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Superconducting cavities

-  « CAVITY » = Electromagnetic resonant cavity
— RF fields (electric and magnetic)

— To accelerate charged particles

-  « SUPERCONDUCTING » : very low operating
temperature (Liquid Helium)

= Superconducting state of the matter
Beam tube cell Iris equator Power port

Incident

beam
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Superconducting cavity (IPN Orsay) - 5 cells, 700 MHz, 5=0,65
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Frequency f
50 MHz to 3 GHz

Size

Proportional to 1/f

Temperature T
15Kto45K

Accelerated particle

velocity
p=v/c from 0,01 to 1

OK~-27315°C
c~ 2998 .10 m/s




Why using superconducting cavities ?

Intrinsic advantage of cold cavities

Almost no losses on the cavity wall (thanks to superconductivity)

= ~100% of the injected RF power goes to the beam : very high efficiency !ll

I|]|:> Operating cost gain as compared to warm structures (which dissipate ~10°
times higher)

||]|:> Possibility to accelerate CW beams or beams with a high duty cycle (> 1 %)
with high accelerating gradients (impossible with warm structures)

||]|:> Possibility to relax the constraints on the cavity RF design: choosing larger
beam port aperture is possible = reduction of the activation hazard = security

gain

I|]|:> High potential for reliability and flexibility

II‘ Main drawback : need to be operated at cryogenic temperature
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SC Cavity : basis

(1) An electric field is created on the beam axis , and is available to

accelerate charged particles

—p [Electric field E I PRF

aYa'atalld

This E field is time and space dependant
With f the cavity frequency, T=1/f
Ex:f=700MHz — T=143ns
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SC cavity : basis

(2) The charged particle enter the : for an efficient acceleration, the particle
should be synchronized with the RF wave

Proton case
q> 0, vitesse v

Synchronism condition :

The time for the particle to cross one cell should be Ty/2 < L\C/e" %

\' C
The cell length should verify: Lce”_Zf _gf or Lce”=%

The cell length should be adjusted to the particle velocity
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SC cavity : basis

Proton case

q> 0, velocity v

RN

Energy gain :

Lsortid”
AU:q X J.E{-/ dt or AU:qXEach LachCOS((P)

tentrée

E...: accelerating field of the cavity (for a given particle velocity)
Lot cavity accelerating length
¢ : particule phase with respect to the RF wave
Ex : f = 700MHz ; 5-cell proton cavity B = 0,65 (L,..=5x14cm); E,..= IOMV/m ¢ = O°
= Energy gain : AU =
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SC Cavity : basis

(3) Beam acceleration : particles should be bunched and synchronized with the
electromagnetic wave

Cas du proton
q>0

Tbeam =n TRF (n=1,2,3...)

« the cavity resonant frequency should be a multiple of the beam frequency that

it wants to accelerate»
Ex: 1T Froan=350 MHz (T4,.,=2,86ns), then the cavity should resonate at :
=350 MHz (Tp=2,86ns), or f = 700 MHz (Tpr=1,43ns), or = 1050 MHz (T,=0,95ns), etc.
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SC cavity : basis

iSSipaTed RF power 0 Qo : cavity « quality factor » \
the cavity walls

I:)cavity o (Eachacc)2 / QO

F power transmitte
to the beam

otal RF powe
to give to the
cavity

PRF - I:)beam +

P

cavity

" N n N — "

Order of magnitude (700 MHz cavity - g = 0,65 - 5 cells- 10MV/m - p=-30° - protons beam 10 mA)
SC cavity (Qg ~ 1019):  P..n = 6 MeV x 10 mA = 60 kW
Peavity © 16 W
"Warm" cavity (Qp ~ 3.10%): Poeam = 60 kW also
\ Peavity ® 8.5 MW Wl not possible in cW ! J
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SC cavity : basis

( . . A . Surface resistance as a function of\
Material choice — niobium = compromise between :

frequency
- High Tc and Bc hh '
- Low surface resistance (in order to minimize the losses) 10000 '1':4,:2|<r.f”r
- Quite good mechanical (easy to shape) and thermal properties ///

1000 : :
Operating temperature — compromise between : ,,/ /
- Low surface resistance (means T not to high) 0 /E'/ / /
- Cooling system not too expensive (means T not too low) " j // | /r:::zk
Conclusion | if f <500 MHz —» T ~ 4,2 K (Liquid Helium) it "‘E"
{if f>500 MHz —> T ~ 2 K (Superfluid Helium) 10.01 . 1 .
Tc=92K
Niobium characteristics
\ Rs(Q)~ 2x10‘4%(f(c13’—|;2)j2e‘”'67/ T+ Rres J
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SC cavity : basis

( — What achievable accelerating field ?

zones de Bpk

LS BBE o

zones de Epk

TN NANT T

\_

When creating E,.. inside the cavity, surface electromagnetic fields are also created, with maximum
values refered as By, et Ej,

In order to stay in the superconducting state, the niobium should not see a field B, < Bege

~

The ratio B, /E,. (and also E,/E,.) only depends on the

cavity geometrical shape

For elliptical cavities =1, we have
Bo/Eacex 4 mT / (MV/m)
= @T=2K, E,.cmax =220 mT /4 =55 MV/m

This theoretical maximum Eacc varies with the cavity [:

- cavity B = 0.65, B /E,.~ 5 mT/(MV/m)
i.e. Exoomax = 44 MV/m @ 2K
- cavity B = 0.5, By/Eycx 6 mT/(MV/m)
i.e. Exoomax = 37 MV/m @ 2K

—/
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SC cavity : basis

Comparison between a "warm" and "cold" solution for a high intensity proton linac

.Y

§14® Cavity: 700 MHz §=0,65
) 5 cells (protons 10mA)

iy
Y

Surface resistance Rg (ideal)

SC cavity (2K)

« Warm » cavity (300K)

20nQY (3,2n0) 7 mQ
Quality factor Q, (ideal) 1010 (6.10%0) 3.10*
Ecc (theoretical) 10 MV/m (44 MV/m) 2 MV/m
Beam power Py, 60 kW 12 kW
Dissipated power / cavity P, 16 W @ 2K 218 kW @ 300K
RF power / cavity Pge=Ppeam * Peay 60 kW 230 kW
Power taken to the grid Pac 125 kW 400 kW
Accelerator efficiency Ppeam / Pac 48 % 3%
Number of cavity to gain 100 MeV 17 (about 30m) 85 (about 80m)

METTT 3% PHTSELE MUCLEATS
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Various SC cavities for different particle velocity

Cavité ré-entrante (Legnaro) Cavités elliptiques
| —
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SC cavity : fabrication

Niobium sheets 3 mm thick
Welding by electron beams

Spoke cavity

B=0.35
f = 352.2 MHz
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SC cavity : preparation and test
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Another example : Performances of TESLA cavity

IE+I1 -
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O C1 - before annealing (@ 1400 °C I

1 B 1 - before baking f k

| B [2 - after baking @ 110 °C/ 60 h [ . ' .
I alter baking YV B L Quench RF power — Quench

limitation
10 20 30 40

B. Visentin et al. EPAC 2002
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Spiral-2 cavities : all cavities results in VC (beta = 0.12)

QWR B, beta 0.12
Vertical test results - T=4.2K
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A MBO1 Gilia (baking)

® MBO2 Erentrude (baking)

m MBO3 Verena (baking)

# MBO04 Colette (baking)

A MBOS Sylvana (baking)
MBO6 Richardine (baking)

B MBO7 Pezenne (baking)

& MBO8 Ursula (baking)

A MBO0S Thelma (baking)

@ MB10 Praxede (baking)

W MB11 Daniela (baking)

A MB12 Ghislie (baking)

A MB13 Sybille (baking)
MB14 Bienvenue (baking)

B MB15 Maeva (baking)

# MB16 Bedachonne (baking)

Eacc (MV/m)
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