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OUTLINE OF LECTURE

® Basics of superconductivity

® Basics of RF cavities

® Interaction of the cavity with the beam
® Technological issues

® Diagnostics

e State of the art SRF research
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Basics of superconductivity

¢ Recommended literature
e Historical remarks
e Surface impedance and plane waves in normal conductors

® Basics of RF superconductivity
®  Meissner effect
*  Two kinds of superconductors
®  Materials
e  Two fluid model
*  London equations and penetration depth
*  Complex conductivity, surface impedance and BCS theory

° How to measure the surface impedance
° Critical fields

° Summary
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a Recommended literature

Literature

W. Buckel and R. Kleiner, « Superconductivity:
Fundamentals and applications, Wiley VCH 2004

V. V. Schmidt «The physics of superconductors », Springer
1997

M. Tinkham, « Introduction to superconductivity »,

McGraw-Hill 1996, and many others

Nobel lectures (http://nobelprize.org/nobel prizes/physics/laurecates/)
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Historical remarks 14

o 1908 Liquefaction of helium (4.2 K)
° 1911 Zero resistance
° 1933 Meissner effect

° 1935 Phenomenological theory of H &
F. London

° 1950 Ginzburg — Landau theory
° 1951 —2TYPEII superconductors

(Abrikosov)

o 1957 Bardeen — Cooper — Schrieffer
theory

o 1960 Magnetic flux quantisation

o 1962 Josephson effect

o 1986 High temperature superconductors

(Bednorz — Miiller)

Bednorz
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Historical remarks 24

Nobel prize for « his
investigations on the properties
of matter at low temperatures
which led, inter alia, to the 015

production of liquid helium » 2
0125

\

L0

absolute Temperatur -

-

\ | F
\ B 0oms | it
\ = ]
TR 3 .’
' \ = 00 :' -
NN |
~| 1"1‘ 0025 i
| ki 1075621
3 \ !
IEP ‘i:: u'uu | \J |
2 N W00 &0 420 430 F 440
* F A PR Temperatur — =
__.-\'h-""'fff
f -
7 H. Kamerling — Onnes
T - ' fn! in his laboratory at Leiden (NL)

@ JUAS lecture 2017: SC RF Cavities - Caspers/Wendt

/




® /ero resistivity

® Meissner effect .
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Superconductivity is destroyed:

* by increasing temperature at T > T

* by large magnetic field H > H,
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Science,

Historical remarks aa

30 I Liquid Ne
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1910 1930 1950 1970 1990

Development of the superconducting transition
temperatures after the discovery of the
phenomenon in 1911. The materials listed are
metals or inter-metallic compounds and reflect the
respective highest T.'s - Adapted from G. Bednorz —
Nobel lecture
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Figure 1.13. Evolution of the superconductive transition temperature subsequent to the discovery ol
the phenomenon. From [1.29], © 1987 by the American Association for the Advancement of
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Surface Impedance

For a plane EM wave incident on a semi-infinite flat metallic surface:

£,

ZS :RS +iXS :H—(O)
|

* E, H always in complex notation

® E, H parallel to the surface

Reference frame coordinates:

® x,y parallel to the surface of the metal

et | ] ‘ ////////
vacuum (Super) %
H® conductor %
5
z=0
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Plane Waves in Vacuum

From Maxwell’ s equations:

E=E, pilke=at) 1y _ H, el g H— E, K RICEEY

with the wavenumber: kK = 277r _9_ a)‘/goluo _ Lo
¢ \ 4o

@ Hy

follows the wave equation  E _ E, p!(kz—at) H=E, /8_0 p!(kz—at)
Ho

in free space:

with the free space impedance: 7 = ‘E“ - /”0 =376.70
o
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Plane Waves in Metals

_ E
Generalized wavenumber: k? =0’su+iooqu 7= H = & = %
E
Local current density o _ V7
and E-field: Jxf)=oE(X1)
o, __ne’/ ne’r
Conductivity in the metal: o(w) = (].TC()Z') with: Go = m.v B m,

In practice o is assumed to be

2 2 _;
frequency independent (wr<<1): wop >> 0"ep = K =laou

Wave equation in metals: E=E, e =F, g Mg/
| 1 2 | | | |
with: —=_|—— =0  being the field penetration or skin depth
g \oou

@ JUAS lecture 2017: SC RF Cavities - Caspers/Wendt




/ . &4 »
Surface Impedance in “normal” Metals

e The surface impedance Z_is defined at the interface between two media.

It can be calculated in a similar way as for continuous media.

®  You take Maxwell’s equation, set the appropriate boundary conditions

for the continuity of the waves (incident, reflected, transmitted), and you get:

E, (O / / /
H, (0) o 20 20

* Introducing appropriate numbers, e.g. for copper at f = I GHz:

Oc, = 58.5e6 S/m R,= 8.2mQ

S

What is the skin depth?
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Surface Resistance

Since we will deal a lot with the surface resistance R,
here is a simple DC model that gives a rough idea of what it means:

Consider a square sheet of metal and calculate its resistance to a transverse current flow:

a

current dd d

o

The surface resistance RS is the resistance that a square piece of conductor

opposes to the flow of the currents induced by the RF wave, within a layer 0
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Superconductivity

Resistivity p (arbitrary units)

0 |

TITe
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Meissner effect 13

ideal conductor

- @00
magnetic magnetic

&
& / field field
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. conductor
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ideal conductor
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cooling magnetic
field
OFF

An ideal conductor in magnetic field
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Meissner effect 23

superconductor

y \ magnetic
| . feld

L iy
7 N
conductor
A
e\ /@
field o°
ON
+ relaxation

A superconductor in magnetic field

@ JUAS lecture 2017: SC RF Cavities - Caspers/Wendt




Meissner effect 33

1. Magnetic lines of force outside a
superconductor are always H,

tangential to its surface
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5 vacuum
d|VB:O, 1,’ ................. .2
N0 NG
Since Bn =0 = Bn =0 ........
2. A superconductor in an Jm 4; ________________ ;3
external magnetic field always superconductor
carries an electric current near
Its surface
- - - - .
Vx B = u, ] = ] =0inside the superconductor
— —
§B d | = U J | Thus, the surface current
0 Jsurf  "1-2 is completely defined by the
S50 - - o magnetic field at the surface of
B-dl=pyHy |y = Jgyp = NX H, a superconductor.
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Theories of Superconductors

® Gorter & Casimir two fluid model
e [.ondon Equations

* Pippard’s Coherence length &

° Ginzburg—Landau

® Second order phase transition of complex order parameter Y

* BCS (Bardeen-Cooper-Schriefter)
® Microscopic theory

® Two Fluid Model revised

® (Strong coupling — Elihasberg)
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" Two kinds of superconductors s

Magnetic properties of a type I

superconductor

Magnetization curve

Magnetic properties of a superconductor B

can be derived from p =0and B =0

Type I superconductors are all elemental

superconductors (except niobium)

— - >
B=yuy-|Ho+M

The magnetization M
compensates the external
field H,, thus the SC bulk is
field free.

F 3

A A A A

pe=""1
[

[
[,
]
Mg’ o,

g I

H(l

-4 M
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" Two kinds of superconductors 23
*Type II superconductor

Magnetic properties of a type I1 Superconductor
Above the st critical tield H , magnetic flux penetrates into the bulk

Above the 2nd critical field H_, the material is normal conducting
(except for a thin surface layer that remains superconducting until

the 3rd critical field H ;)

Magnetization curve $44 40
ey Meissner state ool
— —> — mixed state
B=uy-|Ho+M \  (Abrikosov vortices) i
H, .
' H
0 H., H,,
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Two kinds of superconductors s/

Mixed state of a type |l superconductor

Mixed state (Shubnikov phase) of a type |l
superconductor consists of a regular lattice
| of Abrikosov vortices.

S@

Magnetic decoration
image of a vortex lattice
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Materials 12
material | Te,K | He,Oe | year Cold liquids required for
Al 1.2 105 1933 reaching low temperatures:
pure In 3.4 280 _
metals helium  4He (4.2 K)
on 37 | 305 hydrogen H, (20 K)
Pb 7.2 803 1913 neon Ne (27 K)
Nb 02 | 2060 | 1030 nitrogen N, (77 K)
5
alloys NbN 15 14 1[}lEl 1940
NbsGe 23 3.7 10 1971
material 1.,K | vyear
Laj 85Bap. 15Cu0y 35 1986
. YBasCus07 93 1987
ceramics
BioSroCaCugOgy sy 94 1988
TagBagCagCu301¢+ 125 1988
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Materials 2,2
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g Two fluid model

Basic ingredients for RF > 4
superconductivity 2
Two fluid model (Gorter-Casimir) S n
Maxwell electrodynamics S n.
@
Basic assumptions of two tluid model temperature (K)

M all free electrons of the superconductor are
divided into two groups

superconducting electrons of density n n /n ~1— (T /T )4
. S _ Cc
normal electrons of densrcy n
The total density of the free electrons is
n=n, + n_.
As the temperature increases from O to T, the
density n decreases from n to O.
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London Equations

Perfect Conductor

2t T=o Postulated on plausibility arguments
O me - j, n.e’ . ng’
Cooled[l] fe] JS - > E V X JS - — > B
t ot m
1| o= 01k |
4% I Applying B = VxA
- wiemetl | P> K@) ““‘“mm "' on the vector potential A
" 2
. ] n.e _
0 5% Temperaturg ——m ) ¥ @ JS = — S A jm— _A 1A
m

Superconductor
) i [ Applying Ampere’s law

[ e T to London’s 2"d eq gives:
O lCooled

£ | 1 m

% / B, K(j) emmenntore K(j) B, VZB — A2 B /IL = 2

0 - o) ] L lLlonSe
9, . |

- v W Exponential decay of the B-field

inside the superconductor
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London penetration depth

On introducing the vector potential Avia B=VxA

one obtains a relationship between the supercurrent and
the vector potential, very similar to Ohm’s law j=cE

2 H(x)

0

o

0 A

with the London penetration depth Ai = Ay = m/ @ Sez ,uo)

NC Cu skin depth:
A [nm] 50 2 um @ 1 GHz
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Complex Conductivity 3

® You will probably be only half surprised to hear that a superconductor
at T>0 has a R #0.

® This can be understood in the framework of the previous two fluids model,
where a population of normal electrons of density N, and a population of
“superconducting electrons” of density N=ny(1-THT*) coexist such as N, +n.=1
and both give a response to the varying EM fields.

e Let’s“invent” the conductivity of superconducting electrons:

2

ne“r : . ne
o(w) = _ Iimo(w) =—1——
m (1+iwr7) T m.w
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e

Complex Conductivity 23

* Do you think the previous formula looks like a joke:

conductivity of a perfect conductor is an imaginary number?

There is indeed real physics behind it. Recall London equations,

from which we can set-up the following equivalence, in the “dirty” limit:

Normal metal Superconductor
(London theory)

2 2
ne/ . n.e
N E JS:_ _1A:— S
MV m

j:O'oE: A

The value of A is the expression of the kinetic inductivity of the “superconducting
electrons”: basically, the electron pairs have a mass, and they get accelerated by the RF
wave. This is the same as what happens with the magnetic field produced inside an
inductor.
London&London Proc. Roy. Soc A149 (1935) 71
Pippard Proc. Roy. Soc. A216 (1953) 547
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Complex Conductivity 33

e The conductivity of superconductors then becomes:

ner(-l-/)

conduct1v1ty of conduct1v1ty of

“normal electrons” “superconducting electrons”

*  Where N=ny(1-THT.4) and n,=ny(T4T*) with n, total electron density

® Note:
o} 1 1
ot ok, Ao o
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4 . : .
Equivalent Circuit

Indeed if you take the time derivative of js = —A_lA you get the 1* London eq:

LA _E_A9
ot ot

A is interpreted as a specific inductance. This justifies representing the cornplex conductivity

of a superconductor with an equivalent circuit of parallel conductors:

. 4 o 4
Os =0, ~10, :O-n(T%O_' o (1_T%4)
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Surface Impedance 1,2

® Itis now possible, within the basic approximations we have made,
to calculate the surface impedance of a superconductor.

® Take the formula for normal metals:
Z = (1+i) |22
20,

® Perform the substitution: o;,— o, =0y-10,

%
S|t ot -0
* Calculate: R, = o X =
Vo (o2 eo2)?
* In the approximation of small £ (small T — 0;<05)
* and 0<T<0.5T; (n,<n, — 0;<0,) it gives:

_ Ry o1/0, 1 2 2

V2 [ o
R ==l o X=X = [ = oA
S ‘/E (O-Z/Jn)B/2 2 ’ o S " (GZ/Gn)]/2 o2 ’

® Which is a good description of the experimental data, but...
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Surface Impedance 22

* How to generalize to larger £ ? Take: i _ALA ne’ A
(Pippard Proc. Roy. Soc. A216 (1953) 547) Js =~ T T

* Introduce a parameter & js — —i A_l A
in some way proportional to /: 5 0

e Then substitute corresponding quantities into Chambers’ formula:

3 I R[R-A(r',t—R/vp)e™¢ ]

J(r,t)=— V4
A&y A v R4
* Pippard used this formula to fit his 1 _ i n 1 5 ~0.15 hVF
experimental data, and found: f 50 Y/ 0 ch

® This was the first definition ever of the coherence length &
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Pippard’s Data

104—

10%A, (em)

We are now ready to go into the real (“heavy”) stuff: the BCS formulation.

e InBCS theory the values for 0,/0 and 0,/ 0, can be calculated.
* These are then used to calculate the surface impedance
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15t step:

ond step:

3rd step:

BCS Theory 12 -

.( ) —Z 82A7(O)vo
] l',)— - Inhe

R[R-A,(#) ]I (w,R,T)e RI'dy’
. R4
1S
I(w,R,T)=f f { (w,e€,€ )—i(i) 7€)

6_6

Mattis & Bardeen, Phys. Rev. 111 (1958) 412

, (3.3)

Xcos[a(e—¢€) Jdede’, (3.4)

o1—ioe 1(w,0,T)

ON — Tifiw

ai 2 =
- EY— f(E4fuw dE
= Mffﬂm) f(E+ha)Tg(E)

1 = €0
- f [1—2f(E+1)Jg(E)E, (3.9)

B f [1 2f(E+ﬁw)](E2+e *+hwE)
en —Hw, —en '

or Fo £2)} 2_ 2 H
ENM (E+hw)*— e”] (3.10)
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BCS Theory -

(3.9) and (3.10) can be approximated for low frequencies hv «2A4 as:

1 o _ A onl A
Gn_2f(A){1 = In( J[l f(A)]} o hwtanh(zm_j

® The surface impedance Z can be calculated from o 7/0' ,and O 2/6 o

® However the formulas seen until now are approximate valid only in a very specific limit.

Calculations can be done having a full validity range (but only for Hp,<<H)

¢ Abrikosov Gorkov Khalatnikov, JETP 35 (1959) 182

* Miller, Phys. Rev. 113 (1959) 1209

® Nam, Phys. Rev. A 156 (1967) 470

® Halbritter, Z. Phys. 238 (1970) 466 and KFK Ext. Bericht 3/70-6
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(-

SURFACE RESISTANCE [pQ]

Halbritter's theoretical Predictions

50
""""""""""‘-—--...____‘___ 10 GHz
1113'.'{—_
S
"h.“
u.5" -"‘l-
5 T3S 1GHz
- ~————  SPECULAR
! ————— DIFFUSE "EFL-
0.015 - (Nb, 4.17K)
S~
hh‘-“
w ~
S
- ~
-
w —_ S
b \\\
)
- “*-\H 0.1 GHz
B L ' el 1.:3"""r 1
001 Q1 1
Ee/!

In the green region (small £):
2
Zs | o i 0> Y
Zy On On
~opl-/)
T\/_ Vi

In the red region (large /):

3
Ly [ oy _i0'2 Y
Zn O-n O-n
3/2

R ocw?exp(—%T)
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-

BCS Surface Resistance
® Material parameter dependence of R_ (7, f)

5

IESLE \‘ T j RBCS(COT) éa) exp| — A

Y = RRR =135
ok \\: *» RRR= 40 T kT
y : % 2A = 3.5-KT,
2r 1 .
4 A depends on the material
107
] Rres BCS
t o ] Rs — Rs + Rres
' ]
2-
_ An approximate expression for Niobium:
e RRR: . N 3 17.67K
c  residual resistance ratio \ + snq 1 , exp|— '
5+ N _ f[MHz T[K
i RRR:IO;OOK F\'Br_;\\ ‘ RSBCS ~3x107%0). [ ] ) [K]
- « O\ ] 1500MHz T[K]
2, . 3 L 5 6 T 7
ig. Surface re stance Rg(T) o !tvoJCJ: ca :l‘.
bl fh“S... e T sere endant Developed by Mattis and Bardeen, based on the SC
part Rpos and the residual resistance Rpgg.

theory of Bardeen, Cooper and Schrieffer (BCS theory).
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e
How to measure RF Surface Impedance -

° Normally some kind of resonator is applied for the samples

®  You MUST avoid any contacts since they have ususally an
undefined contact resistance and spoil the Q of the cavity
and you should avoid any radiation losses

e Oftena TEO11 mode type resonator is used..works very
well not sensitive to contact resistance due to azimuthal wall
current only

e Butof you would like to go to lower frequencies then the
quadrupolar resonator is a good choice

® For even lower frequencies the shielded two wire coaxial
resonator has been used (for the LHC beam screen)
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" ™
How to measure RF Surface Impedance 27

* Small samples can be exposed
to RF using a pill box cavity with
demountable endplate

* Two possible techniques
* Replacement
* Calorimetric

Replacement = Q-measurement with copper cover/DUT

Demountable
endplate

Flange
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cavity
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Figure by T. Junginger




a ™
How to measure RF Surface Impedance 37

Temperature Power
A A
Temperature
Sample Ppc (Heater) | of Interest /
M
T (Sensor) | a.ih . &
Temperature S === ——p =
O ~
a | O
| a]
Q.
|
Figure by T. Junginger . I > time
TDC on TRF on [
A 3 > €
=60 s =40 s

Por = PDC,l - PDC,z ~ 1/2 RSwface JszS
Sample
Z(PDC,II_ Pg ‘,2)

RSmface - 3 s

* Measurement of transmitted power P,
* P=c[H?ds, ¢ from computer code

Sam,
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a ™
How to measure RF Surface Impedance 47

Minimum RF sheet resistance

107 ' ' ' . : ; various metals
; ' 0.12
a2 o
10 E
[ ] 0.1 /
1':'_35‘ ] //
el ] o008
: @
=
E10_5_ _ “-g 0.06
e E T E =
r ° parar T o=,
il e, 1 © 004 — AlUminum
10 . Gold
f 1 —Copper
YE 7 ; 002 T Silver
10_32— — Copper E 0
i - - Niobium@4.5K |]
= . , , . —— Nicbinm@IK | 0 20 40 60 80 100 120
10 0 5 10 15 20 25 30 Frequency (GHz)

Frequency (GHz)

Surface resistance vs frequency for copper and Niobium at @2K and 4.5 K respectively (left graph by B.Tenenbaum)
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" ™
How to measure RF Surface Impedances,:

»\ Rods ‘

Why should we use this kind of

resonator when we have the

nice TEO11 type pillbox?

361l mm

Answer: It allows for lower

frequencies or a smaller

sarnple size cornpared to the

pillbox resonator

‘Sample, E-beam welded to cylinder

5 E. Mahner et al. -Rev. Sci. Instrum., Vol. 74, No. 7, July 2003)
Tobias.Junginger@cern.ch 5T. Junginger et. al — SRF 2009, Berlin Germany
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a ™
How to measure RF Surface Impedance e/

The measurement principle is based on the so-called shielded pair technique [7]. which
consists of a one metre long cylindrical TEM cavity with two cylindrical inner conductors
(see Figure 1). A detailed description of the experimental set-up is given in ref. [6]. Basically,
processing of the loaded quality factors measured in the even and odd mode excitations, in
steps of ~150MHz, yields the surface resistance of the outer tube and of the inner conductors,
assuming that the latter have an identical copper coating.

—+—\ 0°/180° 0°/180°

+t HYBRID o ) HYBRID
2-2000 MHz VNWA |,

++
2-2000 MHz

+- +-

This setup has been
intensively used for
measurements of the
normal conducting copper
losses of the LHC beam
screen at cryo temperature
at with a strong static

magnetic field; it now

teflon

Figure 1: Cross section and side view of the experimental setup: a vector network analyser
(VNWA) is used in conjunction with two hybrids, vielding either even (++) or odd (+-) mode
excitation for a 1 m long cylindrical cavity with 2 inner conductors, held by 3 Teflon supports.
The near degeneracy of even and odd modes is removed by 2 teflon blocks (splitters) placed
between the inner conductors.
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again under discussion for
the FCC beam screen
evaluation which may have
highTc superconducting
coating (compatible with

the strong DC magnetic
field)

From: F. Caspers et al; Surface resistance

measurements. .. LHC project report 307




" ™
How to measure RF Surface Impedance 7

e The examples shown so far are by no means exhaustive

®  For the design of new measurement setups e.g. related to the evaluation of
surface roughness impact, one may have to take anisotropy issues into
account , depending on the structure of the surface roughness (e.g. laser
erosion for multipactor reduction)

®  For very high frequencies confocal resonator (Fabry Perot type) setups
were used.

®  For tube-like (beam-pipe style) samples the first resonance frequency of
often too high to cover the frequency range of interest. In this case one may
insert a sapphire rod which at cryo has extremely low RF losses and an
epsilon around 10 (caveat: anisotropic)
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Critical field (s)

Critical field of superconductors studied for RF

: Tc Beo | Beio | Beao | Bswo | Bexpo
Mol | k) | oM | M | T | D) | ]
Sn 3.7 30.9 - - 68 30.6
In 3.4 29.3 - - 104 28.4
Pb 7.2 30.4 ~ - 105 112
Nb 9.2 200 185 420 240 160
Nb3Sn 18.2 535 = 20 2400 400 | 106

Critical fields in DC and RF superconductivity

B¢ Critical magnetic field of type-I superconductor

Be; Lower critical magnetic field of type-1I superconductor

Beo Upper critical magnetic field of type-II superconductor

B Thermodynamic critical field

By Superheating critical field

Bexp Experimentally obtained maximum field in RF

An index “0”’ following any of the above symbols refers to the
temperature T = 0 K, tacitly assuming B(T) = Bg [1 - (T/Tc)“].
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Other deterministic parameters for cavity performance

Until till now we discussed the role of the RF frequency, IHe bath temperature, and sc material with

its characteristic critical field and temperature. There are still other (less important) parameters that

determine the performance of the cavity as well:

™~

Inﬂuencing Impact quantity Physical Cure

quantity explanation

External static Residual surface Creation of vortices Shielding of ambient
magnetic field B_, resistance magnetic field by Mu-

metal / Cryoperm

Residual resistivity
ratio RRR

BCS surface resistance

Mean free path

dependence of R,

Annealing steps during
ingot production/after

cavity manufacture

Ratio peak magnetic
field to accelerating
gradient Bp/ E,

Max. accelerating

gradient

Critical magnetic field
as ultimate gradient

limitation

Optimization of cavity

shape

Nb-H precipitate

Q-value / acc. gradient

(Q-disease)

Lowering of T /B_at
precipitates of Nb-H

T-control during
chemical polishing
Degassing (@ 700 °C

Fast cool-down
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Summary

Superconducting materials:

B are characterized by zero resistivity (in DC) and the Meissner
effect;

B Show the (thermodynamic) phase transition into the
superconducting state below a critical temperature and below a
critical field;

B have a non-zero surface resistance for RF which can be
understood by the two-fluid model and the London theory

B are subdivided into type I and type II, depending on the value of
the Ginzburg-Landau parameter K;
B may be alloys or elements, for which they are of type I, except

Nb, the technically most important one, which is type II and has
the largest critical temperature and critical field;
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Basics of RF cavities

® Variety of RF cavities (examples)

® (avity characteristics
® Cavity characteristics (peak fields, stored energy, ...)
® Pillbox resonator —basics, field distribution
® Computer codes to determine the cavity parameters

® Different mode families
® Transmission line

® Response of a sc cavity to RF (determination of Q,, E

acc? )

® Measuring setup (Q(E, ) curve, ...)

® Pass-band modes
® Typical example of storage ring cavity (LEP)

® Summary
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Examples of RF cavities

Fig. 1 A spectrum of superconducting cavities.

(from H. Padamsee, CERN-2004-008)
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LHC - CERN

JUAS lecture 2017: SC RF Cavities - Caspers/Wendt

® { =400MHz
® R/Q=89Q
° Q,=2x10°
® £ =533MV/m
® P =116kW (CW)
® Niobium-film on Cu
® |-2 um thickness
® 4 single-cell cavities per
cryomodule

® Each resonator delivers

2 MV
® Blade tuner

® Doorknoby» power

coupler, 75 ) coaxial

® Total of 8 cavities per
beam: 16 MV




XFEL - DESY s

® f =1300 MHz
¢ R/Q=89Q
° Q,=2x10°
® £ =533MV/m
® P =116 kW (CW)
® Niobium-film on Cu
® |-2 um thickness
® 4 single-cell cavities per
cryomodule

® FEach resonator delivers

2 MV
® Blade tuner

® Doorknob» power

coupler, 75 ) coaxial

® otal of 8 cavities per
beam: 16 MV
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. XFEL - DESY 272

XFEL cryomodule assembly of eight 9-cell cavities, quadrupole and BPM in a cleanroom
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. XFEL - DESY s/

Cryomodule installation in the tunnel (the XFEL consists out of 101 cryomodules)
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4 CEBAF - JLAB
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SPL - CERN/ SNS - ORNL

Prototype Beta 0.61 and .81 Cavities \FANS

Development led by P. Kneisel
with aid from colleagues all
over the world

704 MHz SRF cavity R&D study
to upgrade the CERN injectors
with a high intensity

superconducting RF proton linac
(SPL)
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Heavy lon accelerators ATLAS - ANL

A\___

M U RRRLA W ||,r.||;i‘|p|r-'|n AT UL U]
"y"|'l: R L ) n‘nlnlulJ‘ 0" 7 0 Ty
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~ Shapes of heavy ion accelerator cavities
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Pill box resonator

Field distribution TMy,, mode:

JO (=)

Jo .... First order Bessel function

g

@, R

0 =2.405| Resonance-condition
C

o.e /\ Second order Bessel function
/

h 4 \/
—-0.2
Source: The Feynman

Lectures on Physics, Vol. Il
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Pill box resonator

A
h=43.2
p 2
B i . _
2.405- ) . I 2.405-r i,
OO E(r't):‘]o( R r]°Eosm(wo't) Bso(r)_E‘Jl( R 'Eoe t
beam E O Ml
3 t(z)=2/(p-c)
—
b D
Stored U =% dpfde]rar|E(F =22 aR7NEf J(24052 n= |2
ored energy U: _?'([ gp.([ z.([r I‘-‘ I’)‘ —?- . ‘o" 1\ &. &,
0.581865
Dissipated power P: ,
27 h R
P= RSZ [dp{ [dzlB (R)(2+2-jrdr\B (r) :RS%|EO|2-7zR-(h+ R)-|J,(2.405
2ILIO 0 0 y 0 v 77 —
0.581865
Stored energy U U e -n?
f t . = = i _ . 0 ’7
Qfactor Q Energy lost during 1 RF period “p Q=0

R h
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e

shunt impedance R:

R/Q measures the interaction of

the cavity with the beam:

Cavity characteristics

The peak surface electric and magnetic fields constitute the ultimate limit for

beam

oy

O
O

!

v

W

DO

!

D
D

P

a

~307)
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the accelerating gradient => minimize the ratio Ep/ E and BP/ E..

E
—r 7 157
E 2




e

B, /E,
[mT/(MV/m)]
R, [nQ]
h [m]
E, [MV/m]
V [MV]
G [Q]
Q[10°]
R/Q[€Y
R [MQ)]
U {]]
P[W]

h/R

Cavity characteristics - Summary

Peak normalized

surface electric field

Peak normalized
surface magnetic field
Surface resistance
Cavity length
Accelerating gradient

Accelerating Voltage
Geometry factor
Quality factor

(R/Q) factor

Shunt impedance
Stored energy

Dissipated power

Ratio cavity length to

radius

n/a

n/a

E,/H,
h=\/2
(1/e) ‘Energy gain/length
V=E, h
G=R;/Q
Q=wU/P
(R/Q)=V2/(2mU)
R=V2/(2P)
U=V2/[20(R/Q)]

P=oU/Q

n/a
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Pillbox cavity
[0.35 GHz, 4.2 K, Nb]

3.1

40
0.43
10
4.3
260
6.5
450
3-10°

1.3

Accelerating cavity
[0.35 GHz, 4.2 K, Nb]

40
0.43
10
4.3
275
6.9
280
2-10°

15

0.5
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Computer codes for RF cavities

Computer codes to determine the cavity parameters

For real structures with contoured shapes, beam apertures and beam pipes, it 1s necessary to use
field computation codes, such MAFIA and Microwave Studio. Figure 10 shows the electric and
magnetic fields computed by Microwave Studio for the accelerating mode of a pillbox cavity with a
beam hole, and for a round wall cavity. Such codes are also necessary for computing the fields in the
higher order modes of a cavity that can have an adverse effect on beam quality or cause mnstabilities.
Figure 11 shows the electric and magnetic fields of the first monopole HOM. Beam induced voltages
are also proportional to the R/Q of HOMs.

T™MO10

£= 1323 MHz

Fig.10 (Left) Electric and (Right) Magnetic fields for a round cavity with beam holes.
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Fig. 8 Lumped element equivalent circuit model

of an accelerating cavity resonator

g Cavity characteristics - Summary table

™~

Table: Equivalence of cavity and lumped-element circuit parameters

Cavity Lumped-element circuit
Accelerating voltage V Peak voltage V

Resonant frequency o, 0o, =1N(LC)

Stored energy U U = (1/2)CV?

Dissipated power P,

P = (1/2) V2R

Radiated power P4

P« = (112) V2R,

Shunt impedance R = V?/(2-P,)

R

Unloaded Q - value Q, = o, U/P,

Qo= wy'RC

External Q - value Qg = @y U/P, 4

Qext = 09'R,C = R{/(R/Q)

(R/Q) value R/Q = V(2 w,-U)

R/Q = V(L/C) = 1/(y-C)

Coupling factor B = Qu/Qey

B=R/R;

Loaded Q - value Q, = Qy/(1+ B)
(because Q, 1 = Q1 + Q)

QL= wg'RC/(1+ B)

Turns ratio n = V[(R/Q) -Q.,./Z,]

n =V(R/Z,)

Wave impedance Z, = 50 Q

From W. Weingarten, CERN-1992-03
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g Measuring setup

* Q determined by measuring the decay time of the cavity response

[ ]
Measurement of Q vs E___

p: power meter

ant 2 f: frequency counter
¢: phase shifter
i incident

ant1l

r: reflected

t: transmitted

antl: pickup antenna no. 1

ant2: pickup antenna no. 2

VCO: voltage controlled oscillator

h
|

f
t Controls

~
S VHF/UHF
vco .
signals
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/ Electropolishing and in-situ Baking of 1.3 GHz Niobium Cavities

Q( E ) C u rve L. Lilie", D. Reschke, K. Twarowski, DESY, NotkestraBe 85, 22607 Hamburg
acCcC

P. Schmiiser, Universitit Hamburg
D. Bloess, E. Haebel, E. Chiaveri, J.-M. Tessier, H. Preis, H. Wenninger, CERN, Geneva
H. Safa, J.-P. Charrier, CEA, Saclay

1,00E+11

ot e 4 . .

| B ] s
Yy .

1,00E+10

e

1,00E+09
4 100 um EP half cell ({CERN) + 100 um EP (KEK) + bake
100 um EP he (CERN) + 32 um BCP+100um EP (KEK) + bake
4100 um EP he (CERN) + 50 um BCP +220 um EP (KEK) + bake
1,00E+08 T T T T T T T 1
0 5 10 15 25 30 35 40|

20
E... [MV/m]

Figure 6: The cavities after bakeout show no Q-drop. One

cavitiy 1s limited at 30 MV/m due to strong field emission
and available RF power.
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Passband modes

A A A A S A T .
—- —- —- —f—- 3
&
H'| Ij
Iy
n/4 k
i
LLUR]
2n/4
3n/4
ra Pl AP

http:/ /de.wikipedia.org/wiki/ Gekoppelte_Pendel
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http://www.youtube.com/watch?v=IAPWpViY19A

Typical storage ring cavity (LEP)
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Summary

The pillbox resonator (TM,,,, mode) allows — as a paradigm - the analytical
description of typical accelerator parameters, such as peak surface fields (E and H),
power loss and Q-value, shunt impedance, geometrical shunt impedance, geometry

factor, etc.

« Real » accelerator cavities are designed by making use of computer codes such as

Microwave Studio, MAFIA, SUPERFISH, etc.

The response of a cavity to an RF pulse is well described by lumped circuit networks,
in particular by the transmission and reflection of an electromagnetic wave at a

discontinuity in the line.

An algorithm is presented to determine the coupling factor 3 (or the reflection
factor p), and finally the unloaded Q-value Q,,, the accelerating voltage V

(accelerating gradient E) and the surface resistance R_.




Interaction of cavity with beam

o Descriptive introduction
o Analytical introduction

® Transfer of RF power from the cavity to the beam

The fundamental mode power coupler

® Transter of RF power from the beam to the cavity
Higher order modes and their damping

e The frequency tuner

° Summary
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Descriptive Introduction

THE SUPRACONDUCTIVITY

LIKE THE WAVE PROPELS THE SURFER
FI FCTROMAGNFETIC WAVES ACCFI FRATE
PARTICLES

L il

THE USE OF SUPRACONDUCTIVITY TO INCREASE
PERFORMANCES AND CONSIDERABLY REDUCE
ELECTRICITY CONSUMPTION

ACCELERATING SUPERCONDUCTING
ELECTROMAGNETIC WAVE ACCELERATING CAVITY

MADE OF NIOBIUM
LIQUID HELIUM
’}’ COOLEDTO-25%"C

JUAS Lecture Archamps 2008
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Particle passing through cavity

VIV L SV VIV
SANNT” ANNT
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Analytical Introduction

t=3T/8B

WAAVAVAAVA

) - > -

BNUAAN

V = E(Z]:ﬁ)&]"‘ E(Zg:rg)AZQ + ...

=V = fE(z, t (z)) dz
E(z,t)= E(z)*cos(wt + @)

t = zlv

400

Vip) = f E(x)*coszw/v + @) dz
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Transfer of RF power from the cavity to the beam 3

V
L — R Z
C
%
I,—1,+1, =— V
C T s LA, = —
7 .
Iy =2l A circulator guarantees that under no
circumstances there is no reflected wave
\V impinging to the RF generator
ILCR = Ig - Ir - Ib,RF :Zlg - Ib,RF —
lcr =V i+ia)C +£ @, S
LCR — ia)l_ R ° \/E

With @} — 0* ~ 2o,Awand Aw < @

:)V _ZACO+ 1 14_1 :M
w 1oC\R Z 1C
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4 N
Transfer of RF power from the cavity to the beam 23

Re-write preceding eguation

v _2Aa)Jr 1 (1+1j :2|g—|b,RF
) IoC\R Z 1cC

In cavity parameters

v[ 1 [1 +1j_i Aw J:' 1
ARQNQ Q) @RQ)) * 277
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Transfer of RF power from the cavity to the beam s/

( 1 [1 1J‘i Ao }_ 1, ® Minimize reflected power
2RO\ Qe Q) w(RQ)) °* 2°F

ext 0

V 1 1 . : VAw
= ]g = 2(R/Q)(Qext + QO]+[DC cos®d — {]DC sm P + a)(R/Q)J

1

1 .
< for sc cavities
0 ext

B V o V 1 _1 B I i VAw
Ir_Qext'(R/Q) Ig 2-(R/Q)(Qext on | 5o COs D I(IDCSIn®+a)(R/Q)]

Actions: 1) compensate « reactive beam loading » to zero by detuning Ao
( /Q) DC SlnCD

2) define optimum Q,, for nominal beam current for1,=0 Qe opt =

Aw=—-0-—"—=

Vv

™~

1

- (R/Q) ext

Check: I:)beam,r = I:)g,r - I:)r,r =V -1 -cos D

RF power o
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2-(R/Q)l . COSD




e

Air cooling inlet————

N .
Displacement mechanism \|___ ¥

RF screen

Capacitor for DC bias | 2

The fundamental mode power coupler

Air inlet antenna

Air pressure interlock

1 Bellows

_——+—Motor drive

iy

Short circuit

RF input : N
N\
Ceramic window |
|
Antenna (copper) &; N '
. |
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LHC solution of the power coupler
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Transfer of RF power from the beam to the cavity
* Need for Higher Order Mode (HOM) coupler

Imagine worst case
1. the cavity resonant frequency is « tuned » to a spectral line of the

beam
2. Generator switched off, 1,=0.
SN B 1 — Aw=0,0=0
\% -~ TS | =1 __IbRF ’
(Z(R/Q)£Qext +QOJ Iw(R/Q)] ¢ 2

=V =—lyre (R/Q)Qext =—2-lpc (R/Q)Qext

This means that the beam is
decelerated.
Remedy: keep Q.,; as low as possible.
V? V?
Output power (reflected): h=07~ 2-(RIQ)Q 2:(R/Q)-Que - I5c

15t example (LEP); RF Generator trip. 3
We obtain for the accelerating mode R/Q=2320Q;Q,, =2-10"; I,c =6 mA; P, =33kW

2"d example;
We obtain for the higher order mode with (R/Q) = 10 Q, Qext = 20000

V=-24kV=P =144W
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Higher order modes

394.01 MHz

—_
503.09 MHz

_\‘_\—

537.69 MHz

—h\

Fig. 3 Examples of modes of a single cell with wide beam tubes
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A typical HOM spectrum

Modes in SPL cavity

Numbers from Marcel Schuh

600
TMO010
500 A

400 A

200 +

100 A

R/Q [@]
W
S

‘Elll
0 1 1 1 1 | 1 1

TM110

dhy

T™O011

TMO021

o

500

1000

1500

frequency [MHz]

2000

2500

Cutoff tube diameter
140 mm

Monopole modes
Dipole modes
Cutoff

Cutoff
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How to deconfine HOMs!

Input coupler Door knob
GH[E‘ Wr"al‘f’E Tlmer RK{;:;E.:,: -': ]]]n l|]]
Rl ik
irjn=Na BiL) []
JK_HTL'!;EZHE f‘x!_'. _L_u I
e L = e =l
1 1 Tt ] | [T

Mag shield Ion pump 0 Im
LNz shield

Figure: 1 A sketch of the prototype module in TRISTAN Accumulation Ring.
Open beam tube

OK for single cell cavity, but high cryo-load by

thermal radiation

1h‘ctp: / /www.Ins.cornell.edu/Events/HOM10/ Agenda.html
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e
Damping HOMSs 12: Beam tube loads

Ferrites

CESR

low power handling
capacity if cold
higher power handlin;
capacity if warm

mechanical and

vacuum design not
casy

Figure 1: CESR and ERL HOM loads. 1 — absorber
plates. 2 — flange to cavity. 3 — 5 K He cooling loop. 4 —
80 K cooling loop. 5 — 80 K heater, 6 — 5 K heaters, 7 —
HOM pickup.
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/Damping HOMS 22: Resonant coaxial transmission line
dampers

® Compensate internal impedances: The HOM coupler becomes a
resonator coupled to the cavity resonator. It may have two
cigenfrequencies.

Obtainable Q__.: 50

® Pros:
Couplers with several resonances possible (HERA, LEP, LHC, ILC are of
this type)
Demountability
Fundamental mode rejection:
* LEP: Fundamental mode E-field rejected by stop-filter in front of HOM coupler
* Fundamental mode H-field rejected by loop plane perpendicular to cavity axis
* Risk of detuning of notch filter
® BUT: High currents request for superconducting material
prepared under ultra-clean conditions (like the cavity) and IHe
cooling

® Prone to electron emission from inside cavity
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Resonant coaxial transmission line dampers:
Technical solution 13

LHC HOM coupler
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Resonant coaxial transmission line dampers:
Technical solution 23

SNS HOM coupler
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Resonant coaxial transmission line dampers :
Technical solution s/

\/

J

K(—\

=

r

TESLA HOM coupler
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The frequency tuner

The frequency of the cavity must be tuned to the harmonic spectral line of the

™~

bunched beam => need to develop a frequeney tuner. Slater’s theorem states

that

j(&'oE ILI()H )’V
_ 2
=— j (90E +IL10H )I'V
IL/—f‘\.fv\'(\_i‘\_uplunger

O -~
Wullipasting I

NEN/AVANTA /@ \uuy
TANNNTT
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e

Mechanical oscillations

Frequency = 173 Froquency = 38.872 Mz

Froquency » 33.772 Hz

Froquency = 31.8 |

Fig. 20 Mechanical resonant modes of a 4-cell, 200 MHz cavity with 8 mm wall thickness. The low resonant
frequencies spell trouble in the form of microphonics. Reducing the number of cells or stiffening is essential.

For example: at LEP, radiation pressure on the cavity walls of about 1000N in total possible
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The LEP solution

| He tank |

cold gas
inlet

warmgas| | heater | cold gas
outlet inlet

J‘YW!J N\

Nlckeltube
ma gnetostrictive)

Nl

magdield
colls
with heat

exchangen
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Integration into LEP cryostat 1,2
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Integration into LEP cryostat 22

VECUUM AND HELTUM THNKS

MAN COUPLER
—

ALIGNMENT

HOM COUPLER ISOLATION CONNECTORS
YACUUM VALVE T VACUUM VALVE
—
VACUUM TANE
—
. HELIUM TANK

GAZ COLLECTOR

HOM COUFLER

END COVER

BEAM PIPE
CRYOGENIC DOME
SECURITY DOME

SUPPORT FRAME |
FOR TUNING

SEALING SHEET
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Comments:

The LEP cryostat could reliably be
operated under CW conditions
with beam and in pulsed
conditions without beam in the
present LHC tunnel environment

(1.4 % slope).

It is worth noting that the IHe tank,
the gas openings, and gHe
collector were relatively small.

Pulsed operation: The thermal
diffusivity &=A/(c"p) is such that
it takes ~1 ms before the
temperature pulse arrives at the
niobium helium interface =>
advantage compared to CW
operation.

This cryostat was tested under
pulsed conditions with beam
in the CERN SPS.

/




Cryomodules 1,2

——

-
)

T ryr~
. . - -
= \ <
o .v“gi'.‘.’i} e '-'0“_ \.'
2 - ‘ - e
SR Wl RWMES B L
% e iy
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g Cryomodules 2

¢ installed in LEP tunnel

~o®- -
A e
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Ufor large storage rings such as LEP
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Summary A

A lumped network circuit diagram allows an analytical description of
the interaction of the RF cavity with the beam

The cavity is designed to minimize the retlected RF power (which
would be wasted anyhow in a load) by eliminating the « reactive beam
loading » through tuning the frequency of the cavity and by matching
the external QQ to the nominal beam current.

The beam consists of bunches passing the cavity in fractions of
milliseconds! that may excite higher order modes (HOMs) of the cavity
to high voltages, if not sufficiently damped by HOM couplers.

Frequency tuners are in addition needed to damp frequency shifts from
mechanical resonances excited by external noise sources (microphonics)
or the interaction of the electromagnetic pressure with the cavity wall
(Lorentz force detuning).




Technological issues

o Cryogenics
U Anomalous losses:
o Residual losses\magnetic shielding
° Electron field emission
o Electro polishing
° Electron Multipacting (dust free assembly)
o Heat removal (Quench - the role of large thermal conductivity, Coating a copper cavity
with a thin niobium film)
o Quality assurance and stochastic parameters
o Cavity production
o Improvement of cavity performance
o Summary
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Basic Cryogenics A

First law of thermodynamics:
The energy of a closed system stays constant.

Second law of thermodynamics:

dUu =K+ =0

The entropy of a closed system can not decrease. R =TdS
A 3 refrigerant
. 1 - ) ® Heat always tlows
7 " 3* |condenser p from a warm region
S — - — T N4 5
e - (. to a less warm
F Om_ coolant compressor
1y - - ] reglon
T 6
expansion A
valve ® The most common
N Tt Tk 7 cooling principle is
’_' Km medium which | d .
: mpression
{ 7, -ge_ts_c_ooled 0, €CoOmpressio
7. :
“ 8 evaporator (thrOttehng)
9

Schematic of cooling cycle, Kaeltetechnik A, S. Grohmann (ITTK, KIT)
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Basic Cryogenics

Carnot efficiency

e In the ideal case the AT’s are

JA 1Ty Zero.
Ly e With the 1st law of

thermodynamics the work of

the compressor is given by
Lt = Qu _Qo — QO(QU /Qo _1)
= Qo (Tu /To _1)

® The Carnot efficiency M,

for a refrigerator is defined

| AT as
W= _.__—; S Hc :QO/Lt :To/(TU _To)

Schematic of cooling cycle, Kaeltetechnik A, S. Grohmann (ITTK, KIT)
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minium energy needed in J/]

~

w
(2l

w

N
[®al

N

—_
(2l

—_

e
&

0

Basic Cryogenics

minimum energy for cooling and heating

T,=20°C=291.15K

cooling || heating
-~ >
Imin :TU -1 E Imin :1_T_U
Jo T | Jo T

0

100

200

300

400

temperature in K
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Basic Cryogenics cont.

pT-curve, Material properties

10000 3-
5 solid
: ]
a
1000 —
3 supercrifical
T Hel He m
] % critical
= Critical - point
2 SO]]d quUld point 3 pressurized saturated Hel
é:) ; He II
-
10 vapour
Vapor :
Triple point ]
sgturated He [l
Temperature ; : I e = [
0 1 3 A 5 7
T(K)

Schematic of a phase diagram,

http: / /moodle.zhaw.ch/mod/book/tool/ print/ index.php?id:63256 Phase dlagram of hehum’

CAS 2002, G. Vandoni
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: Basic Cryogenics cont A

He Il and superfluidity ® One of the few macroscopic quantum

' Schematic of phenomena
fountain e Special effects
effect
experiment  ® Extremely low viscosity in thin channels

HEATER

® Very high heat transport capability

— PLUG

® Can be described by two-fluid theory

10
__1 r ﬂ _n E Pn /P
— = B i
| N [ S I S D S iy S 8
— — — === - — 2 os| \ i
 — — E B
— \_/ E \
i
1
0 ' —
0 10 2.01[
T(K) '
- /N /N / Ratio of normal and superfluid densities of He II

Schematic of film flow experiment
All pictures on this slide by: S.V. Van Sciver, Helium Cryogenics
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Thermal Conductivity £ [W/m-K]

@

Basic Cryogenics cont

Thermal conductivity |mmmnc!
‘06 —N; (L) 2
5 He ll s Stainless Steel
10 Al6063
(Keff) = Diamond
— N ater
10* | === Copper
Diamond
1000
100
10 4
Stainless Steel
i H,0
)
Hy(L)  N,(L)
0.1 Hel(k,,,)
| He(G)
0.01
1 10 100

Temperature T [K}
M. Murakami, Cryogenics, Volume 52, Issue 11, November 2012

1000
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® The change in thermal
conductivity in helium
increases seven orders of
magnitude at the lambda
point

e Atlow temperatures many
material properties can
change very rapidly with
temperature .

® e.g heat capacity,
electrical conductivity,
vapour pressure




SC vs. NC

For 7y =300K and 75, = 4.2 K, . = 1/70. The ‘thermodynamic efficiency’
a=We /W (4)

*

s the ratio of the power W, needed to operate the compressor in the 1deal case

to the 'real' power . The total cryogenic efficiency 1s
ncr=Q2’HW:(Q2’!Wc)(Wc";W)zncntd : (S)

With 1n¢g= 0.3 for large units the total cryogenic efficiency is 0, = 4.5 X 10-3.
Unavoidably, in an sc accelerator some power P, flows into the liquid He, even in the absence

of RF (standby heat load of cryostat). The efficiency 1 for a sc accelerator of RF-to-beam
power conversion is then

=1+ (P, + Py )/ (Poller)] - ©6)

As an example, for the sc cavity and cryostat for LEP with P, = 50 W, Py =50 kW

and P = 25 W, we obtain a total efficiency of 17 = 0.75, which 1s larger by a factor of 5 than
for a conventional RF svstem (Table 1).
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Anomalous losses

Log R
Resdual N So-called « anomalous losses » account for all
"""" > 1/7 contributions to the RF losses that are not
quench 00 v described by the intrinsic parameters of the
: superconducting material (critical temperature,
. s, critical field, BCS (or two fluid ) surface

resistance R, etc.).
These anomalous losses show up as heat and

Multipacting \f Y

log 0 1 ’ are visible in the R, (T) and Qy(E,) plots, as
Field emission ™ well as in the « temperature maps ».
>E,
logQ

Non quadratic
loss

logQ ’

Hysteresis M
("Q-switch™)
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Magnetic shielding

© Why do we need a magnetic shielding?

Normal Core Magnetic Field Lines

Superconductor

Supercurrents

R, [nQ]=3H,,[uT1y f[GH:]

Tobias.Junginger@quasar-group.org
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Eocc’34 MV/m
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Electron field emission 14

Impact energy and differential heat load




4 Electron field emission 24

° Typical particulate emitters containing impurities

S %

AccV Spot Magn  Det WD )—m)nm

5.00kV 3.0 65301x TLD 438

ot Magn  Det WD 1 2ym
8231x SE 47

[]]
E,.(2nA) =140 MV/m Eon(2nA) = 132 MV/m Eon(2nA) > 120 MV/m
B= 31, S = 6.8-10°6 pm? p=27,5=7-10°um? B=46,S=6-107um?
SiNb
Al Mg Nb
Al
;..;0441.00Mg 1.50 2.0:‘2‘ 2.50 3.00 3.50 4.00 l.....n.;l...._...u II-IILIIL!-]H-ILHL.I-..L.-...IL._.J;. [

JUAS lecture 2017: SC RF Cavities - Caspers/Wendt /




4 Electron field emission 34

e Fowler Nordheim theor
‘ Field emission of electrons from flat metal surfaces \

Electron waves of bound states in a metal can tunnel through the potential barrier V(z)
at the solid surface into vacuum by means of the quantum mechanical tunnelling effect

Metall Vakuum
0 E VL V(z) = -e-E-z -e2/(16mne, 2)
1 ““fb “¢. \I A® for E = 2 GV/m work function @ of metal
N\ applied field E on surface
image charge correction
AD = (e°E/ 4ne,)”
“WF

n(E)

Calculation of the current density j(E) within the Fowler-Nordheim theory results in

4 EE B(Dmv( },) with constants A=154 and B=6830 and

J(E)= — ——exp| - slight correction functions t(y) and v(y)
D7 (») E ®=4eV at E=2000 MV/m = j= 1nA/um?2
G. Miiller, 15.11.2006 %‘E}@ Bergische L tat Wuppertal ﬂ;? CARE0S, Frascati
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e

Electron field emission 44

® Clean room preparation mandatory
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Electropolishing: How it works

® The metal is immersed in an electrolyte and subjected to direct current. The
metal part to be treated is made anodic and under certain conditions, a

controlled dissolution of the metal is achieved.

DC Power
supply

(D)
©
(@]
c Anode
)
(0]
@)

; / (Part to be
Usua||ya|’l'l’1lgf]c|g/XiCIé)rl‘OSIve electropolished)

chemical solutions
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4 N

Electropolishing vs Mechanical based polishing

® Final roughness is function of initial surface finishing and
removed thickness

hundreds pm

- Mechanical polishing Electropolishing

Usually highly corrosive and/ or toxic solutions

sagelueApesi(]

Handling;

o

® Process equipment;

® Installation to process extracted fumes;
o

Installation to process waste water.
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Electron multipacting

emission in resonance with RF field.

cavities.

1002411

Localized heating by multiple impact from electron current due to secondary

- v w
‘“u-‘-'.h:.-.;‘.‘h.‘
L]

Historically this phenornenon was a severe limitation for the performance of sc

The invention of the “circular” shape opened up the avenue for higher gradients.
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a N
Field limitations - thermal breakdown

*  QOccurs at sub mm size defects with high resistance
RF currents flow through the defects
Defects heat up due to ohmic losses

* Area surrounding the defect is heated as well

Thermal breakdown occurs if the surrounding area is heated above TC

@) sttt (b)

1 smme
=
0 mK AT 50 mK

From H. Padamsee: CERN -2004 - 008
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ll_l.ll_l

L

e RRR =13
s« RRR = 40

Fig. !: Thermal conductivity of reactor grade niobium
(RRE=40) and niobium of higher purity (RRR=113})

Heat removal

® Thermal Improvement of thermal conductivity for Niobium sheets

Cause for “quench”:

(a) T & (b)
Temperature

Temperature

---------------- Tc

Defect Defect

Hmax = '\’(4“ c—Te)AM(Rp1)) .

RRR.... residual resistance ratio
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g Thin film Nb coating

® Coating a copper cavity with a thin Nb film

® Important role of high thermal conductivity substrate (Nb/Cu cavity)
-"w ]
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a Improvement of quality assurance efforts: N

~d — EaMV.m|
35

hj(ghﬁ
E=18.21+ 2.6 MV/m

. et~ Ea_ MV LmL
30 35
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10 15 20 25 30

Ea MVim,
35

Nevertheless, in spite of all technological efforts, performance of sc
cavities is often stochastic
Yield
30 0
‘ 4 10 Hz individual limits 4 60 Hz collective limits ‘
25 . I
8
.
20 & . +—¢ +- . 4 #. -4 ’¢vv’
* * A * * *
E b g0t oo MRY .. . ‘e ¢ ‘x‘ N ‘e . ¢ s Yon 6
\%15 LN o b AQ_‘AA’ : AA‘A K ) o4 PN SN M R AA -
g 0ot 4h RS L AA R R A
i AA: : A ' ¢ o A ' ‘A: B !
10 N A N A 5
2
5 I
0 L o o o e e e e e B B e e e L 4 e o e e e e AT T T T T T T T T T T
N RO A AR R I TSI I G s OGRS Yield
Cavity number 1.0 |
Source: I. E. Campisi and S.—H. Kim, SNS Superconducting Linac 08 1
operating experience and issues, I
Accelerator Physics and Technology Workshop for Project X, November 061
12-13, 2007 I
http://projectx.fnal.gov/ Workshop/Breakouts/HighEnergyLinac/agenda. 047
html I
02}

low B

E=17.1£19MV/m

EallMV mL

/




e

Stochastic parameters

(foreign particles
sticking to the surface,

size, density)

Y radiation

HOM coupler quench

Nordheim—theory

Influencing quantity | Impact quantity Physical Cure
explanation
Field emission sites Q — value / acc. gradient Modified Fowler- Electro-polishing

Assembling in dust-free air

Rinsing with ultrapure water (control of resistivity
and particulate content of outlet water) and
alcohol

High pressure ultrapure water rinsing (ditto)

“He- processing”

Heat treatment (@ 800 — 1400 °C

Secondary emission

coefficient O

Electron—multipacting

Theory of secondary

electron emission

Rounded shape of cavity
Rinsing with ultrapure water
Bake-out

RF - Processing

conducting inclusions in

Nb

critical temperature of
Nb

Unknown Q —slope / Q-drop Unknown Annealing 150 °C
(Q — value / acc. gradient) Electro-polishing
Metallic normal- Acc. gradient Local heating up till Inspection of Nb sheets (eddy current or SQUID

scanning)

Removal of defects (= 1 pm)

Sufficiently large thermal conductivity (30 - 40
[W/(mK)])

Residual surface

resistance

Q — value / acc. gradient

Unknown to Iarge

extent

Quality assurance control of a multitude of

parameters
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Forming

EB Welding

: Ti purification

Chemical efching
100-200 um

Annealing
800°C, 2h
(or 600°C, 10h)

Chemical efching
5-20 um

MEIEERRRERE . . .. RN EERN ]

:  Specificrinsing  :

High pressure
rinsing (HPR)
—
Assembling
—

BCP
EP

Baking, 120°C, 48h
*  Postprocessing :
!IIIIIHIIIII-
Test RF

: He processing, HPP :

@ JUAS 1

WHY

Clean welding

RRR enhancement

Remove confamination and
damage layer

Get rid of hydrogen

Remove diffusion layer (O, C, N)

e.g. remove S particles due to EP

Get rid of dust particles

Ancillaries : antennas, couplers,
vacuum ports...

Decrease high field losses (Q-drop)
Get rid of “re-contamination” ?

Cavity’s performance

Decrease field emission

COMMENTS

Nb = getter material.
If RRR/ 10 @ welding => Q/10

RRR 300-400 now commercially available

Limitation : BCP ~ 30MV/m; EP => >40 mVV/m
but lack of reproducibility

Source of H: wet processes
H segregates near surface in form of
hydrides (= bad SC)

Diffusion layer < ~1um in bulk, a little higher at Grain
Boundaries

Underevaluation
HF, H,0,, ethanol, degreasing, ...

Not always enough (recontamination during assembly)

In clean room, but recontamination still possible

Unknown mechanism, first 10 nm of the surface in
concern.

Underevaluation: dry ice cleaning, plasma

First naked cavity in vertical cryostat, then dressedin
horizontal cryostat/ accelerating facility

RF power with/ without He to destroy field
emitters (dust particles)

NB field emission : principal practical
problem in accelerators

re 201 7: SC RF Cavitiegrgn(;@spg@g%wwLimitations & possible solutions ,CAS 2013




" Improvement of cavity performance

Lilje & Schmueser

" : SE— S [
@ =
a0 60 mvu% : Ll TR ..
ﬂlﬂ.l.le.o.!. . @ '.
Q, " . ol . Q, "
] ‘e i r
o Y : i “_..,q
?’, prormyr— I i . @ before HPR
10° | C" l ®  afier HFP | 10# .: | -It aifber HlPll
0 b 10 15 0 25 30 3 10 15 20 25 30
E, MV E, [MVim]
1|]"=.........|................... {1 —
C (e 1
[ :-ri_ynn'l: m....ii'.' ....' (d} 1
Wﬁ!o}oﬂ:‘?t.u-. Gmnonnno . -
.|_r &
Q[, mn:_ quench guench '-\ i Qﬂ 10" L aa )
F nnqumh @ ]
[ | itaed by amphifier
* ms HT, RER 200 :h
¢ HT 800 C, RRRE 400 [ ] ©  first lest
= HT 1400 C, RR 770 &  second test
109....|...-.1....l....l....l.... 171 ] R e A A A e s et |
0 5 10 15 20 5 30 0 5 10 15 il fal 30
E, [MVim] E_ [MVim]

Figure 27: Improvement in cavity performance due to various treatments: (a) high power
processing, (b) high pressure water rinsing, (c) successive application of 800°C and 1400°C
heat treatment. (d) removal of surface defects or titanium in grain boundaries by additional

BCP. All tests were done at 1.8 K [Aune et al. 2000],
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Summary

o The choice of the technology (normal conducting vs. superconducting) depends on a
variety of parameters: mass of accelerated particle, beam energy, beam current,
mains power consumption, etc.

o If superconducting, the typical interval of RF frequencies is between 300 MHz and 3
GHz.

o The technically most suitable superconducting material being niobium, choosing
lower frequencies allows operation at 4.2 — 4.5 K, the boiling temperature of IHe,
higher frequencies request operation at 1.8 — 2 K. However, the cryogenic
installation is much more demanding.

° The production of sc cavities requests careful application of quality control measures
during the whole cycle of assembly in order to avoid the degradation of performance
by « anomalous losses ».

o The « anomalous losses » contribute to an extra heat load, which is expensive to
cool and which may limit the performance.
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Diagnostics 1z

® Many features of the cavity
can be tested by RE-

measurecments.

® But losses, which occur in
the form of localized heat
can only be detected by

additional diagnostics.

® The classical approach is

temperature mapping.
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4 . .
Diagnostics s

® Temperature mapping equipment (~ 1980)
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Diagnostics sz

* Temperature mapping results (today)

@ it (b)

0 mK AT 50 mK

Fig. 16 (Left) Temperature map at 400 Oe of a 1.5 GHz, single cell cavity showing heating at a defect site,

labelled #1 and field emission sites labelled #2, 3, and 4. (b) SEM micrograph of the RF surface taken at site #1

showing a copper particle [5].
From H. Padamsee: CERN -2004 - 008
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Diagnostics 4/s

® T-mapping for the diagnosis of anomalous losses

AT[mK]
12000

L

6820

3g2e

Fio. 4: Temperature map of a 500 MHz cavity at
Eace = 12.5 MV/m. The temperature increase AT

of the outer cavity surface is plotted against
the surface coordinates s(z) and s(¢)(z=length
in arbitrary units along a meridian, ¢ = azi-
muthal location)
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Diagnostics s/s

* T-mapping for electron field emission diagnosis

TEMFERATLRE  AUM LEE1 ERCCIT

14 @ muem 53 -23 .19 --

loER -

== EACCATY 4.8 Ml S0 -23 a0 -

-+ EAGECT) 4.0 MR S0 -£3.18 -~

POER [ e “'EPEH [4]
1yLE =4

F N — 1508,

. — ' S—
| ‘ l
I_‘u‘l-

— |

+
1D ﬁ X f
.
, i
E ] “ I3 -
J'C,' " L E—— M—‘-—---s-o".:c"s - et ';—-1-: -
(| TIme— —_— -
| S " L ; ' . + .

- dedR @ o 6. 0808 - GRAR . — . i . . . .

N LT TS ]

s [om ] -
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EETR  333. ARE# 4E1430- 14 (Pae2)  EPEAL SISELEtRT MM
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g DiagnostiCS e/s an Introduction to 0STs

* Second sound in superfluid helium

First used by K. Shepard at Argonne NL for detecting the quench location

in split ring resonator O ST

<« normal fluid

CLITTT T

[

glue

|

> superfluid

|

A

Hannes Vennekate
g VW g W . - = o
EHT = 20.00 kV
Detector = SE1 Date :21 Feb 2011
. Mag= 5.00KX Maud Scheubel EN/MME-MM
Mohammed Foualdy
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g Diagnostics s

® Detection and localisation of quenches on superconducting RF

cavities by the measurement of the second sound with OSTs

® The localisation of a quench can be done with a relatively small

OST 1 T/\ﬁ

e

number of sensors

OST 2
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Diagnostics s/s

OST signal
0.2
0.15
- Speed of second sound in helium
0.05
020 1
0 E \/-\
0.001 0.002 0.0 0.004 0.005 =,
-0.05 ©
0.1 J S15 -
o
0.15 N
time [s] -8 Green line: values from Hepak
810 - (helium property programm)
3 Red line: temperature from
“— measurement
o
§ 5
® This measurement was a
done at 1.977 K 0 | | | | |
0.75 1 1.25 1.5 1.75 2
* v,(1.977K)=17.14 m/s Temperature [K]

° Signal of the measurement at t=2.52 ms

* Distance to heater v,t=4.32 cm
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State of the art SRF research

o Reaching ultimate performance with bulk Nb cavities
® Maximizing the quality factor Q,
° Reaching high accelerating gradients E_.

° Beyond Niobium: New materials
® High temperature superconductors

® Low temperature superconductors: Nb based materials
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High Q versus high E_ ..

* High Q is crucial for cw applications @ High E___ is crucial for pulsed

(e.g. light sources) applications (e.g. particle
® moderate E___ (12 — 20 MV/m) physics)
[ ) Cryogenics 1S cost driver 1 d MaChlne size 1S cost drlver.
* High Q reduces cryogenic load U f\ m
P ~ EZaCC/ 1. Generation Tesla Shape Low Loss Shape
( diss Q) U U U
POEe o~ * | @ Single-cell ° .
= - — | m Multi-cell s S 5
T 4.2E+10 - 1.3 GH e =] K Rcer:;r;tran!, o
U] :1.5 GH; scaled ¢ 00 PY 8 % | Project spec. - o - 8
™ e < i . S <
o 3.4E+10 - ve o & _aof . A
E = E . - =
E 2640 e 2 2 3 . . T 1ke =
= X - | - -
" jan! ur i T XFEL T
X O1BEH0 - - - oo o = 20 - — wors| .
% ° e o ILC, at134 mT 'é = Upgrade camet Y '§
g 1o+ g%{;* Ye----- -8 10 | o -5
o Upgrade, at . .
P S L S I SR R I . ©
1975 1980 1985 1990 1995 2000 2005 2010 2015 1975 1980 1985 1990 1995 2000 2005 2010 2015
Year Year
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Maximizing Q: ldeal and Reality

® In the ideal case: Is Q constant up to the theoretical limit?

® Recent theoretical calculations yield increasing Q for increasing rf

field.[See B.P. Xiao et al., Physica C 490 (2013)]

11 1
10 |Residuall losses| | Ideal Q curve?|
1010 Low field Medium field

Q increase Q slope
Q ___
High field

9 Q drop
10

8
10

0 25 50

Accelerating Gradient [MV/m]
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Maximizing Q: Improving treatments

10” 3 I v I Y I p T Y T

. o) . . . . 3 3
® Baking at 800”C with injection . .
E [ ] é
of N, degrades cavity 6x10° £ / \
E 13GHz ' Q~9e10 @ 1.8K! 3
performance. | anemeteten,
C ' Qe °
e After the removal of several s I & iy
T ey " e
L L] 3
um by EP, the performance N “e., _
. . [ *e e, ® o
increases and exceeds baseline. ' 2K
" ® |LC standard recipe (EP+800C+EP+120C)
- o 1 N dc?ping lFermlilab : . : . :

* Q slope reverses to “anti Q

0 5 10 15 20
slope”. E,__(MV/m)
* Comparison with Argon ° Experimental data in good

suggest interstitial effect agreement with B.P. Xiao’s

instead of NbN formation. field dependent model.
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e

° Cooling speed through T_and

spatial temperature gradients

impact the residual resistance.

® Measurements of the ambient

Rs [n9]

field suggest that changes in flux
trapping and the creation of

thermal currents cause changes

Maximizing Q: Improving cooling procedures

RI'ES

X Cooldown:
13.5nf}

O Cycling 1:
5.4n}

{ Cycling 2:
5.9n0

O Cycling 3:
7.5n0)
Cycling 4:
5.3n02

in R . 0.5
res
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Achieving maximal gradients

* Worldrecord E,__ =59 MV/m ® High performing cavities are

(Q =4-10%) limited by field emission or
11 quench
2K é.i?]gCIBeHCze" ° Avoiding ermission sites by
... BukNb |
--------------- ® Centrifugal barrel polishing:

grinds larger defects

® Improved Electro—polishing:

smoothens surface on sub-

Geng et al, WEPMS006, PACO7

um scale
S U D DU DU DU P ® Cleaner handling: avoid (re-)
0 10 20 30 40 50 60
Eacc [MV/m] contamination
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Surface Preparation

e (Centrifugal barrel polishing: ¢ Electro—Polishing:
S P - ® Best surface finish for cavities

® Mechanical removal and
smoothening of the surface with ® Final roughness depends on
abrasive “stones” initial surface finish

2 from: L. Ferreira,
1.5 N B2FiftyTwo Seminar
£ \ Jan 2014
3
- 1
§ \
0.5 \
0 ;
0

20 40
Removed thickness / um

i% E ® Clean handling:
é ; ® Any preparation of the surface
Al
and the final assembly needs to
® Produces a new damage layer that be done in a clean room (ISO 4).
need to be etched. ® Re-contamination has to be

avoided.

@ JUAS lecture 2017: SC RF Cavities - Caspers/Wendt /




Materials beyond Nb: Potential Benefits

* Higher Q due to lower BCS surface resistance:
® Reduces cryogenic dynamic losses (operation costs)

* Allows operation at higher temperature (reduces cryogenic
static losses)

o Higher accelerating gradients:
® Reduces installation costs due to more compact accelerators
® Reduced materials costs

® Inexpensive materials, well formable, high thermal conductivity

* Simplified fabrication and assembly
® Separating cavity shape from rf surface (Coatings)

® More ﬂexibility in design of cryomodules
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Z00 of Superconductors

200 T 2: T I I 1 !
@ LTS
HgTiBaCaCuO ¥ Hiosansies
150 | TiBaCaCuO VSR 4 A  Fullerene bases SC
BiSrCaCuOg HgBaCaCuO @ Dpnictides
100 F m— @ otherSC
Y.
o 0
=
g;- 5 F pnictides
g MgB, !
Rt 40 ® °
© RbCASCGO
:..E 30 I8 LaBaCuOo ‘
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NbN® @ v.si KCeo OLi @ 33GPa
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®Pb
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Materials beyond Niobium: Requirements

* High critical temperatureT : Rgcg X e(=/ kT); T. < A
® Small penetration depth A: Rgcg « A3

* High critical field H_: Operation at high gradient
* High thermal conductivity: prevent quenches

® Compound phase should be stable over a broad composition range
® Compound phase needs to be stable from 2 — 300 K

® Material should be inert and formable
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Classes of superconductors

Nb Low Temp. SC MgB, YBCO
T, [K] 9.2 10 - 20 39 > 90
A [nm] 40 60-180 140 150-1000
H_ [mT] 200 200-600 430 1400
K 0.8 20-130 40 100
remarks 2 sc gaps Ceramic, anisotropic

applications
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o High temperature superconductors are not suitable for srf

e Not all parameters are known for all potential candidates.




LTS: A15 & B1 compounds

A15 structure A;B

Phase diagram of the Nb-Sn system
® A atoms: transition elements

A Godeke, Supercond. Sci. Technol. 19 (2006)

R68—R80

2500_ rrrrrrrerrr e e e e T e e e e e e e e e e e
50 TT T T T m
® B atoms: non transition or transition _ oL gl
2000 * ! :Tetra onal B:
elements [ wf T Gt
ofi
. : L lu 1 1 .J.:l
[ . — i 3 Sn + Liqui 0 > 5
Stable and high T : Nb;Sn, V,Ga, V,Si, > o | e ORERIER
M O 3 Re % [ o-Niobium
g [ and NbySn |
g 1000 i ! " Nb,Sns + Liguid
® A15 compounds are not formable due - G R A —
to extreme brittleness j | Nbsr Nbsn,
500 2 I\ NbySn + NbgSns '/ '/ NbSn, * Liquid
i —-I: ‘ \ NbgSns + NbSn, 231.95C
B1 structure AB ; ».,
00. - IIIDI - IZIOI IBIOI - I4I0I - ‘SJOI - IGIOI - .'IlO‘ - ISIO‘ - I9I0I —
® A atoms: metallic Atomic Sncontent [%]

® B atoms: non-metallic

* Stable and highT_: NbC, NbN

@ JUAS lecture 2017: SC RF Cavities - Caspers/Wendt




A15 compounds: Nb,Sn

¢ [.ow thermal conductivity would favor coating a copper
cavity with Nb,Sn.

° Only successtul fabrication so far: Sn vapor diffusion into Nb

cavity, alloying Nb;Sn (Wuppertal 1985, Cornell 2013)

11
|- Coating chamber in 10
UHV furnace at 1100 C
Nb cavity 10'°L
-
substrate o Lol L
@]
——SnVapor [ JO R SR
10° | — |
ypical Q(E) niobium 3
_—~ Auxilliary Heater e 2 K,1.3 GHz (]
for Sn container at L — - 42K13GHz |
1200 C 107, 5 10 15

E_ [MV/m]
acc

Both pictures from: Nb3Sn for SRF Application
M. Liepe (Cornell), WEIOAO4, SRF 2013
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Summary

® For now, only high Q at moderate E__ or high E___ at
moderate Q can be achieved.

® The high Q research tries to understand loss mechanisms and
develops new recipes to minimize the residual resistance.

®* Maximum E__ can only be achieved by high—end surface
preparation. Improving polishing and cleaning procedures is
mandatory for multicell cavities and serial production.

® New materials have lower BCS surface resistance (higher Q)

and/or higher critical field (higher E ).
® HTS are not suitable for rf applications.

® Nb,Sn is the most promising alternative material so far.
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A

nc

SC

AE = AE, — AE, =
1

Hy Hy
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‘Surface tension at nc-sc interface 1/2

Fig. 1: Interface between normal
to superconducting metal for a
type Il superconductor with A > &.
b denotes the (microscopic)
magnetic field and y describes
the wave function of the
superconducting condensate.

Inspecting Fig. 1, the energy balance DE between the
condensation energy E_and the diamagnetic energy E for a

planar interface area A and an applied magnetic field B, is

=5 BZA(r + 5)—i B*A(r+A4)




/Surface tension at nc-sc interface 2,2

For a type Il superconductor, as the penetration of magnetic fields starts from small filaments of
cylindrical shape located parallel to the interface, a more realistic way to describe the energy balance
Is based on a small half-cylinder of radius r instead of a plane, which will become normal:

1 T 1 T
AE =AE, —-AE, =— B2 .—. -~ B2 =(r+A) <0,

from which the threshold B”,; of the magnetic field for penetration is defined as

y

A

* r+§ r- 2?
Bcl> 'Bth : >Z'Bth: 'Bth'

Tr+A

x|~

In a type Il superconductor, the lowest value of the applied magnetic field B which induces penetration
as filaments of magnetic field into the bulk is called the lower critical field B.;, for which the
microscopic theory gives as exact result:

Inx
Bcl = Bth

N

very close to the previous one. In a type I superconductor, the lowest value of the applied magnetic
field B which induces bulk penetration of magnetic field is called the thermodynamic critical field By,
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Different mode families 12

electric field magnetic field

TMOI0): monopole mode
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Different mode families 22
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Transmission line 12

Introduction of the notion of reflection and transmission factors.

Ey = Ee ¥l




Transmission line 22
From continuity at the interface: E Vi +F yr = Eyt } 0
X =
Hzi+Hzr :Hzt
Medluml Medium 2
1+T'=7
N[ _] E % L2(_r)=¢
1 1 1
— I —=7— 1
H Z, Z Z,
Y1 4 ,» 2, Z
! 1+T =22(1-T)
Zl
y
= Z,~Z,
X X=0 L, +7Z,
z 27,
L, +7Z,




Response of a cavity to RF s

® Apply transmission line theory (to a one-port impedance):

V., =V, +V.
L |
) — It = Ii — Ir
V.=7-V. V. =TV
Zl Vr Vi Vt Zz : | I‘ !
V.=2Z,-1.
Vi=2,-1,
Reflexion factor p Transmission factor ¢
2L
—T = ZZ o Zl —> T = 2
Z,+2, 2+ 4
T = 2'22_(22_21):1
L, +Z,
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Response of a cavity to RF 2

* Reflexion factor I depends on position, the coupling factor 8 does not:

p-3 s
1+
| l | ﬁ = 4] o1
— =il
Z, V. | Vi V, Z,

(-1 o
‘F‘: ZZ—Zl _ ZZ/Zl_l .y ﬁ,lfﬂ_l
Z,+2,| |Z,/Z,+1

R e
p=>
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4 . N
Response of a cavity to RF s

® Determination of Q, and accelerating voltage/gradient
2 2 2
V=7V, = 2'BV:>V2 45 V= 85 V4 v

1
1+4 " @+p) @+ By (R/Q)(l?o/ﬁ a;_, )
P
83 |
=V, = (R/Q)-Q,
t \/(1 BY (1r]
_4 1—|—F’ﬁ_1
. Q, ﬂ_ 1+
1 1 1 g 1+ 9 |0 = (s p)0 P
_ — ext =1+ =0 |. =(1+ . g
QL QO ' Qext QO :>QO g(fﬁ‘ ) ﬂ wlz_'

E cc :Vt/L _/__ I N

1Y Remember

;7 L, % _R_1 R GV 1o V' _(RQ-Q
Lz, T B B BV2 T 20 B P 2aU B
5 P 5, R
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e

Response of a cavity to RF 45

e The response of a two port CaVity is equivalent to that of a one-port cavity
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Response of a cavity to RF s

\V

| Vt
= V. =

1—|r|ﬂ_1
" 1+ . B _ 141
VS RS
1 1 1 U V2
Q% Q e = =2 RIQ)P.,
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®

Transient Response 1,2

Apply Kirchhoft’s current law at node (1)

—+—J-V(t) Cﬂ+zz g() " COsat

Differentiate and transform lumped circuit
elements into cavity parameters by using
preceding “Table 7”

d2V+ wo dV
atz  Qp dt

Find the general solution of the

homogeneous dlgferentlal equation
2 Jieoy
14/1-1 A2 -t
V(t)=e 20, c1~e1 QL)@ +

Find the solution of the inhomogeneous

differential equation

V(t)="Vy-cosmwpt-1-

\

(1)

R .
+a)gV— 20" (Qj @ - W - sSm wt

. e-11/1-1/(2QL)2 o

N

Wt

e 201}
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®

0.75F
;[ F=0.5

.25

-0.25F
-0.5
-0.75

0.75F
0.25F

-0.25

-0.5
-0.75
-1

Transient response 2

undercoupled

Ve

° Oscilloscope Signal for Voltage measurement

p=2

| overcoupled y,

_—

/2 4 [ g 10 12
v
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® Determination of Q, and accelerating voltage/gradient (2)

V, =V, +V.
Remember: V.=V, +V.
p|= Vel . 1 method :
1- l WiV,

_ Ve
P==1 7 il
1+ \7 ViVl

i1—\\$f 1—ViVV
2"'method : B = L= |
T I
V V,
Vel 1

EVE7RN




