Tutorial on Gradient and Q
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Outline

Theoretical expectations
— Elementary Cavities, figures of merit
— Surface Resistance
— Critical RF Magnetic Field

Departures from theory
— Surface Resistance
— Multipacting
— Thermal breakdown of SC at imperfections
— Field emission, cleanliness, processing by voltage breakdown
— Increasing surface resistance at high fields (Q-slope)
— Global thermal breakdown (problem only for f > 2 GHz)

Open lIssues for this workshop



Cavities — Figures of Merit



Radiofrequency Cavities
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Figures of Merit
Accelerating Voltage/Field

(v = c Particles) |
 For maximum acceleration

need :——:
Tcav:é_ i

& 2
so that the field always
points in the same direction
as the bunch traverses the

C avity \_/ tlme
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Figures of Merit- Peak Fields

* For E,.. > important parameter is E /E,, .. Typical 2 - 2.6
« Make as small as possible, to avoid problems with field emission - more later.

Typical 40 - 50 Oe/MV/m
ﬁ"fE aee? ?,h'

* Equally important 1s H, r superconducting cavities). To maintain SC

* H,/E, . can also lead to premature quench problems (thermal breakdown).
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« Ratios increase when beam tubes are added to the cavity.
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Peak fields for low beta cavities are higher
Typical

Epk/Eacc =4 - 6

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

Hpk

A4




Multi-Cell Structures for v/c =
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Beta = 0.5 examples Spoke Resonator




Figures of Mertit
Dissipated Power, Stored Energy, Cavity Quality (Q)

*Surface currents (oc /) result in dr
dissipation proportional to the surface ds
resistance (R)):

1
*Dissipation in the cavity wall givenby ¢ = §Rs / \H\Q ds
surface integral: E

1
= ZR,[H|?
5 s H|

1
*Stored energy is: » U = 5;@/ H|? dv
\Y%

wolU U
— :27-5
PC Trch

*Quality (Q) Qo

which 1s ~ 2 © number of cycles it takes to dissipate the
energy stored in the cavity = Easy way to measure 0

. Onc~= 104, QOsc~= 10"



Figures of Mertit

Shunt Impedance (R,)
* Shunt impedance (R,) determines how 12
much acceleration one gets for a given R, = =<

dissipation (analogous to Ohm’s Law)
—> To maximize acceleration, must maximize shunt impedance.

R. V2

f}[] @'[Jf;" .

Another important figure of merit 1s

*Ra/Q) only depends on the
cavity geometry = Cavity design impacts mode excitation

Excitation of disruptive (higher-order) modes by the
beam scales as R,/Q = in conflict with the above
requirement. (Solved by using SRF, high Q) 9



(Some) Further SC Features

« Large beam tube & Fewer cells

— Reduces the interaction of the beam with
the cavity (scales as size’) 2

— The beam quality is better preserved
(important for, e.g., FELSs).

— HOMs are removed easily = better beam
stability = more current accelerated
(important for, e.g., B-factories)

— Reduce the amount of beam scraping =
less activation in, e.g., proton machines
(important for, e.g., SNS, Neutrino
factory)

10



Surface Resistance - Superconductivity
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Superconductivity

Heike Kammerlingh-Onnes, 1911: SC in mercury
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Energy Gap

At 7> 0K, some
“normal” electrons not
yet condensed into pairs

Empty Levels

A
T Nnormal X €XP (_]{IB_T>

B A

Ly |

Ay

Ay

AL
Ay Occupied Levels
Ly

> > > > >
4+ 4 4 <4+ <

Ay

Normal conductor  Superconductor

(electrons condense into Cooper pairs)



Superconductors: RF Resistance

In the simple two fluid model,

10 nQ => Q =2.5 x101°

DC resistance i1s zero because

«— Compare with Cu: Rs ~ 10 mQ

SC fluid shorts out the NC 105
fluid. E A(0) k,T.=1.89
In RF fields, there are finite | »
(but small) RF losses because il %o 1.5 GHz
Cooper pairs don’t follow the S <
time-varying field due to their ]
inertia N _ Residual resistance
= nc electrons “see” some 10° ) "
electric field. :

10 | , | |

2 3 4 5 6 7
RS = ASUJZ exp | — A(O) T M ' el
kBT ore re;smtance the more NC electrons
are excited

More resistance the more the sc pairs are jiggled around
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Frequency, Temperature and electron mfp
Dependence of Rs

— 2 (- Ag/kT
Ry =A( AL, &, 1) £ eC2kD  for T<0.5 Tc 1500 MHz Resistance of Nb

T T e ———

—— 42K

A London penetration depth ol
£o Coherence length of Cooper
pairs

vy Fermi velocity

a, Energy gap

1 electron mean free path

Tc = SC transition temperature
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] (?)e-( . ) Mean Free Path (A)
Above 2 GHz, the f? x exponential temperature
dependence causes global thermal instability to keep Eacc

<30 MV/m
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Fuftre @ Tinprovements ?
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T=2K,Rs=14nQ, Q=2.6 x10!Y

TESLA Q = 1010

Lower mean free path, Q =3 -4 x10'°
Or Lower Temperature

T=18K,Q=6.3x1010
T=17K Q=1.1x10"

T=1.6K, Q=1.9x10!

Shield Earth’s magnetic field to < 1 mOersted
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Figure 2 — Residual resistance as low as 0.5 nQ2 is
actually measured on large area cavities, giving an
intrinsic quality factor Q, exceeding 2.10"".



11
10

10

10

10

10

Ideal SC Cavity Behavior

1300 MHz, 2 K

Ideal

" Theoretical Limit

25

50 MV/m

Accelerating Field
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Critical

Magnetic
fields )
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Dirty Superconductors
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RF Critical Magnetic Field

» Phase transition, flux nucleation requires some time
(1 us?)

-2 SoH.> H_

« even H > H_up to the superheating field.

AtT=0K
Critical RF field, Hsh, for Nb 1s about 2400 Oe¢ (240 mT).

For typical v = ¢ cavities this 1s achieved at an
accelerating field of £, ..~ 50 MV/m.

New considerations suggest Hy, is about 1800 Oe (Saito’s talk)
21



DC/RF Crtitical Field for Superconductors

Superconductors only remain in the
superconducting state if the applied
field is less than the critical magnetic

—> For RF can exceed H_ up to the
superheating field.

field H, (2000 Oe for Nb) B T
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Theoretical RF Electric Field

e No known theoretical Iimit

e In SC test cavities, SC survives up to
— Epk = Pulsed 220 MV/m
— 145 MV/m CW over cm? area

« Single cell 1300 MHz accelerator cavity to
Epk =95 MV/m, CW (Rongli’s Talk)

23



The Real World

Departure from Theory
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Residual Resistance

26



Known Causes of Residual
Resistance

Insufficient cleaning: chemical residue
Joint losses at flanges, 1f attenuation
insufficient

Trapped DC magnetic flux due to
insufficient shielding of earth’s field

Nb-Hydride 1sland formation 1f bulk H
content 1s too high (> 2 wt ppm)

27



Residual Resistance Due to DC Flux Trapping

Normal Core Magnetic Field Lines

Superconductor

Supercurrents

T"E

™ 4 |:I H
Rpex = N—R —oxt
mag A 0 AH_ .+ = Ny, nmag — RJJ‘



n Ohms/mG

RF Residual Resistance Due to Trapped Flux

10 2

o

| .01

Oxide free

1

Frequency (Ghz)

10

100
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102 May 23, 1997 - 12:51

Thermometer AT (mE) Thermometer
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Figure 5.30: (a) Defect initiated thermal breakdown in progress in LE1-32. Even a 20 ym etch was
unable to remove the defect. (b) Ratio of the surface resistance in LEI1-32 after several breakdown
events to that before breakdown. Dark regions indicate that the surface resistance increased.

)
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Mechanism
and Explanation of Symptons

At room temperature H moves freely,
there is some evidence of surface enrichment

When a cavity is cooled the dissolved hydrogen
precipitates as a hydride phase that has high rf loss
Tc of hydride = 2.8 K, Hc = 60 Oersted

This explains shape of Q vs E curves
of Q-disease cavities

Islands

a’) Film

'.. : . e ; 1 h y&. - ®
-- - * hl}ll e o -.. #
o e .
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At room temperature the required conc. to form
hydride phases is very high, e.g 4600, 7400 wt ppm

Below 150 K
the required concentration drops to < 10 wt ppm.

C, (at ppm)

0% b

Hydride
108 L

..... Solid solution
102 L

100 200 300 T(K)
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Gradient Limiting Mechanisms

Multipacting

Thermal Breakdown

Field Emission

Medium and High Field Q-slopes

Global Thermal Instablility (high
frequency)

35



MNo. of Structures

Mo. of Tests

30

20

—=
-]

(c)

U

State of the Art, May 1991
CEBAF, CERN, KEK, Cornell, Saclay

[ | Total: = 100 Structures
— > 00 meters

012 34567 80910111212 141516 17 18

| (b) CERN, Cornell, KEK, Wuppertal, DESY

12 Structures, = 10 meters
(Multipacting Eliminated)

B 1086
I RRR = 30
2 '3 '4 56 78 010 11 121314 ' 15
(a) HEPL
- 3 Structures, 18 meters .
1074 |
Multipacting
2 '3 45 6 7 8 910 1112 13 14 15

E  (MeV/m)
GG

Field Emission

Thermal breakdown

Gradients have been
improving steadily
between 1970’s to
1990’s due to
understanding of
limiting phenomena
and invention of
effective cures 36



Multipacting
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MNo. of Tests

Multipacting

« MP is due to an exponential increase of electrons under

certain resonance conditions
1st Order 2nd Order 3rd Order

‘\/\/

Y IR \4

Low Field

High Field
(a) HEPL
3 Structures, 18 meters .
1074 i
2 6 7 & 9 10 11 12 13 14 15

E (MeV / m)
E2 e
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Solution to Multipacting

¥

Electrons drift to equator

Electric field at equator 1s = 0
—2>MP electrons don’t gain energy
—->MP stops



picm) = 100

Two Point Multipacting Remains

Beam Line

919.649

918.713

917778

RF surface
1 1

Cavity equator

—-1.871

—0.936

0.000
z(em)x 100

(a)

0.936

1.871

Impact energy (eV)

35

30

25

20

LA

40 4
Epi (MV/m)

LA

(b)

Ln
o

Low
impact
energy ->
casily
processed
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Thermal Breakdown
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Sub-mm Size Defects

Lead to Quench of
Superconductivity

6 CERN, Cornell, KEK, Wuppertal, DESY
12 Structures, = 10 meters
4r (Multipacting Eliminated) N
2 1986 i
RRR =30
D
"9 10 1112 13 14 " 15

4

(a) HEPL

- 3 Structures, 18 meters
2 1974 .
D 1 1 T T T T T T T T T T

2 4 5 6 7 8 9 10 11 12 13 14 15

E  (MeV/m)
acc

(a)

Defect

Thermal Breakdown

T A

Temperature

———————————————— TG

He

Defect

i

Temperature




100 um

ypical ]%jcfects

Frahanoid L

—— T

A £ i
Surface defects, holes can also
cause TB

0.1 — 1 mm size defects cause TB
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Improve Bulk Thermal Conductivity (and RRR) by raising purity
to_avoid Ouench

T — - - — =———
I F——Thermal Conductivity for Hb with 50 micrometer grains —/———
h _-"--'-_"!E-E-:'-:_—:
",E __.._.t-—:"_='=—'5‘=‘ =z =t
= B =
1“ = ——s—PRRR=40 __
] e —FRRR=100 = [ |
e = Temperature
w—PRRR=200 __
1 : — —RRR=1000__ T
i =
‘-F
: Defect
b o, " -y b [ L % by . b ) “ &
B % o _1{__:- "i'.l'} h:":' E é’__:- 1 f.r.-":' - 3 iy

Temperature in K




Resistiv ity of Pure Metals

Meaning of RRR

Purer

Residual

-

Impurities scatter electrons

Residual

Temperature

EFFICIENCY OF VARIOUS SCATTERING MECHAN

MANG OHM - cm FER AT. PP

.

IMPURITIES

ACANCIES OR INTERSTITIALS
(e.g. RADIATION DAMAGE)

e

10® DISLOCATIONSem*®

IO GRAIN B’DRIES/€m

RTINS

NANNNES

R




Niobium Purification

« (Can produce high Nb

plll'ity by e-beam melting Electron Electron
in a vacuum furnace Sl Gun
Electron

Currently industry produces Beam Nb

RRR 300-400 Nb. Feedstock

Reactor grade Nb 1s RRR =40 Molten

Theoretical limit is RRR = Pool—L

32,000. Water
Cunled
Cruc:lble

Ingnt

RRR: Residual resistance ratio = resistivity at room temperature divided by the resistivity at 4.2 K
(in the normal conducting state!). k7 scales = linearly with RRR.
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Post Purification

Post Purifying Niobium

) TLbe

Ti Layer

Vac = 10~ -6 torr

e --i-i- .:I:_E:I.Eé-.-.-_-_-.-.-.ll.-_l.l.l e

Nb
Cavity

19he7 1L

Oxygen
impurity
atoms

T = 1300 - 1400 C

After cavity or half-cell is
produced

. Heat in vacuum furnace to ~
1400 C

«  Evaporate T1 on cavity
surface

«  Use titanium as getter to
capture impurities

«  Later etch away the titanium

*  Doubles the purity (RRR ~

600 if originally RRR = 300)
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Post Purifying Niobium
Half Cells and Complete

— Nb cavity half-cell
- Perforated Nb foil
—Y foil

———-Nb foil

e, ———————————

Cavity Successtul

Niobium

A

1400 °C

I support

Niobium
1.3 GHz
cavity

Tungsten

W~ heaters

Niobium box

with titanium
liner

Titanium
rod

—1— Heat shields

+— Vacuum




Same Single Cell Cavity, Repeated Post Purification
1E+12

Quench Field and niobium RRRf ==
F=13GHz, T=17K — =

_____::: m RER 150

o 4 RRR 250

1E+11 # — 1 4 RRR>500
—— -

_:g'__ _____

o —Ce_T1-_-__

—_ 5 _ 1 _ _ _ _

© I
i‘ %
1E+1u  —_ - - T T =ZTZ=-—TZ-DZ—ECZ DI :::::i::
F-—c-d-s-clzccc-czf--3d-c-c-cEec==
__________ CIZZIZZIZC ______3i_

1E+Dg Illillllll
0 5 10 15 20 25 30 35
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Avoid Defects 1n Starting Sheet Material
Eddy Currents to Check the Niobium

-
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Large inclusions as well as bad spots on the niobium surface can
be found, also non harmful signatures such as rolling lines.
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Electron Field Emission



Electron field emission (1990°s)

Responsible for an exponential drop
of the cavity quality (Q) at high field.

o °
B o ce o
O 00 o5

.OQD.Q

Oo

) Q. .
Field emigsion

e Calorimetry results
o Power measurements

i
L]

]

State of the Art, May 1991
CEBAF, CERN, KEK, Correll, Saclay

[ Total: =100 Structures
— > 90 meters

U

—
(7]
et

012 34567 8910111213 14151617 18

Mo. of Structures

| (b) CEEN, Cornell, KEK, Wuppertal, DESY
12 Structures, = 10 meters
(Multipacting Eliminated)
1986
RRR =30

5 10 15 20
EacdMV/m)

X rays detected
Current detected

X rays and current may strike
peripheral devices!

2 3 4 5 6 7 8 9 10 117121314 15

(a) HEPL
- 3 Structures, 18 meters

1974 -

Mo. of Tests

2 3 4'5° 6 7 & 910 1112 13 14 15
E  (MeV/m)

ace
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Field Emission Theory

x=0 ®x =0
-'-H — P_:.;

Without E Work Y
Work , :
Function Funclion
‘-.H"u:'{:l::l = -gEx
Hl.
Wava function of alectron -,
1\'\-h1

Wavelunction of lunfelling electron

D

Farmi /\ /\ / f\F armi
enargy anangy
Vi 10 1\/; T

* QM tunneling theory predicts exponential Fowler—
Nordheim emission current density.

([ C
o =CE”ex ——2)
JEN 1 p\ I3
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Field Emission

S(] =-7.275 cm

e Acceleration of electrons
drains cavity energy

Emission site

=3
S

—4521 -2.039 0444 2926 65408 7.890 10.372

* Impacting electrons
prOduce llne heatlng —4:304 -2_622 U_4|61 2.9;3 /5_.;25 ?.éﬁ? 10_;'139 12.871 15.354
detected by thermometry. 2 (em)

Impact also produces
bremsstrahlung x rays.

0 1200 mK

[



Problem With Theory

* FE in cavities occurs at fields that are up to 1000
times lower than predicted = need [y

Jen = C1(,8FNE)2 exp(—

¢ 50 < Sy < 1000

J [jE,Izm fr.'nr"‘,.ls"(,'-,f]!e’f’nuz

10 3

!

i

1;

'i Enhanced by PFN
!

!

!

]

i

!

i

j

i

0 . . I]ljl-fi. . L;xigl_d. . ;Ix.ml—ri. 4.{ l.Dl"i. '5;[“5 !

1/ (BE)( My/m)



Electron field emission

T

So=—-7.275 cm

p (cm)
—4521 -2.039 0444 2926 65408 7.890 10.372




Strong Emitters and  Weak Emitters

» Tip-on-tip model
explains why
only 10% of
particles are
emitters for Epk
<200 MV/m.

* Smooth nickel particles emit less or

Sum —/07¢7 7 o——} emit at hlgher fields.




Field emission

Smooth particles don’t (f)
emit.

Tip-on-tip model may
explain some emission.

Cavity surfnce

B~R, B,
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High Pressure Water Rinsing Eliminates Field Emitters

From ultrapure
water system

¢

Pressure [
regulator Filter . |
[% o

‘ Rotation

x—|

; . 4

100 atm jet water rinsing
61






Assembly 1n Class 100 Clean Room

<100 particles/cu.ft > 1 um
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High Power RF Processing

Burn off Remaining Electron Emitters
With High Power RF by Sparking

1 MW, 200 usec pulses




Push for High Gradients :
in several 5-cell 1300 MHz

adients > 25 MV/m

Eacc (MV/m)

65
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30

20

10

(c) State of the Art, May 1991
CEBAF, CERN, KEK, Cornell, Saclay

Total: = 100 Structures
> 90 meters

1991 =10 MV/m

01 2 34 56 7 8 910111213 14151617 18

2000 -
25 MV/m

9-cell Cavities

DESY

Wurniber of 9-eell Cavities

<0

30 —

20

10 4

“ertical Tests FEace (BA%f101)
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High Field Q-Drop



High Field Q-Slope- Cause Not Yet Fully Understood
Cures: Electropolishing and Baking 100 C

TESLA 3rd Cavity Production - BCP

T 16 Latest

& AC55 mAC56
AC57 AC58
K AC59 @ AC60
+AC61 -AC62
-~ ACB3 ACH4
AC65 ACE66
» AC67 + AC68
AC69 ACT79

d I N
et N -
; -
- 1 —

Qg 1010

10°

Eacc [M\” I'I'I] 68

. TESLA Collaboration Meeting
Carlo Pagani 12 LNF, May 26, 2003



10" ¢
! 3rd Production - BCP Cavities
& ACS5 W ACSH
ACST < ACES
S ¥ ACS0 @ ACED
= e e - TR e +ACE1 -ACE2
SRRt R e
Q, ,mm s . *f u  |ACET :ACES
[ - gy [ ACED ACTE
L Im w7 rt:-
* +
+
"ID'g 1 1 1 1 1 1 1 1 i 1 1 1 1 1 1 1 1 1
0 10 20 30 40
E.c. [MVIm]
10™
3rd Production - EP Cavities & ACTO
w ACT2
a * ACTS
T T ok
#‘I‘ L B tan’
1G1U-I§§E e ol SR

TESLA-800 goal
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TESLA-800 goal

20 25 30 35 40 45
E.cc [MVim]

EP and Baking 5 cavities tested

Eacc =35-40 MV/m



All 5 Electropolished Cavities at 35 MV/m show less

radiation than BCP cavities at 25 MV/m..cleaner achieved

50 nA @ 35 MV/m per cavity acceptable = 250 mW per cavity at 35

MV/m, estimated corresponding radiation dose {(i);’»

10 4
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Global Thermal Instability



Global Thermal Instability Due to BCS Surface
Resistance
Important only for £ > 2 GHz

A
R, = A.w? exp (— ké(j]j))

Frequency = 3 GHz

1010 F———
| «— Below 2 GHz
Qo '
—— Modelled by HEAT w/ Tpan = 1.4 K
Modelled by HEAT w/ Toah = 1.8 K
109 . S e Sl R SR L s e 5 5 1 5 4 & o b 4 4 2 o 01 . .

200 400 600 800 1000 1200
Hpk (Oe)
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Beyond 40 MV/m
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electro-polished TESLA cavities—
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Can We Improve the TESLA Geometry?
Sekutowic Review

Low-Loss

1260 Oc

' Re-entrant
Optimized (6h =-10 %)
structure for TESLA
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Jlab, Low Loss Shape (Kneisel)

LL Single Cell Cavity after 1250 C for 3 hrs
QO Vs, Eacc
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LDP1-4 after vertical electropolishing 1St Results
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This Workshop



(Some) Open Issues for This Workshop

(Gaps 1n our Knowledge)

What 1s the limiting field for Nb? 50 MV/m, 40 MV/m?

Will new materials help us get beyond the limiting
magnetic field for Nb?

Are there better cavity geometries for high gradients?
What is the penalty for operating below 2 K for higher Q?
Why does the high field Q-slope decrease with baking
(100 C)?

Does EP (without bake) change the high field Q-slope?
Can field emission be controlled even better?

Do we need RRR > 300 (post purification) for highest
gradients?

What 1s the cause of the general Q-slope in Nb-Cu?

Are there important R&D topics being ignored? “



Low beta Cavities Examples

Quarter Wave Resonator

Liguid Helium




Critical magnetic field for the RF case

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

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

Superheating fields:

Niobium properties:

B, =078, for k> 1 Critical temperature T, 9.2 K
) Coherence length & 39 nm
B‘Sh* — 1125{’ for r =1 London penetfati{il depth Az | 30 nm
Bsh it ﬁBL for © <1 GL parameter & 0.8
= Theoretical accelerating field limits
FExperimental data [mT| | Calenlated field [(mT] | F,.e MV/m]
Property at 4.2 K at 0 K at 2 K at 2 K
B 130 164 156 37 What is really
B. 158 200 190 45 the fundamental
By 190 240 230 o4 } limit for RF
Beo 248 312 297 62 cavities?

from L. Lilje
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Compare Nb and Cu Thermal Conductivity
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Field Emission Theory

Empty Levels

Al

Y Fermi Level
Ly
Ay
Ly
Ly
Ay Occupied Levels

— T=0K

Ay

Normal conductor
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