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V. HIGH ENERGY BEAM COOLING £J 
H. Beger, H. Herr, T. Linnecar, A. Millich, F. Milss, C. Rubbia, 
C.S. Taylor, S. van der Meer, B. Zotter 

SUMMARY }- 11^ 
$5jThe group concerned itself with the analysis of cooling systems 
whose purpose is to maintain the quality of the high energy beams in the 
SPS in spite of gas scattering, RF noise, magnet ripple and beam-beam 
interactions. Three types of systems were discussed. The status of 
these activities is discussed below. ^OV-Oli) 

1. UNBUNCHED STOCHASTIC COOLING 
H. Beger, T. Linnecar, A. Millich, C. Taylor, S. van der Meer. 

Considerations for this system are discussed at some length in 
CERN/PS/AA/79-42. Briefly, the scheme is to recover this loss in 
luminosity due to unbunching the beam by cooling it to small betatron 
amplitudes. The cooling time needs to be shorter than for the other 
schemes but this is achieveable because the sample size is smaller. The 
major topics discussed were pick-ups, and transmission systems, includ
ing modulation and demodulation systems. 

It is felt that better gain can be achieved by loop couplers than by 
slot coupling. The combination of signals should be effected by hybrids 
in the vacuum. There is a necessary development to obtain a vacuum feed-
through for the signal, but this does not appear to be very difficult. 
It seems to be straightforward to design pickup structures which are be
yond cut-off for modes propagating in the SPS vacuum chamber. 

It will be necessary to transmit the signals over distances of 2-3 km. 
Waveguides suffer from dispersion, a typical figure being 5nsec difference 
in transmission time over the band. Phase compensation systems do not 
exist for this band, and systems which do exist for lower frequencies tend 
to exhibit insufficient uniformity over their bands. 
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Modulation of light beams practically eliminates the problem of dis
persion because of the very high carrier frequency (̂  10*1* Hz) compared 
with the required signal bandwidth (>v8 GHz).Semiconductor lasers have been 
successfully modulated with signals up to several GHz and the literature 
reports demodulators which can work at these frequencies. Optical fibres 
can be used as the transmission medium for these modulated light signals. 
Recently developed single mode optical fibers have opened up extremely 
large bandwidths (up to 100 GHz) for wavelengths of ^1.3 ym. The at
tenuation is very low at these wavelengths, of the order of 1.2 dB/Km. 
Resistence to radiation of the silica fibers becomes better as the light 
wavelength increases above 1 um and attenuation becomes as low as 10 dB 
for an accumulated dose of 101* rads (comparable to the yearly doses at 
SPS tunnel walls). 

A possible system to transmit an 8 GHz bandwidth signal from one 
side to the opposite side of the SPS would require the splitting up of 
the band by means of diplexers into eight 1 GHz channels; each signal 
would then modulate a laser beam which feeds light into one single mode 
optical fiber in a bundle of eight. At the receiver end eight demodul
ators and a second set of diplexers fed backwards could be used to re
construct the original signal. Such a system could be implemented 
using products available on the market. 

Air (or vacuum) transmission of laser light has no serious problem 
with dispersion, but modulators may not exist for the appropriate power 
levels. Tight tolerances are required for the about 20 mirrors needed 
to bend the light-beam around the tunnel and a feedback system could be 
used to compensate the slow variations of the transmission properties. 

The group recommends that testing should begin of fibers, modulators 
and demodulators. Particular attention should be paid to radiation 
damage of the fibers and noise properties of the system. 
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2. BUNCHED BEAM STOCHASTIC COOLING 8 - 16 GHz 
B. Zotter, F. Mills. 

1) It is only desired to maintain the luminosity, hence a cooling time 
of about 10 hours should be sufficient to counteract the blow-up 
due to RF noise, beam beam effect and rest gas scattering. 

2) In first approximation, the cooling rate for a bunched beam is 
reduced from that of a coasting beam by the bunching factor. For 
the SPS, this would mean a factor 1000 slower cooling than that of 
a continuous beam for which about 1/4 hours has been estimated for 
the 8-16 GHz system. This is evidently too slow. Assuming per
fect mixing and no noise, we still get about 40 hours. 

3) In the frequency domain, the reduction of cooling rate for bunched 
beams can be explained by the fact that the Schottky scans become 
a series of line-spectra spaced by multiples of f around the 
harmonics of the revolution frequency. The sidebands of the same 
order are coherent in neighbouring harmonics up to the bunch fre
quency, and hence add linearly rather than quadratically, thereby 
increasing the heating term. 

4) Spreading the synchrotron frequencies with a higher harmonic cavity 
such that Af s f yields a continuous rather than a line spectrum. 
This reduces the density of Schottky bands, and thereby improves 
the mixing which is otherwise quite bad due to synchrotron motion. 

5) It is possible to improve the cooling rate further by reducing the 
line density in the beam. This could be achieved by filling two 
neighbouring buckets in the SPS rather than a single one, or by low
ering the RF frequency as has been proposed recently. Filling o£ 
2 or 3 neighbouring buckets reduces also the total current required, 
and hence the cooling time in the AA-ring (see Working Group VI). 
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6) Tests of the cooling rate for bunched beams will be conducted with 
the 1 - 3 GHz system being installed in the ISR, both with and 
without the use of the higher harmonic cavity, as soon as the sys
tem becomes available. 

The group recommends the development of a complete theory for 
cooling of bunched beams. 

3. BUNCHED ELECTRON COOLING 

H. Herr, C. Rubbia, F. Mills 

The principal problems with high-energy electron cooling are 

i) the necessity of fast radiation damping times, "\> 4 msec, to remove 
the proton heat in equilibrium and 

ii) degradation of the electron beam by intrabeam scattering at the 
low y values for the electrons. 

It seems unrealistic at the present time to think of avoiding 
problem ii) by the choice of electron ring lattice, that is by raising 
the critical energy for the electron ring. Both problems are aided by 
the use of high field wiggler magnets to improve electron damping time. 

Several ideas were discussed briefly but not to the point of any 
conclusion. The first (Rubbia) would employ a field with a gradient 
to obtain many passages through a given field, in exactly the same way 
many muon precisions were obtained in the early g - 2 experiments. The 
second (Herr) would employ a 4.5 T superconducting short wavelength 
wiggler. The group takes note of the 3.5 T conventional "Siberian Snake" 
at Novosibirsk and the recent test of the 5.2 T superconducting wiggler at 
Daresbury. 
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The Novosibirsk group has recently proposed a new cooling régime 
to overcome the problems. If the electron beam is tightly focussed then 
for a range of impact parameters between the electron beam radius and 
that corresponding to the maximum collision time in the transit of the 
cooling region, the electron transverse motion is adiabatic, and the 
electron appears to the proton to be an extended structure of the size 
of the electron beam radius. Then the large electron transverse velocity 
does not determine the cross section and one gets "fast cooling". For 
typical parameters, the electron beam does not shield the collisions in 
this range of impact parameters. 

During the workshop it was not possible to arrive at an optimum 
set of parameters ror a cooling system for the SPS. The group recommends 
that a care, .t parameter study be made for the SPS. This should include 
an optimization of lattice properties, including the wiggler, from the 
point of view of radiation and intrabeam scattering to obtain satisfactory 
cooling for the protons and antiprotons. 
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STOCHASTIC COOLING OF BUNCHED BEAMS 

B. Zotter 

The basis for this study was the internal note SP/79-34 by H. Herr 
and D. Mohl, where the basic theory of bunched beam cooling has been 
developed. 

(1) For coasting beams, the momentum cooling rate can be written : 

i-f[.-*cr.„] 
where W is the bandwidth of the feedback system 

N the number of particles in the beam 
g<l the fractional correction of the detected error ("gain") 
r <1 the missing factor 
v < 0 the noise to signal ratio 

For the optimum gain g = -p—— the fastest cooling rate is 

T N(r + v) o 

For betatron cooling the rates are given by the same expressions 
divided by a factor 2. 

In the time domain, these expressions are obtained by defining the 
number of particles in a "sample" 

N --S-
s 2WT 

where T is the revolution time. 

(2) For bunched beams, the number of particles in a sample is increased 
T 

by the bunching factor B « — — (for the SPS B z 10 3), and the cooling 
rate decreased by the same factor in first approximation. 
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In the frequency domain, the analysis of bunched beams is less trans
parent. The signal of a continuous beam consists of "Schottky bands" around 
each revolution harmonic, while the signal of a coasting beam consists of 
a line-spectrum spaced by multiples of the synchrotron frequency around 
the harmonics of the revolution frequency of the synchronous particle. 
For a single particle of amplitude <j> and initial phase a of the synchrotron 
motion, the signal can be written 

<*> jnl a) t + <j>'sin(io t + a)~\ 
I(t) = 2efo I e L ° s J 

With the help of the identity e J X s i n y = I J.(x)e j k y 

this can be rewritten as 

jnu t jk(w t + a) 
I(t) + 2efo I e ° ljAn*)e S 

n k k 

It thus appears that the initial phase is multiplied by the side
band order k, but not the harmonic number n. If we add the signals 
of a large number of particles with random initial phases, this will lead 
to coherence of the sidebands of the same order for many adjacent harmonics. 
The coherence is only broken when the argument of the Bessel function goes 
through a full cycle (An. $ = 2TT), i.e. when the harmonics are separated 
by the bunch frequency. This corresponds to a reduction of the cooling 
rate by the bunching factors. 

(3) A further reduction of the cooling rate for bunched beams arises 
due to the fact that mixing is bad for the line-spectrum. This effect 
could be overcome by increasing the synchrotron frequency spread with the 
(existing) higher harmonic cavity. By adjusting the cavity phase and 
voltage one can make the slope of the RF voltage zero at the bucket center, 
corresponding to f = 0 , and approximately Af = f . The spectrum is 
then again continuous, as shown in fig. 1 for two different frequencies. 
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Since all synchrotron side-bands overlap, mixing should be very good. 
Furthermore, since the bunched beam signals are much stronger than those 
of a coasting beam, the noise-to-signal ratio should be small. We 
could thus expect a cooling rate only slightly lower than 

J W_ 
r b "NB 

The suppression of the carrier should not be insurmountable at 
sufficiently high frequencies where it is no longer very strong. 

(4) Putting in numbers for the SPS, assuming a cooling system as proposed 
for the continuous beam scheme (W = 8GHz) yields for bunches with 10 1 1 

particles and 2.2 nsecs length a cooling time of 36 hours. Increasing 
the bunch length to fill the buckets reduces it by a factor two.* 
Another factor of two could be gained by using the scheme of bunches in 
neighbouring buckets, with only half the number of particles per bunch. 
Hence, if the conditions of good mixing and low noise can be achieved in 
practice,cooling times of the order of 10 hours can be envisaged, suf
ficient to counteract a slow blow-up of momentum spread. In order 
to cool also the transverse emittance blow-up an additional betatron 
cooling system would be required. 

(5) Experiments of bunched beam cooling should be performed on the ISR» 
where both a large bandwidth cooling system (W = 3GHz) and a higher harmonic 
cavity are installed, as soon as the extended bandwidth system becomes 
operational. 

* 
Noise diffusion should be no major problem as the large amplitude 

particles will be cooled fastest. 


