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CEBAF 12 GeV Upgrade

Exceptional performance of the 5-cell SRF cavities used in CEBAF.
10 new C-100 cryomodules using 7-cell Low-Loss SRF cavities and
overall having the same length as their predecessors.
Double the He refrigeration capacity.
Beam permit status during Fall 2015!
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RF Cavities

Cavity enclosed by conducting walls, can sustain resonant
electromagnetic modes.

Electromagnetic cavity resonating at MW frequencies (50-3000 MHz).

Shape optimized so that a particular mode can efficiently transfer
energy to the beam

Cavity considerations depend on particular application.
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Lorentz Force

F = q(E + v × B)

Electric field must be longitudinal to the particle velocity

Magnetic field exerts deflection, but no acceleration

Sosa Güitrón (ODU-Jefferson Lab) MEPAS-2 Guanajuato, México November 14th, 2015 7 / 66



DC vs RF

DC accelerators are limited by breakdown voltage, only a few MeV

High energy accesible by using traveling waves

Energy transfer from a wave to a particle is more efficient if they
propagate at the same velocity
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Electromagnetic Modes

Electromagnetic modes satisfy Maxwell wave equations:

∇2E− 1

c2

∂2E

∂t2
= 0

∇2H− 1

c2

∂2H

∂t2
= 0

The cavity walls are included through the boundary conditions:

No tangential electric field, n̂ × E = 0

No normal magnetic field, n̂ ·H = 0
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Electromagnetic Modes Solutions

Assume harmonic solutions proportional to exp(−iωt):

∇2E +
ω2

c2
E = 0

∇2H +
ω2

c2
H = 0

Infinite solutions...

For acceleration, choose a mode with:

Electric field along the particle trajectory
Null magnetic field along the particle trajectory
Field propagation matched to particle velocity
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Accelerating Field Eacc

Time of particle spent in the cavity:

t =
d

c
=

1

2
TRF (1)

Accelerating voltage:

Vacc =

∣∣∣∣ ∫ z=d

z=0
Eeldz

∣∣∣∣ (2)

Average Accelerating Field:

Eacc =
Vacc

d
(3)
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Energy in the Cavity

Energy density in the electromagnetic field:

u =
1

2
(ε0E2 + µ0B2) (4)

Harmonic dependence means the energy oscillates from the electric to
the magnetic field

Energy stored in E field same as energy stored in H field

Total energy in the cavity

U =
1

2
µ0

∫
v
|H|2dv =

1

2
ε0

∫
v
|E|2dv (5)
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Power Dissipation

Currents flow in a thin layer near the surface of the cavity

Power Dissipation per unit area, due to Joule Heating:

Pa =
1

2
RsH

2 (6)

Total power dissipated in the cavity walls

Pc =
1

2
Rs

∮
s
|H|2ds (7)
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Scaling of the Power Dissipated

Normal Conductors, Rs ∝ ω1/2

P/A ∝ ω1/2 (8)

Superconductors, Rs ∝ ω2

P/A ∝ ω2 (9)
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Quality Factor Q0

Definition:

Q0 = ω
Energy Stored in the Cavity

Power Dissipated in the Cavity Walls

=
ωU

Pc
(10)

In terms of the fields:

Q0 =
ωµ0

∫
v |H|

2dv

Rs
∮
s |H|2ds

(11)
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G factor

Geometric Factor, G = Q0Rs :

Depends on cavity shape and electromagnetic mode

Independent of cavity size and material

G = Q0Rs = ωµ0

∫
v |H|

2dv∮
s |H|2ds

(12)
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External Coupling

Input coupler, power from RF
source transported to the cavity
through coaxial cable

Waveguides: electromagnetic
mode conversion

Coupling strength adjusted by
changing the penetration of the
antenna

Output coupler picks up power
transmitted through the cavity,
weakly coupled
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Cavity with external coupling

Energized RF cavity and turn off the RF:

dU

dt
= −Ptotal (13)

Ptotal = Pc + Pe + Pt

Pe is the power dissipated in the input power coupler
Pt is the power going into transmitted power coupler (weakly coupled)

Ptotal ≈ Pc + Pe
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Loaded Quality Factor QL

Define, analogous to Q0:

QL =
ω0U

Ptotal
(14)

Then,
dU

dt
= −ω0U

QL
(15)

has solution

U = U0 exp

(
−ω0t

QL

)
(16)

The energy decays exponentially with characteristic decay time

τL =
QL

ω0
(17)
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Q external

From the last slide:
Ptotal

ω0U
=

Pc + Pe

ω0U
(18)

introduce
1

QL
=

1

Q0
+

1

Qe
(19)

Definition of external Q:

Qe =
ω0U

Pe
(20)

Typical values for CEBAF 7-cell cavities:

Q0 = 1× 1010

Qe = 2× 107
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Coupling Coefficient

Coupling coefficient measures interaction of the coupler with the
cavity

Define

β ≡ Q0

Qe
(21)

then
1

QL
=

1 + β

Q0
(22)

β =
Pe

Pc
(23)
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Several Loss Mechanisms

Wall losses

Power absorbed by beam

Coupling to outside world

P =
∑
k

Pk (24)

Associate a Q to each loss mechanism

1

QL
=

∑
k Pk

ωU
, βk =

Q0

Qk
=

Pk

P0
(25)
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Elliptical Cavities
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Cell Shape

There is no perfect shape cavity

Cavity depends on the specific application
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TM Design Considerations

Field emission is not a hard limitation on superconducting cavities if
the surface preparation is done the right way

Magnetic flux on the wall limits performance of superconducting
cavities: Q0 decrease and quench.

Minimize Bpeak/Eacc :

Cavities operate at higher gradients

Cavities operate at lower cryogenic load
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Defining Cavity Parameters

Cavity Frequency

Diameter of the Equatior

Cell Length

Radius of iris
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Tuning Cells
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HOM absorber
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