaqWPw0ToihWeqb8nchJJOY4C3RkRNZSL3lT8z+tlKrzychanmYKYzheFGccqwdMscJ8JoIqPNSFUMH0rpkMiCFU6sYoOwVl8eZm0a5ZzYdXv6tVGrYijjI7RCTpDDrpEDXSLmqiFKMrRM3pFb8aT8WK8Gx/z1pJRzByiPzA+fwCi0ZSV</latexit>

k�s2  1.5
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OSC basics: Radiation from an Undulator
Goal: Compute the OSC damping rates.
What do we need for that: longitudinal kick which a particle receives in the kicker undulator from its own radiation.
How are we going to do that: 

1. Find electric field of the radiation on the focusing lens surface
2. Compute the electric field in the kicker by integrating the field distribution on the lens
3. Find the longitudinal kick in the kicker

Assumptions:
1. The distances from the pickup center to the lens and from the lens to the kicker center are equal and are much larger 

than the pickup and kicker lengths; so large that the depth of field would not result in a deterioration of the interaction.
2. The pickup and kicker undulators are flat, have the same length and the same number of periods. 

Step 1: Radiation from a pick-up undulator is determined by the Li𝑒́nard-Wiechert equation

<latexit sha1_base64="TeFyMmzbbz8DUbloDVzhNeDtZsM="></latexit>

E(r, t) =
e

c2
(R� �R) (a ·R)� a (R� (� ·R))

(R� (� ·R))3
, a =

dv

dt
, R = r� r0

vector from the point of radiation to the point of observation

<latexit sha1_base64="kbx4jEX9rjXLOrsPHZ72w4MlMPM="></latexit>

vx = c✓esin (!ut
0 +  ) , t0 = t�R/c,

vy = 0,

vz = c

✓
1� 1

2�2
� ✓2e

2
sin2 (!ut

0 +  )

◆

Particle moving through an undulator: • By substituting velocities in LW equation one 
obtains the horizontal component of electric field in 
the far zone.

• The vertical and longitudinal components of the 
electric field are averaged out at the focus and 
therefore can be omitted.

amplitude of particle 
angle oscillations 
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OSC basics: Radiation from an Undulator
Only the first harmonic of the radiation interacts resonantly with the particle in the kicker undulator. Therefore, we keep only the 
first harmonic of radiation in further calculations: 

<latexit sha1_base64="U1z4aAwalGVUmiBtlu3CmsOs/2w="></latexit>

E!(r) =
!(✓)

⇡

2⇡/!(✓)Z

0

Ex(r, t)e
�i!tdt, !(✓) = 2�2!u/

�
1 + �2

�
✓2 + ✓2e/2

��

To find the electric field in the kicker undulator, where the radiation is focused, we use the Kirchhoff formula: 
<latexit sha1_base64="M7VcOvdNhjz1V5rhhjK5fvSnemM="></latexit>

E(r00) =
1

2⇡ic

Z

S

!(✓)E!(r)

|r00 � r| ei!|r00�r|/cds

Considering a small undulator parameter                         :
<latexit sha1_base64="lNECOXii0Z1QrQvnGy7DgFrDY18="></latexit>

K = �✓e ⌧ 1
<latexit sha1_base64="f1WZKnSuyMVyN+WXpfYtGUJI79g="></latexit>

Ex =
4e�2!2

u✓e
3c2

✓
1� 1

(1 + (�✓m)2)3

◆

Averaging the energy transfer over oscillations in the kicker undulator, one obtains the amplitude of the energy change in 
the kicker undulator in the absence of optical amplification:

<latexit sha1_base64="So2M5aYruZX3iibmucDxQ063Z9E="></latexit>

�E =
2e4B2

0�
2

3m2c4
Lu

✓
1� 1

(1 + (�✓m)2)3

◆
peak magnetic field of the undulator 

total undulator length

angle subtending the lens 
from the pickup undulator 
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OSC basics: Damping Rates
In the absence of optical amplification and                     the amplitude of energy loss is equal to the total energy loss in both 
undulators:

<latexit sha1_base64="K4A5RkhZ2DPzPhs/wM59QoThPT4="></latexit>

�✓max ⌧ 1
<latexit sha1_base64="kpfIlDQRErCC/Ryd8uVplcZ3RAI="></latexit>

�Etot =
2e4B2

0�
2Lu

3m2c4

The interference of radiation of two undulators results in the energy loss being modulated with the path length difference on the 
travel from pickup to kicker: 

<latexit sha1_base64="G1F3shHNqH1Q8MYiG3DdvNXRnQ8="></latexit>

�E(�s) = ��Etot (1 + cos(k�s))

Finally, using the previously found expressions for the cooling rates: 

<latexit sha1_base64="Z4wi68MsobAYheOcZPAhPOqurqw="></latexit>

�x = �

2

⇣
2⇡R⌘1 +M (1)

56

⌘

�s = ⇡R⌘1

<latexit sha1_base64="MEcL2mDXb1tlmRGahSV/Eh9p2wI="></latexit>

k =
2�2!u

c

 =
2e4B2

0�

3m3c5
LuKa

✓
1� 1

(1 + (�✓m)2)3

◆

For longitudinal motion: 
<latexit sha1_base64="OFkiOygtmluN85TKORDr81JpWbQ="></latexit>

�E(�p) = ��Etot

✓
1 + cos

✓
kS12

�p

p

◆◆
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<latexit sha1_base64="URKFP3ovqtJI20KZ80Uhs3VqEHY=">AAACAnicbVDLSgMxFM34rPVVdSVugkVwVWdKUTdCQRcuK9gHdIaSydy2oZnMkGSEMhQ3/oobF4q49Svc+Tdm2llo64HAyTnnktzjx5wpbdvf1tLyyuraemGjuLm1vbNb2ttvqSiRFJo04pHs+EQBZwKammkOnVgCCX0ObX90nfntB5CKReJej2PwQjIQrM8o0UbqlQ7dALgmvZRNrtybjOJGdjlr9Eplu2JPgReJk5MyymHyX24Q0SQEoSknSnUdO9ZeSqRmlMOk6CYKYkJHZABdQwUJQXnpdIUJPjFKgPuRNEdoPFV/T6QkVGoc+iYZEj1U814m/ud1E92/9FIm4kSDoLOH+gnHOsJZHzhgEqjmY0MIlcz8FdMhkYRq01rRlODMr7xIWtWKc16p3dXK9WpeRwEdoWN0ihx0geroFjVQE1H0iJ7RK3qznqwX6936mEWXrHzmAP2B9fkDvUWW9g==</latexit>

�i = �Pi/P
<latexit sha1_base64="CXG6DZTt02Zr1CNmBU3dDxBOQho=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEF1JmSlGXBTcuK9gHtOOQSTNtaJIZkoxYhgF/xY0LRdz6He78G9PpLLT1wOUezrmX3JwgZlRpx/m2Siura+sb5c3K1vbO7p69f9BRUSIxaeOIRbIXIEUYFaStqWakF0uCeMBIN5hcz/zuA5GKRuJOT2PicTQSNKQYaSP59tGjn9LsHObtPh3EknKS+XbVqTk54DJxC1IFBVq+/TUYRjjhRGjMkFJ914m1lyKpKWYkqwwSRWKEJ2hE+oYKxIny0vz8DJ4aZQjDSJoSGubq740UcaWmPDCTHOmxWvRm4n9eP9HhlZdSESeaCDx/KEwY1BGcZQGHVBKs2dQQhCU1t0I8RhJhbRKrmBDcxS8vk0695l7UGreNarNexFEGx+AEnAEXXIImuAEt0AYYpOAZvII368l6sd6tj/loySp2DsEfWJ8/0TmWAQ==</latexit>

xi, x
0
i

momentum deviation:
betatron coordinate and angle:

Bypass trajectory:

<latexit sha1_base64="snbSlnoFivzPlbxQPqOdStqu5oU="></latexit>

li = l0 + xiIU + x0
iIV + �i (⌘0IU + ⌘00IV � ID)

trajectory of a 
reference 
particle

dispersion and its 
derivative at the 1st

undulator
<latexit sha1_base64="EDNVLNTpOsqkRE9zvGr91cM9n5w="></latexit>

IU =

Z

L

U(s)ds

⇢(s)
, IV =

Z

L

V (s)ds

⇢(s)
, ID =

Z

L

D(s)ds

⇢(s)

cosinelike and sinelike solutions of a 
homogeneous equation of motion

bending radius of the magnets

contribution of the 
bypass magnets to the 

original dispersion

<latexit sha1_base64="Ec8Ay+7mh0KfFFWnDbbx29gjydE=">AAACFnicbVDLSgMxFM34tr6qLt0Ei6CIZUZE3QiCCC4rWBU6pWTS2zY0yQzJHbEO8xVu/BU3LhRxK+78G9PHwteBhMM555LcEyVSWPT9T29sfGJyanpmtjA3v7C4VFxeubRxajhUeSxjcx0xC1JoqKJACdeJAaYiCVdR96TvX92AsSLWF9hLoK5YW4uW4Ayd1CjunDYykR+5289DhFs0KrNC55vdu50wVtBmFLfDpCP6sa1GseSX/QHoXxKMSImMUGkUP8JmzFMFGrlk1tYCP8F6xgwKLiEvhKmFhPEua0PNUc0U2Ho2WCunG05p0lZs3NFIB+r3iYwpa3sqcknFsGN/e33xP6+WYuuwngmdpAiaDx9qpZJiTPsd0aYwwFH2HGHcCPdXyjvMMI6uyYIrIfi98l9yuVsO9st753ul491RHTNkjayTTRKQA3JMzkiFVAkn9+SRPJMX78F78l69t2F0zBvNrJIf8N6/AJvhn5o=</latexit>

Ei = E0sin(kz � !t+ �i)
<latexit sha1_base64="aO0xMyT5P4NpGivR6xYNrmvZtvI="></latexit>

� =
⇥
�u

�
1 +K2/2

�⇤
/2�2withTest particle radiates:

The particle arrives at the second undulator with
time delay:
phase shift:

<latexit sha1_base64="sVhSxoQzX2TdEf1h9EM9f+cqh7Y="></latexit>

�(�t) = �ti ��t0; �ti = li/c, l0 � c�t0 = �/4
<latexit sha1_base64="D6hOdcNAesCYAnT0Am4+BtxjLeM="></latexit>

��i = k(li � l0) = k [xiIU + x0
iIV + �i (⌘0IU + ⌘00IV � ID)]

Transit-time method of OSC:

number of 
undulator 
periods

Momentum change due to the coherent longitudinal kick:
In the second undulator, the particle interacts with its own radiation and changes momentum:

<latexit sha1_base64="f5PYrvoNdAhe6T7UTO8T+ggy5SQ="></latexit>

�Pi = g
qE0M�uK

2c�
sin(��i)

Transverse kick from the energy kick:
<latexit sha1_base64="jBK1FoKTWL4YI89CvwfzfttHnR4="></latexit>

�xi = �⌘0 (�Pi/P ) ; �x0
i = ⌘00 (�Pi/P )For the case of a mirror symmetry, dispersion and its derivative for the second 

undulator are             
<latexit sha1_base64="eTDbbUyse3jySTS6aIIymHoceEo=">AAACBXicbZDLSsNAFIYn9VbrLepSF4NFcKElKUVdFty4rGAv0MQwmZ60QycXZiZCCd248VXcuFDEre/gzrdx0mah1R8GPv5zDmfO7yecSWVZX0ZpaXllda28XtnY3NreMXf3OjJOBYU2jXksej6RwFkEbcUUh14igIQ+h64/vsrr3XsQksXRrZok4IZkGLGAUaK05ZmHDijiZdb0FJ/leJc5iWAhTHPPM6tWzZoJ/wW7gCoq1PLMT2cQ0zSESFFOpOzbVqLcjAjFKIdpxUklJISOyRD6GiMSgnSz2RVTfKydAQ5ioV+k8Mz9OZGRUMpJ6OvOkKiRXKzl5n+1fqqCSzdjUZIqiOh8UZByrGKcR4IHTABVfKKBUMH0XzEdEUGo0sFVdAj24sl/oVOv2ee1xk2j2qwXcZTRATpCJ8hGF6iJrlELtRFFD+gJvaBX49F4Nt6M93lryShm9tEvGR/fBdSYPg==</latexit>

⌘0,�⌘00
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Including incoherent kicks:
Change of the particle momentum including incoherent kicks:

<latexit sha1_base64="MA8AEGRolTjOpJ+JtnU9HPTp+2Q="></latexit>

�ic = �i +Gsin(��i) +G
NsX

k 6=i

sin(��i +  ik)
<latexit sha1_base64="o2dbAP8XwcyB5h4tfJE5M/mB7tE=">AAACBHicbZDLSsNAFIYn9VbrLeqym2AR3FiSUtSNUHDjsoK9QBPCZDpph0wmw8xEKCELN76KGxeKuPUh3Pk2TtostPWHgY//nMOZ8wecEqls+9uorK1vbG5Vt2s7u3v7B+bhUV8mqUC4hxKaiGEAJaaE4Z4iiuIhFxjGAcWDILop6oMHLCRJ2L2acezFcMJISBBU2vLNussl8TMS5dcunxaUny8gyn2zYTftuaxVcEpogFJd3/xyxwlKY8wUolDKkWNz5WVQKIIozmtuKjGHKIITPNLIYIyll82PyK1T7YytMBH6MWXN3d8TGYylnMWB7oyhmsrlWmH+VxulKrzyMsJ4qjBDi0VhSi2VWEUi1pgIjBSdaYBIEP1XC02hgEjp3Go6BGf55FXot5rORbN91250WmUcVVAHJ+AMOOASdMAt6IIeQOARPINX8GY8GS/Gu/GxaK0Y5cwx+CPj8weZ9Jir</latexit>

 ik = �i � �k

<latexit sha1_base64="n4QoCl7Jl/iRVDsCUuMKYUWXmmU="></latexit>

G = g
qE0M�uK

2c�P
with and

For transverse motion and a mirror symmetrical lattice with                                                 (         contribution to the dispersion 
function in the 2nd undulator from the elements of the bypass):

<latexit sha1_base64="Me6lbHjrZTWwDsQ31J1MOdSfEPM=">AAACIXicbZDLSgMxFIYzXmu9VV26CRbBhZSZIuqmUNCF7io4baEtQyY91WDmQnJGLMO8ihtfxY0LRboTX8ZM20Wt/hD48p9zSM7vx1JotO0va2FxaXlltbBWXN/Y3Nou7ew2dZQoDi6PZKTaPtMgRQguCpTQjhWwwJfQ8h8u8nrrEZQWUXiLwxh6AbsLxUBwhsbySufXXtpFeEIVpG6W1exjOuM0jVO99FI7O6ZdQJZTbXynXqlsV+yx6F9wplAmUzW80qjbj3gSQIhcMq07jh1jL2UKBZeQFbuJhpjxB3YHHYMhC0D30vGGGT00Tp8OImVOiHTszk6kLNB6GPimM2B4r+druflfrZPg4LyXijBOEEI+eWiQSIoRzeOifaGAoxwaYFwJ81fK75liHE2oRROCM7/yX2hWK85p5eTmpFyvTuMokH1yQI6IQ85InVyRBnEJJ8/klbyTD+vFerM+rdGkdcGazuyRX7K+fwDLGqMz</latexit>

IU = 0, IV = 2D0, ⌘0 = D0
<latexit sha1_base64="lYFrRuvVCVAajATKDwLWf6+WpDo=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GNADx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63t7a+sbm1Xdgp7u7tHxyWjo5bRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8M/PbT1QbpuSDnSQ0FHgoWcwItk5qVW/7mT/tl8p+xZ8DrZIgJ2XI0eiXvnoDRVJBpSUcG9MN/MSGGdaWEU6nxV5qaILJGA9p11GJBTVhNr92is6dMkCx0q6kRXP190SGhTETEblOge3ILHsz8T+vm9r4OsyYTFJLJVksilOOrEKz19GAaUosnziCiWbuVkRGWGNiXUBFF0Kw/PIqaVUrwWWldl8r16t5HAU4hTO4gACuoA530IAmEHiEZ3iFN095L96797FoXfPymRP4A+/zB+7tjqw=</latexit>

2D0

<latexit sha1_base64="BDqCgl36xqJJJ7CZxqunw42oGVo="></latexit>

xic = xi +D0Gsin (��i) +D0G
NsX

k 6=i

sin (��i �  ik) ,

x0
ic = x0

i � ⌘00Gsin (��i) + ⌘00G
NsX

k 6=i

sin (��i +  ik)

Evaluating the averages of the quantities, we obtain damping decrements:
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Optimal gain and limitations:
We can define the optimal gain by maximizing the sum of the decrements

<latexit sha1_base64="C6bt2xhMK8vxyIySIK4IVTusnTc="></latexit>

↵x + ↵�

The term in green box reaches its maximum at

Reduction of      and      during the damping leads to decrease of          and the phase shifts of the individual particles:
• coherent components of the kicks are reduced
• incoherent components remain the same

Slowdown of the cooling rate!

<latexit sha1_base64="NDyCjQv9ycyh0ILRGhGG6IyKCdE="></latexit>"x
<latexit sha1_base64="S8C138JfeCKGusk2sxPcC2Wu/Jk="></latexit>��

<latexit sha1_base64="PPg+Kn2yXAFEboxlonAsa4FkBWo="></latexit>

��2
i

Solution: adjust the bypass lattice during damping such that          and                          are increased to compensate 
reduction  of      and      and keep          at a constant level. 

<latexit sha1_base64="gIV8ptlqCONSlQZ1XKR5gy2k4xA="></latexit>

2D0

<latexit sha1_base64="ykMjILV/7vRc53QpVGX5R0g0gxQ="></latexit>

(2D0⌘
0
0 � ID)

<latexit sha1_base64="NDyCjQv9ycyh0ILRGhGG6IyKCdE="></latexit>"x
<latexit sha1_base64="S8C138JfeCKGusk2sxPcC2Wu/Jk="></latexit>��

<latexit sha1_base64="PPg+Kn2yXAFEboxlonAsa4FkBWo="></latexit>

��2
i
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Cooling rate:
One can assume                           and                   , then for a case of equal decrements, when      is adjusted such that                     : 

<latexit sha1_base64="mQWbqSlVavp+vEoDswMwgzFoc/U="></latexit>

(⌘00��)
2 ⇡ ✏x/�

<latexit sha1_base64="59gJ5myErErObGzfpWXC3mu+AYY="></latexit>

D2
0 ⌧ �⌘020

<latexit sha1_base64="GarzGWetJzDm/GbO6ShCkevCVUI="></latexit>

ID
<latexit sha1_base64="+RoFtHoRo72ZqbVVKcyKzMdfnfU="></latexit>

ID = 3D0⌘
0
0

Number of passes required for a 1/e reduction of the beam emittance is 2eNs, where

<latexit sha1_base64="WuNgfnmQnZbUZyi8Z2JAOGlnJgE="></latexit>

Ns ' N
M�

2Flb

<latexit sha1_base64="XPgW6CYzHK9IXy0VpJENKRf+y0U="></latexit>

N =

F =

lb =

number of particles in the bunch

ratio of the beam transverse area in the undulator 
to the transverse coherence area of the light

<latexit sha1_base64="XPgW6CYzHK9IXy0VpJENKRf+y0U="></latexit>

N =

F =

lb =

<latexit sha1_base64="XPgW6CYzHK9IXy0VpJENKRf+y0U="></latexit>

N =

F =

lb = bunch length

Damping time due to the OSC:
<latexit sha1_base64="cbTPludmF9ozTAIo8PUXMPnFNGw="></latexit>

⌧x,�
T

=
eN

�

�

Flb

<latexit sha1_base64="hhRE5jPHcYie1uzBhqgrNBzZVwo=">AAACDXicbVA9SwNBEN2L3/Hr1NLmMApWyZ0EtRECCtoICsYIuSPMbSbJ4u7tsbsnhuAfsPGv2FgoYmtv579x81Fo4oNhHu/NsDsvTjnTxve/ndzU9Mzs3PxCfnFpeWXVXVu/1jJTFKtUcqluYtDIWYJVwwzHm1QhiJhjLb497vu1O1SayeTKdFOMBLQT1mIUjJUa7nZ4CkLAUXiC3EAoBbahNGwhpKmS90HpvOEW/KI/gDdJghEpkBEuGu5X2JQ0E5gYykHreuCnJuqBMoxyfMiHmcYU6C20sW5pAgJ11Btc8+DtWKXptaSylRhvoP7e6IHQuitiOynAdPS41xf/8+qZaR1GPZakmcGEDh9qZdwz0utH4zWZQmp41xKgitm/erQDCqixAeZtCMH4yZPkeq8Y7BfLl+VCZW8UxzzZJFtklwTkgFTIGbkgVULJI3kmr+TNeXJenHfnYziac0Y7G+QPnM8f5z+bag==</latexit>

� = �!/! ⇡ 1/M
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Amplification factor:
<latexit sha1_base64="n4QoCl7Jl/iRVDsCUuMKYUWXmmU="></latexit>

G = g
qE0M�uK

2c�P

<latexit sha1_base64="y9k8e7C3yA6ddZzAEdoR0+xoQL0=">AAACIHicbZBNS8NAEIY3flu/qh69LBbBU0lErEfBg55EwarQlDLZTuribhJ3J2IJ+Sle/CtePCiiN/01bmsPfr2w8PLMDLPzRpmSlnz/3Rsbn5icmp6ZrczNLywuVZdXzmyaG4FNkarUXERgUckEmyRJ4UVmEHSk8Dy62h/Uz2/QWJkmp9TPsK2hl8hYCiCHOtXGQQhZZtJbHsYGRBFa2dPQKcIuKoKydODaUIHlkWOEt2R0Ycuy7FRrft0fiv81wcjU2EjHnepb2E1FrjEhocDaVuBn1C7AkBQKy0qYW8xAXEEPW84moNG2i+GBJd9wpMvj1LiXEB/S7xMFaGv7OnKdGujS/q4N4H+1Vk7xbruQSZYTJuJrUZwrTikfpMW70qAg1XcGhJHur1xcgguKXKYVF0Lw++S/5myrHuzUt0+2a3tbozhm2BpbZ5ssYA22xw7ZMWsywe7YA3tiz9699+i9eK9frWPeaGaV/ZD38Qm3ZKXM</latexit>

G ⇡ ��p
eNs

Earlier we determined that: and
<latexit sha1_base64="mQWbqSlVavp+vEoDswMwgzFoc/U="></latexit>

(⌘00��)
2 ⇡ ✏x/�

<latexit sha1_base64="59gJ5myErErObGzfpWXC3mu+AYY="></latexit>

D2
0 ⌧ �⌘020

<latexit sha1_base64="+RoFtHoRo72ZqbVVKcyKzMdfnfU="></latexit>

ID = 3D0⌘
0
0if                           ,                   , 
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we want to estimate

the only unknown

At the waist of the light beam, the cross-section of the coherent mode of radiation 
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During one pass of the undulator with           , the particle emits into the coherent mode               photons of the 
energy         .  
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0A�tR = kq2, �tR = M�/c is the durations of the radiation pulse.
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• Reduction of the amplification factor to follow the emittance reduction is required during the damping process.
• The equilibrium emittance is reached when all sources of damping are balanced by all sources of emittance excitation.
• If the OSC is the only source of damping, absolute minimum emittance can be defined for the case where the only source 

of emittance excitation is the radiation fluctuation in the undulators:
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Power limit:
So far, we assumed that we are not limited by the amplifier power.

If, in order to reach the optimal damping, the required output power of the amplifier exceeds the available power, 
then the available power of the amplifier will determine the damping time:
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Noise and Mixing:

• The noise of the optical amplifier is due to spontaneous emission from the active media, roughly equivalent 
to one noise photon in the value of the coherence at the amplifier front end.

• Compared to the noise due to the photons radiated in the first undulator               , the noise of the amplifier is 
negligible small.
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NOISE

MIXING
K-to-P:

• Complete rerandomization occur if particles change positions inside the bunch on
• Another possibility when the beam emittance is larger than         .Mixing in the transverse phase space will 

also occur.
P-to-K:

• In the linear approximation, there is no mixing.
• If the beam emittance is larger than        , the second-order geometric and chromatic aberrations can affect 

the synchronism between the particle and radiation.
• The bypass lattice and the optical system must have identical focusing properties, including the second-

order geometric and chromatic aberrations.
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Experimental Realization of OSC

• The OSC was proposed in 1994 but wasn’t tested experimentally for a long time. 

• There were suggestions of its experimental implementation in Tevatron and RHIC, but it was too risky to 
implement it on the operating collider and the work did not proceed beyond initial proposal. 

• The first attempt to make a test of the OSC with small energy electrons was done in the BATES but it did not get 
enough support. 
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Experimental Realization of OSC: schematic

• The pick-up radiation is amplified and focused into the kicker undulator.

• The particles’ interaction with the pick-up radiation inside the kicker produces corrective energy kicks when
the system is tuned for the cooling mode

• Each particle produces a pulse of EM radiation as it transits the Pick-up undulator.

• A magnetic bypass separates the beam and light and encodes each particle’s
phase-space error on its arrival delay at the kicker undulator.

• Trajectories for particles with positive (red) and
negative (blue) momentum deviations are
shown, along with their corresponding arrival
delays, relative to the reference particle
(green).
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Experimental Realization of OSC: energy loss per turn

• Example of energy loss per turn with (black solid
line) and without (black dashed line) OSC as a
function of a particle’s relative momentum
deviation .

• Detuning the delay system by half of the
fundamental wavelength (a shift of in
the radiation phase) places the OSC system in a
heating mode (grey dashed line).

• The grey shaded region corresponds to the
relative r.m.s. energy spread for the reported
configuration (about ).
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OSC experiment at IOTA
The Integrable Optics Test Accelerator (IOTA) is a 40 m circumference, electron and proton storage ring at FNAL.
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OSC experiment at IOTA

• The OSC insertion is ~6m-long straight section between IOTA’s M4L and M4R dipoles. 
• The PU and KU are identical undulators with Nu = 16 magnetic periods (4.84 cm each) and produce an on-axis fundamental 

radiation wavelength of λr = 950 nm for the design energy of 100 MeV. 
• The radiation from the PU is relayed to the KU using a single in-vacuum lens with a focal length of 0.853 m at the fundamental 

wavelength. 
• Although this configuration does not include optical amplification, it still produces strong cooling and enables detailed 

measurements of the underlying physics. 
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Diagnostic
Undulator-radiation diagnostics:

• 2 cameras are used in combination with a filter wheel to image the fundamental, second or third harmonic from 
the KU and PU.

• These UR cameras are located at two separate image planes corresponding to different locations inside the KU. 
• The PU light is mapped into the KU with an approximately negative-identity transformation. 
• The imaging system then produces a single, relatively sharp image of the beam, for both the PU and KU, from 

the corresponding source plane. 
• These images can be used to estimate the trajectory errors of the closed orbit in both undulators. 

Longitudinal beam measurements:

• A dual-sweep streak camera was used to measure the beam’s longitudinal distribution.
• A CMOS camera was used as the detector element, and the system was installed above the M3R dipole. 
• A 50/50 non-polarizing beam splitter was used to direct half of the SR from the existing M3R SR beam-position 

monitor to the entrance slit of the streak camera. 

The OSC interaction was characterized using a combination of slow-
delay scans and fast on–off toggles through rapid changes of the
delay setting.
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Experimental Results: slow delay scan
• At the beginning and the end of the scan, the particles and light are separated longitudinally = OSC is off, only SR damping.

• OSC alternates between cooling and heating modes with the total number of modulation periods            . 

• In the heating mode, large amplitudes in one plane can lead to an inversion of OSC in other planes (dashed white line).

<latexit sha1_base64="xkPVacqSC3375zZ8Wn/ezK7xAO8=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4KrulqMeCF09SwX5Au5Zsmrah2SQkWbUs/R9ePCji1f/izX9j2u5BWx8MPN6bYWZepDgz1ve/vZXVtfWNzdxWfntnd2+/cHDYMDLRhNaJ5FK3ImwoZ4LWLbOctpSmOI44bUajq6nffKDaMCnu7FjRMMYDwfqMYOuk+w5WSssnVL7ppsmkWyj6JX8GtEyCjBQhQ61b+Or0JEliKizh2Jh24CsbplhbRjid5DuJoQqTER7QtqMCx9SE6ezqCTp1Sg/1pXYlLJqpvydSHBszjiPXGWM7NIveVPzPaye2fxmmTKjEUkHmi/oJR1aiaQSoxzQllo8dwUQzdysiQ6wxsS6ovAshWHx5mTTKpeC8VLmtFKvlLI4cHMMJnEEAF1CFa6hBHQhoeIZXePMevRfv3fuYt6542cwR/IH3+QNaaZJh</latexit>

⇡ 2Nu

Projected beam distributions for a delay scan in the 3D OSC configuration. 
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Experimental Results: fast toggle
• The delay system is initially misaligned by about 30λr. 
• At time t = 0, the system is moved to the strongest cooling zone. 
• Single-dimensional beam distributions in z (streak camera) and y (M2R SR monitor) were recorded during an 

OSC toggle. 
• Distributions averaged over time for the OSC-off and OSC-on states for the intervals of [−20, −10] s and [10, 20] 

s demonstrate the cooling effect.
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Analysis of OSC rates
For very small beam current, where IBS is negligible, the r.m.s. emittance growth rate of small-amplitude motion is 
determined by the following equation: 

<latexit sha1_base64="ropyn7s2hKZukylAXKZKRCq4XIg="></latexit>

d"n
dt

= �2�n"n +Bn, n = 1, 2, s
<latexit sha1_base64="knQJ2p27R8n/9n+ECntcddUc11o=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoF6EoBePEcwDkiXMTibJkNnZdaZXCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K4ilMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2UaMYbLJKRbgfUcCkUb6BAydux5jQMJG8F49uZ33ri2ohIPeAk5n5Ih0oMBKNopfZNL1VTck16xZJbducgq8TLSAky1HvFr24/YknIFTJJjel4box+SjUKJvm00E0Mjykb0yHvWKpoyI2fzu+dkjOr9Mkg0rYUkrn6eyKloTGTMLCdIcWRWfZm4n9eJ8HBlZ8KFSfIFVssGiSSYERmz5O+0JyhnFhCmRb2VsJGVFOGNqKCDcFbfnmVNCtl76Jcva+WapUsjjycwCmcgweXUIM7qEMDGEh4hld4cx6dF+fd+Vi05pxs5hj+wPn8AQtTj0c=</latexit>

Bn = the diffusion driven by fluctuations from SR emission and 
scattering from residual gas molecules 

In equilibrium: 
<latexit sha1_base64="rnO2bacZ3wSF2JVIS8qJbWmNpz4=">AAACDXicbVA7T8MwGHTKq5RXgJHFoiAxlaSqgAWpgoWxSPQhNVHkOE5r1XEi26lURf0DLPwVFgYQYmVn49/gtBmg5STLp7v7ZH/nJ4xKZVnfRmlldW19o7xZ2dre2d0z9w86Mk4FJm0cs1j0fCQJo5y0FVWM9BJBUOQz0vVHt7nfHRMhacwf1CQhboQGnIYUI6UlzzxxmA4HyMv4FF7Dm/w+rztjJEgiKdMRLXhm1apZM8BlYhekCgq0PPPLCWKcRoQrzJCUfdtKlJshoShmZFpxUkkShEdoQPqachQR6WazbabwVCsBDGOhD1dwpv6eyFAk5STydTJCaigXvVz8z+unKrxyM8qTVBGO5w+FKYMqhnk1MKCCYMUmmiAsqP4rxEMkEFa6wIouwV5ceZl06jX7ota4b1Sb9aKOMjgCx+AM2OASNMEdaIE2wOARPINX8GY8GS/Gu/Exj5aMYuYQ/IHx+QOK/pvX</latexit>

�n = Bn/2"n

Cooling rate can be computed from the ratio of r.m.s. beam sizes with and without  OSC: <latexit sha1_base64="JENZ5CsBjpPatK1HO81WwdJRXrI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMA9MljA7mU2GzGOZmRXCkr/w4kERr/6NN//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk567Bs2EniQydmgXPGr/gJonQQ5qUCO5qD81R8qkgoqLeHYmF7gJzbMsLaMcDor9VNDE0wmeER7jkosqAmzxcUzdOGUIYqVdiUtWqi/JzIsjJmKyHUKbMdm1ZuL/3m91MY3YcZkkloqyXJRnHJkFZq/j4ZMU2L51BFMNHO3IjLGGhPrQiq5EILVl9dJu1YNrqr1+3qlUcvjKMIZnMMlBHANDbiDJrSAgIRneIU3z3gv3rv3sWwtePnMKfyB9/kD6TeRCQ==</latexit>�n
<latexit sha1_base64="Xvf7uYMoqFKFnt1Qxx/k9PtsXpE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKeyGoB4DXjxGMImwWcLsZDYZMo9lplcISz7DiwdFvPo13vwbJ8keNLGgoajqprsrTgW34PvfXmljc2t7p7xb2ds/ODyqHp90rc4MZR2qhTaPMbFMcMU6wEGwx9QwImPBevHkdu73npixXKsHmKYskmSkeMIpASeFfctHkgxy5c8G1Zpf9xfA6yQoSA0VaA+qX/2hpplkCqgg1oaBn0KUEwOcCjar9DPLUkInZMRCRxWRzEb54uQZvnDKECfauFKAF+rviZxIa6cydp2SwNiuenPxPy/MILmJcq7SDJiiy0VJJjBoPP8fD7lhFMTUEUINd7diOiaGUHApVVwIwerL66TbqAdX9eZ9s9ZqFHGU0Rk6R5coQNeohe5QG3UQRRo9o1f05oH34r17H8vWklfMnKI/8D5/AFrhkUM=</latexit>�n0

<latexit sha1_base64="jcywss8YaSrG9daSU3qsJeJFk1M="></latexit>

�n

�n0
=

✓
�n0

�n

◆2

Although all reported OSC measurements were done with a small beam current (about 50–150 nA), for a large fraction 
of the measurements IBS was not negligible: 

<latexit sha1_base64="U1E574/78lt2QsJYJ5Pvq7sM2a4="></latexit>

d"n
dt

= �2�n"n +Bn +An
N

"3/2?
p
"s

<latexit sha1_base64="WzovJxZ7mVQitTsm5xz/9r6/IPQ=">AAACH3icbVDLagIxFM3Yl7Uv2y67CZVCVzIjYrsRhG66tFAf4Ihk4lWDmUxIMoIM/kk3/ZVuumgppTv/plFnUbUHAueecy839wSSM21cd+5kdnb39g+yh7mj45PTs/z5RVNHsaLQoBGPVDsgGjgT0DDMcGhLBSQMOLSC8cPCb01AaRaJZzOV0A3JULABo8RYqZev+BOiQGrGbZX4EpScVdc0b6MuzXAV9/IFt+gugbeJl5ICSlHv5X/8fkTjEIShnGjd8VxpuglRhlEOs5wfa5CEjskQOpYKEoLuJsv7ZvjGKn08iJR9wuCl+nciIaHW0zCwnSExI73pLcT/vE5sBvfdhAkZGxB0tWgQc2wivAgL95kCavjUEkIVs3/FdEQUocZGmrMheJsnb5NmqehViuWncqFWSuPIoit0jW6Rh+5QDT2iOmogil7QG/pAn86r8+58Od+r1oyTzlyiNTjzX/LLpA8=</latexit>"? = "1 = "2 = r.m.s. transverse emittance
<latexit sha1_base64="RW/qWCQyV7AWQko2THGtdubZSto=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7JbinoRCl48VrC10C4lm862odnskmQLZek/8eJBEa/+E2/+G9OPg7Y+GHh5b4bMvDAVXBvP+3YKG5tb2zvF3dLe/sHhkXt80tJJphg2WSIS1Q6pRsElNg03AtupQhqHAp/C0d3Mfxqj0jyRj2aSYhDTgeQRZ9RYqee63TFVmGou7CvX09ueW/Yq3hxknfhLUoYlGj33q9tPWBajNExQrTu+l5ogp8pwJnBa6mYaU8pGdIAdSyWNUQf5fPMpubBKn0SJsiUNmau/J3Iaaz2JQ9sZUzPUq95M/M/rZCa6CXIu08ygZIuPokwQk5BZDKTPFTIjJpZQprjdlbAhVZQZG1bJhuCvnrxOWtWKf1WpPdTK9eoyjiKcwTlcgg/XUId7aEATGIzhGV7hzcmdF+fd+Vi0FpzlzCn8gfP5Axb/k+o=</latexit>"s = r.m.s. longitudinal emittance

<latexit sha1_base64="fFkBBDS5yEAhDYoK7yaHKV+MWOk=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJJS1ItQ8eKxgv2ANoTNdtMu3WzC7kQtsT/FiwdFvPpLvPlv3LY5aOuDgcd7M8zMCxLBNTjOt7Wyura+sVnYKm7v7O7t26WDlo5TRVmTxiJWnYBoJrhkTeAgWCdRjESBYO1gdD312/dMaR7LOxgnzIvIQPKQUwJG8u3SlZ/1gD2CijI5meBL7Ntlp+LMgJeJm5MyytHw7a9eP6ZpxCRQQbTuuk4CXkYUcCrYpNhLNUsIHZEB6xoqScS0l81On+ATo/RxGCtTEvBM/T2RkUjrcRSYzojAUC96U/E/r5tCeOFlXCYpMEnni8JUYIjxNAfc54pREGNDCFXc3IrpkChCwaRVNCG4iy8vk1a14p5Vare1cr2ax1FAR+gYnSIXnaM6ukEN1EQUPaBn9IrerCfrxXq3PuatK1Y+c4j+wPr8Af/Hk8k=</latexit>

An = Constant determined from the measurement
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Analysis of OSC rates

Ratio of cooling rates with and without OSC:

ratio of vertical beam sizes 
without/with OSC

ratio of bunch lengths 
without/with OSC

ratio of initial and final 
vertical beam sizes

Obtained ratios for cooling rate:
<latexit sha1_base64="0arsEmxE5+MYuN8dvSw+5NS5ECE=">AAACHHicbVDLSsNAFJ3UV62vqks3wSK4qkktPhZCoRt3Vmsf0IYwmU7aoZMHMzfFEvIhbvwVNy4UceNC8G+ctllo64GBwznncuceJ+RMgmF8a5ml5ZXVtex6bmNza3snv7vXlEEkCG2QgAei7WBJOfNpAxhw2g4FxZ7DacsZVid+a0SFZIF/D+OQWh7u+8xlBIOS7Pxpl6twD9txF+gDCC8e3dSrSXKyqNfvkuSqVLws2/mCUTSm0BeJmZICSlGz85/dXkAij/pAOJayYxohWDEWwAinSa4bSRpiMsR92lHUxx6VVjw9LtGPlNLT3UCo54M+VX9PxNiTcuw5KulhGMh5byL+53UicC+smPlhBNQns0VuxHUI9ElTeo8JSoCPFcFEMPVXnQywwARUnzlVgjl/8iJplormWbF8Wy5USmkdWXSADtExMtE5qqBrVEMNRNAjekav6E170l60d+1jFs1o6cw++gPt6wfk9KJp</latexit>

�vOSC/�vSR = 2.94
<latexit sha1_base64="ra+9AhTcD2rbugrpwVIyFjMQhwc=">AAACHHicbVDLSsNAFJ3UV62vqks3wSK4ikkttRuh0I07q7UPaEuZTCbt0MmDmRuxhHyIG3/FjQtF3LgQ/BunbRbaemDgcM653LnHDjmTYJrfWmZldW19I7uZ29re2d3L7x+0ZBAJQpsk4IHo2FhSznzaBAacdkJBsWdz2rbHtanfvqdCssC/g0lI+x4e+sxlBIOSBvnzHldhBw/iHtAHEF4srxu1JDlb1hu3SXJZMczyIF8wDXMGfZlYKSmgFPVB/rPnBCTyqA+EYym7lhlCP8YCGOE0yfUiSUNMxnhIu4r62KOyH8+OS/QTpTi6Gwj1fNBn6u+JGHtSTjxbJT0MI7noTcX/vG4EbqUfMz+MgPpkvsiNuA6BPm1Kd5igBPhEEUwEU3/VyQgLTED1mVMlWIsnL5NW0bDKRummVKgW0zqy6Agdo1NkoQtURVeojpqIoEf0jF7Rm/akvWjv2sc8mtHSmUP0B9rXD9njomI=</latexit>

�sOSC/�sSR = 8.06

transverse
longitudinal

When combined into a single plane, the total amplitude cooling rate of OSC is 
about 9.2 s-1, which to a total emittance cooling rate of 18.4 s-1and is about an 
order of magnitude larger than the longitudinal SR damping. 
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Conclusion

• Optical Stochastic Cooling (OSC) uses free space EM waves as the signaling medium, undulators to
couple the radiation to the circulating particle beam and optical amplifiers for signal amplification.

• The OSC can support the cooling rates orders of magnitude larger than have been achieved with the micro-
wave stochastic cooling.

• OSC has been demonstrated experimentally and confirmed the realization of a stochastic beam-cooling
technique in the terahertz-bandwidth regime with an increase in bandwidth of about 2,000 times over
conventional SC systems.


