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Lecture#2:

• SC details: description by the Fokker-Plank equation, bunched beam cooling

• SC hardware: pick-ups and kickers

• Experimental realization of SC:

• First tests of SC at CERN
• SC at FNAL
• SC for Relativistic Heavy Ion Collider (RHIC) at BNL
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Fokker-Plank equation
• In the case of a momentum cooling, we want to bring the particles to the center of the distribution.

• The particle density will vary throughout the distribution.

• The cooling process will change the density profile↔ cooling rate will decrease as the density grows.

• Let’s characterize the SC process in terms of particle distribution.

We will attempt to describe the time evolution of the particle density function:  (E, t) =
dN

dE

<latexit sha1_base64="+QVG/85zFrqW01xX31avw2MeJ5U=">AAACEnicbVDLSsNAFJ34rPUVdekmWIQWpCSlohuhIAVXUsE+oAllMp20QycPZm7EEvINbvwVNy4UcevKnX/jtM2ith64cOace5l7jxtxJsE0f7SV1bX1jc3cVn57Z3dvXz84bMkwFoQ2SchD0XGxpJwFtAkMOO1EgmLf5bTtjq4nfvuBCsnC4B7GEXV8PAiYxwgGJfX0kh1JVqyfQenK9gQmiQ30EYSf9NPbdO5RT3t6wSybUxjLxMpIAWVo9PRvux+S2KcBEI6l7FpmBE6CBTDCaZq3Y0kjTEZ4QLuKBtin0kmmJ6XGqVL6hhcKVQEYU3V+IsG+lGPfVZ0+hqFc9Cbif143Bu/SSVgQxUADMvvIi7kBoTHJx+gzQQnwsSKYCKZ2NcgQq2RApZhXIViLJy+TVqVsVcvnd9VCrZLFkUPH6AQVkYUuUA3doAZqIoKe0At6Q+/as/aqfWifs9YVLZs5Qn+gff0CXu2eiw==</latexit>

<latexit sha1_base64="tcejqux2m1JWHjine4sNZdWoWcc=">AAACPnicbVA9SwNBFNzzM8avqKXNYhCs4p0EtRECIlhGMCrkQtjbvEsWd++O3XfBcNwvs/E32FnaWChia+nmA9HowMIwM4+3b4JECoOu++TMzM7NLywWlorLK6tr66WNzSsTp5pDg8cy1jcBMyBFBA0UKOEm0cBUIOE6uD0d+td90EbE0SUOEmgp1o1EKDhDK7VLDT/UjGc+wh1qlXVyP1bQZe1vRUM/z/MfgbP8xAdk/+b2/cBaNGmXym7FHYH+Jd6ElMkE9Xbp0e/EPFUQIZfMmKbnJtjKmEbBJeRFPzWQMH7LutC0NGIKTCsbnZ/TXat0aBhr+yKkI/XnRMaUMQMV2KRi2DPT3lD8z2umGB63MhElKULEx4vCVFKM6bBL2hEaOMqBJYxrYf9KeY/ZPtE2XrQleNMn/yVXBxXvsFK9qJZrB5M6CmSb7JA94pEjUiPnpE4ahJN78kxeyZvz4Lw4787HODrjTGa2yC84n1+F8LNn</latexit>

d!rev

dE
= ⌘!rev/�pWe will use energy as an independent variable instead of the frequency: 

Particle flux—number of particles per unit time passing a give energy: 
<latexit sha1_base64="OHBYmLwVaZJZIOej+RJugPyg3vA=">AAACCHicbVDLSsNAFJ34rPUVdenCwSK4qkkp6kYouHElFewDmlAmk0k7dPJg5kYsoUs3/oobF4q49RPc+TdO2yxq64ELZ865l7n3eIngCizrx1haXlldWy9sFDe3tnd2zb39popTSVmDxiKWbY8oJnjEGsBBsHYiGQk9wVre4Hrstx6YVDyO7mGYMDckvYgHnBLQUtc8cup9jq+wA+wRZJj5o9uzmQd0zZJVtibAi8TOSQnlqHfNb8ePaRqyCKggSnVsKwE3IxI4FWxUdFLFEkIHpMc6mkYkZMrNJoeM8IlWfBzEUlcEeKLOTmQkVGoYerozJNBX895Y/M/rpBBcuhmPkhRYRKcfBanAEONxKtjnklEQQ00IlVzvimmfSEJBZ1fUIdjzJy+SZqVsn5erd9VSrZLHUUCH6BidIhtdoBq6QXXUQBQ9oRf0ht6NZ+PV+DA+p61LRj5zgP7A+PoFeMWZnQ==</latexit>

� = dN/dt



4

Derivation of a Fokker-Plank Equation
The continuity equation: 

@ 

@t
+
@�

@E
= 0

<latexit sha1_base64="Zf9V6mSGXK4Ujd+QjcapLlbhiy8=">AAACLHicbVBdS8MwFE3n15xfVR99CQ5BEEY7JvoiDIbg4wT3AesYaZZuYWkaklQYpT/IF/+KID44xFd/h+lWUDcPBE7OPfcm9/iCUaUdZ2YV1tY3NreK26Wd3b39A/vwqK2iWGLSwhGLZNdHijDKSUtTzUhXSIJCn5GOP2lk9c4jkYpG/EFPBemHaMRpQDHSRhrYDS+QCCeeQFJTxKAnFE1/rjq9WDY0x78Nt+mNM7DLTsWZA64SNydlkKM5sF+9YYTjkHCNGVKq5zpC95NsJGYkLXmxIgLhCRqRnqEchUT1k/myKTwzyhAGkTSHazhXf3ckKFRqGvrGGSI9Vsu1TPyv1ot1cN1PKBexJhwvHgpik0EEs+TgkEqCNZsagrCk5q8Qj5EJR5t8SyYEd3nlVdKuVtxa5fK+Vq5X8ziK4AScgnPggitQB3egCVoAgyfwAt7BzHq23qwP63NhLVh5zzH4A+vrG/VIqSs=</latexit>

particle flux: number of particles crossing E per unit time

� = f0
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<latexit sha1_base64="7RXOMYKjeR2Ius59+5O4ygulHwg="></latexit>

When the particle energy is corrected in a kicker by          : 

�Ek

<latexit sha1_base64="KItOTVceMlVFPU79ryv+cJ0WyFQ="></latexit>

�Ek = �Ec +�Eic

<latexit sha1_base64="fmWrbBFoe/TiYaxXsvXO5wpn3KQ="></latexit>

coherent correction incoherent noise

We are interested in the motion over a time range much longer than the revolution time: 

�Ek ' �Ec

(�Ek)2 ' (�Eic)2

<latexit sha1_base64="+7nhJd1NNQkKK9j3m7xGh2LRCbE="></latexit>

assuming �Eic = 0, (�Eic)2 � (�Ec)2

<latexit sha1_base64="NWPeNlx1ULl+QuorO9ERJ4FXcAw="></latexit>
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Then the flux: 

F ⌘ f0�Ec, D ⌘ 1

2
f0(�Eic)2

<latexit sha1_base64="FBVxInmWlF2yc6efGCOo0iDYpH0="></latexit>

with 
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Simplified Fokker-Plank Equation: Coherent Term
Assume                  because                    .

Plugging it into the FP equation and dropping incoherent term:

F = �E

⌧0

<latexit sha1_base64="oGcU/uWT30NnIYDV6HdyWbnjr0Y="></latexit>

�Ec / E
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F ⌘ f0�Ec, D ⌘ 1
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<latexit sha1_base64="4djPtwxKoc7FEvQAn+xq8cPq6N8="></latexit>

Then one can find a solution:  (E, t) = et/⌧0 0(Eet/⌧0)

<latexit sha1_base64="p4SraHo6u9xya5s88ldARYouk0Y="></latexit>

Let’s choose a Gaussian initial distribution as an example:  0(E) =
Np
2⇡�0

e�E2/2�2
0

<latexit sha1_base64="qNNCg7R3HIAP8C66OJFVNNlYWYo="></latexit>

 (E, t) =
Np

2⇡�(t)
e�E2/2�2(t)

�(t) = �0e
�t/⌧0

<latexit sha1_base64="OUHCu+ZAJL8+M1HDL41C+Xe07aM="></latexit>

Then we obtain:

The energy spread decreases exponentially with a time constant     , which we call the single particle cooling time. 
The coherent term narrows the distribution – cooling!

⌧0

<latexit sha1_base64="SnUOBQsIuO9TVKCrQVG9LI48gjc="></latexit>
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Simplified Fokker-Plank Equation: Incoherent Term @ 
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<latexit sha1_base64="FBVxInmWlF2yc6efGCOo0iDYpH0="></latexit>

The incoherent term is proportional to the noise: amplifier & beam noise.

stays constant

Beam noise is proportional to the square of the standard deviation of energy error: �2(t) =
1

N

1Z

�1

E2 (E, t)dE

<latexit sha1_base64="uyz/byVoPLx4M/rp7iCXBUON2Jw="></latexit>

FP without coherent term:
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<latexit sha1_base64="94txFHRun5BYiVyNmb/oxUjdjlg="></latexit>
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2 +Da

<latexit sha1_base64="q5cHpJoiSUKcDW/o/K7chp9dE1w="></latexit>

r.h.s. is positive

�(t) =

r
�2
0e

2dbt +
Da

db
(e2dbt � 1)

<latexit sha1_base64="mmsizTB0X3M7o2lT/WVkcZ921Po="></latexit>

When power of the beam noise is much less than the noise from the amplifier, we can set db = 0

<latexit sha1_base64="uQUJdp/e44IKcMqDx+uK4cVOMOI="></latexit>
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<latexit sha1_base64="94txFHRun5BYiVyNmb/oxUjdjlg="></latexit>

amplifier noise beam noise

Diffusion equation:

with �(t) =
q

�2
0 + 2Dat

<latexit sha1_base64="5hhbhIcHS67I3yePoiNNaV8c9OE="></latexit>

The incoherent term causes diffusion—heating! 
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Simplified FP Equation: combining coherent and incoherent terms
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<latexit sha1_base64="SwOUk3NnCPXeAqrVYayrqkcWeZA="></latexit>

FP equation with both terms:

Analogous to the last slide derivation:
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<latexit sha1_base64="gVGL9Qnsim/WGkaUQeJ6bg0r2g8="></latexit>

Then the solution is:

In the limit               : �(1) =
p
⌧Da

<latexit sha1_base64="+OBbjk9i4tSv79byqZCnHfNYyV0="></latexit>

t ! 1

<latexit sha1_base64="C6Uv06PScdnHKcbywcWbbSGrAL8="></latexit>

Initial cooling time: ⌧i ⌘ � �0
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<latexit sha1_base64="3+ZkMzvGyUqwrmT390T1LBF7P4I="></latexit>

Final energy spread and the initial cooling time are 
closely related!

Unfortunately, FP equation is not easily amenable to analytic solution, because
both F and D depend in a complicated way on the Schottky noise and the
beam-feedback effect. However, numerical solution allows a detailed analysis
of the cooling process.
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Bunched Beam Cooling: reduction of the cooling rate
• Decreasing bunch length increases the sample population and the cooling rate is reducing accordingly.
• Mixing will be much worse, at least for the particles in the center of the bucket.

Let’s estimate the cooling rate: replace the bunches by pieces of coasting beams. 

can still be used, but use the effective number of particles
<latexit sha1_base64="JROUaX0urf8mfJ2WaiSj8GftZa8=">AAACE3icbZC7TsMwFIadcivlFmBksaiQEEObVBWwIFWwMFUF0YvURJHjOq1V5yLbAVVR34GFV2FhACFWFjbeBifNAC1HsvXp/8+RfX43YlRIw/jWCkvLK6trxfXSxubW9o6+u9cRYcwxaeOQhbznIkEYDUhbUslIL+IE+S4jXXd8lfrde8IFDYM7OYmI7aNhQD2KkVSSo580LU6HI4k4Dx9g00ncac2KKLytspQvMqV6md6OXjYqRlZwEcwcyiCvlqN/WYMQxz4JJGZIiL5pRNJOEJcUMzItWbEgEcJjNCR9hQHyibCTbKcpPFLKAHohVyeQMFN/TyTIF2Liu6rTR3Ik5r1U/M/rx9I7txMaRLEkAZ495MUMyhCmAcEB5QRLNlGAMKfqrxCPEEdYqhhLKgRzfuVF6NQq5mmlflMvN2p5HEVwAA7BMTDBGWiAa9ACbYDBI3gGr+BNe9JetHftY9Za0PKZffCntM8frKud/Q==</latexit>

N ! Nb2⇡R/lb = Nb/Bb

The bunching ratio is usually a big number (~several thousands) → large bandwidth is needed to obtain useful cooling rates.

• Strong bunch signal at certain harmonics of the revolution frequency up to a cut-off determined by the bunch length
• The signal is proportional to        (         for k bunches), and tends to blind the cooling signal that is proportional to 

<latexit sha1_base64="H60urWVq//m7nKyT3jfC48SPBtk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVzUpRV0W3LisYB/QhDCZTtqhk8kwMxFLKG78FTcuFHHrV7jzb5y0WWjrgQuHc+7l3ntCwajSjvNtlVZW19Y3ypuVre2d3T17/6CjklRi0sYJS2QvRIowyklbU81IT0iC4pCRbji+zv3uPZGKJvxOTwTxYzTkNKIYaSMF9lEUZOHUQ0LI5MELiUYQn7NcC+yqU3NmgMvELUgVFGgF9pc3SHAaE64xQ0r1XUdoP0NSU8zItOKligiEx2hI+oZyFBPlZ7MXpvDUKAMYJdIU13Cm/p7IUKzUJA5NZ4z0SC16ufif1091dOVnlItUE47ni6KUQZ3APA84oJJgzSaGICypuRXiEZIIa5NaxYTgLr68TDr1mntRa9w2qs16EUcZHIMTcAZccAma4Aa0QBtg8AiewSt4s56sF+vd+pi3lqxi5hD8gfX5A5bUl4I=</latexit>

fb ⇡ �c/lb
<latexit sha1_base64="D0cFIIoey7uGQva8sl4qLfuMZoI=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GPAiyeJYB6QLGF2MpuMmccyMyuEJf/gxYMiXv0fb/6Nk2QPmljQUFR1090VJZwZ6/vf3tr6xubWdmGnuLu3f3BYOjpuGZVqQptEcaU7ETaUM0mblllOO4mmWESctqPxzcxvP1FtmJIPdpLQUOChZDEj2DqpNb7rZ9G0Xyr7FX8OtEqCnJQhR6Nf+uoNFEkFlZZwbEw38BMbZlhbRjidFnupoQkmYzykXUclFtSE2fzaKTp3ygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNXkcDpimxfOIIJpq5WxEZYY2JdQEVXQjB8surpFWtBJeV2n2tXK/mcRTgFM7gAgK4gjrcQgOaQOARnuEV3jzlvXjv3seidc3LZ07gD7zPH6HHjyE=</latexit>

kNb
<latexit sha1_base64="p/iqR0QifoLz5fwfBz97rHpKmXA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL56kgm2FJpTNdtMu3Xy4OxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPz/EQKjbb9bZXW1jc2t8rblZ3dvf2D6uFRV8epYrzDYhmrB59qLkXEOyhQ8odEcRr6kvf8yfXM7z1xpUUc3eM04V5IR5EIBKNoJNfVjwqz20Hm5/mgWrPr9hxklTgFqUGB9qD65Q5jloY8Qiap1n3HTtDLqELBJM8rbqp5QtmEjnjf0IiGXHvZ/OacnBllSIJYmYqQzNXfExkNtZ6GvukMKY71sjcT//P6KQZXXiaiJEUescWiIJUEYzILgAyF4gzl1BDKlDC3EjamijI0MVVMCM7yy6uk26g7F/XmXbPWahRxlOEETuEcHLiEFtxAGzrAIIFneIU3K7VerHfrY9FasoqZY/gD6/MHrQmSEA==</latexit>p
Nb

<latexit sha1_base64="7vvtR1Cu70RAaFYIRN0zGbiNESE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FL56kgmkLbSib7bRdutmE3Y1QQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyaCa+O6305hY3Nre6e4W9rbPzg8Kh+ftHScKoY+i0WsOiHVKLhE33AjsJMopFEosB1Obud++wmV5rF8NNMEg4iOJB9yRo2V/Pt+Fs765YpbdRcg68TLSQVyNPvlr94gZmmE0jBBte56bmKCjCrDmcBZqZdqTCib0BF2LZU0Qh1ki2Nn5MIqAzKMlS1pyEL9PZHRSOtpFNrOiJqxXvXm4n9eNzXDmyDjMkkNSrZcNEwFMTGZf04GXCEzYmoJZYrbWwkbU0WZsfmUbAje6svrpFWrelfV+kO90qjlcRThDM7hEjy4hgbcQRN8YMDhGV7hzZHOi/PufCxbC04+cwp/4Hz+ANiJjqw=</latexit>

Nb

<latexit sha1_base64="Zxngb6WXfrlcgk2HdJbDfOk5Efk="></latexit>
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Example for the SPS-collider
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Bunched Beam Cooling: mixing issues
The relative speed by which these particles overtake each other will vary sinusoidally and for equal synchrotron 
frequencies the same particles will meet again and again in the same sample. 

• The revolution frequency of each particle is modulated by the much lower synchrotron frequency
•
• Each Schottky line splits up into a central line            accompanied by satellite lines spaced by

• Current of a single particle: 

<latexit sha1_base64="i1f6FkmpShFuff4esf+HcoDef18=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMA9IljA7mU2GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk7q9pWgIzwwg3LFr/oLoHUS5KQCOZqD8ld/qEgqqLSEY2N6gZ/YMMPaMsLprNRPDU0wmeAR7TkqsaAmzBb3ztCFU4YoVtqVtGih/p7IsDBmKiLXKbAdm1VvLv7n9VIb34QZk0lqqSTLRXHKkVVo/jwaMk2J5VNHMNHM3YrIGGtMrIuo5EIIVl9eJ+1aNbiq1u/rlUYtj6MIZ3AOlxDANTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwAbvI/6</latexit>!s

<latexit sha1_base64="5owV1AVTBr4+zlAlpVW2DlFYxkw=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4tB8BR2Q1CPAS8eI5gHJCHMTjrJkJnZZaY3GNYc/BUvHhTx6m9482+cPA6aWNBQVHXT3RXGghv0/W8ns7a+sbmV3c7t7O7tH7iHRzUTJZpBlUUi0o2QGhBcQRU5CmjEGqgMBdTD4c3Ur49AGx6pexzH0Ja0r3iPM4pW6rgnqhVJ6NNO2kJ4QC1TDaPJpOPm/YI/g7dKggXJkwUqHfer1Y1YIkEhE9SYZuDH2E6pRs4ETHKtxEBM2ZD2oWmpohJMO53dP/HOrdL1epG2pdCbqb8nUiqNGcvQdkqKA7PsTcX/vGaCvet2ylWcICg2X9RLhIeRNw3D63INDMXYEso0t7d6bEA1ZWgjy9kQguWXV0mtWAguC6W7Ur5cXMSRJafkjFyQgFyRMrklFVIljDySZ/JK3pwn58V5dz7mrRlnMXNM/sD5/AFckpbv</latexit>n!rev
<latexit sha1_base64="i1f6FkmpShFuff4esf+HcoDef18=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB4DXjxGMA9IljA7mU2GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEs6M9f1vr7CxubW9U9wt7e0fHB6Vj0/aRqWa0BZRXOluhA3lTNKWZZbTbqIpFhGnnWhyO/c7T1QbpuSDnSY0FHgkWcwItk7q9pWgIzwwg3LFr/oLoHUS5KQCOZqD8ld/qEgqqLSEY2N6gZ/YMMPaMsLprNRPDU0wmeAR7TkqsaAmzBb3ztCFU4YoVtqVtGih/p7IsDBmKiLXKbAdm1VvLv7n9VIb34QZk0lqqSTLRXHKkVVo/jwaMk2J5VNHMNHM3YrIGGtMrIuo5EIIVl9eJ+1aNbiq1u/rlUYtj6MIZ3AOlxDANTTgDprQAgIcnuEV3rxH78V79z6WrQUvnzmFP/A+fwAbvI/6</latexit>!s

<latexit sha1_base64="NzIXAPP31NA0KKNQkAHO3fO1G1E="></latexit>

I = efrev
X

n

X

k

Jk(n��)exp [i (n!revt+ k!st+ k's)]

peak phase excursion due to the synchrotron motion

• For unbunched beams           is replaced by the initial phase, and the random phase destroys the coherence. 

• Only a fraction of the bunched beam Schottky bands is useful for cooling, except when very high frequencies are 
employed; the distance in frequency of the useful bands is about equal to the inverse of the bunch duration. 

<latexit sha1_base64="mQ4xefJ+EsBZJENzoC6L1Z5P3N4="></latexit>

k!st
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Bunched Beam Cooling: amplifier saturation
The central bands, for k = 0, will add up linearly for all particles, as long as is small compared with 1. 
At lower n values the signal will be much stronger than the Schottky signals from the satellite bands, which are 
proportional to N1/2 . The sensitive amplifier needed for the cooling systems may therefore be saturated. 

<latexit sha1_base64="Bh7vqbyrFvRNT+GQvZJoCOX95yI=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lKUY8FPXisYD8gCWWz3bRLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRangBlz32yltbG5t75R3K3v7B4dH1eOTrlGZpqxDlVC6HxHDBJesAxwE66eakSQSrBdNbud+74lpw5V8hGnKwoSMJI85JWAlXwZ3TAAJ0jEfVGtu3V0ArxOvIDVUoD2ofgVDRbOESaCCGON7bgphTjRwKtisEmSGpYROyIj5lkqSMBPmi5Nn+MIqQxwrbUsCXqi/J3KSGDNNItuZEBibVW8u/uf5GcQ3Yc5lmgGTdLkozgQGhef/4yHXjIKYWkKo5vZWTMdEEwo2pYoNwVt9eZ10G3Xvqt58aNZajSKOMjpD5+gSeegatdA9aqMOokihZ/SK3hxwXpx352PZWnKKmVP0B87nD0AMkTI=</latexit>

n��

Solution: 
• utilize filters with steep notches at the revolution harmonics
• choose high harmonic numbers so that the systematic bunch-signal at is sufficiently decreased—requires 

dependence of n on the bunch shape. 

To avoid the strong unwanted bunch signals, one prefers to work at 
frequencies (much) above the cross-over; therefore, the cooling band to 

be chosen depends strongly on the bunch-shape assumed. 
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Pick-Up Technologies
Phased arrays: 

• Consist of many individual pickups of relatively low impedance. The outputs of a series (up to 100’s) of pickups are added to
achieve the desired sensitivity. 

• The mostly widely used structure is a stripline pickup. These pickups are generally constructed from a plate placed parallel 
to the beam and the vacuum chamber with connections at the upstream and downstream end of the plate. 

• One advantage of using a large array of pickups is that it is relatively easy to adapt the array to a varying beam velocity. 

Traveling wave structures:

• The beam induces a wave that travels at the beam velocity and grows as the wave and the beam travel the length of the 
structure. 

• Maintaining synchronism between the beam and the traveling wave results in a tradeoff between bandwidth and sensitivity 
in these devices. The signals from traveling wave pickups can be added, but often a single unit has enough sensitivity.

• Relatively tight constraints on synchronism make it difficult to adapt this type of pickup to varying beam velocities. 



12

Pick-Up Technologies: Stripline
i(z, t) = ibe

i(kz�!t)

<latexit sha1_base64="LR+v7VYDhCx3zTcHxeDcXX7Q2Sw="></latexit>

The beam current passing through:

Pickup output voltage:

Vp = fZpibsin(kl)

<latexit sha1_base64="/fK1oQt9ixaELuiQVdWlLfJSTsk="></latexit>

fraction of the image 
current in the stripline

• The peak in the response occurs at                 .Thus,  the length is chosen to be a ¼ wavelength long at the band center 
frequency.

• The fraction f of image current that is sensed by the pickup may be estimated by assuming the pickup is infinitely long in 
z an solving the wave equation for the scalar potential:

<latexit sha1_base64="acmA7XCco9TY87k93MN4/wsA6kU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKe6GoF6EgBePEcwDkiXMTnqTIbOz68ysEEJ+wosHRbz6O978GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWao/ETTfhF5VeseSW3TnIKvEyUoIM9V7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn83un5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhtT/hMkkNSrZYFKaCmJjMnid9rpAZMbaEMsXtrYQNqaLM2IgKNgRv+eVV0qyUvcty9b5aqlWyOPJwAqdwDh5cQQ3uoA4NYCDgGV7hzXl0Xpx352PRmnOymWP4A+fzB0U3j20=</latexit>

kl = ⇡/2

<latexit sha1_base64="L4mHaedgUOBs56uOTht7wTFQQzA="></latexit>✓
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<latexit sha1_base64="gMDEPhhul4CsS169QnU5jWZig8A=">AAACDXicbVDLSgNBEJz1bXxFPXoZjEICGnZDUC+C4MVjBGMC2RhmJ51kzOyDmV4xLvkBL/6KFw+KePXuzb9x8jhoYkFDUdVNd5cXSaHRtr+tmdm5+YXFpeXUyura+kZ6c+tah7HiUOahDFXVYxqkCKCMAiVUIwXM9yRUvO75wK/cgdIiDK6wF0HdZ+1AtARnaKRGes8tdQQ9pe5VB5Bl7w96ObhJbrPdh0M39KHNKOb6jXTGzttD0GnijEmGjFFqpL/cZshjHwLkkmldc+wI6wlTKLiEfsqNNUSMd1kbaoYGzAddT4bf9Om+UZq0FSpTAdKh+nsiYb7WPd8znT7Djp70BuJ/Xi3G1kk9EUEUIwR8tKgVS4ohHURDm0IBR9kzhHElzK2Ud5hiHE2AKROCM/nyNLku5J2jfPGymDkrjONYIjtkl2SJQ47JGbkgJVImnDySZ/JK3qwn68V6tz5GrTPWeGab/IH1+QMT+ppH</latexit>

� = ⇥(x, y)ej(kz�!t)

<latexit sha1_base64="tiiiPSyGeuOXAhn2EPJPW+F9mmY="></latexit>
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⇥ = ⇢(x, y)

For simple geometries can be solved analytically.
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Pick-Up Technologies: Slotted Waveguide Arrays

• Two rectangular waveguides are coupled to a rectangular beam pipe by a series of slots.

• The transverse signal is derived from the difference between the two waveguides and the momentum signal is 
derived from the sum of the two waveguides.

• The image current flows along the walls of the beam pipe excites EM waves in the slots which excite travelling 
modes in the side waveguides and beampipe.
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Kicker Technologies

The interior of a COSY vertical kicker tank, 
with λ/4 electrodes (loop couplers) above 

and below the beam center and ferrite 
material to the right and left to damp 

unwanted microwaves. Faltin traveling wave-type kicker prototype 
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Cooling Kickers for RHIC
Cooling in a collider:

• Beam is bunched:
1. The local particle density is high → a large system bandwidth is required for practical cooling rate.
2. The beam effective frequency spectrum is sparse, only harmonics of 1/(bunch length) being non-redundant.

• The RHIC system employs narrowband kickers whose resonant frequencies match these harmonics. This approach
energy averages the drive power needed to excite the kickers, thereby reducing the power amplifier size requirement
by an order of magnitude.

Prototype of 6 GHz 6-cell kicker cavity. One half
of the cavity is shown. Waveguide splits to feed
the two 3-cells in phase.Kicker cavity:

• 6 TM010 rectangular cells, tuned to one of 16 frequencies, 6.0, 6.2...8.8, 9.0 GHz.

• It is split into two sections on the vertical median plane. The symmetry of fields in
the TM010 ensures that no currents cross the median plane → no ohmic contact
between the two halves is necessary.

• The beam bore diameter is 20 mm when in operation, but the two halves
separate by ~70 mm during filling and ramping of the collider. Each cavity is
driven with a 40 W solid state amplifier and develops ~ 3 kV of kick.
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Cooling Kickers for RHIC: RF structure
• The 6-cell cavities: two 3-cells operating in 𝜋-mode and

the two 3-cells are separated by one wavelength.

• They are fed by a TE10 waveguide with a 3 dB H-field
split. This drives the two innermost cells in phase.

• The rectangular shape of the cells facilitates the
machining. Adjustments are made to individual cell
dimensions in order to equalize the field strength and
thereby maximize the shunt impedance. Each cell has
two fine tuners to achieve frequency accuracy of 1 MHz.

• The material is copper-plated aluminum. The purpose of
copper plating is to reduce the secondary electron yield.
The benefit for reduced power dissipation is insignificant.

Mode spectrum of 9 GHz 3-cell substructure. 

The cavities split on the vertical median plane and 
open, left, for filling and ramping then close, right, 

for operation during store. 
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Experimental realization of SC

• In general, SC applications are to improve source brightness and accumulate 
particles; to improve the rate of beam interaction with a target. 

• Many of the systems have been modified several times throughout the years.
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First practical realization of SC: CERN Intersecting Storage Rings (ISR)
1974: betatron cooling:

• a pair of 3 cm long loop pickups give an output proportional to the 
vertical displacement.

• Transmission path is 6 m shorter to allow proper timing (coax 
followed the inner wall of the tunnel)

• Long-term effects in 0.91 A (1.8x1013 protons) was monitored by the 
luminosity increase.

• The average cooling rate of the effective beam height was ~2% per 
hour.
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Experiments on SC in ICE (Initial Cooling Experiment)
• ICE – strong focusing machine with 4 magnetic sectors

and 4 straight sections. For SC experiment it was run at
1.73 and 2.1 GeV/c.

• 16 sum pick-ups are used for momentum cooling.

• The signal is filtered and amplified by a 1 kW amplifier.

• Kickers: 12 accelerating gaps, similar to the pick-up gaps.
The correctors are in two groups of six, separated by half
a horizontal betatron wavelength to cancel the betatron
heating caused by momentum corrections.
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Experiments on SC in ICE (Initial Cooling Experiment)
First evidence of longitudinal SC in ICE (1977)
Longitudinal Shottky scans with 1 min intervals

Frequency
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The e-folding time for the peak 
density was further lowered to 15 s. 
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Experiments on SC in ICE: 3D cooling
1977:

• Longitudinal and transverse cooling systems with ~1kW power and 100-
180 MHz bandwidth were installed.

• With 7x107 protons of 1 GeV energy, a longitudinal mean cooling time of 
15 seconds was achieved.

• With 3.9x108 protons, horizontal and vertical cooling time of 4 mins was 
achieved.

• Later on, a beam of 6x109 protons was cooled simultaneously in all 3 
planes. Loss rate decreased from 100% per hour to 2% per hour.

• The ICE firmly established the SC technique.
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SC at FNAL
1983: the Tevatron-I project at Fermilab was approved with the aim to collide 1 TeV
antiprotons with 1 TeV protons in the superconducting Tevatron. 

1987: The original design of the stochastic cooling systems in the Debuncher
included only transverse cooling operating from 2-4 GHz. Was designed to cool the 
beam emittance from 20𝜋 mm-mrad to 7𝜋 mm-mrad within 2 second cycle time.

1998:
• Increased bandwidth to 4-8 GHz.
• 8 500 MHz wide bands for the pickups combined to four 1 GHz bands for the 

kickers utilizing slotted waveguide structures. 
• Liquid helium cooled pickups, amplifiers, and components are responsible for a 

front-end effective noise temperature ranging from 10K to 30K—dramatic  
improvement in cooling performance. 
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SC at FNAL
Throughout the years, the improvements demonstrated an increase in performance: 

peak luminosities in the Tevatron reached 4.3x1032 cm-2s-1 – 430 times the original design value!
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SC at COoler SYnchrotron (COSY)
• SC for COSY I designed for proton momenta 1.5-3.4 GeV/c.
• 1 pickup tank of 4 m + 1 kicker of 2 m for each, horizontal and vertical, plane.
• Frequency range covered 1-3 GHz.
• The longitudinal cooling uses horizontal band I (1-1.8 GHz) cooling hardware in 

the sum mode.

OFF: counting rate decreases rapidly due to the 
emittance growth of the beam and the smaller 

overlap between beam and target
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SC at RHIC
The Relativistic Heavy-Ion Collider (RHIC) consists of two synchrotrons called blue and yellow, which share a common
tunnel.

• A longitudinal, filter cooling system was installed in the yellow RHIC ring at first (2007).

• Intrabeam scattering rates for gold beams in RHIC are of the order of one hour.

• Optical fibers transmit the signal from the pickup to the kicker. Fibers are in the tunnel and
travel against the beam.

• The cooling system operates between 5 and 8 GHz and an rms kicker
voltage ~1 kV is needed for optimal cooling .

• Heavy ions are bunched by a 197 MHz rf system, and the bunches are spaced by 106 ns.
STAR

PHENIX

Pickup

Kicker
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SC at RHIC
• The parabolic shaped signal distribution represents the 

incoherent response from individual particles (the 
Schottky signal). 

• The narrow peaks on top of the parabolae, situated at 
each revolution harmonic show the coherent 
contribution of particles due to a residual bunching 
effect. 

• 2004: the notion of using narrow-band cavities with a 
“Fourier series implementation” was introduced that 
allowed for multi-kilovolt kicks with affordable 
equipment.
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SC at RHIC
bunch current

desired voltage
total kicker voltage

voltage in one 
of the cavities

• The Schottky signal from the bunch is processed 
giving the required kicker voltage.

• The red trace:  

The longitudinal motion, neglecting cooling and 
multiparticle effects, is well modeled by: 

For small  the motion is well approximated by: 

The pickup is a planar loop array consisting of 2 arrays with 
16 planar loops. The signals from the two arrays are 
combined in sum mod e resulting in a net transfer impedance 
of 50 Ohm at 4 GHz.
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Uncooled

Cooled

Uncooled Cooled

• Uncooled: IBS causes significant longitudinal diffusion, reducing both 
the peak current and the total charge in the bunch. 

• RF kick has 7 zero crossings within a single 28 MHz bucket → the 
cooling system causes the beam to coalesce around each of these 
stable fixed points. 

• The peak current is slightly reduced over the 5 h, but losses are far 
smaller than in the uncooled beam. After the first hour, the total charge 
outside the central 5 ns of the profile was constant to within 5%. 

Coo
led

Coo
led

SC at RHIC
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SC at RHIC: 3D cooling
• Each plane (horizontal, vertical, longitudinal) has a pick-up and a set of kickers. 

• Information travels from the pick-up to the kickers via fiber-optic links for the transverse planes, and via a microwave link in
the longitudinal planes. 

Cooling led to first ever increase of instantaneous 
luminosity and smallest emittance in a hadron collider
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Conclusion

• SC has been explored throughout the years and resulted in spectacular achievements including the 
experimental observation of the W and Z bosons, the top quark and anti-hydrogen atoms.

• The technique has grown from a curiosity in 1972 to one of the most powerful tools of accelerator technology. 

• The technique of stochastic cooling of the bunched beam in a high energy collider has been proven and 
considerably advanced by the outstanding developments at BNL. 


