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Part II. Experimental problems with stochastic cooling 

1. Introduction 

Stochastic cooling is the gradual reduction of transverse or longitu
dinal emittance of a coasting proton beam, by a feedback system, sensing 
and correcting at every revolution the statistical fluctuations - due to the 
finite number of particles - of the beam's position or momentum. The 
correction, at every turn, can be partial, by a fraction g, say, or it can 
be complete (g = 1). The time delay of the feedback must, of course, be 
adjusted so as to make each azimuthal beam-sample act on itself. Nearly 
all our theoretical understanding of the process is summed up by the follow
ing two equations, derived and explained in the previous lecture. Complete 
randomization in one turn - i.e. the complete re-establishment of the full 
statistical displacement, from the correction device to the next passage at 
the pick-up - is assumed, and also the absence of such randomization 
between pick-up and correction. 

1) 2) For vertical cooling the sensor is a vertical dipole pick-up and 
the correction device a fast vertical kicker, an odd number of quarter wave
lengths downstream. The damping rate for the incoherent oscillations is 
given by 

i = JL 
T 2N 2g - g 2(l + n ) (1) 

where W is the feedback system's bandwidth, in hertz, N the total number of 
particles and n _ 1 the signal to noise power ratio, i^e. 

noise power ,„. 
n = _ _K _ . (2) 

signal power 

3) 
For momentum cooling the sensor is a horizontal dipole pick-up at a 

location of a finite (if possible large) momentum compaction factor a. The 
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correction device is an accelerating gap downstream. The damping rate for 
the incoherent momentum spread equals 

7 " f [ 2 g " s 2(i + " + '>] (3) 

where 

< X2> 
Ç =

 a2<Ap2> ( 4 ) 

and <x^> is the mean square horizontal betatron displacement, which the pick-
P 

up cannot distinguish from <Ap 2>, the mean square momentum error it is sup
posed to cool down. As described in the preceding lecture, the same system 

4) can provide simultaneous cooling of the horizontal betatron oscillations , 
provided the gap is at (or near) an odd number of half wavelengths downstream 
of the horizontal pick-up. 

In both cases, transverse and longitudinal, there is an optimum value 
g of the correction per turn 
o 

*o - T T ^ (5) 

and g = ——• — — (5a) 
o 1 + n + ç 

respectively, yielding maximum cooling rate for given n. 

In addition to these equations one must remember that, for given 
electronics, the correction factor g is proportional to N (but this is 
usually not difficult to control by means of electronic gain adjustments) and 
the noise to signal ratio o> to N - 1 . 

Experiments have been made and results obtained in two very different 
regimes of equations (1) and (3): 

a) For a possible application to high-intensity proton beams (amperes 
to tens of amperes of beam current) one must attempt approaching 
the absolute maximum cooling rate, viz 

3 • 
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vertically, making g <\» 1 and n << 1. It is, precisely, the high 
beam intensity that makes this possible. Nevertheless, a very 
large bandwidth W (in the gigahertz range) is required to obtain 
reasonable rates (a few per cent per hour). In addition, the 
requirement of at least approximate re-randomization in one turn 
obliges one to locate pick-up and corrector at only a fraction of 
a turn from each other, making the feedback signal catch up with 
the beam along an approximate chord to the beam path. This is 
the form in which vertical cooling was first proposed by Van der 
Meer. 

b) For antiprotons, the cooling of very low intensity beams (micro
amperes) becomes interesting. Here one cannot avoid n > 1, i.e. 
the beam signal is almost lost in the amplifier noise; yet, with 
g << 1, and even at reduced bandwidth (in the hundred megahertz 
range) good cooling rates are possible. However, the maximum rate, 
corresponding to the optimum choice g of equation (5) or (5a) is 

o 
often not achievable, as it tends to lead to exorbitant values of 
output power, the output amplifier simply being saturated by the 
preamplifier noise. 

In this regime of g << 1 it is believed, though without firm 
theoretical foundation so far, that full randomization per turn is 
less important, the randomization per g - 1 turns probably being a 
more significant parameter. One can make use of this by placing 
the correction device almost a full turn downstream of the pick-up, 
an arrangement which alleviates the problem of signal delays in 
the feedback system. 

2. Vertical Cooling 

A preliminary system for vertical cooling of high currents - regime a) 
5) above - was tried in the ISR . Pick-up and kicker - about five quarter 

betatron wavelengths apart - consisted of small loops (30 mm long, 20 mm 
wide) above and below the beam (15 mm spacing) acting as directional couplers 
to the electromagnetic wave produced by the beam. The amplifiers were of 
the hybrid semiconductor type, the bandwidth a little below 1 GHz. Figure 1 
shows the result: a cooling rate of about 2% per hour (at 1 A beam current, 
i.e. N = 2 x 10 1 3), somewhat difficult to observe against a natural blow-up 
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rate of about half as much. 

Based on the experience gained with this system, a new pick-up and 
identical kicker were designed and built, in order to avoid the main 
difficulties encountered with the first version, viz bandwidth restric
tion, bad common-mode rejection (permitting longitudinal Schottky noise 
to enter the system), irregular phase response and bad matching. These 
problems were overcome using a distributed structure (Fig. 2). Coupling 
with the beam is achieved by means of regularly-spaced rectangular slots, 
and a wave running synchronously with the beam is created by cumulative 
interaction on the transmission lines above and below the beam chamber 
(v = c). Waves with propagation speeds different from c, i.e. propa-ph 
gating modes in any direction are reduced considerably. High common mode 
rejection is preserved through close tolerances and rugged mechanical lay
out. The useful frequency range is from 1 to 4 GHz, the sensitivity of 
the pick-up increasing proportionally with frequency. Additional sup
pression of wave-guide modes, possibly excited at the ends of the struc
ture, is accomplished by attenuating sections on each end of the pick-up. 
However, they have proved not to be absolutely necessary as the kicker, 
which is not equipped with attenuators, showed almost no susceptibility to 
modes when used as a pick-up. Pick-up and kicker are subdivided into 
identical left and right halves to treat the corresponding halves of the 
beam separately, but only one half is used at present. The applied kicker 
power is 1 W, provided by a commercial solid-state amplifier. The total 
electronic gain is 95 dB. 

This system has been optimized for obtaining useful, albeit low, 
cooling rates at the highest possible proton currents by aiming for the 
largest possible bandwidth at the price of relatively weak coupling to the 
beam. At the moment only a fraction of this inherent bandwidth is actually 
used - viz 1 to 2 GHz. Exploiting the full bandwidth will require special 
difference transformers, which are not yet designed, and a split into two 
separate frequency ranges for the amplifier chain. But even accounting for 
these limitations one must be disappointed with the cooling rate measured so 
far, viz about 0.7% per hour at 4.5 A beam current (to be compared with a 
theoretical 2% per hour according to equations (1) and (6), g « 1, n < 1 
having been approximately achieved). 
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The reason is now believed to be an error in the choice of phase 

advance from pick-up to kicker: As the type of pick-up employed introduces 

a constant phaseshift of TT/2 it was thought correct to place the kicker a 

multiple of half wavelength (in fact two wavelengths) downstream of the 

pick-up. However, such an arrangement makes it impossible to provide 

negative feedback for both the "fast" and the "slow" waves, i.e. for the 

Fourier components (n-Q) and (n+Q) times the revolution frequency (Q: beta

tron wave number). This has, in fact, been observed as shown on Fig. 3, 

where a pair of such (partly overlapping) Fourier components are shown with 

the feedback off and on. After the next start-up of the ISR the phase 

advance will be corrected to bring it near a multiple of quarter wavelengths 

from pick-up to kicker. 

With regard to the interest presently found in p-storage rings the 

application of vertical stochastic cooling was reconsidered. For a current 

of 24 pA in the ISR cooling rates of 17% per hour were calculated for a 

system operating in the 100-200 MHz range and a kicker power of 2.7 W. 

(The figures would not change very much for currents up to a few mA.) Due 

to the small g, common mode rejection does not need to be extremely good, 

which facilitates mechanical construction. Very simple electrode couplers 

(333 mm long, 80 mm wide, 46 mm spacing) can be used for this purpose and 

they are being installed at the moment. The microwave cooling system 

described above can be used for low intensity applications as well and it 

should yield cooling rates of the same order as the low frequency system. 

Experiments with both systems will be carried out during the forthcoming 

running period of the ISR. 

3. Momentum Cooling 

Momentum cooling was tried in the ISR for low beam currents - regime b) 

above - from the start. 

A wide-band accelerating gap, loaded with 50Œ impedance (50 MHz to 

100 MHz bandwidth) was installed for this purpose. The output amplifier 

was capable of 1 kW maximum power and run at about 200 W average. As a 

pick-up, two partial aperture loops, built as vertical pick-ups for a 

different purpose, were used in the sum mode by adding their signals via a 

hybrid transformer; see Fig. 4. Inside this highly nonlinear horizontal 

pick-up we distinguish three regions. In region A, as indicated by the 
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sensitivity curve, the pick-up works like a sum pick-up, since the signal 
caused at the passage of the single particle is independent of position. 
Particles in this momentum region will on an average be accelerated or 
decelerated, depending on the polarity of the feedback loop, by a constant 
amount. Fig. 5 shows longitudinal Schottky pictures of a narrow (1 mm 
wide) 4 nA proton beam under stochastic deceleration and acceleration. 
The horizontal axis is linear with radial position (and hence with momentum). 
The vertical axis is proportional to the square root of local particle 
density. For the first 1^ hours there is average deceleration towards the 
inner, earthed, part of the pick-up. As can be seen, the outer edge of the 
density distribution also moves inwards, in spite of the blow-up by incohe
rent noise. Thus stochastic cooling is already indirectly demonstrated by 
this first experiment. Indeed, if regions A, B and C had been filled with 
beam, its density would have been increased. 

The process of stochastic acceleration can be conveniently described 
by regarding the interaction between the single particle and the feedback 
system. Each time the particle passes the pick-up it induces a peak voltage 
V which after amplification p acts back on the same particle (with |v pj) 
P _ P 
at the moment the particle passes the gap. This auto-action of the particle 
is correlated with the error of the particle whereas the action of the other 
particles via the system on that single particle is uncorrelated, other par
ticles having different revolution frequencies. Any particle will randomly 
cause acceleration and deceleration for any other particle. The total peak 
current induced by a single particle passing between the two loops forming 
region A is 2eW = 32 pA. After addition in the 50Q hybrid transformer a 
peak voltage of 1.13 nV results, which is amplified by p = 145.8 dB so that 
the single particle is accelerated or decelerated by 22 mV at each passage 
through the gap. There were 1.14 * 10 9 revolutions/h and each particle 
should coherently alter its own kinetic energy by 25.2 MeV/h. The observed 
rate (see Fig. 5) is only half. The difference is believed to be caused by 
phase errors and varying pick-up sensitivity with frequency. 

A second experiment has recently been performed where all three regions 
(A, B and C) of the pick-up contained beam. The initial longitudinal Schottky 
diagram and the final diagram after 15 hours are given in Fig. 6. Particles 
situated in region A were decelerated stochastically towards region B where, 
due to the decreasing pick-up sensitivity, accumulation took place; the peak 
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local density in this region was increased by approximately 
50% 

in this first experiment of genuine momentum cooling. (Note that the 
ordinate of the Schottky scan of Fig. 6 is proportional to the square root 
of density.) The beam current was about 200 pA. The observed rate of 
increase in peak density is in reasonable agreement with equation (3), an 
exact determination of g and N being made difficult by the nonlinearity of 
the pick-up and the uncertainty of an absolute measurement of beam current. 
In fact, the Schottky scans shown in Figs. 5 and 6 are our only way of 
detecting the beam! 

An improved multi-electrode pick-up, designed to obtain a better 
signal-to-noise ratio, will be installed in the ISR in May, 1977, as well as 
four 50Q gaps, giving twice the acceleration/deceleration for a given ampli
fier power. The new experimental set-up will again contain a first region 
from where particles will be accelerated away into a second region where 
accumulation will take place. The acceleration rate should be 5-10 times 
better in the new set-up. 

In all our experiments on longitudinal cooling the pick-up and the gap 
were roughly three-quarters of the machine circumference apart. The feed
back path contained appropriate delay cables and compensating networks for 
nonlinear phaseshifts. Fine adjustments were made, observing the longitudi
nal Schottky signals with the system on and off. The beam's momentum spread 
was chosen so as to avoid appreciable randomization between pick-up and gap, 
a choice which, obviously, excludes complete randomization per turn. 
According to the remarks made above, this seems permissible for g << 1, which 
is very fortunate, as randomization in one turn would be tantamount to complete 
overlap of adjacent harmonics in the Schottky signal. This, however, would 
destroy our only diagnostics! 

The following numerical example illustrates what could be achieved in a 
small cooling ring, built specially for the purpose of cooling antiprotons: 

Numerical example: 

W = 100 MHz 
centre momentum 4 GeV/c 
Ap/p = 2% 
revolution frequency 5.3 MHz 
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1 kW wide-band power available on 50ft gap 
24 )jA circulating current 
3 dB noise figure for preamplifier 
g = 1.1 x 10" 3 

n = 62.5 
T = 3 min 

On the one hand, this seems far from a technological limit, as there is almost 
unlimited room for improvements in at least two general directions: 

i) At the output end, one can try to obtain more power, possibly at 
larger bandwidth, into an accelerating structure of much higher shunt 
impedance than 50ft. 

ii) As the inherent noise of a low-loss pick-up system can, in 
principle, be made arbitrarily small, it pays to go on improving the 
amplifier's noise figure. One costly but straightforward method would 
be to employ n identical pick-ups and amplifiers and to sum their output 
to gain a factor n in n-

On the other hand it must be stressed that the demonstrations of basic feasi
bility performed so far are for sets of parameters rather different from those 
of possible applications. As our theoretical understanding is far from com
plete also (e.g. with respect to the effect of incomplete randomization) one 
must still be careful with far-reaching extrapolations. 
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Fig. 1. The effective beam height as a function 
of time, under the influence of stochastic 
cooling, turned on and off at regular 
intervals. 
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Fig. 3. Slow and fast wave affected differently. 
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Fig. 4. Partial-aperture horizontal pick-up 
for momentum cooling. 
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Fig. 5. Stochastic acceleration. 
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Fig. 6. Stochastic cooling. 


