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Overview

We have considered the possibility of stochastic cooling of beams for

the RHIC collider. Similar studies have been carried out previously for ,RHIC

and other bunched beam proton machines (1-4). The major motivation for

cooling at RHIC is to stabilize the growth from intrabeam scattering (see

Table). We find that cooling rates of the order of 500 sec are theoretically

possible for beams of gold ions with 7 - 100 if a cooling bandwidth of 10 GHz

is used. However, the amount of microwave power which is required is large

for momentum cooling and probably not practical. Considerably less power is

required for slower rates. We believe that cooling times of 5000 sec for

momentum cooling and 1000 sec for betatron cooling might be possible.
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Table of Intrabeam Scattering Rates

27 MHz rf
(Ref. Design)

Longitudinal growth rate (hr~
Transverse growth rate (hr"1)

0.7
1.2

200 MHz rf

0.4
1.3

General Remarks and Cooling Rates

Stochastic cooling is most effective on low intensity beams. Cooling is

more effective if the intensity per bunch is low and if the bunch is long.

The most promising case is that of the gold ions where tie intensity is lowest

and the bucket is filled by intrabeam scattering. We have considered this

case in the most detail.

The cooling system bandwidth is also of primary concern. The maximum

usable frequency is determined by the phase error which occurs due to transit

time differences between pickup and kicker. We believe that it will be

necessary to locate pickup and kicker approximately 1/3 of the ring apart from

each other. Then the phase error from the transit time difference is:

Research has been carried under the U.S.D.O.E.
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nH - harmonic number - 20 GHz / 78 kHz - 256 x 10
3

This appears to be a reasonable phase error. We therefore have considered

mainly a system which spans the 10-20 GHz band.

We believe that this frequency band is feasible given D. Boussard's

efforts at the CERN collider (8-16 GHz bunched beam cooling) and plans to

upgrade the FNAL anti-proton source (8-16 GHz coasting beam only cooling). It

should be emphasized, however, that neither of these systems is operational'

and are at or beyond the leading edge of technology in this field. However,

as will become apparent below, the cooling time will almost certainly be

limited by the practical consideration of the cost of the microwave power

amplifiers and electrodes. Under these circumstances the cooling rate is

proportional to gain x bandwidth and the power is proportional to gain squared

times bandwidth. The penalty for a 5 (rather than 10) GHz bandwidth is

therefore J2 in cooling time if the power level is the same in both systems.

The mixing factor which appears in the naive cooling rate formulas is

related to the factor given above. While one wants the bunch to remain fixed

in phase space while it moves from the pickup to the kicker (the mixing that

occurs is sometimes called "bad mixing"), one wants complete mixing ("good

mixing") to occur between successive passes in the pickup. In lattices which

have a regular structure, the mixing factor is just 3 times the phase error

given above divided by 360 degrees and multiplied by 3/4 to scale to midband.

This yields a mixing factor of about 2.
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A naive estimate of the maximum cooling rate for bunched beam cooling is

to define an effective number of particles. This number is the number of

particles in a coasting beam with the same average density of the bunch. This

number is

N C

T--19*10

q

Njj - number of particles per bunch - 1.1 x 10

ib - bunch length - 2.25 m

C - RHIC circumference 3834 m

With this number of particles and an effective mixing factor of 2 the minimum

cooling time is:

ropt - M x N e f f / W - 374 sec

W - Bandwith - 10 GHz

It should be emphasized that this cooling time is only a crude estimate. Af

more careful calculation would properly take into account the actual Schottky

spectrum of the bunched beam. Furthermore, it should be noted that the above

rate assumes that the mixing within the bunch is perfect. This condition is

achieved only if the spread in bunch synchrotron frequencies is comparable to

the synchrotron frequency. In order for cooling to be effective under the

conditions of the RHIC conceptual design report (bunch full length of 225 cm

and rf wavelength of 11 m), an additional high frequency rf cavity would be

required to spread out the synchrotron frequencies. The 200 MHz rf system

which has been proposed at this workshop would be adequate if the beam filled

approximately 1/2 or more of the bucket area. In this latter case no

additional cavities would be required.

It should be noted that the mixing factor affects only the size of the

incoherent heating (g ) term in the cooling equation.

1 de W 2
€ dt N

If the system operates substantially below the optimum gain, then the mixing

factor may be larger than unity without seriously affecting the cooling time.

266



Momentum Cooling

There are two methods of momentum cooling: the Thorndahl (filter) method

and the Palmer (difference pickup) method. It was not clear to us that there

was an analog of the Thorndahl method for bunched beam cooling when the

synchrotron bands overlap (as in RHIC). Therefore, we considered only the

Palmer method. In the Palmer method a difference pickup is used in a region

of high dispersion to sense fluctuations in bunch momentum. Unfortunately,

RHIC does not have any region of high (say 5 m) dispersion. At the most

favorable location:

X^ - dispersion - 1 . 5 m /9X - 25 m

X ^ - 0.2 cm but 2 fi3e - 0.3 cm
P P •*

X
P P

where e - 0.1 it mm-mrad at 7 - 100.

The contribution to beam size from betatron motion is 1.5 times thef

contribution from the momentum spread. This, in effect, means that the signal

to noise ratio is not better than 1.5 - 2.25. However, if we operate far

below the optimum gain, then the heating term will be small anyway and the

enhancement of the noise will not matter very much. Nonetheless, the power

requirement would be increased. We would therefore suggest that a second

pickup 180 degrees away in betatron phase be used to cancel the betatron

signal. If the outputs of the two pickups are added with appropriate scale

factors, the betatron signals will cancel but the momentum signal will remain

and be proportional to the sum of X_ divided by Jfi at the two locations.

A second problem in momentum cooling is the presence of a strong

coherent line at the revolution frequency. While we were initially concerned,

we believe that this line may be suppressed adequately by the following:

1. The cooling system operating frequency is nearly 10 times the frequency

corresponding to the bunch length. The exact amount of suppression of

this line relative to low frequences depends critically on the bunch

shape and cannot be calculated accurately.

2. The difference PU is insensitive to the longitudinal line.

3. If necessary, one could (possibly) filter this line.
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Momentum Cooling - Pickup Strength

The peak signal present when the beam passes under the pickup is given

by:

Ps " 2Neffe2foZc2zg2/50 W a t t s/ H z

Z - charge for gold - 97

where Zc Is the coupling impedance referred to a 50 ohm system (V - Zci). The

thermal noise is

Pt - KT

The signal to noise ratio is then

fs _ 2 x 1.87 x 1012(1.6 x 10*19) (78 x 103)
Pt 50 (4.14 x 10'19)

- 2.49 Z c
2 rp

2

rp " Xp Ap/p

A transverse coupling impedance of 1 ohm/mm is more than adequate.

Momentum Coolinp - Kicker Strength and Power Reauirements

Following an argument of van der Meer (2), the following estimate of the

kicker voltage can be made. The cooling rate gives the rate of decrease of

beam energy spread, which can be expressed as a number of volts per turn. At

the optimum gain the cooling term is equal to minus twice the heating term.

The heating term is essentially the power required. Using van der Meer's

formula:

Vopt

t t - coding time at the optimum gain (taken to be 500 sec)

where V Q p t is the number of volts per turn required to attain the optimum

cooling time, namely, »"Opt. The power required to attain this voltage is:

V - 2(Zc/50) J5O~~P
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For example, for Zc - 500 0 one would require P - 14 kW. It appears that this

kicker strength would be achieved with eight lm long kickers, each having a

bandwidth of 1.5 GHz (see DiMassa's paper in these proceedings). The amount

of microwave power required for the optimum gain is large: the power

amplifiers alone cost in the neighborhood of $300 per Watt. However, because

the cooling time changes slowly in the vicinity of the optimum gain, one can

obtain 3/4 of the cooling rate with 1/4 of the power. To obtain a cooling

time of 5000 sec (lOx less than optimum), one would require 35 m. Note also

that the power is sensitive to the momentum spread one assumes (proportional

to (Ap/p) ). In the above calculation, it was assumed that the bunch area was

1 eV-sec. The required power would be reduced by a factor of 3 if we had

assumed that the bunch area were .3 eV-sec.

Betatron Cooling

The above considerations apply more or less directly to betatron

cooling. The betatron cooling has a slight advantage in that the mixing is

better by a factor of 2 since the Schottky signal is split into two side

bands. ' Furthermore, there are additional mixing effects from the beam-beam

interaction and non-linear magnetic fields. The pickup sensitivity is

essentially the same calculation that was given above: i.e., the required

sensitivity is modest - 1 fl/mtn is adequate.

Betatron Cooling - Kicker Strength and Power

The calculation of the betatron cooling power required is similar to the

case of momentum cooling. However, the answer could be much different if the

energy spread were very different from the spread in transverse momentum. The

Schottky power is given by:

p -
N -r 0. f Z}eff He o d

- 170 ohm-kW / Z d
2 with 2 d in ohm/mm

E/e - energy per amu in eV - 100 GeV/amu

W - bandwidth - 10 GHz

k - 2 vr cooling freq/c - 314 m"1

A - mass number of gold - 197

7/* - 10 * / 100 / 5 - 0.02 *-mm-mrad
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Taking 20 ohm/nun, one finds that a power of 420 W is required. We believe

that this impedance can be achieved in a practical kicker design, and that one

can therefore achieve a cooling rate close to the maximum rate. Since the

kick is given by the transverse electric field, one can usually make the

fields stronger by reducing the kicker gap. Thus there is a great temptation

to reduce the kicker aperture in betatron cooling systems. Of course, one

must live with the reduced aperture. It is not particularly difficult to

design electrodes which have adjustable gaps which can be large, for example,

at injection.

Signal Processing/Transmission Across the Ring

We did not discuss the details of signal processing to any great extent.

The system of Boussard, et. al., (see, for example, A. Jacob SPS/ARF/Note 88-

4) should work also at RHIC. One difference might be to lock the local

oscillators to the rf instead of deriving timing from the beam. This would

avoid the problems associated with bunches of differing shapes and intensities

(e.g., missing bunches). Boussard has calculated that the performance of the

SPS phase feedback loop is adequate to derive timing from the rf wave

directly. Presumably a well designed rf system for RHIC could achieve similar

results. In order to cover the 10-20 GHz band with 5 nsec long bunches

W*bunch length - 10xu x 5 x 10 - 50 channels would be required. This is a

very large system, and one might want to consider a smaller bandwidth or a

different technique.

One could also imagine as another extreme a single broad band cooling

system. A 8-16 GHz cooling system is planned for the FNAL anti-proton super-

booster (ASB). There are a number of difficulties with this scheme. One is

that the transmission of 8-16 GHz signals in single mode coax cable requires

repeaters every 20 m. While this might be acceptable for the ASB

(circumference 477 m), it is less likely that RHIC would be able to tolerate

such a long chain of amplifiers and still preserve the desired information.

Another problem is to maintain the system timing. In the case of the ASB it

is planned to measure the open loop gain function periodically to maintain

system timing. It is not clear that this technique could be applied to RHIC,

where the rf can quickly change the revolution frequency.
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Lattice Space Required

We have looked briefly at the space requirements for pickups and

kickers. The pickup requirements are modest - of the order of a few meters.

However, the kickers will require a large space - perhaps 10's of meters.

(See DiMassa's paper in these proceedings for some crude estimates of kicker

strengths and lengths). This requirement suggests that one of the 40 m drift

spaces in an insertion would be required for the cooling system kickers.

Cost and Effort

Experience at the anti-proton sources at CERN and FNAL suggests that

substantial effort would be required to develop the technology to accomplish

beam cooling. Each of these labs had roughly 5 to 10 engineering/physicist

persons to design, build, and install the systems. A more modest effort has

been undertaken at the SFS, but progress has not been as rapid as either. The

cost of the systems described above will certainly be measured in mega-dollars

(optimistically 1 or 2).

Caveats and Warnings

We have not done any detailed or careful calculations. We have tried to

establish the order of magnitude of the cooling rates, power requirements, and

costs and efforts. Many of these estimates are sensitive to assumptions about

the beam parameters. The calculations here were done rather quickly and are

crude - there may be arithmetic or other trivial mistakes as well.

Substantial design work must be carried out to demonstrate feasibility.

Conclusions

We conclude that cooling times of the order of 500 sec are possible.

However, the power requirements - particularly for momentum cooling - are

large. Cooling times of 5000 sec for momentum cooling and 1000 sec for

betatron cooling are perhaps more economical and realistic goals. The systems

considered here are state-of-the-art cooling systems and would require

substantial time and effort in order for the systems to be successful.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
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mendation, or favoring by the United States Government or any agency thereof.
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