Fermilab Training (Dec 14 - 17)
with Special Emphasis on ILC Technology

Hasan Padamsee,
Cornell University




IIIIIIIIII

H. Padamsee

superconducting RF Training

Cavities

RF Superconductivity

World Wide Applications - Past and Present
Cavity Performance - Theoretical

Future Applications (afternoon)

Cavity Performance - Real

Surface Resistan

High Field Behavior
— Multipacting, Thermal breakdown, Field EmissionsiQpe

Alternate Materials Efforts (afternoon)
Cavity Fabrication
Cavity Preparation
Cavity Testing
Accessories
— Input Couplers, HOM Couplers, Tuners
Fabrication Movies, Alternate Fabrication Methods (afternoon)
TESLA Cryomodule Assembly and Movies (Anyone speak German?) )



Overall ApproachMostly Conceptual with Pictures
Movies

Stress here on Technical Aspects, less on math,
handwaving instead

(More physics and math at USP/

References: Extensive Literature +

Text Book (1998)

Lots of Review Papers, some pdf files on CD

SRF Workshop Proceedings (1980, 83, 85....2003)
12th Worskhop, Cornell, July 10 - 14, 2005

CD of lectures
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H. Padamsee

Superconducting RF Cavities
Fundamentals
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Outline

1. RF Cavities
e Basic Concept
e Figures of Merit
« NC and SC conducting cavity examples and comparison

2. Superconductivitly
 Impact on cavities desi
 Advantages of SC cavities
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RF Cavities: Energy for Accelerators: CORNELL
Examples H. Padamsee

Storage Rings Linear Colliders
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et e
Transfer Line Transfer Line

superconducting

y ; ELECTRON linac
Positron Intensity '

Upgrade

experimental hall
and detector for
particle physics

cryogenic hall

superconducting
POSITRON linac
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General Accelerator Requirements H. Padamsee

\oltage

Storage Rings

CESR-IIl: 7 MV, KEK-B HER: 14 MV, LEP-II: 3 GV

Proton Linac: 1 GV
Linac-Based FEL or ERL : 500 MeV -5 GeV

Linear Collider: 500 - 1000 GV

Duty Factor (RF on time x Repetition R
Storage Rings: CW
Linac-Based FEL or ERL CW
Proton Linacs: < 10%
Linear Collider: 0.01 - 1%
Beam Current, Ave. Beam Power
Storage Rings: amp, MW
Linac-Based FEL or ERL 50A - 100 mA

Proton Linacs: 10 - 100 mA, 1- 100 MW
Linear Collider: few ma, 10 MW
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Radiofrequency Cavities

C o (24050 i
TM,,,mode b= o "“( 7 )*“
g - By (2.405;;.) it
¢ ' J1 7 e ,
T woro = 2225,
W) E
N\ .
||
*Add beam tube for charge to enter and exit
T —
0000 —




Electric Field  Positive Surface Charge
Magnetic Field Negative Surface Charge

Phase Surface Current

RF accelerator cavities
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Real shape

TMO10

= 1323 MHz

11
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KEK-B Cavity

Beam tube Cell

@@
A
©

Symmetry axis \—/

— > we Electric field

s & & >
Iris > Iris
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Magnetic field &

“\ Magnetic field hig
at equator



Low Velocity Structures, = v/c=0.01->0.2

Niobium
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Medium and High Velocity Structures f=v/c=0.5 ->1
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Figures of Merit . Padamsee
Accelerating Voltage/Field, Eacc

(v= cParticles)

e For maximum acceleration

need - .
T = 2= Tu )
c 2 /
so that the field always Ertor Exit
points in the same direction m
as the bunch traverses the /
cavity \/

d
/ E.(p=0,z2)ew0*/°dz
0

* Accelerating voltage then isV. =

| opd ) . sin (%;ﬁ)
Ve = Iy | / " VEC g = d — dlinT.
1Jo |

'u'u'.j',lfl'.r
2c

. . . Ve o 15
e Accelerating field is: Bace = — “0/ -
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Figures of Merit
Peak Fields

For E,. = Important parameter IS, /E ..

— Typically 2 - 2.6

Make as small as possible, to avoid problems
with field emission - more later.

Equally important isH ,/E .., to maintain SC

— Typically 40- 50 Oe/MV/n

H,/E.. can lead to premature quench problems
(thermal breakdown).

Ratios increase significantly when beam tubes
are added to the cavity or when aperture is made
larger.

acc?

16
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Peak fields for low beta cavities are higher
Typical

Epk/Eacc=4-6

Hpk/Eacc = 60 - 200 Oe/MV/m

A4

17
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H. Padamsee

Figures of Merit
Dissipated Power, Stored Energy, Cavity Quality (&)

*Surface currentd{H) result in dFe _ lR..\H\Q.
dissipation proportional to the surface ds 2~

resistanceR)):

1
«Dissipation in the cavity wall given by P = §Rs/ H|* ds
surface integral: S

1
eStored energy Is: . U = 5#0/ H|? dv
A%

. . U
*Define Quality Q) as Q¢ = 07 - 2Tt U

Fe Trf I:)c
which is ~ 2Zrmnumber of cycles it takes to dissipate the

energy stored in the cavity Easy way to measuf@
. Onc~ 104, Qsc~ 10

18
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ileo, 1600 AD

Ga

19
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Geomefiry Factor

_ wol 0, = LoHo Jy 1H? dv
P’ °= R, [([H|?ds

The Qo is frequently writien as

Qo

where

20



Plll-Box Restilts

For the pill-box TMg;9 mode we find

R
2.4
U = Eﬂzﬂdfu/ ,an( Rlélbp) dp
0

P R
P, = Rﬁfﬂ {2?1'/ pJ? (2'405’0) dP+?erJ12(2-4O5}}
0

7 R

2

[ piztan do = 5 [72ap) = Jums(an) s o)

2
U = &f’ﬁ(zms)dm
EZ
P. = ﬂng 0 J2(2.405)R(R + d)
o wopodR? 24054 _ 453
2R*+ Rd)  2R+d) 144

R

(7 is indeed independent of the cavity’s size.

IfR =200 @, = & _13x10v.

CORNELL
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H

r¥Yy "R FIT T Y

. Padamsee
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A typical length of d = 10 em requires a cavity radius R of 7.65 cm or,
equivalently, a resonant frequency of 1.5 GHz. For operation at V., = 1 MV the
following results are found to apply:

E.. = % =10 MV/m
By = Fo= % aee = 15.7 MV/m
Hy = 305 WIE}EEEM — 305 Oe
U = E2 %Jf(z.mmdﬁ —0.54J
P = Y ouw
o}
H A/m
= 0

22
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Figures of Merit
Shunt Impedance (R)

e Shunt impedancdr) determines how 2
much acceleration one gets for a given R, = -
dissipation (analogous to Ohm’s Law) e

- To maximize acceleration, must maximize shunt inapee.

R, V2

k
Qo woll’

Another important figure of merit is

Ra/Q only depends on the
cavity geometry> Cavity design impacts mode excitation

23
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H. Padamsee

Evaluation - Analytic Expressions

1.5 GHz pillbox cavity,R=7.7 cm,d =10 cm

R, V2

Qo wol
R, d
— =150 — =196 2
o R

For Cu:R,= 10 nohm-> Q = 25,700,R, = 5 Mohm
For Nb:R,= 10 nohm> Q = 25,700,000,00(R, = 5 Tohm!

24
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Real Cavities
Codes

Adding beam tubes reducBgQ by about x2 =>
for Cu cavities use a small beam hole.

Peak fields also increase. Can be a problem for
high gradient cavitie

Analytic calculations are no longer possible,
especially If cavity shape is changed.

- Use numerical codes.

E.g., Superfish, MAFIA, SuperLans (finite
difference and finite element)

25



Accelerating Mode

0.11 Vipc
89 Q/cell

(b)U

Superconducting
B-Factory Cell Shape
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H. Padamsee

Quantity Cornell SC 500 MHz Pillbox
G 270 ohnf2 257
R./Qo 88 ohm/cell 196 Q/cell
Epk/Ea,cc 2.5 1.6
Hpk/Ea,cc 52 Oe/MV/m 30.5 Oe/(MV/m)

26
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Copper Cavity Example H. Padamsee
CW and Low Gradient ot Ve

89 Q/cell

R83

mmA—

Example: Assume we make @
R20

this cavity out of copper ) -
Want to operat€W at 500 ¢ R,= 6 mohmr _{ =]

MHz and / >Q=45,000 » \_/
® 1 MV (3 MV m) éRa — 4 MOhrT B-Fagt.;ryCaIIShape
R/Q = 89 Ohm SPy..= 250 KW

This would result in a overheating of copper dafater-cooled
copper cavities at this frequency can dissipateibdho k\W.

(CW) copper cavity designisprimarily driven by the requirement
that losses must be kept small.

27
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Minimizing Losses

Want highVacc If dissipation is too large,

\ must reduce duty factor

V, .2 V, .2

acc acc
I:)diss = DF

R, " R/Q*Q

* DF

Depends only on geometry.
- Maximize this for copper cavities

Determined by the material
being used =
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Optimizing CW Copper Cavities H. Padamsee
High Current Application

R/Q (fundamental) = 265 Q/cell
Use small beam tubes

Use reentrant design to reduce
surface magnetic currents.

> R/Q = 265 Ohm
- Pdiss = 80 kW @ 3 MV/n

Still have to reduce voltage to O.
MV. 178

mm

R224

mm

| PEP-I1: 476 [\in

-
:.A. K -

29
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Enter Superconductivity

01 4 The Convergence of Classical Coneeprs Corea 0200

4125

010

0075

0,05

0025
0 )

000 e ﬁ\i

Y00 410 _Lao gq4%0 440

surement of superconductivity by Ka

Figure 1-2. Heike Kamerlingh Omnes. © ymesn A8 Tos

1911 “
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Electrons in Solids

Valence electrons

Nucleus Core electrons

31



Electron Energy Levels

Empty Levels

Al

4

=

4+
4+

AL
Ay Occupied Levels

4+

4

Normal conductor

T

fle)

0K

11111111111
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Electron-Phonon Interaction

UNTYERSSITTY

33
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Superconductivity

For T > 0K, have some
excitation of “normal”

Empty Levels

electrons

T x exp [~

N . Nnormal p ]{IBT
........ I 4 Ferml Level Gap .

44 :
> ' > Two Fluid Model
4 v
4 v
Ay Occupied Levels , |

>
+*
-

4_

AL Al
Y Iv

Normal conductor ~ Superconductor (electrons form Cooper pairs)
T=0K
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Superconductors: RF Resistance

e DC resistance Is zero +~— Compare with Cu: Rs ~ 10@n
10 7
because NC electrons
are shorted out by SC

ones. 107

e RF resistance sme
but finite because

A0)/ k.T.=1.89

1.5 GHz

R (Q)
s

s Residual resistance

Cooper pairs have 10 —
Inertia-> nc electrons ] Choose Nb because
T ” - - Has highl,, H, = |
see” an electric field. e e s
; A(0 > 5 & 5 &
Rs = Aqw?® exp (— 7 (T)> T ° !
B T More resistance the more NC electrons

More resistance the more the sc pairs are jiggled aroargiexcited 35
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Low Field Frequency and Temperature Dependence of Rs

Re = A(A, &, 1) f2 eC2kn)  for T<0.5
Tc

AL London penetration depth

¢&s Coherence length of Cooper
pairs

ve Fermi velocity

n ENergy gap

| electron mean free path

Tc = SC transition temperature

_ 4 f(GHz) %, 1, .
R = 3x 104 [224) 1 (1)e-17.67M)
bcs [ 1E ] (T)

Good fitting function

36
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Surrace Resisiance

Influence of electrom
mean firee patin

1500 MHz Resistance of Nb

4.2K (1)

§— T T T oIy T T T Trrr[ T rrrrrrTTT 1.6

—— 42K

—— 15K

(nQ)

1.5K

1a sl L L v gl

10 100 1000 10000

Mean Free Path (A) 37



11
10

10
10

10

8
10

Most | mportant Cavity Performance
Characterization
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Accelerating Field

QVsE curve
Residual losses Ideal
) I
o— ®
o o ® Quench l
® o
°
°. °
° . °
| . °
Multipacting l ) °
[ [ J
o [ )
Thermal breakdown o ¢
°
° Oxide interface
Field emission
Grain boundaries
25 50 MV/m

38



Compare SC and NC FOR CW Application
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H. Padamsee

Superconducting Cavity

 Recalculatd’, with SC Nb at
4.2 K, 1 MV, and 500 MHz.

Q=2x10(R.= 15 M)
> R=5.3x 1
> P,.=1.9W!

- P,~ 660 W = AC power (Frig.

efficiency = 1/350)

- Include cryostat losses, transfer

lines, etc.

- P_dncreases, but is still 10-100
times less than that of Cu

cavities.

0.1 Vipc

89 Q/cell
R83

273

Superconducting
B-Factory Cell Shape
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Challenges of the SC option
Cryogenics
Refrigerator efficiencies are low

And one has to add other heat contributions from conduction,
radiation, helium distribution.

Carnot efficiency of frig
and technical efficiency of frig machinery

Ncamot = 4.5 =0.0L:
300 - 4.5

Ntechnicat = 0.2(
Niotar = 0.003 = 1/333

40
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SC Advantages

e Power consumption is much lessoperating cost savings,
better conversion of ac power to beam power.

« CW operation at higher gradient possittd_ess klystron
power require(—> capital cost savir

 Need fewer cavities for CW operatien Less beam
disruption

41



Design Comparison

R/Q (fundamental) = 265 /cell

R224

178
mm

Copper cavity shape

0.11 Vipc
89 Qvcell

(b)

Superconducting
B-Factory Cell Shape

11111111111

H. Padamsee
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CW RF Cavities for Storage Rings

Copper Cavity: PEP-II

Superconducting Cauvity:
CESR-III

Fundamental differences dueto differencein wall |@sses
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(Some) Further SC Advantages

 Freedom to adapt design better to th @ TN
accelerator requirements allows, for , *“___;__
example the beamtube size to be N
Increased: ®) 7N
— Reduces thz of the beam with __‘1 - e
the cavity (scales as sfje> The beam S e e
quality is better preserved (important f (<) f‘ﬁgz\
e.g., FELSs). ——— —“:_‘xj
— HOMSs are removed more eastdy better sl i
beam stability> more current accelerate @) 2
(important for, e.g., B-factories) < =5,
— Reduce the amount of beam scrapthg
less activation in, e.g., proton machines © 5
(important for, e.g., SNS, Neutrino | ff e

factory)

44
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TEAT:BCe k] 1 HSVSPC= B.AYSS AT RAMe B, 0088 FRAHE= 5
PLAT:E-FIELD AT PHI=A ; 1D:THC:8  3BOCT-9116:50:58; MODE:THR-EE- 2 ¢ F/HHZ= SE9.18 i FfFC= 1.8
——

TMO020 Higher Order Mode

- " - LY L L B — — - - —_ - — -
- B = . +a . . e —Ea —e = = —Em =B =
5= =k —f —in —f = e —f  —B —f = & & =k —f —i
—= —= —i ——E —r ey e e el e el ——f ——— e ——— - ———
— o o e —f ——f i i ——— 8 ———— e e i

P e e B i D

L R =]
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Higher-Order Modes Impedance

R/Q, Ohm
30.0-
I ® - CESR shape
25 0_' ® copper cell -
o - superconducting
20.0- B-cell shape -
15.0- -
: ®
10.0- ] -
: ®
] ® e
5 .O_- DDD g [ e® B
: O Djél = O - ot i
0.0 5o S “heefyleet o @ atatnums |

top =
500 1000 1500 2000 2500 3000

frequency, MHz

3500

11111111111
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Multi-cell Cavities H. Padamsee

(a) (b)

Wer th

Standing Wave 1 LC}%?C] glgﬂ

. ’ . '+ ' ) v v
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s H. Radamsee
Modes of a 2 Cell Cavity
Moc/es - ‘

Malgicell Cavigy CORNELL

R SR R et o i ol Tl G o e e i R e e o/\/\o o/\/\o
Bl e e s s s fe e e e - A

9-cell cavity PIEEE sioni seasing

e S S S S L A S O, M

It e S St A o —— ——— = ww W= W= = w4 = m = = 4

- - - e -
e o — a T e =
—— — S350 S

e i S S
L -

—em—a— R

. 4

P L L L

T Accolenbing Mode




Boundary Conditions
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Dispersion Relation
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Circuit Model of MultiCells
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. Sketch of the electric field lines of the m-mode of a 5-cell ;

Cph——

(v

L {'l_

L f'l_

:l"k | Iy

L FI_

:l"k | Iy

L FI_

oy | s

Oy

Fguivalent circuit for a 4-cell cavity with beam tubes.
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Ch——_ G Ty G — 0y C Oy G ——Cy,

define wi = 1/LC, k= C/Cy, v = C/C,

Solve the circuit equations for mode frequencies

N
] 0 mi

( T”) I 4+ 2k |1 t'nﬁ.(—_)]
Jo ! N

[f we measure V) and f'Y, this becomes

%[(J'":N:'?E U'El:f]
2[}'[11}3 2

(FON)[1 = cos (x/N)]

Mode spacing increases with stronger cell to cell coupling k
Mode spacing decreases with increasing number of cellg N
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Field Flatness

» Stronger cell-to-cell \/v
coupling (k) and

smaller number of
cells N mean

— Field flatness is less
sensitive to mechanical
differences between
cells

53
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Apart from EM Properties H. Padamsee
Mechanical Properties Are Also
Important to Cavity Design

Cavity should not collapse or deform too
much under atmospheric load g

Shap &///////////”
— avoid flat region

— Elliptical profile is stronge
Choose sufficient wall thickness [} f’? f‘r

I .*. i "l

Use tuner to bring to right freque e

54
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Tuning for Right Frequency

T R W

. ¥ B g

55
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Detuning, Problem for pulsed operation as for TESLA

LORENTZ FORCE DETUNING .

The rf magnetic field in a cavity interacts with the rf wall current resulting in a
Lorentz force which can become important at high accelerating fields

The radiation pressure,
) X
PL o ,H'E]'IIH — E{]E“,

causes a small deformation of the cavity shape resulting in a shift of the cavity
resonant frequency:

Af ot (egE* — poH)AV.

Here AV is the change in the volume of the cavity region that is undergoing
deformation. The typical coefficient is a few Hz/(MV/m)* .

56
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Mechanical Vibrations H. Padamsee

Choose wall thickness, shap
And bracing to raise resona
Frequency

T,
nickT itne FICT

e w el e e A= N




