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« 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 lon 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.

dN
We will attempt to describe the time evolution of the particle density function: (FE,t) = i
. . . . dwrev
We will use energy as an independent variable instead of the frequency: 1 = Nwrev/BD

Particle flux—number of particles per unit time passing a give energy: ® = dN/dt
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Derivation of a Fokker-Plank Equation

The continuity equation:

particle flux: number of particles crossing E per unit time

oY
=0
ot + 55 8E
A
¥
When the particle energy is corrected in a kicker by AFEy:
1 9
d = E)AE, — = ——(AE})?
AFE, = AFE.+ AFE;, -
— E - AEk E
coherent correction incoherent noise
We are interested in the motion over a time range much longer than the revolution time:
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Simplified Fokker-Plank Equation: Coherent Term W 0 L O (oY _
o TartY) 5 \Pag
Assume F = —TE because AE. x E . F = flAE., D= %fo(AEic)2
0

Plugging it into the FP equation and dropping incoherent term:
0 0 E
vy 2 (L) =0
ot OF TO

Then one can find a solution: Y(E,t) = et/ o %(Eet/m)

N 25 2
Let’'s choose a Gaussian initial distribution as an example: Yo (E) = Nors e~ /290
0

Then we obtain:

V(B L) = —2Y = E*/20%(0)
210 (t)
o(t)=o0 et/

The energy spread decreases exponentially with a time constant 70, which we call the single particle cooling time.
The coherent term narrows the distribution — cooling!
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Simplified Fokker-Plank Equation: Incoherent Term

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

stays constant l

Beam noise is proportional to the square of the standard deviation of energy error: 02(?5) =

FP without coherent term:

0 5 0%
— — (D, — =
o (Do + dpo?(t)) 575 =0
amplifier noise beam noise
0((11—? = dpo? + D, «— rh.s.is positive

D,
o(t) = \/08€2dbt + o (e2dst — 1)
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When power of the beam noise is much less than the noise from the amplifier, we can set d, = 0

Diffusion equation:

oy 021 |
ot (Da + dbgz(t)) OE2 =0 with o(t) = 08 + 2Dt

(#) Erookhaver The incoherent term causes diffusion—heating!
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Simplified FP Equation: combining coherent and incoherent terms

FP equation with both terms:

o 9 [ E yon 02
5 T 9E (—T—O¢> = (Da+dpo™(1)) 575 = 0

Analogous to the last slide derivation:
do 1
—=—|——d 24+ D
o dt (7’0 b) o “

Then the solution is:

1 1
o(t) = \/086_275/7 + 7D, (1 —e24/7), == dy,
0
In the limit ¢ — 00 :  o(oc0) = /7D,
o0 o2 (00) -1 Final energy spread and the initial cooling time are
Initial cooling time: Ti = EY0) =T (1 T2 > 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  9¢ i i(F@b) d (Dﬁ_@b) _ 0
beam-feedback effect. However, numerical solution allows a detailed analysis ot OF B
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.

1 W - : : ,
—== 26(1 — M z) _ gz(M v UIZ? can still be used, but use the effective number of particles
T \ —— J _ - N—)NbQﬂ'R/lb:Nb/Bb
: coherent effect (cooling) incoherent effect (heating)

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

%74
Ny /By,

(1—M~2)?
M+U

W
Ny /By

<

1
- <
-

« Strong bunch signal at certain harmonics of the revolution frequency up to a cut-off determined by the bunch length f» =~ 5S¢/l
« The signal is proportional to N, ( KN} for k bunches), and tends to blind the cooling signal that is proportional to\/ﬁb

Example for the SPS-collider

Particles/bunch N, 1010
Bunching ratio 1/By 5x 103
Cooling band width W [GHz] 5
Mixing and noise [(1 — M~2)2/(M + U)] 1/5

L? Brookhaven Cooling time constant, Eq. (8.1), t [A] 14
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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 ws
» Each Schottky line splits up into a central line "Wrev accompanied by satellite lines spaced by wg

« Current of a single particle:

I =efrev Z Z Ji(nA@)exp [i (nwrevt + kwst + kps)]
k

n

peak phase excursion due to the synchrotron motion

« For unbunched beams kw;t 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.
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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 nA¢ 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 N2 . The sensitive amplifier needed for the cooling systems may therefore be saturated.

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.

Bunch shape Bunch current roll-off Cross-over frequency for
Np =100 (frequency above
which Lschottky/Tbuch > 1)

Gaussian I(f)/2Np frev = exp{—(mf T)*/8} f>10/T,
Rectangular I(f)/2Np frev = |sin(mw fTp) |/ f Ty f >4500/T,

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 most 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.
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Pick-Up Technologies: Stripline

The beam current passing through:

21 z2 Electrode Output

N Yy v : . . ’L(Z t) _ Z-bez'(k:z—wt)
NN _ »
\\ vidlninn an g 1t
N 4 N o ,;gz,',
| A ' Electric/\ %~ : :
Image Charge & Field /_,s; \\‘3;;: Beam PleUp OUtpUt VOItage
i o / ~ . .
> S s AT Vy = [Zpipsin(kl)
Displacement S 27 H JUAVYV AN
Current A A B B B S
& A B A
N 4 ) i Forobran 11 | _
N \ ‘m L ’LI' 4 fraction of the image
: current in the stripline
2 m 22 & - ' Electrode Output

The peak in the response occurs at kKl = /2 Thus, the length is chosen to be a ¥ 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:

2
1\~ 0°P .
(3) G~ e =plaperte

. 2
& = O(z,y)edF*) & V2O - [k2 — (5) ] © = p(z,y)

C

L",‘ Brookhaven For simple geometries can be solved analytically.
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Pick-Up Technologies: Slotted Waveqguide Arrays

Termination Kntinroton
‘Q Antiproton
Outputs
~= ]: ‘_!_‘ - p
L - P = ~ ‘ .
t S 2 : “ L J ]
Proton 1 R beam
Outputs \
Proton
beam Termination

« 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

outer conductor

/. electrode

The interior of a COSY vertical kicker tank,
with A/4 electrodes (loop couplers) above
and below the beam center and ferrite
material to the right and left to damp

Faltin traveling wave-type kicker prototype unwanted microwaves.
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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

Kicker cavity: the two 3-cells in phase.

« 6 TMyo 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 TMy 9 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 m-mode and
the two 3-cells are separated by one wavelength.

They are fed by a TE,, 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.
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Experimental realization of SC

Stochastic cooling overview

John Marriner*
Fermi National Accelerator Laboratory, Kirk and Pine Streets, MS 323, Batavia, IL 60510, USA

Available online 26 June 2004

Site Machine Type Frequency (MHz) Beam momentum (GeV/c)
CERN ISR H&V 1000-2000 26.6
ICE H, V, AP 50-375 1.7 & 2.1
AA PreCool AP; ST H, V, AP, 150-2000 -3.5
Core H, V, AP
LEAR 2 systems: H, V, AP 5-1000 <0.2 & 0.2-2.0
AC H, V, AP 10003000 3.5
AD H,V, AP 900=1650 2.0 & 3.5
FNAL ECR V, AP 20400 0.2
Debuncher H, V, AP 4000—-8000 8.9
Accumulator ST AP, Core H, V, AP 1000—-8000 8.9
KFA Julich COSY H, V, AP 10003000 1.5-3.4
GSI Darmstadt ESR H, V, AP 900-1700 0.48/nucleon
Tokyo TARN AP 20-100 0.007
BINP NAP-M AP 100-300 0.062

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

¢ Brookhaven
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First practical realization of SC: CERN Intersecting Storage Rings (ISR)

1974: betatron cooling: SWITZERLAND

« 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 (1.8x10"3 protons) was monitored by the
luminosity increase.

» The average cooling rate of the effective beam height was ~2% per

FRANCE

hour.
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Experiments on SC in ICE (Initial Cooling Experiment)
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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 ampilifier.

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.

Spectrum
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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
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Experiments on SC in ICE: 3D cooling

1977:

R e b Lo o N

start

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

end

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

° . 8 . . . . .
With 3.9x10° protons, horizontal and vertical cooling time of 4 mins was e 7. Tontbar W R L
achieved. cooling in three planes for 30 min.

 Later on, a beam of 6x10° 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.

Fig. 18: Vertical and horizontal Schottky signals be-
fore and after 30 min of cooling. The rms betatron
oscillation amplitude is v v, E v x.

m, Pig. 19. Horizontal beam profile before and after
l: cooling, as seen by a monitor based on beam-induced 21
ionization electrons from the residual gas.




SC at FNAL

1983: the Tevatron-| project at Fermilab was approved with the aim to collide 1 TeV Debuncher Horizontal Cooling
antiprotons with 1 TeV protons in the superconducting Tevatron. 0

G -
84
7

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 20 mm-mrad to 70 mm-mrad within 2 second cycle time.

6 -
54

Rms betatron amplitude (mm)

A) 3
i 2
1998: Emittance = Amplitude” ‘K
. 2-
* Increased bandwidth to 4-8 GHz.
« 8500 MHz wide bands for the pickups combined to four 1 GHz bands for the where B=12mandK=6n -rad.
kickers utilizing slotted waveguide structures. | S ——
« Liquid helium cooled pickups, amplifiers, and components are responsible for a Toer RE e e e et e Rt
front-end effective noise temperature ranging from 10K to 30K—dramatic _
improvement in Coo”ng performance_ Freezer Debuncher Vertical Coolmg
Debuncher 10
Linac .
’E‘ 74
£ 64
Booster sl
Accumulator N\m“,_-,go\'\ B) . 3
¢

Y T T T T T
00 0.2 Q0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
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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!

Machine No. of f Type Cooling Max. installed

Systems [GHz] time [s] power [W]

Debuncher 4 4-8 Momentum 2 6400

4 4-8 Horizontal 2 3200

4 4-8 Vertical 2 3200

Accu- 1 2—4 Stacktail 1200 6400
mulator Momentum

3 4-8 Core Horizontal 1200 15

1 4-8 Core Vertical 1200 15

1 2—4 Core Momentum 1200 400

1 4-8 Core Momentum 1200 15

Recycler 1 0.5-1 Momentum 1800 200

1 1-2 Momentum 1800 400

1 2—4 Horizontal 1800 200

1 2—4 Vertical 1800 200

k:.‘ Brookhaven
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SC at COoler SYnchrotron (COSY)

« SC for COSY | 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 | (1-1.8 GHz) cooling hardware in

the sum mode.

Snapshots of Vertical Beam Profiles

during Stochastic Cooling

1200 sec

beam density

Cooling of 2 - 109
protons at 2.6 GeV/c
using band | system
only.

The vertical beam
size is decreased
from initially 3 mm
(FWHM) to 0.8 mm.

At the initial stage
the system was not
optimized resulting
in the relatively
large cooling time.
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Figure 4. First stochastic cooling of the vertical beam
emittance. The emittance is cooled by a factor of two.

COSY-11 Counting Rates with and without Stochastic Cooling

momentum: 3.285 GeV/c
cycle length: one hour
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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-lon Collider (RHIC) consists of two synchrotrons called blue and , which share a common
tunnel.

« Alongitudinal, filter cooling system was installed in the yellow RHIC ring at first (2007). Pickup

» 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.

Kick
« The cooling system operates between 5 and 8 GHz and an rms kicker icker ‘

voltage ~1 kV is needed for optimal cooling . PHENIX

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

STAR
Nominal Special

Parameter protons protons Gold
Acceleration
h = 360 voltage 300 kV 300 kV 300 kV
Storage
h = 2420 voltage 50 kV 50 kV 4 MV
FWHM bunch length 10 ns 7 ns 3 ns
Particles/bunch 101 1.5 X 10° 10°
Lorentz factor 107 107 107
Circumference 3834 m 3834 m 3834 m

~y S
(e Brookhaven' rransition gamma 22.89 22.89 22.89 25
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SC at RHIC

A gikc:
Mkrl 5,000 918 3 OH;
. . . . . Ref -61.S dBm Atten 10 dB ~-64.777 dBm
* The parabolic shaped signal distribution represents the Semo y |
. . . . . 09
incoherent response from individual particles (the 5 ' ! 1 ' ~ P

Schottky signal).

* The narrow peaks on top of the parabolae, situated at

each revolution harmonic show the coherent tg‘;v
contribution of particles due to a residual bunching &
effect. m)r:m

>S5S0k
FFT

e 2004: the notion of using narrow-band cavities with a
p : . . . | |
Fourier series |rT1p.Iementa.t|on yvas introduced that Contor EE00-500 9 G o266 TG
allowed for multi-kilovolt kicks with affordable *Res BH 300 Hz VEW 300 Hz Sweep 27.48 ms (601 pts)
equipment.

Coaxial RF

S coupling ports
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SC at RHIC

» Uncooled: IBS causes significant longitudinal diffusion, reducing both

the peak current and the total charge in the bunch.

* REF 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%.
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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.
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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.
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