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History

Herr and Mohl reported cooling bunched beams in ICE (1978)
Chattopadhyay develops bunched beam cooling theory (1983)

0 — w,t = p(t) = asinfo, (a)t +y, |
Stochastic cooling considered for SPS, RHIC and Tevatron (80s).
Unexpected RF activity swamps the Schottky signal (85s).
Cooling rate scales as 1/N, Z=79 for Au
Cooling of long bunches in FNAL recycler.
Proton cooling experiment in RHIC (2006).
Operational longitudinal cooling of gold in RHIC (2007).
Transverse cooling in RHIC (2010).
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Voltage considerations V(D)= Zn:An sin(2nt/ z, +6,)

For 5-8 GHz longitudinal system we need 3 kV rms.
Bandwidth-Voltage product sets the cost scale.

Bunches are 5 ns long spaced by 100 ns.

The value of the kicker voltage matters only when the bunch is present.
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Panofsky-Wenzel theorem
relates transverse kick

Similar cavities. to standard voltage
40 Watt amplifiers are sufficient.

_ C
4.8-7.8 GHz keeps aperture reasonable. VL \V
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The RHIC system layout

BVK, YLK, YVP —

Longitudinal
cooling uses
70 GHz
microwave links. YLP BLP
Vertical cooling '
uses fiber optics.
Yellow vertical
4.8,5.0,..7.8
Blue vertical YVK,BLK,BVP
4.7,4.9,.7.71t0
avold cross-talk

through IRs
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Stochastic Cooling Low Level Block Diagram
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Longitudinal signals sent via 70 GHz microwave link.

Transmitter Receiver
(— —
5-9GHz 5-9GHz
Input Signal — > Output Signal
-
S
<
&

Phase Locked Phase Locked
Oscillator Local Oscillator
Oseillator
b in Alcove

50/50 Optical

Splitter - O/E

O/E <+

E/O

100 MHz

The microwave link introduces phase
modulation in the received signal due to
variations 1n the time of flight and differences
m the phase of the local oscillator at the
transmitter and receiver. We found that the
local oscillator was the dominant source of
phase shifts.
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Transverse Kkickers

Mike Blaskiewicz C-AD

Structures open and close
using a device called a
-“Flexi-hinge”. It has no
sliding parts, is bakeable for
high vacuum, and operates
for many 10e5 cycles.

The actuating motors do not
determine the size or
location of the beam
aperture, “positive stop”

Survey fiducials on the top
plate, outside the vacuum

reference the beam axis
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Luminosity with and without cooling. Is it what we deserve?

File Window Markers Analysis |

60000

50000

40000

£ 50000 no coQImg

20000 Vefrticaléand :
5 5 5 5 5 z Iongltudlnal

10000 COOllngln :
| | | | | ~ both rings

0 | 5 5

20:00 21:00 22:00 23:00 00:00 01:00 0z:00 03:00 04:00 05:00
Time

sisScaler.Ba-star. 3:diffM: valueAndTime

sisScaler.8c-phenix.16:diffM:valueAndTime

Could not print window - unknown system error.
Successfully sent window to email blaskiewicz®bnl.gov.

5 T—
O



Stochastic cooling theory on (almost) one page
N
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Mixing and signal shielding are fully accounted for.
Fokker-Planck approach is several pages.
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Figure 4: Comparison of actual values of Re(A) versus
gain with those obtained from equation (14) with X = 0
for a rectangular frequency distribution with N = 51. The
numerical solution had one eigenmode with a monotoni-
cally growing eigenvalue, which is not fully shown.

Figure 5: Evolution of A as a function of gain for the ex-
act, numerical solution and equation (14). The oscillator
frequencies were uniformly spaced with w; = j/N and

N =51.
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Bunched Beam Simulations

Time domain model of filter cooling.

Very similar to coherent stability
problem.

For cooling

T, ~2N, .M /W

In a Simulation N << N

Macro true

true

So,

N
_ macro
1-' o cool <:<:-T;

Sim N

ool
true
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Bunched Beam Simulations |1

Dealing with intra-beam scattering 1 do?

1) Start with Piwinski’s formulae s —— = Qo
o, dt

2) Correct for number of macro- Qpl = Rﬂfpo

particles

3) Correct for non-gaussian profile F(t) — I(t)JtQﬁ/Q

4) Langevin kick Ap = op\/ap ToF (t)x

5) Track all 3 dimensions and use
skew quads for coupling.
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Transverse Cooling Simulations  Hs(e,7) =

Ton /
— [ dtqVys(t)
2 QEUE q f(

Check of scaling, simple rf, no ibs or longitudinal cooling

Longitudinal IBS
leads to diffusion

In H..

For RHIC, transverse
cooling is nearly
Independent of H..
LHC is not so lucky.
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J, cooling rate (hour'1)

scaled betatron cooling rates for 10° ions (no ibs)
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Figure 5: Transverse cooling rate versus the value of the

longitudinal hamiltonian. Similar results are shown 1n [6,
7]
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Gain adjustment in simulations
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95% emittance (tum)
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Real loss rates are faster than simulation.
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current (A)

Blue longitudinal suggests simulation (red) misses a
momentum aperture.
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Figure 7: Comparison of integrated luminosity with and
without cooling. The simulations were scaled to give good
agreement for uncooled beams.
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LHC Pb possibilities at injection
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Conclusions

1) Stochastic cooling worked.

2) Lifetime was improved.

3) Luminosity was doubled.

4) Horizontal cooling will increase flexibility and improve things a bit.
5) Transverse cooling in LHC looks straightforward.
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Voltage and Power continued

Take 16 cavities, 5-8 GHz bandwidth 40 Watts/cavity (10 K each)
R/Q=100Q2, 10 MHz FWHP bandwidth, R > 50 kilo-Ohm

gives 1 to 1.4 KV rms per cavity, or 5.6 kV total

Cavity drive signal needs to be roughly sinusoidal for R (not R/Q) to matter
Suppose S (t) Is the drive signal for a broad band kicker (like a resistor).

Periodically extend =
Y S(t) = S,(t—kz)
k=0

This creates a signal with 10 MHz (1/T, )wide peaks,
spaced by 200 MHz (1/7,)

Split and pass through 100 MHz filters, centered on cavity resonance, before
power amps. In this way each amplifier sees a piecewise sinusoidal input.

Combination of transmission lines and fiber optic technology for the delay
line (traversal) filter.
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Error Limit Simulations

Took conservative errors.
e 2 pstiming error
« 20% amplitude errors

- 2 MHz cavity frequency
errors

Desired cooling voltage is
modeled as band limited
noise.

System is well behaved with
these errors.

Only had 5 branches this
run.
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