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What is cooling and why do we need it?

Luminosity characterizes the ability of a particle accelerator to
produce the required number of interactions:

dN

dt
= σ · L (1)

L =
N1 ×N2 × frequency

Overlap Area
=
N1 ×N2 × fcoll

4πβ∗ε
× h

(
σs
β∗

)
(2)

We want to have a large charge per bunch, high collision frequency and
small spot size!

Cooling:

reduces beam phase space volume,
emittance and momentum spread in
order to improve beam quality.
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Cooling Methods

Existing cooling methods are not sufficient:

Electrons and positrons have natural strong cooling mechanism: Synchrotron Radiation
(∼ milliseconds )

Synchrotron Radiation will not help to cool hadrons at the currently available energies

Main limitation of electron cooling is its rapidly falling efficiency with the increase of the
beam energy τ ∼ γ7/2

Stochastic cooling (for a fixed bandwidth) is limited by the fact that its cooling time
directly proportional to linear density of the particles and modern proton beams are simply
too dense.

Cooling rate in hours for various cooling methods.

Machine Energy, GeV/u Stochastic Cooling Synchrotron radiation Electron cooling Coherent electron Cooling

RHIC - CeC PoP (Au) 26 - - ∼ 1 10 sec - local, 30 min - bunch
eRHIC (p) 325 ∼ 100 ∞ ∼ 30 ∼ 0.1
LHC (p) 7000 ∼ 1000 13(energy)/26(transverse) ∞ ∼ 1
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Coherent electron Cooling (CeC) and eRHIC

High energy luminosity Electron-Ion Collider requires strong hadron
cooling: < 1 min cooling time 250 GeV protons

If CeC is successful and fully operational, eRHIC Linac/Ring configuration
could reach 2 · 1033 luminosity with 5 mA polarized electron current.
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Coherent electron Cooling (CeC)

CeC scheme is based on electrostatic interactions between electrons and
hadrons that are amplified either in a high-gain FEL or by other means.

The electron and hadron beams co-propagate in a vacuum along a straight
line in the modulator and kicker with the same velocity:

γ =
Ee
mec2

=
Eh
mhc2

(3)
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Coherent electron Cooling (CeC): Modulator

Each individual hadron attracts surrounding electrons and generates density modulation

In about a quarter of the plasme period, each hadron is surrounded by a cloud of electrons

ωp =

√
4πnee2

γme
(4)

In the co-moving frame, the longitudinal velocity spread is much smaller than that in the
transverse direction

Electron cloud is shaped as a very flat pancake-like shape.
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Coherent electron Cooling (CeC): Amplifier

An FEL is a resonant instability at the wavelength of:

λo = λw
1 + 〈~a2w〉

2γ2
, ~aw =

e ~Aw

mc2
(5)

If the longitudinal extent of an induced perturbation is considerably shorter than FEL
wavelength, it will be amplified.

A periodic density modulation generates a periodic longitudinal field.
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Coherent electron Cooling (CeC): Kicker

When the hadron and electron beams are recombined, hadrons are exposed to the
longitudinal electric field

With a proper delay section, a hadron with central energy E0 arrives at the kicker on top
of the electron density peak—zero electric field

Hadrons with higher energy are decelerated, and ones with lower energy are pulled forward.
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Coherent electron Cooling (CeC): Proof of Principle

Straight section between the modulator and kicker acts as a dispersion section for hadrons

The optics and magnets have a very little effect on the hadrons’ dynamics

Group velocity of the wave-packet in the FEL:

vg = vez(1− α) + cα, 0 < α < 1 (6)

vez = c

(
1−

1 + a2w
2γ2

)
(7)

vg = c

(
1−

1 + a2w
2γ2

+ α

)
= c

(
1−

1

2γ2

)
+

c

2γ2

(
a2w − α(1 + a2w)

)
(8)

Requirement: vg ≥ vh ⇒
(
α(1 + a2w − a2w)

)
> 0⇒ aw ≤

√
α

1−α
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Coherent electron Cooling: Proof of Principle

e− beam is generated by 113 MHz SRF
gun with CsK2Sb photocathode driven
by a 532 nm laser

Two 500 MHz copper cavities provide
energy chirp and beam is compressed to
desired peak current.

After the compression beam is
accelerated by a 704 MHz SRF cavity
and merged into CeC PoP structure
with three helical undulators.

e− beam parameters.

Parameter Value

Gun energy, MeV 1.05
Beam charge, nC 1-5
Final beam energy, MeV 22
Normalized emittance, mm-mrad <5
Energy spread 10−3

Pulse repetition rate, kHz 78 (26)
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Results of commissioning
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Parameters achieved

Achieved parameters of the e− beam.

Parameter Design Status Comment

Species in RHIC Au+79 40 GeV/u Au+79 26.5 GeV/u To match e− beam
Particles per bucket 108 − 109 108 − 109 X
Electron energy, MeV 21.95 15 SRF linac quench
Charge per e− bunch, nC 0.5-5 0.1-4 X
Peak current, A 100 50 Sufficient for this energy
Pulse duration, ps 10-50 12 X
Normalized emittance, mm-mrad <5 3-4 X
FEL wavelength, µm 13 30 New IR diagnostics needed
Repetition rate, kHz 78.17 26 Temporary∗

e− beam current, µA up to 400 40 Temporary∗

e− beam power, kW <10 0.6 Temporary∗

∗Will be changed to 78 kHz after retuning the SRF gun frequency

Beam parameters are sufficient for the CeC demonstration experiment
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113 MHz SRF Photo-Injector: 1

RF parameters of the gun.

Parameter Value

Frequency, MHz 113
Quality Factor w/o cathode 3.5× 109

R/Q, Ω 126
Geometry Factor, Ω 38.2
Operating temperature, K 4.5
Accelerating voltage, MV 1.05-1.2

FPC provides RF power coupling and fine frequency tuning;

With the travel of ±2 cm, the tuning range will be ∼ 4 kHz;

A small cathode puck is inserted inside the stalk and can be replaced
when necessary with a new one.
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113 MHz SRF Photo-Injector: 2

Quarter-wave cavity;

4 K operating temperature;

Manual coarse tuner;

Fine tuning is performed with FPC;

2 kW CW solid state power amplifier;

CsK2Sb cathode is at room temperature;

Cavity field pick-up is done with cathode stalk (1/2 wavelength with capacitive pick-up);

Up to three cathodes can be stored in garage for quick change-out;

Design gradient 22.5 MV/m
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113 MHz SRF Photo-Injector: Commissioning

3.7 nC beam charge was observed
during the commissioning;

Achieved cavity voltage: 1.2 MV;

Duration of the laser pulse: 1 ns.
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Definition of Multipacting

Multipacting discharge (multipacting) —

a resonant process in which an electron avalanche builds up within a small region of the cavity
surface and is determined by the following factors:

electric field levels;

geometry of the cavity;

material properties — Secondary Emission Yield (SEY).

An electron avalanche absorbs large amounts of RF power and deposits it as a heat ⇒ lower
quality factor.
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Multipacting Simulations
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Simulation Results

This work was presented at:

IPAC’17 (MOPVA140: ”Multipacting Behavior Study for the 112 MHz Superconducting Photo-Injector”)

FEL’17 (TUP034: ”Novel Aspects of Beam Dynamics in CeC SRF Gun and SRF Accelerator”)

PRAB paper is in progress (”Mitigation of Multipacting in 113-MHz Superconducting RF Photo-Injector”)
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Self-Consistent Gun Simulation: Motivation

It is necessary to take into consideration:

space-charge effects;

retardation;

boundary effects (wakefields).
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Self-Consistent Simulation
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Simulation Results: Evolution of Emittance—preliminary
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With and Without Space Charge : xy plot—preliminary

With Space Charge

Without Space Charge

Irina Petrushina (SBU) CeC PoP October 17, 2017 22 / 39



With and Without Space Charge : xz plot—preliminary

With Space Charge

Without Space Charge
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Self-Consistent Gun Simulation: Scattered Fields
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What has been done before:
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Future Work

The longitudinal bunch structure was studied during the commissioning. 1.2 nC bunch
in the dogleg has a periodic micro-bunching with a period of about 1.5 psec which can
originate from:

The time structure of the initial laser
pulse

The space-charge driven
micro-bunching instability

The wakefileds induced by the beam

in the transport channel.

Perform a comprehensive wakefield study in the entire CeC system using software for 3D
simulations, and include the resulting fields into the IMPACT-T calculations of the beam
dynamics in order to see the influence of the wakefields on the beam structure.
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Future Work: Diagram
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Thank you for your attention!
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Back-Up: Luminosity and Hourglass effect

For two beams with N1 and N2 particles per bunch colliding with a certain frequency
fcoll:

L =
N1 ×N2 × fcoll

4πβ∗ε
× h

(
σs
β∗

)
(9)

h(x) =

√
π

x
e1/x

2

erfc

(
1

x

)
(10)

where β∗ is the transverse β-function at the collision point, ε is the transverse emittance

of the beam, σs is the bunch length.

The hourglass effect is caused by variations in the beam’s size

σ2
r = β∗ε

(
1 + s2

(β∗)2

)
along the length of the collision region and is defined by the

bunch length σs.

For h > 0.75 it’s required that β∗ ≥ σs
Longitudinal cooling allows reduction of β∗ and increase of the luminosity
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Back-Up: Hourglass effect

β-function has its minimum at the collision point and grows away

from it β(s) = β∗
(

1 + s2

(β∗)2

)
therefore the beam size increases: σ =

√
β(s)ε

becomes important when σs approaches β(s)
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Back-Up: Electron Cooling

A beam of dense quasi-monoenergetic
electrons is produced and merged with
the ion beam to be cooled.

The velocity of the electrons is made
equal to the average velocity of the ions.

The ions undergo Coulomb scattering in
the electron gas and exchange
momentum with the electrons.

Thermodynamic equilibrium is reached
when the particles have the same
momentum, which requires that the
much lighter electrons have much higher
velocities. Thus, thermal energy is
transferred from the ions to the
electrons.

The electron beam is finally bent away
from the ion beam.
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Back-Up: Stochastic Cooling

”Single-particle cooling”—let there be
only one particle in the ring, with a
deviation from the center xT after T
turns and xT+1 after T + 1 turns

The stochastic cooling system measures
xT at the pickup, and delivers a kick so
that xT+1 = xT − g · xT

g = 1 removes the oscillation

completely. The transverse momentum

is reduced to zero: The particle is

”cooled” in one turn

Each particle in the sample receives a kick

proportional to the mean displacement

< x > ; for the kth particle, the new

displacement will be xk − g < x >
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Back-Up: Alternative CeC Schemes
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Back-Up: Modulator—pancake formation

The motion of the particles in co-moving frame is non-relativistic
Velocity distribution is highly anisotropic with RMS velocity spread in longitudinal
direction:

σcmv||
∼= c · σδ = c

δE

E
(11)

RMS velocity spread in transverse direction is much larger:

σcmv⊥
∼= cγσθ (12)

The velocity spreads will determine the size of Debye ellipsoid:

rcmD|| ∼ T1/4 · σ
cm
v|| ⇒ rlabD|| ∼

πc

2ωp

σδ

γ
(13)
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Back-Up: FEL as an amplifier

While traveling with relativistic velocity
through the undulator, the electrons are
accelerated in the direction transverse to
their propagation due to the Lorentz
force

They emit SR in a narrow cone in the
forward direction. The typical opening
angle of the wavelength integrated
radiation is 1

γ

In the undulator, the deflection of the
electrons from the forward direction is
comparable to the opening angle of the
SR cone.

This interference effect is reflected in the formula:

λo = λw
1 + 〈~a2w〉

2γ2
, ~aw =

e ~Aw

mc2
(14)

Oscillating through the undulator, the electron bunch then interacts with its own
electromagnetic field created via spontaneous emission.

Through this interaction a longitudinal fine structure, the so called micro-bunching, is
established which amplifies the electromagnetic field.
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Back-Up: Kicker

In the kicker section, we have sinusoidal
modulation of the electron beams
density, which, in the CMS frame is

ρ =
k

2γ

GFELZe

A
sin

(
kz

2γ

)
, A =

2πβ∗ε

γ
(15)

In the CMS frame the field is electrostatic, so solve:

∇ · E = 4πρ (16)

Because Lorentz transformation doesn’t change the amplitude of a longitudinal field
component, we have in the lab frame:

Ez ∼=
2GFELZe

β∗ε
γsin

(
k(z − vt)

β

)
(17)
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Back-Up: Emittance definition

The solution of 1D Hill’s equation for the single particle:

x(s) = A
√
β(s)cos(ψ(s)) (18)

Phase-space trajectory in x− x′ space—ellipse:

γx2 + 2αxx′ + β2(x′) = A2, α = −
1

2

dβ(s)

ds
, γ =

1 + α2(s)

β(s)
(19)

Area of the ellipse is constant Area = πA2

The emittance ε is defined to be the area of the phase space ellipse ε = πA2

For a beam, take the amplitude of motion as a standard deviation of particle position in

the beam σ: r = σ = A
√
β which gives ε = σ2

β
(sometimes ε = πσ2

β
)

When a beam accelerates, the transverse beam size shrinks. The idea of invariant
emittance can still be used if the emittance is scaled according to the beam energy,
εN = εβγ

Statistical definition of emittance:

ε =
√
< x2 >< (x′)2 > − < xx′ >2 (20)
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Back-Up: WakeFields
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