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Before we start...

— ... a big thank you to Peter Schmuser for helping me to
prepare the lecture.

— ... another thank you to the colleagues from the TESLA
collaboration and the field from superconducting RF
cavities for the material provided

— ... please check out the lecture notes for references. |
tried to give a lot of primary and secondary literature

« A good introduction into superconducting cavities is given in
[Padamsee et al. 1998].

» Short review articles are also available [Aune et al. 2000,
Padamsee 2001].

— ... let me inform you that this is a first-timer for me
giving this type of lecture: Please comment on the stuff
you didn’t like — and on the things, which you like.
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Outline of the lectures
 Theory first ... (Lecture 1)

— RF cavities (revisited — see also Juwen Wang)
« A variety of SRF cavities in pictures
* The Pillbox cavity
« Acceleration of a bunched beam

— Superconductivity basics
— RF superconductivity

— Limitations of superconducting RF (SRF) cavities
« Diagnostic tools
Surface and material science
Defects
— Thermal conductivity
Field emission
Multipacting
Increased surface resistance at high field
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Outline (continued)

— Practical example: TESLA cavities (Lecture 2)
* What is TESLA?
— Goals for TESLA cavities
» Choice of superconductor
« Design of SRF cavities
« Manufacturing issues
« Surface preparation
« Current state-of-the-art cavity performance

» Higher gradients for TESLA-800
— Electropolishing
— ‘Superstructure’
» Operating SRF cavities
— Cryostats
— RF Couplers
— Low-level RF control

Lutz Lilie DESY —m.“—»— 25.02.02



SRF cavities

 What do they actually look like?
— Protons
— lons
— Electrons

e Courtesy H. Padamsee

Lutz Lilie DESY —m.“—»— 25.02.02



High luminosity rings (CESR)

0050393001

CESR
Storage Ring

1

2

» Low Impedance Shape
Synchrotron

« Beam Power > 270kW

et e
Transfer Line Transfer Line

Positron Intensity
Upgrade

Linac
onverter

RF Cavities |yeraction Region
Upgrade




el o e e o e e R e e e T ri

| RF
" = Cleanin
i | ] 7 | 93
|' It 1 sl g
| [ il
e m— 2l =T
.= ﬁ = 2

J'njecio:/_, t“-

) 1

Installation shaft

. Future consiructions ATLAS Injection

[ Existing underground buildings

10 LHC Cavities Performance

10

400 MHz
16 Nb/Cu Cavities

8
mNE Eacc (MV/m}
CORNELL  oeas000——"" e

2 4 6 10 12 14 16




SNS (Spallation Neutron Source) ...
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Livingston plot for SRF cavities

Courtesy H. Padamsee
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Outline of the lecture

RF cavities

— A variety of SRF cavities Iin pictures
— The Pillbox cavity

— Acceleration of a bunched beam

Superconductivity basics
RF superconductivity

Limitations of superconducting RF (SRF)
cavities
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Properties of Cavities

Einkoppel-Schleife
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Electric Field (Pillbox):
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Field distributions in cavities

Numerical solution for surface fields:

Elliptical cavity:

Agjustion
cer Kt ~ Magnetische

Feldlinien

E [MV/m]

Elekerische
Feeldlinien

s [cm]

Relations for the surface fields to acclerating gradient:

Eeak/Eacc = 1,98 minimize this to reduce field emission

b Boea/Eace = 4,17 [MT]/[MV/m]  minimize because of maximum critical

field of the superconductor
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Equivalent circuit of
generator-cavity-beam system
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Equivalent circuit formulas

Cavity quality factor: Coupler (external) quality factor:
Qo = o with wy=1/VLC Qert = feat
ng woL
Loaded quality factor:
O — Rioad 111
T WL Qo Qo Qe
Decay time : Coupling factor :

QQload /80 :! QO

|
*0 Q ext
Lutz Lilie DESY m 25.02.02
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Acceleration of a bunched beam

gradient [MV/m]
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Outline of the lecture
RF cavities
Superconductivity basics
RF superconductivity

Limitations of superconducting RF (SRF)
cavities
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Superconductors in magnetic fields (Type |)

1,2 4

1,
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0,8
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[a0]
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0
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Penetration depth:
iy m
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i E
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Superconductors in magnetic fields (Typ Il)

Ginzburg-Landau-Parameter:

_ AL
3

Normal conductor ‘

K

0,4 - Superconductor
Meissner phase
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T/T,
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Flux penetration into
a superconductor

Electron holography is
used to make magnetic
fluxons visible
(Tonomura et al.) :

Fig. b Intetlerenee micrographs of magnetse lines af loree penetrating supercondacting Pheflms: (ab i thickness 02 g (k) filen thickness

Fluxons stick to
defects !

This is good for
magnets, but bad
for cavities (check
homework).

B ext
B c2

Rfl = Rsurf,nc

Fig. 16. Vortex configuration near black defects (T'=7-5K, H= 75 gauss).

Lutz Lilie DESY




Critical magnetic field for the RF case

e RF field at 1,3 GHz is on for less than 10° s

« If there are no nucleation centers (surface defects...) the penetration of the
magnetic field can be delayed. Superheating!

Superheating fields: Niobium properties:
B.:=0.70B, for 31 Critical temperature T, 9.2 K
L o Coherence length & 39 nm
Bon = 11'25,“ for K =1 London penetration depth Ay | 30 nm
Bsh = ﬁBc for k<1 GL parameter s 0.8
P Theoretical accelerating field limits
Experimental data [mT] | Calculated field [mT] | Ezee MV /m]

Property at 4.2 K at 0 K at 2 K at 2 K
Ba 130 164 156 37 What is really
B, 158 200 190 45 } the fundamental
B 190 240 230 54 limit for RF
B.o 248 312 297 62 cavities?

Lutz Lilie DESY m- 25.02.02



Outline of the lecture
RF cavities
Superconductivity basics
RF superconductivity

Limitations of superconducting RF (SRF)
cavities

Lutz Lilie DESY m- 25.02.02



RF superconductivity

The superconducting Cooper pairs have
inertia. Therefore the unpaired

normalconducting ‘feel’ also a part of the
electromagnetic RF (ac) fields.

P Superconductors have for temperatures
T>0 K a surface resistance!

Lutz Lilie DESY m- 25.02.02



Electric conductivity and Surface resistance

Normalconducting electrons: n x exp(—FE,/kgT)

Jn = onEpexp(—iwt)

Superconducting electrons:

. | o _ 4e?
meU, = —2eEpexp(—iwt) =  jo=1i—

Epexp(—iwt)

Tncw
Combine both nc and sc electrons:

Ohm’s Law: J=Jnt+Jc= JEoea?p(—iwt)

Electric conductivity: nc4€2
og=0,+10. with o,=

MW

Lutz Lilie DESY m- 25.02.02



Electric conductivity and Surface resistance

. 1 1 g
Surface resistance R, = Re ( ) = & :
(analogous to skin depth): OAL Ag O+
Surface resistance for
superconductors in BCS !
theory: Rpcs = — f oo A exp(=1.76T./T)

Effective penetration depth: A — )\L \/1 ~+ fo/€

— Resistance depends
 strongly on the temperature, we need 2 K
o quadratically on frequency: Limit for 3 GHz would be 30 MV/m.

e on the mean free path, what purity do we need?

Lutz Lilie DESY m- 25.02.02



Surface resistance R, Geometryfactor: | - G
G =270 Ohm R,
1,00E-06
‘ Surface resistance:
., A - D Tc
_ keTe T
‘. / Recs(T) R = ?e *Res
1,00E-07 %
_ X
=
S .
i
— 700 NnOhm @ 42K  * . .
/ MRS
RRES
~10 NnOhm @ 2K
1,00E-09 ‘ ‘ ‘ ‘ ‘
1,15 2,15 3,15 4,15 5,15 6,15 7,15
UT [1K]
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Cavities for TESLA -RF surface resistance

|
|
|
|
LL |

f, =1.300.000.000 Hz

Quality factor: RF surface resistance:
o = f _ 270 Ohm A - kBT 1000
=—= =0 +

0 2f RS RS Te Rres \’,

—100 "

E .
‘Natural Line width with & f .
Bandwidth: main coupler & 19 *e s

~ ~ RBCS(T)
?f~ 0,1 Hz ?f~ 300 Hz
RRES
P Q,»10% P Q,»10° 1 ‘ ‘ ‘ ‘ ‘
1,00 2,00 3,00 4,00 5,00 6,00 7,00

Tc/T [1/K]
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Surface resistance and mean free path

In the two-fluid model: Rpcs(0) o (1 i %) ¢
= 1.00E-05
&
s . .
Q Strong contamination changes the
o surface resistance significantly.
C
S
7
Q
T 1.00E-06
=
C
Q
<
3 —— Two fluid model, 4.25 K
% — — BCS; Diffuse reflection 4.25K
O - - - -BCS; Specular reflection 4.25
O 1.00E-07 ‘ ‘ ‘ ‘
1 10 100 1000 10000

Kneisel, Saito : : .
Mittlere freie Weglange [nm]
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Surface resistance and electric conductivity
1 S =1mm
Normalconductor (Copper): =— Atl GHz:
uctor (Copper): R, =— Z R = 4mi
Superconductor (Niob):

J= ], +].=(s,-Is,)E s, Conductivity of normal electrons,
s Cooperpairs

Z, =R +iX,
S S >>S n
Rs = Re(zs) IJ' S 1
U
Mean free path iobium 5 |
I:) |deal superconductor for RF applicaton
1. Layer: slightly contaminated material,
small surface resistance o
2. Layer: very pure metal, /' Niobium (RRR » 500)
high thermal conductivity Liquid Helium

Lutz Lilie DESY m- 25.02.02



Residual surface resistance

 |s not fully theoretically understood, but
depends strongly on:

— Surface contamination
» Gas layers
e Dust

— Lattice imperfections B
— External magnetic field. Remember: Ry =1 et
2

— We have to shield sc cavities from magnetic fields
to have a low surface resistance!

— Typically: R, =5 NnOhm
— Lowest: R, = 1-2 nOhm

Rsur T

Lutz Lilie DESY m- 25.02.02



Surface resistance and accelerating gradient

* One usually measures the Q(E_..) curve:

— QO~(1/ Rsurf)

— Quality factor will tell you how much you have
to pay for the cooling power

— Depends on the acclerating gradient e.g. field
emission

— Helps to understand the loss mechanisms
especially Is supported by temperature

mapping

Lutz Lilie DESY m- 25.02.02



Surface resistance and accelerating gradient

1,00E+11
Test temperature: 1,6 K
Flllll...... . +
g - n S
100E+10 — EEENNSSSIES N g g R e
L Fagl a A g
. / e ..I.IW
S Test temperature: 2K L™
my B
1,00E+09 -
TESLA 500 TESLA 800
One-cell cavities
1,00E+08

0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00

Eacc [MV/M]
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Example for an excitation curve of a TESLA cavitly

101
RuuaR IR B b S S S
+
QO 1010_
: - 4
—
109 L L 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1
0 5 10 15 20 25 30 35
E.eoe [MV/M]
Specification:
E...=234MVIm@ Q, = 110'° for TESLA-500
E...= 35MV/Im@ Qg =510 ° for TESLA-800
25.02.02



Temperature mapping system

Temperature mapping
IS a very important tool
to understand the loss
mechanisms in
superconducting
cavities.

All loss mechanisms
have typical
signatures:

-local heating for local
defects, multipacting
and field emission

- global heating like in
the case of high field
enhanced surface
resistance Lutz Lije DESY




Temperature mapping system

Example of a |
Temperature mapping:

-the picture shows a
Mercator projection of a
single-cell cavity

Eacc [Hv/m] Qo file

-strong localised heating T ot B RO s
spot on the equator —

-another band of heating

around the equator in the —P‘ -

high magnetic field (high x

current) region e

0 5 10 15 70 25 30 35 40 45 50 55 B0 65 70 75 A0 €5 90 G
06 905 1863 5703

azimuthal pozition
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Outline of the lecture
RF cavities
Superconductivity basics
RF superconductivity
Limitations of SRF cavities
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Limitations of SRF cavities

Surface and material science

Defects - Thermal conductivity

Field emission

Multipacting

Increased surface resistance at high field

Lutz Lilie DESY m- 25.02.02



Thermal Conductivity and Defects

Niobium Helium I  The RF current produces heat
—/ e Superconductors are bad heat
Qﬁ////// conductors

— /

- — Heat conductivity

| \: — Kapitza Nb/He interface resistance

DT
T, t |

T(x)

A small normalconducting
defect can produce a very large

heating (Factor 108 surface
resistance!)

Temperature difference between

inner surface and helium bath Q d 1
temperature: [ T = — | — 3 —
AN\ Iy

MR

Thermal and Kapitza conductivity

Lutz Lilie DESY m- 25.02.02



Thermal Conductivity and Defects

o Defects (e.g. foreign material inclusions) have to be very small
(Factor 10)

e The thermal conductivity of niobium has to be high
P Very pure material
P This means a high RRR (residual resistivity ratio)

Kupfer RRR=29
& Kupfer RRR=99

'Q' _ |o-o®® . P b

£ // o :“_l Pne (4_ QK )
= 4 /»" Pie

2100 | N .
% //./. ~4- /\th,ew“rrmi (42]\ )
'g .// /,l///

S Tt Rule of thumb

= 10 + o L -+ Niob RRR=525

g - = Niob RRR=270

2

|_

1 Temperature [K] 10
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Stabilising normalconducting defects

Thermal breakdown = QUENCH!

T,

Low RRR High RRR || T4

Defect Defect

Lutz Lilie DESY m- 25.02.02



50

40 -\

30

Eacc
[MV/m]

20 -

10 -

0

Numerical thermal
model calculations

—=— RRR=525: 1,8K : Rdef=10mOhm
--+- RRR=270:; 1,8K ;: Rdef=10mOhm
—+— RRR=40; 1,8K ; Rdef=10mOhm

0

50

100 150 200 250 300 350 400
defect diameter [um]

D. Reschke
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50 T

.
40 |
30 +
Eacc

MV/im] |
20

10 +

--+- RRR=270; T=1,8K

——RRR=270; T=2,0K

0

07\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

50 100 150 200 250 300 350 400
defect diameter [um]

50 T

30
Eacc

[MV/m]
20 -

10 +

*

40 ig k S

--+- usual Kapitza resistance

—=— factor 10 increased

50 100, 150 200 250 300 350 400
defect diameter [um]
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Numerical thermal models

50
—=— RRR=525 ; 1,8K ; Rdef=10mOhm
40 1\ --+- RRR=270 ; 1,8K ; Rdef=10mOhm
— —4— RRR=40 ; 1,8K ; Rdef=10mOhm
£ 30
> i
= B
o 20
T
10
O7\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\}\\\\‘
0 50 100 150 200 250 300 350 400
D. Reschke defect diameter [um]
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Examples of cavities with material defects

1D11_- —r

o 10" :

107

| No eddy-current
Yy -i-l‘-l.ll ig 1 Scanning was
‘“---'"--: ng® . | applied on the
B "y e niobium sheets
‘1‘5“% " 7 used In these
" ] cavities from the
A 1 first production
| series.
5 10 15 20
[MV/m]

EEE
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Example of a material defect

Heating on the outside Detect found with X-ray
surface measured with technique: Tantalum
carbon resistors

Lutz Lille DESY 25.02.02




Eddy current scanning

.
ir

e Large tantalum inclusions
(~200 nm) and places with
Irregular patterns from
surface preparation
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Thermal conductivity of Niobium

.. mrro1re ® Higher thermal
| wﬂ*\\‘% | conductivity
means:

— better to stabilise
defects

— higher niobium
guality

RRBR = 3&0

Lutz Lilie DESY m- 25.02.02



Benefit of the high temperature
heat treatments
10" ———————— .

! 1 | 1 ! T J ! 1 1 1 J 1 1 ! !

(c)

X-ray starts

W¢“°‘°'.°&-o & - .[%-

@ Co [ | '
|

|

QU 1010 -_ qugfnch qu%nch 1 —-

no quench -
limited by amplifier

® no HT, RRR 400

© HT 800 C, RRR 400
m  HT 1400 C. RRR 770
9 5 = 5 = = s & o5 N B E P E oy
10 | ] | ] ]
0 5 10 15 20 25 30

E [MV/m]
ace
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Thermal Breakdown

Temperature of part (or all) of surface
exceeds T, dissipating all stored energy.

Localised effect b surface defect has
higher R..

Quench occurs when surrounding material
cannot transport the increased thermal
load to the helium.

Possible solution: High RRR b less
defects or higher purity.

Lutz Lilie DESY m- 25.02.02



Imperfect equator welds

Temperature mapping of
the equator region

cawvity surface

equator weld

Heating on the equator

O 2 4 6 8 10

Lutz Lilie DESY
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;1 .

L
Q, 10"}
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Imperfect equator welds

After improving

the cleaning
procedure
" » ‘ | By now four manu-
. facturers have
Z 4 qualified to produce
'I. 1 reliably high perfor-

Insufficient cleaning of the
weld area before welding

5 015 20 25 30
E [MV/m]

dCC

{4 ming cavities.

25.02.02



Field Emission

Primary limitation over past 5-10 years

Emission of e- from cavity surface in presence of
high surface E-fields

Emitted e- impacts elsewhere on cavity surface,
heating the surface and increase R,

Limits the achievable E__. In cavity

Very clean surface preparation and handling are
needed

For a detailed theory see [Padamsee et al 1998]
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Distribution of Maximum Operational SRF Cavity
Gradients in CEBAF by Type of Limitation

80 E — FE-induced
70 : % arcing (3/day)
Avg_ =84 MV/m ;;7 = FE loading &
60+ NN %,ﬂ.} ZA radiation
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. 9th Worksh RF
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Pictures taken from: H.

F|e|d Em|SS|On Padamsee, Supercond. Sci.

Technol., 14 (2001), R28 —R51

MW DOE L

Particle causing Temperature map  Simulation of electron
fleld emission of a field emitter trajectories in a cavity
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High pressure ultra-pure water rinsing

Ultra-pure water
(18 MW, partice
filter <0.4 mm) is
sprayed with
100 bar on the
niobium
surface. This
removes
particles very
efficiently.
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High Pressure Water Rinsing

4 1 3 “ .
% 0 before HPR| | i ey
: o after HPR '
0 e

109 o L b b by g b
0 \ 0 15 20 25

E_[MVin)

Before HPWR After HPWR
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High Power Condltlonlng

In some cases applying
high RF power to the
cavity can cause the
destruction of field
emitters and improve the
cavity performance

1011:-"'|""|' |
i (a)
| o0 0O c_‘}ooo@o
O
)
)
e aeeee ® @ &
QO 1010 = ° 8@ © T e ® g
i [5] L ]
o ..
= .
O
G
O@ o  before HPP
%) ® after HPP |
109'II|I||||I|||.I....|...|...,
0 ) 10 15 20 25
E [MV/m]
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SEM pictures of
molten particle
after application of
high RF power

SEM Picturestaken from: H.
Padamsee, Supercond. Sci. Technol.,
14 (2001), R28 —R51

25.02.02



Cryo losses (CW—values/100) [W]

10

Module 4 Cavity

< CW Test
&% 10H:
----- 1W limit
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Normalized X—-rays

Module 4 Cavity X-rays
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Multipacting

e ‘Multiple Impacting’
e Electrons

— Are omnipresent in cavities (from field emitters for
example)

— Are acclerated in the RF field
— hit the surface

— can free other electrons, depending on the secondary
electron emission coefficient

 If iIn resonance (same place, same RF field
phase), they produce an avalanche.

Lutz Lilie DESY m- 25.02.02



S-Band TMO010 Resonator
Stanford, late 1960-ies
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this is the standard geometry
for about 15 years;
unfortunately the cylindrical
geometry is favourable for
electron multipacting
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X-ray mapping

I.Ben-vi, F. Crar and J.P. Turneaure

Eletron Multipacting in cavities
1973 PAC Cunf p 54 (1973} _

Simulated
electron
trajectories
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Multipacting in 1st Order 2nd Order

superconducting cavities
In a cavity with a nearly
pill-box-like shape,
electrons can multiply in
the region shown.

-

When the cavity shape is rounded, the
electrons drift to the zero-field region at the
equator. Here the electric field is so low that
the secondary cannot gain enough energy to
regenerate.

4 Pictures taken from: H. Padamsee, Supercond.
() Sci. Technol., 14 (2001), R28 -R51
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Multipacting:
Temperature mapping

 Heating moves along
the equator

« X-ray detectors and
electron pickups are
also showing activity

* Processing takes a
few minutes
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Outline (Lecture 2)

— Practical example: TESLA cavities
* What is TESLA?
— Goals for TESLA cavities
» Choice of superconductor
« Design of SRF cavities
« Manufacturing issues
« Surface preparation
« Current state-of-the-art cavity performance

» Higher gradients for TESLA-800
— Electropolishing
— ‘Superstructure’
» Operating SRF cavities
— Cryostats
— RF Couplers
— Low-level RF control
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Tesla, the scientist o oo i SRS,

PROCEEDINGS OF 1990
The Tirst Iw"ﬁ?-i';ﬁﬂsnm Main Advantages of TESLA
o © . sc cavity => Fill slowly
— | ® | 9 Drastic Reduction of Peak RF Power
« SC => Low Frequency Affordable =>
l] O Drastically Lower Wake fields

* Flexible beam parameters to
high luminosity

Held at Cornell University < 25.02.02
July 23-26, 1990



Wakefields

W, ~a~ ~o°
3

WLNa_3~(D

a = Iris diameter
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View of the TESLA Tunnel
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TESLA Test Facility Linac

4 MeV 16 MeV 120 MeV 233 MeV
laser driven pre- photon beam
electron gun accelerator superconducting accelerating cavities undulator diagnhostics

(

B =8 Dainal )—===—I—0\

N
S‘Z‘l N
e - beam ‘ bunch e - beam
laser diagnostics compressor dlagnostlcs
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TESLA Test Facility Linac
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TESLA Caviies

.
3

Lutz Lille DESY 25.02.02




Goals for TESLA cavities
Specifications:
E...=234MVIm@ Q,= 110 for TESLA-500

E..= 35MV/m@ Q,= 510 ° for TESLA-800

Theoretical Imit: E...~ 45-50 MV/m

aCcC

RF magnetic field exceeds critical field of niobium

Lutz Lilie DESY m- 25.02.02



Continuous wave test of TESLA cavity

10M1¢
Q 110_
o TESLA-500 —¢—
—
i
Test temperature: 2K
109||||||||||||||||||||||||||||||||||
0 b 10 15 20 25 30

E e [MV/M]
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Outline

 Example: TESLA cavities
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance
— Higher gradients for TESLA-800
— Operating SRF cavities
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Gesputterte Niobfilme

O stocoating (1B4.63) @1.67 K
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Fig. 1:
SEM pictures of three Nb,Sn films: d = 0.6pm (left), 1.2um (middle), 2.1pum (right).
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Magnesiumdiborid: MgB,

Thin films

Fig. 1 (top ) and Fig. 2 (bottom)
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Specification of the niobium sheet material for
the TESLA cavities

Impurity content in ppm (wt)

Ta | <500 | H
W | <70 | N
Ti | <50 | O
Fe | <30 |C
Mo | <50
Ni | <30

Tantalum is most important

The niobium grain size
IS very important to
have good forming
properties .

Lutz Lilie DESY

<2 substitutional impurity.

E 18 Oxyg_en and hyc_zlrogeq are the

—= most important interstitials.

< 10

Mechanical Properties

Residual resistivity ratio RRR | > 300
grain size ~ o0 pym
yield strength > 50 MPa
tensile strength > 100 MPa
elongation at break 30 %
Vickers hardness HV 10 < 50




Quality control of Nb for cavities

 Eddy current scanning of all sheets
— measures change of electric resistance
— 0.5mm depth, 40 um defect dia. sensitivity
— rejection rate of sheets about 5 %
¢« SQUID scanning under development
« Some special investigations on demand
— X-ray radiography (defect visualization)
— x-ray fluorescence (defect element determination)
— neutron activation (Ta distribution)

Lutz Lilie DESY m- 25.02.02



Eddy current
scanner for
Niobium sheets
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Result of eddy current scanning a Nb disc, dia. 265 mm
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Global view, rolling marks Real and imaginary part
and defect areas can be seen of conductivity at defect,

typical Fe signal
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Principal arrangement
of SQUID scanning

Measured response from the back side of the sheet

Nb test sheet with
Imm Ta inclusions

L

o

@
(BB N N N

E ®

2 L

spherical Ta inclusions
{ahout (1.1 mm dia.)

P
—————— ) pT——————

p— 3 m ————

Two-dmensicnal distribution of eddy-cuarrent field above the mobnun test sample, measured from the

back side of the sample. The excitation coal had 30 turns and a diamter of 3 mm. the excitation
Lutz Lllje DESY frequency was 10 kHz The reference phase of the lock-in amplifier was chosen such that the Lift-off

effect was minimized,



Analyzing the same defect by synchrotron radiation fluorescence.
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Outline

« Example: TESLA cavities
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance
— Higher gradients for TESLA-800
— Operating SRF cavities
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Basis of the TESLA cavities:
Where did it all start?

« TESLA cavities are similar in
the layout to the succesful
CEBAF cavities, which have
shown performance above the|
specified 5 MV/m

* Proposals for further
Improvements came from
several labs:

— Cornell University

— CEA Saclay

— Wauppertal University
— CERN

— efc.

CEBAF Cavity Pair Assembly

Lutz Lilie DESY m- 25.02.02



CEBAF (Jefferson LAB)

from C.E. Reece, Operating Experience With Superconducting Cavities at Jefferson Lab,
8th RF Superconductivity Workshop, Padua, Italy, 1o be published.

is in full operation
is delivering beam at 4.4 GeV /115 nA
is using 330 s.c. cavities operated at 1497 MHz / 2 K

has grouped the cavities in pairs (2 cavities)
and units {4 pairs)
operates each cavity with its own 5 kW klystron
reaches an average usable gradient of 7.5 MV/m
an accelerating gradient spread of 5 MV/m FWHM
an average quench limit of 13 MV/m !!!

has a stable and reliable cavity operation
could support higher energies (5.6 GeV)

is going to increase the usable gradient by in-situ He processing
is developing an upgrade (J.R. Delayen, this conference)



Distribution of Maximum Operational SRF Cavity
Gradients in CEBAF by Type of Limitation
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TESLA cavity (9-cell)

HOM coupler
pick up flange

LYY TYTYTYTY

\H__D/

RIALALALALALALALAL

HOM coupler Ll—"‘J o
flange 1154 mm power coupler

frotated by B5% flange

2 1061 mm =

1586 mm "

type of accelerating structure standing wave
accelerating mode TMO & mode
fundamental frequency 1300 MHz
design gradlent Eacec (TTF) 15 MV/m
design gradlent Eacc (TESLA) 25 MV/m
uniloaded quality factor Qg (TTF) »3x10°
unloaded quallty factor Qp (TESLA) = 5x10°
shunt Impedance R/ Q 1036 O
E peak /Eacc 2.0
B peak /Eace 5 4.26 mT / (MV/m)
cavity bandwldth at Q; =3 x 10 430 Hz

H¥'sa (E0EET
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Outline

« Example: TESLA cavities
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance
— Higher gradients for TESLA-800
— Operating SRF cavities
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Production and preparation of TESLA cavities

* Niobium sheets (RRR=300) are subjected to eddy-current scanning to
avoid foreign material inclusions like tantalum and iron

 Industrial production of full nine-cell cavities:
— Deep-drawing of subunits (half-cells, etc. ) from niobium sheets
— Chemical preparation for welding, cleanroom preparation
— Electron-beam welding according to detailed specification

e 800 °C high temperature heat treatment to stress anneal the Nb and to
remove hydrogen from the Nb

e 1400 °C high temperature heat treatment with titanium getter layer to
Increase the thermal conductivity (RRR=500)

« Chemical etching to remove damage layer and titanium getter layer

« High pressure water rinsing as final treatment to avoid particle
contamination

Lutz Lilie DESY m- 25.02.02
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Surface
preparation

Chemical etching
of the inner surface
(100um) by closed
pumping circuit.
Acid cooled to 9°C.

25.02.02



Detailed preparation sequence
for niobium cavities

removal of the damage layer by chemical etching
2 hours heat treatment at 800 C - remove hydrogen and stress anneal

4 hours heat treatment at 1400 C with titanium getter for higher
thermal conductivity to stabilize defects

removal of the titanium layer by chemical etching
field flatness tuning

final 20 um removal from the inner surface by etching
high pressure rinsing (HPR) with ultrapure water
drying by laminar flow in a class 10 cleanroom
assembly of all flanges, leak-check

2 times HPR, drying by laminar flow and assembly
of the input antenna with high external Q

Lutz Lilie DESY m- 25.02.02



Outline

« Example: TESLA cavities
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance
— Higher gradients for TESLA-800
— Operating SRF cavities
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Latest production of TESLA-type nine-cell cavities
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Acceptance test vs. Full systems test

 Acceptance test
e Continuous wave measurement (ca. 5 hours) with
high Q antenna

 Conservative evaluation:

— take the gradient where the Q, 3 10
p far below the breakdown field of the cavity

Full systems test with main power coupler

- pulsed test with:
e 500 ps rise time
» 800 ps flat-top
* 10 Hz repetition rate

- Good agreement between both test methods

Lutz Lilie DESY m- 25.02.02
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Modules in the TTF LINAC

— Averages of accelerating gradients taken - not
optimised for single cavity performance

— Predicted gradient from cw measurement
agrees well with module performance

— Total operation time of sc cavities Is about
8000 hours

— High gradient operation at 20 and 22 MV/m In
the 2 modules about 700 hours
— Reason: FEL people want lower gradient

— Installed in the LINAC

 no third production cavities yet -> in 2002
 no third production couplers yet ->in 2002
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» Example: TESLA cavities Outline
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance

— Higher gradients for TESLA-800

 Electropolishing
 Alternative manufacturing techniques
e ‘Superstructure’

— Operating SRF cavities
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Electropolishing: The way to highest gradients

* Benefits of electrolytic polishing (EP):
— bright and smooth surface

— more than 40 MV/m achieved in several 1.3 GHz 1-cell
cavities

— suppression of field emission
— 1400°C heat treatment seems to be unnecessary

— works also for very different manufacturing techniques
(see later)

Lutz Lilie DESY m- 25.02.02



Electropolishing of 1-cell cavities
(Scheme)

» EP electrolyte
5 - « 90 % H,SO,
« 10 % HF
+ 30 °C

* 0,5 um/min removal of
material

Standard Etch Electropolishing

Lutz Lilje DESY o —— - Y 25.02.02



Niobium surfaces

W= 24 m 00 PHOTD= 0 TILT=60 00K W27 nm MAGe X 600. PHDTO= 0 TILT=70
b ETCHED (i) o ARNEU/14 0100, No ELECTROPOLISHED (o)

BCP EP
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Niobium chemistry

e Oxidation

— Electropolishing:
*2Nb+5S0O,/+5H,0® Nb,O;+10H* +5S0,”+ 10 e

— Chemical etching:

e 2Nb + 5 NO; ® Nb,Og +5NO,"
— Anodizing:
* 2Nb + 5 OH- ® Nb,O;+5H*+10 e
 Complex forming
* Nb,O; + 6 HF ® H,NbOF; + NbO,#0.5 H,O + 1.5 H,0

« NbO,#0.5 H,O + 4 HF ® H,NbF; + 1.5 H,O
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KEK results for electropolished niobium cavities
K. Saito et al. KEK 1998/1999

1 011
0o Dt o o
|
- @ K-14 : half cell annealed at 1400°C, EP
ol  ©  K-8:BP.760°C anneald. EP |
10 = X K-9 : BP, 760°C annealed, EP
I A JL-1 : fabricated at CEBAF, CP, EP
(] K-11 : CP, 760°C annealed, EP
5 i v K-22 : CP, EP
10
0 10 20 30 40 50
One-cell cavities Eacc [MV/m| Test temperature: 1,6 K
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Electropolished cavities
EP at CERN, Measurements at CERN,CEA and DESY 2001

1,00E+11

1,00E+10 -

&

1,00E+0Q9 -

Test temperature: 1,6 K

Flllll... " m g .

HEE g - .
4""“- R n
" . "
/ Fogd o 5 , ' "1,'
Test temperature: 2K o HC
|

TESLA 500 TESLA 800

One-cell cavities

1,00E+08

0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00 45,00

Eace [MVIM]
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Electropolished TESLA nine-cell cavity

Fi UH

Q!:J IOHJ

10°

EP at Nomura Plating and KEK, Test at DESY

WeOO 0 ¢ ¢ o * o after EP
OO0 0 © o o o o ’; * o .
B / & O0 .
B ®
- after BCP @
%
| Test temperature: 2K
0 5 10 15 20 25 30 35
E... [MVim]
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In-situ Baking

Heating of the cavity to 100 - 120 °C
Duration: ca. 40 hours

Pressure below 10° mbar

Inert gas atmosphere on the outside

Lutz Lilie DESY m- 25.02.02



Improvement by ‘In-situ’ baking

1,00E+11

1,00E+10

1,00E+09

1,00E+08

O Thermal breakdown
| ......... .. ] ’ Em g
u 0 l. Em g
O
"y g \
. '. . .
O -
Strong degradation of the quality > “n = ¥
factor - No field emission! "
o
Power limit of the
M Electropolishing amplifier
m + after 120 °C in-situ baking
0 5 10 15 20 25 30 35 40

Eace [MV/M]

Lutz Lilie DESY m- 25.02.02



Eacc [HY/ml W] file
Tenperature profile  [53.73 M.2648  [14,10,39-10Uhr54Tnap delia U L

21- 0,100

Temperature mapping at
33MV/m

1E-

14-
| i
12-

4
1: T |
i -l.ll.n":

t
e 0,000

= ... Defore in-situ bakeout at 120°C
9 [emoEs

waes. P Large area in the high magnetic

lpwgr_ o index - . .
s> ® we_ field region of the cavity heats up
0 5 10 15 20 25 30 35 40 45 50 55 B0 E5 70 75 80 &5 90 95
9 e s azimut&g? gzgﬁ?un B g HED g I:) GIObaI effeCt
Eace [HY#m] [N[e] file
Tenperature profile 5238 7.5E+9  [26,10,99-22Uhr12Tnap delie U LR
21- 0,100
%ﬁﬁ;_>20_
18-
15
14- ... after in-situ bakeout at 120°C
equator = i r u . [ | 0,000 I I
- * P Heating of the equator welding
a- delta Tes
5 a1 P Change of the surface properties
4- - ) )
S === of the niobium
iriz ~ o W
0 % 10 15 20 25 30 35 40 45 G0 55 B0 B5 70 75 80 85 90 95
0 degree 90 degree 120 degree 270 degree ZB0 degree

azimuthal poszition
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Surface resistance R,

1E+03
®e
';‘0
** .
’ ’t»’
*®
® o
1E+02 +
‘0
~~ 6’
£ v #
) D (T X
S Recs\ ) o*
(7)) 900
o %o s
1E+01 « Electropolishing 3 * iy
before bake B . s
+ after bake 4
Ro—a |
| p{ =) *
1E+00 ‘
0,2 0,3 0,4 0,5 0,6 0,7
1/T [1/K]
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o

Q(E,..) before bake

1,00E+11 -
EEEn g
H n [ H g m g i
1OOE+10 22 @ o o ¢ 4 * e "
A 4 ® 0‘.
A A o nu
A .
A
A oo
o
16-1,8 *
1,00E+09 16-18K 3
¢20K
® 216K
A218K
1,00E+08 \ \ \ \
000,0E+0 10,0E+6 20,0E+6 30,0E+6 40,0E+6
Eacc [V/m]
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Q(E,..) after bake

1,00E+11
] [ - .
[ |
® ¢ o 7S u
© 0o o ¢ o . .
A, ® o ¢ .
1,00E+1O A o [ J PR m
A A 2 [ |
A "0 [ |
@ A A
m 155K A N
1,00E+09 *20K
® 214K
A22K
1,00E+08 | | | |
000E+0 10E+6 20E+6 30E+6 40E+6
Eacc [V/m]
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Eace [MV/m]

W
=

Air exposure of a baked niobium surface

1,00E+11

39

37

W
o1

w
w

+ 1,00E+10 &

29

—— Eacc [MV/m]

27 —- Q0

25 \ \ \ \ \ ! 1,00E+09

0,001 0,01 0,1 1 10 100 1000 10000
Time [h]
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Residual gas analysis during bakeout

FYACTPROFIEUS /PREPSPL.P

: e Itis mostly water and
Baking for - hydrogenf
48 hours 7

» Bake-out effect stays even
after a new exposure to air
and high pressure water
rinsing, therefore it is
unlikely that adsorbed
gasses play a role.
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Thickness of the surface layer
affected by the bake effect

N
N

N
L

=
o0

Improvement Factor
after bakeout
Y
o
|

7[

T

T

1 \ \ \ \ \
0 50 100 150 200 250 300

P.Kneisel JLab Material Removal Thickness [nm]
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What is the reason for the baking effect?

— Evaporation of chemical residues from the surface ?

— Impurity diffusion in the surface layer ?
— Hydrogen
— Oxygen
— A closer look on the surface properties of niobium is

necessary:

— Do surface barriers play a role?
— Are the pinning properties changed by the bakeout?

Lutz Lilie DESY m- 25.02.02



Changes In surface oxides ?
C. Antoine CEA

Before bakeout

| | | i
= !L 1 hb,0
2Y5
e After bakeout | |

i
| &

|
';:

Suboxides

cis 210 b I b 200
Binding Encengy =]
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Thickness

Change of the oxide structure ?

[Monolayers]

ARXPS by A. Dacca INFN

L1 Carbon

Lutz Lilie DESY

Baking Time [hours]

=$90000000— —

B H20

B Nb205
B NbO2
B NbO

B NbOO.2
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» Example: TESLA cavities Outline
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance

— Higher gradients for TESLA-800

 Electropolishing
 Alternative manufacturing techniques
e ‘Superstructure’

— Operating SRF cavities

Lutz Lilie DESY m- 25.02.02



——Before Bake out, 2K

1P5, 100pm EP
Spun and EP -
—— After Bake out, 1.88K

CaVItI eS —i— After Bake aut, 1.81K
Palmieri (INFN-LNL),

CERN-CEA-DESY , | “lMWsSA4y 4y y ,
m-M‘*“‘%—Q:.:Hﬂ f

Collaboration

Q10

10 15 20 25 30 35 40 45
Eace [MV/m]

One-cell cavity
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Hydroforming

Seamless Tube after W. Singer DESY
Nb tube reduction of
the ends

Single cell
cavity

Two stages of cavity forming
Lutz Lilje DESY < 25.02.02



Hydroformlngl

and EP

Kneisel TJANF
Kaiser, Singer DESY

Saito KEK
One-cell cavity

Qo.’

1.00E+10

- 250 um
standard etch

m 100 pm e-polishing |-

S| PP

TEST at JLab

................. .... ‘....
e . .- ....... B [ - -, Bl

1 DESY Seamless Cavity

........... 1K2

e

Test temperatu

dlsplacem‘e‘nt-r‘**

Gap C|OS€d Oﬂ-—-—-—#

hydro formmg“

Lutz Lilie DESY
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i

10 15

20

Eacc [MV/m]

—HHN— —

25 30
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Hydroformed niobium 2-cell cavity

2

W. Singer et al. DESY

Lutz Lilie DESY m- 25.02.02



Hydroforming of Nb-Cu cells

W. Singer et al. DESY

Lutz Lilje DESY 25.02.02



Hydroformed Nb-Cu one-cell cavities

Lutz Lille DESY 25.02.02




» Example: TESLA cavities Outline
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance

— Higher gradients for TESLA-800

 Electropolishing
 Alternative manufacturing techniques
e ‘Superstructure’

— Operating SRF cavities

Lutz Lilie DESY m- 25.02.02



TESLA 2 x 9 Superstructure

J. Sekutowicz, M. Liepe et al.

pick up HOM coupler HAM coupler
g -
_ -
_E{
| Hl Il
HOM coupler Tuner 115.3 1036, 7 140
2388.7 :
power ﬂ%Up|EF
Field profile: Benefits:
B, f eavliyis - 6% larger active accelerating
N oy i AV A U A T
AN \”=., A \‘ll ANARNA G length as compared to normal
/] | . | | . .
/ 1\ l.f | ;l' | )Y [f L] /!' ., nine-cell design
| f \ \ | . | ]| J ]i II | z _
VERVERY “.,U,’ T \ YIRY - less main and HOM couplers
interconnection

Lutz Lilie DESY
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Comparison of two accelerating schemes

for TESLA-500 (nine-cell vs. superstructure)

Layout |Lactive | Eacc No. of [No.of [No.of |Filling Ptrans
power |HOM freq. factor
[m] [IMV/m]| coupler |coupler |tuners |Lactive/Ltotar |[KW]
O-cell ]1.04 [23.4 20592 141184 |20592 |78.6 232
2X9- 2.08 |22 10926 |32778 |21852 |84.8 437
cell

Lutz Lilie DESY
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Superstructure

J. Sekutowicz, M. Liepe et al.

- higher fill factor L_../ L

acc total

- less RF couplers

-

’iﬁ-_';:'i;‘_'i-""_’.]'- 1%

-l—-_-_._-__-—-

J -

Table 1: Parameters of Cu model of the superstructure

Parameter

number of cells, M x N 4x7
number of HOM / input couplers 5/1
radius of mid / end iris [mm] 35/57
fill factor 0.875
K. cell-to-cell coupling 0.019
kg, cavity-to-cavity coupling 3.6°104
field instability factor, N k. [10°] 2.6
(R/Q)/length [Q/m] 906
Qo = 27000

'.'J'-}'!I'l"n TR
—_—

25.02.02




Outline

 Example: TESLA cavities
—What is TESLA?
— Choice of superconductor
— Design of SRF cavities
— Manufacturing issues
— Surface preparation
— Current state-of-the-art cavity performance
— Higher gradients for TESLA-800
— Operating SRF cavities

Lutz Lilie DESY m- 25.02.02



Operating SRF cavities

Cryostats

RF Couplers

Plezoelectric tuner

Low-level RF control

Real world example (it the internet does work...)

Lutz Lilie DESY m- 25.02.02



cavity  He gas return pipe monitor

beam position

quadrupole

module ke g I__,.'-' 3 klystron

beam transfer lines

. e ey Ty T oo R P
A RARARPPINE

HV cables (klystron) | .

Lutz Lilie DESY
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Cryogenic system

e 2 K operation

e Liquid superfluid
Helium
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Accelerator Module for TESLA

beam position quadrupole

He gas return pipe monitor package
Length S — l.\‘ N “X\ ,f{:
increases | e s s s m e i
to ~17 m R S S

module length 12.2 m

ppesgn - support
/l' -
T 73 2.2 K forward
e o -~

2 K return =
fe ".-\ : 5 K forward
— p
SO RCety, :? , 40 K forward
. : ; -
8 K return
cool down' 2 K 2-phase
Wi ITI'IIJP
. cavity
\VF)) coupler

25.02.02




Operating SRF cavities

Cryostats

RF Couplers

Plezoelectric tuner

Low-level RF control

Real world example (it the internet does work...)

Lutz Lilie DESY m- 25.02.02



Specification of the TESLA High Power Coupler

TESLA
TTF ;—ES:"A/‘ q superstructure /
-cell fupgrade | hqrade
peam power +
control margin 250 kW 250 kW / 500 kW ‘E\?\? kW /1110
(27%)
repetition rate 10 Hz 5 Hz 5 Hz
coublin adjustable fix fix
Ping (108-107)  |(3*106) (2.5%106)
cavity position flexible fix point fix point
- (15 mm (1.5 mm (1.5 mm
during cool down | o0 iiidinal) | longitudinal) longitudinal)
Lutz Lilje DESY 25.02.02
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General Parameters

frequency

1.3 GHz

operation

pulsed: 500 psec risetime,
800 pusec flat top with beam

power for High Power Processing in
Situ

1 MW at reduced pulse length
( 500 psec and repetition rate 1 Hz )

2 K heat load 0.06 W
4 K heat load O5W
70 K heat load 6 W

diagnostic

sufficient for safe operation and
monitoring

Lutz Lilie DESY
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Requirements of Couplers for SC Cavities

- strong mismatch in absence of beam between cavity and generator
-> full reflection
- cold warm transition, low heat loads

- it has to be cleaned to the standard of the sc cavity surfaces
(usually by dustfree water)

- clean assembly of coupler to the cavity in the class 10 clean room

- protection of the clean cavity surface during assembly to the
cryostat

- safety against window failures during operation
- diagnostic

Lutz Lilie DESY m- 25.02.02



TESLA Coupler TTF 3

waveguide to room light detector (PM)
coax temperature

transition window

warm vacuum warm coax cold coax

pumping port @ 62 mm @ 40 mm
Z=50 Ohm Z=70 Ohm

cold window
4.2 K point

bias voltage
feedthrough

pickup
1solating roomtemperature 70 K point 1.8 K
Kapton foil 1solation vacuum flange to

flange cavity

Lutz Lilie DESY m- 25.02.02



Teststand

WG Dir WEDIE
coupler Wa.;r’n windows m'i]lilar __-.'1! g
\
R\ | |\ AN "
Absorbing !
load f

[ _n] Cold windows
Cavity

A t

- traveling wave
-room temperature
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RF power-on time [hr]

Duration of Processing

e - ([T 1300 s
L 2 W 800 ps
110 + 5 [TITTT) 400 ps
100 - B 200 ps
' = 100 ps
Q0 ] 2 Bl 50 ps
80 - ) 20 us
. I
70 = INEEEEEEE
60 i ENNNNNN
50 - Test with the cavity in TTF I
40 7— the horizontal cryostat TiN
<l % —
20 1 / / “
10 _ / / &
0

C19/C20

Lutz Lilie DESY

C14/C13  CA8/CAT

C19SW C19onRes. ACA

=$90000000— —
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Temperature Profile at Room Temp.

g
%- i | cold coax | | wamm coax. 1 | | warmm coax.2 | | Llre |
= | ' '
= ——— 0 5MW.Input Coupler New WG parts: ﬂ
K2 3204 - -o-- 0.5MW.Output Coupler [ —— 0 5MW.Input Coupler
1| —=— 1 0MW.Input Coupler - == = 0 5MW.Output Coupler
|| --*--10MW.Output Coupler
Air temperature
. I
pulse length 1.3 ms L
1| rep. rate 2Hz | & |
310 7
o
300
0 100 200 300 400 500 600
S) o
i — o - =
-# §— 7
+ -
+ IIIIIIIII|IIII--E- C
_E_| d 1] ]
E ~ - %_E _ __Ira_ =3
o o
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Coupler Operation in the TTF Linac

- we have produced 60 couplers of different designs for TTF

- all are tested

- 24 couplers are operated in the TTF-FEL up to now for more than 10000 h
- most of the time at about 100 kW (in favor of SASE experiments)
- up to 400 kW during processing of couplers and cavities

- going to higher power levels above 180 kW without additional conditioning
high e sighals were seen at the end of the pulse

- by changing the pulse shape on the end the activity could be suppressed

Lutz Lilie DESY m- 25.02.02



Operating SRF cavities

Cryostats
RF Couplers

Pulsed operation
— Low-level RF control
— Plezoelectric tuner

Real world example (if the internet does work...)

Lutz Lilie DESY m- 25.02.02



Pulsed acceleration at TESLA

Superconducting cavities at Pulsed operation to reduce
high gradients = average cryogenic losses

Pulsed operation: 500 s fill time + 800 s constant gradient
10 Hz repelifion rate

gradient

beam current

amplitude [a.u]
o

500 us
fill time

800 us
constant gradient

M. Liepe for them- collaboration August 2000



RF control system

vector
-1, modulator , , -
Eel i Tox klystron power transmission line
St
Lo P P R
I "
Im Re o vyl PRl
’ . cryomodule 1
e e
<| |=
=] 1= 13 GHz _p{SO)

F + 250 kHz _
250 kHz

f =1MHz
5 T

7

|

. I

‘ calibrated vector-sum :

[ |

Re g g Im i

_ digital :

‘?r—a_?p-. low pass :
e AT g o

' 1 y filter i

feed forward gain setpoint D5F 1

table table table systenm |
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Fill time Flat top

Accelerating voltage

forward power

-
‘—_-I-

amplitude [a.u]

beam current

imef pus]
—

I |
1500 2000
cavity phase

cavity detuning
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~J
o

. 20 U= Beari fﬂedback with
Beam Ind uced — &0 | +,:-_ o feed forward
. E / CDI.'EIPE.‘-HSETIDI:I
tranSIentS — E‘n S0 + Sl EeeabaeE (feedback gain: 70)
= (feedback gain: 70)
Low level RF < oy
o 30 -
control =
E 20
% 10}
0 . _ .
O 500 1000 L500
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=
= 88 P
= only feedback
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Microphonics
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detuning [HZ]

300

200+ v

100

—200

-300
0

f1||500p,-s
flat: 800 us

r—_ -

Frequency detuning

during RF pulse

15 MV/m
=== 20 MV/m
| = 25 MV/m |
== 30 MV/m

500

Lutz Lilie DESY

Frequency detuning due
Lorentz forces of the
electromagnetic field in
the cavites:

?2f=KeE_?
K™ 1Hz/(MV/m)?
Remember:

Cavity bandwidth with
main coupleris~ 300 Hz

25.02.02



Piezoelectric tuner

M. Liepe, S. Simrock, W.D.-Moeller

e Piezo-Actuator:
B8 He-Tank  |=39mm

B & Cavity  Una=150V
£ D I=3mm at 2K

S

Df =500Hz

- max,static
Lutz Lilie DESY m- 25.02.02



detuning [Hz]

Frequency stabilisation during RF pulse
using a piezoelectric tuner

M. Liepe, S. Simrock, W.D.-Moeller

400 , ,
i Beam on |
L ! !
300 °, i i
o | | i Frequency detuning
200|¢ ¢ | without compensation | of 200 - 250 Hz
e | I i
o,’ o / ! compensated!
’. ¥
100} ¢ L e with compensation Y
’0 : ... | ”“ |
I .. I ‘Q ®
I L o o
O ‘f""'“&“*‘!ioo oy &=
! l o
i O | o®
-100} | L P
S | >l
fill time i 900 us constant gradient i
-200 - - —
0 500 1000 1500 2000
time [Us]
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The piezo as sensor

mechanical oscillations = measure piezo-voltage
* TESLA 9-cell Cavity at 30 MV/m with 10 Hz repetition rate

0.6

e S T S— _

- voltage [V]

_o.2lf vk 8 et Sl T— T !

[ " : : 2 5
! ; ; : z
_o4P%- V.. G TR U TP 4

—ir: «+—— RF-pulse with Lorentz-force detuning

0 0.02 0.04 0.06 0.08 0.1
time [s]

The cavity oscillates between the RF-pulses.

M. Liepe for them- collaboration August 2000
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Thanks for your attention!
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