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Overview

What is the theoretical behavior of superconducting RF cavities?

Short introduction to RF cavities (details in Tutorials 2a/b)

Need some ,tools” to characterize their performance/losses
® Figures of Merit: Surface resistance, Q-factor, shunt impedance ...

RF losses for normal and superconductors: theoretical behavior
Use the Figures of Merit to understand the impact of losses on RF cavities
Cavity losses: measured behavior, how to improve them

Fundamental field limits of superconducting cavities (practical limits in Tutorial 4b)

Note: Throughout will calculate examples
® Always use a 1.5 GHz pillbox cavity
® Superconductor: always bulk niobium (Other materials/thin films to Tutorial 6a/b)
® Some equations, most you can forget again. Important ones are marked in yellow
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Making a cavity

® For acceleration we require an oscillating RF field

¢ Simplest form is an LC circuit

® |etL=01mH,C=0.01puF-f=160kHz

® Toincrease the frequency, lower L, eventually only have a single wire

® To reach even lower values must add inductances in parallel Based on Feynman's Lect. on Physics.
¢ Eventually have we have a solid wall

® Shorten ,wires* even further to reduce inductance

® S Pillbox cavity, ,, simplest form*

® Add beam tubes to let the particles enter and exit

L

Magnetic field concentrated in the cavity wall,
losses will be here.
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Cavity Modes

o . . . . . 2 1 82 E
Fields in the cavity are solutions to the wave equation Vée—-——— =0
2 42
c” ot° J|H
o . -
Subject to the boundary conditions ~ ~
nNxE=0, nH=0
® Solutions are two families of modes with different eigenfrequencies
® TE modes have only transverse electric fields
® TM modes have only transverse magnetic fields (but longitudinal component for E)
® TM modes are needed for acceleration. Choose the one with the lowest frequency (TM,,,)
® ror pillbox (no beam tubes) solution is: B
5. = (). A
_ Eg  [2405p\ .,
He = () U]
_ 2.405¢ Lo W
Wolo = B Ve

® Note that the frequency scales inversely with the linear dimension of the cavity (call this ,a“)

J. Knobloch, SRF 2007




Cavity Fundamentals

® Optimizing Cavity Length L >
Enter Exit
m / T, — & — R | =u

\/ ransit — ,BC 2 acc 2

E.g.: For 1.5 GHz cavity and speed of light electrons (8 = 1), L,.. = 10 cm
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Figure of Merit: Accelerating Voltage and peak fields

® How much energy gain can we expect?
¢ Integrate the E-field at the particle position as it traverses the cavity:
d
V. = f E.(p=0, z)ei“"”zfcafz (assume speed of light electrons)
0
~ L = Clr
a)OL acc 2
ALY S oe 2
® For the pillbox cavity this is V.=E, jexp( 2 jd = LE, =—EL
5 Cc a)ol— T
2C
°® : : . V., 2
We can define the accelerating field as E__ =TC =—E,
T
¢ Important for the cavity performance is the ratio of the peak fields to the accelerating field.
[

Ideally these should be relatively small to

limit losses and other trouble at high fields _J E. = E, (2.405,0) it ore like 2
I R
1 - _Eq 2.405p ierd
S Hy = i _Jl( B/  lymore like 3600
LMC PR joras
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Power dissipation in a cavity

¢ Tangential magnetic fields exist at the cavity wall

—

> By Maxwell's equation  Vx I§:,uj+,uga—E currents must flow.

® current density is proportional to the magnetic field
[

If the material is lossy, this will lead to power dissipation
® (one reason why one may want a low ratio of magnetic field to accelerating field)

¢ By Ohm's law one can define a surface resistance such that the power dissipated per unit

areais given by: ap |
—° = _R.H|?
ds 2 H|

® Thetotal power dissipated in the cavity is given by the integral over the surface:

Pc = le\/ |H|2d8
2 " Js
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Figure of Merit: Cavity Quality

® How does this compare to the energy stored in the cavity?
® Define the cavity quality as:

Energy stored in the cavity
Energy dissipated in one RF cycle

~ 27t x Number of cylcesto dissipate the stored energy

¢ (Note: Easy quantity to measure. Just fill the cavity with energy, switch off and count the
number of cycles it takes to dissipate the energy) e e
® Thestored energyis: U L 2
JN
- 2
® Hence 0o = LYV [HI dv
R,
2 3
® Note that Jv B[ dv
Js [H|2ds q
G 4530 —
® And hence Q== For apillbox:G = R - 2570
R d
1+E

where G is the geometry factor which only depends on the cavity shape!
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Figure of Merit: Shunt Impedance

The cavity quality: useful value for the performance of the cavity, measures how lossy the
cavity material is

But really we want to know how much power is dissipated to accelerate the charges.
Hence one defines a shunt impedance:

ch

P

diss

&:

The higher the shunt impedance, the more acceleration we get per watt of dissipation

A very useful quantity is generated by dividing by the quality factor:  Operating parameter,
2 > given by Accelerator
&: VC P — Vc

s — = s — Cavity material
X Q,

Q
® Why? Because V2oca?oe— } Cavity geometry
=

2
Wy o< @ = R Depends only on the cavity shape
0 Q, but not its size (frequency) or material!

C

U<><a3<>ci3
qa

® Lillbox: 3215095:19&2

0
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@ESSY Comparison Superconducting and Normal Conducting Cavities

® | ets calculate one example: Want to operate a 1.5 GHz Pillbox at 1 MV

- . A r= e~ an — -~ ~

[
For copper cavities, power dissipation is a huge constraint -
- Cavity design is driven by this fact
For a clock pendulum (1 sec): 815 years!
For SC cavities, power dissipation is minimal
- decouples the cavity design from the dynamic losses
- free to adapt design to specific application
Eacc_g_*\’? — '_pk_2'—acc_""’" m
H o _ 24302 = =243005,E3pk =31mT
m m
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Difference between NC and SC cavities

NLC design developed to reduce power dissipation to a minimum

But many other areas are impacted in a negative way
® E.g., =2 Strong wakefields are created - impact beam dynamics
® Small size - extremely tight tolerances

® TELSA design
Power dissipation less critical

® - Choose design that relaxes wakefields
® Still: heat is deposited in LHe - cost issue that must be understood
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What comes now

Clearly, cavity losses strongly impact the design/operation of the cavity
Will analyze the behavior of normal-conducting and superconducting RF losses
Look at scaling laws: frequency, temperature, material purity ...

Then turn to the real world, look at deviation from the ideal
® Residual losses
® Trapped magnetic flux
® The Q-disease

How far can we push a superconducting cavity?
Theoretical Limit of superconductors
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Calculating RF losses in a conductor

® ror simplicity, use the nearly-free electron model )

: ner L
® |osses given by Ohm's law | =oE=——-E, T = scattering time
® The electrons have a time r between s tering events to gain energy Ay = —ekE7

m
® ha cavity, the magnetic field drixes an oscillating current in the wall
® - Start with Maxwell‘'s equations
: oE oB
VXB =y +Hue— VXE=—-—
ot ot
® Combine the two and take th exp(iwt) dependence into account
, B
~V°B=uVxj—pue o —iuowB + uedB
) - o - A A
Look at atypical copper RF cavity: ¢ =5.8x10" — we-=0.08— at1.5GHz
Vm 0 vm
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Field near a conductor

Consider now a uniform magnetic field (y-direction) at the surface of a conductor.

Solving V°B—-iucaB =0

yields H,=H oe_%e_% 1

where the field decays into the conductor with over a skin depth of 0= W

Similarly, from Maxwell find that E, =—(1+5') H,
O

So that a small, tangential component of E also exists which decays into the conductor
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Cavity losses due to the RF field

H, =Hge e’ g —_Ut) H,
00

° . , 15 .. 1% 2
The losses per area are simply Py =— jJZEZdX=— jG‘EZ dx
2x=0 2x=0
1 1
=——HZ —ZRH? _ 1 _ |Au
206 0 T R=—=
O o
® Note: Surface resistance is just the real part of the surface impedance:
z =B M) @:\/%exp(iﬂM)
H, o006 o o
¢ Plug in some numbers:
[

Copper: f =1.5GHz, 0 =5.8 x 10" A/Vm, Y, = 1.26 x 10 Vs/Am

2 0 =1.7pm, R, = 10 mQ
- Q, = G/Rs = 25700
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Frequency scaling of the losses

1 Vii] .
® Note that for R=—= il , the surface resistance scales as /@
o)

00

® Recall P, ¢

iss:F\)a

® But consider the tot
® For atotal voltage
® Thus the total po

nac):

. 1 H-geometry
® Since Laccoc—

w
. 1 : . .
® The total power dissipation scales as: P, o< — (:':ol: NC S(}i'stems_ high freql;;?n;'es are desirable
»\/ Q u eam dynamics may surrer:
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Losses in a superconductor: Two-fluid model

Two fluid model, must consider both sc and nc components:

® Below T. superconducting cooper pairs are formed with an energy gap 2A
® The density of remaining ,normal® electrons is given by

—A
n, o< expl —
p(kBTj

® DC case: Thelossless Cooper pairs short out the field
- the normal electrons are not accelerated
- the SC is lossless even for T >0 K
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Losses in a superconductor: RF case

What's different for the RF case?

Cooper pairs have inertia!

- they cannot follow an AC field instantly and thus do not shield it perfectly
-> aresidual field remains

- the normal electrons are accelerated and dissipate power

¢ Scalings of the surface resistance:

® The faster the field oscillates the less perfect the shielding

- We expect the surface resistance to increase with frequency

® The more normal electrons exist, the lossier the material
= We expect the surface resistance to drop exponentially below T,

J. Knobloch, SRF 2007




Surface impedance of superconductors

® calculate surface impedance of a superconductor

- Must take into account the ,superconducting® electrons (n,) in the 2-fluid model
® Forthese there is no scattering
® Thus: — jo=nev

H 2
ma_V =—eE — % — n,e E First London Equation Acts as the AC conductivity of
ot ot m ) the superconducting fluid.

o - - - - . NE Collision time“ is the RF

In an RF field with exp(iwt) dependance = j =-i—=—E et

S Mo period.
or  jy=—FE where = ~isthe London penetration depth
AL HoNE

[

Total current: Just add the currents due to both ,fluids*: ] =lntJs= (O'n —io's)E
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Surface impedance of superconductors

Thus, the treatment with a superconductor is the same as before, only that we have to

change: o %(O.n —iO'S)

® Impedance \/79Xp"7 —io- exp(i%)

Penetration depth
P 1/ Jﬂf,u ~io,)
2
®  Where Hy=Hoexp(——(1+l)x o, n,e'c d Sznse
o) m ma
® Note that 1/w is of order 100 ps wheneas for normal conducting electrons ris of order few
10fs. Also,n,>>n_ for T<<T_. Hency o,<<o0,
® Asaresult one finds that: 52(1_”),1{1_”&) |_| - H eAL = /as/u
S
L

Again, the field decays rapidly but now over the London penetration depth
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Surface impedance of superconductors

Surface resistance of the
superconductor

@ .
® For the impedance we get: Z;= _ﬂ(a%o_ "") Xs=aud R = Eanwzujﬂf
® 2

Lets look at some numbers:
For niobium A4, =36 nm, for Copper the penetration depth was 1.7 um (@ 1.5 GHz)
-> The field penetrates over a much shorter distance than for a normal conductor

® At1.5GHz: X, =0.43 mQ, whereas R is <1pQ

- The superconductor is mostly reactive in line with our previous explanation of losses in a
superconductor
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Frequency scaling of the surface resistance

® Nowe R=-o,0'uiR

- The surface resistance scales quadratically with frequency, a
previous analysis

In agreement with our

® Recall that the total dissipated power for all accelerating cavities Was given by

P, = frequencyindependart stuff x&

w

® Lencefora superconductor Ptot oc (1)
- Favors low-frequency cavities if cryogenic power is an issue.
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Temperature scaling of the surface resistance

R = %Gn O g,

® The surface resistance is proportional to the conductivity of the normal fluid!
-> If the normal-state resistivity is low, the superconductor is more lossy!
¢ Explanation: For ,residual“ field not shielded by the Cooper pairs more ,normal
current” flows = more dissipatio 2
&dISS O-nE
¢ Temperature dependance: Below T, electrons condense into the superconducting state.
® Inthe previous tutorial we saw for the normal fluid:
~A(T) j (—1.86T /
n, o< exp( =~ exXp c
n KT T
- Conductivity is oc fexp(_1'86T%j

Pro peofyeohé bily ihtieyeocorad oobeductor
Property of cooling

1.8
® Hence the SC surface resistance is given by & %p(
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Scaling of the surface resistance

R o 0’ B exp(—1.86T%)

The surface resistance
® Increases quadratically with frequency - use low frequency cavities

® Decreases exponentially with temperature - stay well below T,

® Increases with increasing purity of the material 2> use-impure-materials—

No! This statment breaks down for very
impure SC + there are compelling
arguments to use high-purity material
(see later and turorial 4b!)
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Frequency scaling

® Measurements at 4.2 K and 1.8 K confirm the frequency dependance.
¢ Slight deviation at high frequencies due to anisotropy of niobium

10° I I I I I I I /d

Duadratic dependance

Rs (1<)

Freguency (GHZ)

U. Klein, Thesis, Wuppertal Univ., WUB-DI 81-2 (1981) e
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Temperature scaling

¢ Exponential dependance confirmed experimentally
® Measure Q factor of a cavity v. temperature
® calculate surface resistance = G/Q,

10 11
1010 n
| |
Q -
| |
10 @
| |
[ |
10 &
1 2 3 4 5
TIK]

H. Padamsee et. al, Cornell
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Impact of the purity of the superconductor

Yy exp(—l.SGT%j

Surface resistance decreases as the mean free path decreases (less pure)
This is only valid as long as the coherence length is << mean free path

&y <</t

Otherwise the first London equation (local equation) breaks down.
In that case must replace:

A=A =4 1+%

And thus the surface resistance increases when <&, =64nm
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Impact of purity of superconductor

® Measurements have confirmed the general dependance on purity
¢ Sputtered niobium on copper
¢ By changing the sputtering species, the mean free path was varied (see Tutorial 6 (?))

900
850 - +
300 -
750 -
700 -
650 -
600 |-
550
500 -
450 -
400 -
350 -

ROBCS [n Q]

1+ng /21
C. Benvenuti et. al, Physica C 316 (1999)
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Calculating the surface resistance

Clearly, absolute calculation of surface resistance must take into account numerous
parameters.

Mattis & Bardeen developed theory based on BCS: , involves many tricky integrals* €HSP

Approximate expression for Nb: 2 —
Rycs = 251070 | Lex 1767)
1500MHz ) T T

Program written by J. Halbritter to calculate resistance under wide range of conditions
(J. Halbritter, Zeitschrift fur Physik 238 (197M A&K)

100000 ¢
® At Cornell: SHRIMP :

® Must only supply a minimum number 10000 MEERICIIE RIS
of parameters :

® Cifect of material purity included i

° 1000

Frequency dependance calculated

100 ¢

10 |

Surface Resistance (nOhm)

1 1 1 T TR NN N S N |

100 1000 10000
Frequency (MHz)

H. Lengeler et al., IEEE Trans. Magn MAG 21 1014 -
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Measured surface resistance

® Measured cavities display a behavior similar to the theoretical surface resistance
® Thus lowering the temperature further
should always improve the dynamic losses 10 r————————r"r—————r————yr———
® But eventually the effect saturates @
¢ Temperature independent term is
called Residual Resistance
100 £ E
R_[nQ]
1,E+11 r 3
ag+to f What is happening here?!
8,E+10 - ][} . i
7.E+10 | -
2 : i
E 6,E+10
]
gﬁ,EHD
8 : 1-20 nOhm
4E+10 F
3,E+10 -
2’E+1°§M935” ®e ....... 1 PP SRR | PP T SR
1!E+101 5 1.6 1.7 1.8 1.9 ; 2.1 22 2 3 4 ﬁ ?
‘ ' ‘ Bath‘ temperatu;e (K) ‘ ‘ TJ;IT

H. Padamsee, Supercond. Sci. Technol. 14 (2001) R28-R51
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Sources of residual resistance: Trapped flux

¢ Theory: Below H_;, a superconductor always is in the Meissner State C. Valet et al.. in
¢ Reality: Nb ,traps” entire field if <0.3 mT (even for high purity Nb) Proc. EPAC 19’92
® >Earths field (50 uT) would be completely trapped. p. 1295
7th
® Thefield penetrates the wall in , fluxoids® of flux P =? and normal conducting area Ay z7T9502
[

The RF field , tugs” on the fluxoids and because of their motion

a current flows through the normal conducting region . .
Nnrmal Core Magnetic Field Lines

® Total area of the I A A A4 4 mberoffluxoids x Ag, o 1/‘

A 4 A A
4
® Number of fluxoid _]al fGeiol Hyréugh T, }
,)o (bu >
- Fraction of surface M
A
- Effective surface redBs&u@:8 eniE to trapped flux is: o
2
RI) — NCDAI) Rn — /UOHextﬂ-go Rn
A;av q)o Superconductor Supercurrents
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Trapped flux

(O
® FromtheBCS theory we have: H., = —02
271,
o ) . o — Hext
So that the contribution from trapped flux is simply: Rq: = 2H Rn
[ c2
Note:

1.Normal surface resistance scales as v f
-> resistivity due to flux trapping increases with frequency
2.Resistivity decreases with increasing critical field

—> Thin film superconductors (which have a much higher critical field) are less susceptible to
trapped flux.

® Somevalues: For Nb, B.,, =240 mT, at 1.5 GHz and 10K, R, = 1.8 mQ 2 Ry, = 3.75 nQ/uT

Q f
® |h general (for Nb) = 3n— B
R i *V1GHz
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Trapped flux due to earth’s field

® Farth's field is 50 uT
- Residual resistance (at 1.5 GHz) is =175 nQ
Hence for a pillbox cavity Q, < 1.5 x 10°

- To achieve Q factors in the 100 range, the earth's field must be shielded by at least a
factor 10 — 20.

Use p-Metal for shielding
® . MAKE SURE NO MAGNETIC MATERIALS ARE NEAR THE CAVITY
+ Don‘t turn nearby magnets on until the cavity is superconducting
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Cavity with trapped flux

1.E+11 -
9 E+10
8E+10  BCS Resistance +
resistance due to
> ,E+10 F trapped
= flux (1,25 pT)
E HE+10
G > Shielding was about a factor 40
£ 5E+10
o
Q
4 E+10
5,E+10
2,E+10 Measurements at about 4 MVW/m
-1|:IE_‘|_ IIG » » » - | 1 B » » Il |1 » » - - '] » » . ™ | 1 - - - » - B » » - » » »
15 16 1.7 18 1,9 2 21 22
Bath temperature {K)
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Generation of trapped flux

¢ Sometimes, during cavity tests, one observes a quench

¢ Cavity is heated locally above T, due to
® Defects on the surface
® Electron bombardment from field emitters Details are covered in Tutorial 4b
® Electron bombardment due to multipacting

® \When the heating becomes to strong it drives the cavity normal conducting
® After the guench the Q-factor often is reduced

10t1 . T
: - Before thermal brealkdown :
o After thermal brealcdown
e
|::a' | n
[ .ﬁ i) - -—'\\ |
1010 | . .
0 5 10 15 20

Epix (MV/m)
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Generating trapped flux

® perform measurements of the surface resistance in the region of the quench (with thermometry)
® After the guench, the surface resistance increased in this region
¢ Raising the temperature above T_eliminates the additional resistivity
160
® Explanation: - .
® This creates 140 1= mo "
120 |- N ]
- —E = SWeem@eStiermopower ]
N - A Lb |
. 100 stancdiafhe G z —]
® Asthe cavity = fa AR
° _ = n & New quench ]
Warming the = g0 .
o B Sequence of events ... .
60 e 1. Initial data ]
[ Typical value - : 2. Thermal breakdown .
B T 3. Temperature cycle to 8 K ]
¢ Temperatt 40 = o 4 Temperature cycle to 11 K —
® Electrical | - A 5. Thermal breakdown ]
> current de 0 Wiratiyo 11 K
> Resistance dt 4 G 8 10 12 14 14 18 20 n)
Ep (MV/m)
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The Q disease

® Inh the 80's and early 90‘s it was found that sometimes a good cavity
could go ,bad” when tests were repeated.

® This was especially the case when cavities were installed in
,real“ accelerator modules

® This became known as the Q-disease
¢ What follows are some of the observations
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Losses due to hydrides: The Q disease

1st cooldown, vertical cavity test in a dewar (cooldown > 1 K/min)
o ©® o ® L o ® Y
1E1Q}|— o ® o
o)
For real accelerator modules have to cool ®
Qo slowly to avoid thermal stresses between components.
®4Q, Low initial Q
1E9 |0 \%,
%\ %000
% e o
® ® o
-~ [
< ® 00,
%
S Q drops further with field
1E8 |-
| | | | | |
o) 3 6 9 12 15
B. Aune et. al
E... (MV/m)

B. Aune et. al, Proc. 1990 Linac Conference,
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@ESSY Distribution of losses

Analyze loss-distribution using thermometry

T

— \ " u |
ST [/‘ //l"‘é‘\":"ﬁ-t
s //ﬂ # i ?E’;@\o‘.ﬁ“' .
%T;%’/‘;z ’-'4*4‘:- // 4/ "J/f‘-f N 4
ll"'iiii-l'l"'.ii;i J- / : ’/ﬁ' j, /

il — o /
1lumllnumlluunfrr‘ 7 i
|I"| “l ’/ e ﬁ

ﬁr’»ﬁﬂ
R. Roth et. al, Proc. 5th SRF WS. Iris

Iris

II|| % '-

Increased surface resistance is uniformly distributed (losses proportional to H 2)
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The Danger Zone—100 K

24 hr@ T

2K

1E10

cetssonommns g oe®8 & B0 ::° .,
° o

[ o °®

1E9

“

Y
bl T TP
L X T X I
'Y
®eocc0o 000 o 24 hr @ 100 K

24 hr @ 175K ..

S

Danger zone: 75-150 K

®eq 24hr@60K
®

1E8
4 6

E,.. (MV/m)
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Room-Temperature Cycle

o' TELEDYNE Niobium Material RRR=330

T I 1 I I 1 T I I ] T I T I l T T 1 T l T T T T I T I I I

o BCP(1:1:1).Fast cooldown

A room temperature
cycle removes the Q-virus

[

T I T T T T

R S il 8 3 B
Lo gl

10°

Ililll[l

3o Laaagld

1

K. Saito & P. Kneisel
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Effect of Etching

® A he_avv etch enhances the danaer of the O-virus

-

O]
~ 1 Heavy etch
] x kx * Ok * * * Q virus free
e %ﬁ@ *
O] *
= Uo o O - . -
: o oK
C 7 o %
S T 53 um etch + 100 K hold o *
i £
DE
i x  FI
| o FI
o T T 17T T T 1T 7171 [T T T 1T T 7T T 17T 17771 T T T 1T 1T 1T 17 171 [T T T T 17T T 1T 1T 171 [ T T 1T 17T 17T T T 171

0.00 5.00 10.00 15.00 - 20.00 23,

Eacc (MeV/m)

B. Bonin, B., and R. Roth, Proc. 5th SRF WS
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Effect of Niobium Purity

¢ High purity material is more susceptible

;1 TELEDYNE Niobium Material RRR=330

I T I I I 1 I T l I I I T I T T T T I T T T T l I T T T

o BCP(1:1:1),Fast cooldown
* Warmed up to 110K 20hrs
~ + Warmed up to Room Temp.

10

T T 17T
[ RN

&
+
&
o}
8
o}
@)
]

+ +

16

H
ot

NA

T T T =
+&
%
o]
o}
o]
o}
(o]
o
o]
o]

(@)
©
UL R

o Ll

® . o.’.:.-. .‘:.

T

K. Saito & P. Kneisel
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Effect of Grain Size

Thermometer

AUS After fast cooldown - 1500
15 -
- 1000
.- N immmw pE E N o
- 500
5 _
. Following warm up to intermediate temp.
- -0
| | | | | | |

0 50 100 150 200 250 300 350
Angle (degrees)
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Hydrogen

The most likely culprit is hydrogen:

® Nb-H system undergoes several phase transitions at low temperature, problems

arise for concentrations greater than 2 wt ppm

® Mobile even at 120 K (300 um in 1 hour!); not so other impurities

—> During cooldown hydrogen moves to form high-concentration islands that
precipitate to bad SC hydrides = “weak superconductor”

® Cool quickly to < 100 K to “freeze” hydrogen in place

Hydrogen likes to sit at “low-electron-density” sites in the niobium
—> near the surface or at interstitial impurities
—> for impure niobium, much hydrogen is “bound” and cannot precipitate at the
surface

Copious hydi ve oxide layer is
missing o
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Hydride Precipitation

Weight Percent Hydrogen
0.4 06 08

225 E
. ure = 1 bar — PHRSEMAS |
Disordered phase f Kelvin
o5 237, m° L 450
?
125 « E | 400
Y ?
i -
75 ! 8 E | 350
o Startihg poi s 5%
° ' F 300
25 - . -
& o+ B i .
= !
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Avoiding the Q disease

How do we ,vaccinate® cavities against the Q disease?

Buy niobium with little hydrogen to begin with (< 1 wt ppm)

Etch your cavities with cold (< 15 C) acid

Use a large acid volume to stabilize the temperature (exothermic reaction!)
Vaccum-furnace bake at 700-900 C (P < 10-® mbar) to drive out the hydrogen

1011 .

1010 — =
& . ]
.W. First test — Q-virus
109 & % E
- sé 3
- a -
108 '
0 5 10 15 20 25 30 35

Epk (MV/m)
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The Q disease: an example

Tried a new scheme to remove acid without exposure to air
® Was supposed to reduce field emission

Following RF test showed VERY strong heating
in the lower portion of the cavity | |

Presumably, acid removal in lower portion was probably slow Acid out

Rather it diluted the acid slowly - increased reaction rate

How to solve the problem?
® Heat the cavity to 900 C in a vacuum furnace (P < 10 mbar)

® Hydrogen is removed and cavity performance recovered < >
1011 .

1010 — 3
. [ LowR, ]
=7 - . _ ) .
W_ First test — Q-virus
109 _ _
E ® 3 Water in
o ié .
i ] I__ 1
-  LowH,_ e . | |
108 .
0 5 10 15 20 25 30 35
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Achievable Surface Resistance

With a carefully prepared cavity, well shielded from the earths field, one can achieve a very
high Q factor

Surface resistance is around 1.3 nQ
SHRIMP predicts a value around 1.8 nQ for BCS losses

1E+12

1E+11 -

A LAN

Qo

Power dissipation at 1 MV = 25 mW!

- Could use an RF signal generator to run this cavity!
0 5 10 15 20 25 30
Eacc (MVIm) [TE=m e |
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Maximum Field

® What is the intrinsic field limitation of niobium cavities

Ideal
l’
@ ¢ ¢ ¢ ¢ ® ¢ o ¢ o o o
1011 -
Residual resistance
0 @ @ © @ ©@ 0 © ® @ 0siope
(]
10 | @
10 Real
® O
@
MP ) ™
All this to be discussed in
Tutorial 4b
0] 10 20 30 40 50
Eacc

J. Knobloch, SRF 2007




Cavity field limits

® Two field limits possible:
® Electric field
® Magnetic field

® peak fields rather than accelerating field will be the limit
® 5 Ratios play a vital role:

Epk v
= —=16
E e 2
H For pillbox
bk _ 990 /W
Flace MV /m
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Electric field limit

BCS theory does not predict an electric field limit

In real cavities, a practical electric field limit clearly exists: Field emission in high electric
field regions (Tutorial 4b)
To test whether there is a fundamental field limit:
¢ Design a cavity with relatively small H,/E.. = to eliminate any magnetic field limit
® Pulse the cavity with high power (MW) in short time (us) = reach high field before field emission
can cause cavity quenches
That way 145 MV/m (CW) and 220 MV/m (pulsed) peak fields have been achieved

So far no fundamental electric-field limit observed
D. Moffat et al., Proc. 4th SRF WS

1ot e ' J. Delayen and K. W. Shepard,
B Appl. Phys. Lett., 57(5):514

< 1010 |— - g
= Calorimetry (30 %% efficiency) i
| = Power measurements _
a
109 | 1
o 5 10 15 20 25

Epi (MV/m)
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Magnetic field limit

® Bcs superconductivity does predict a magnetic field limit
® |ntermediate state is lossy in RF field = quenches cavity (see discussion on trapped flux)
- must remain below H_,?

Not quite: Phase transition is first order (latent heat) > it takes time to nucleate this (= 1us)

-> for short times can ,superheat” the field and remain in the Meil3ner State

® Theory predicts a superheating field Hy, = 240 mT (@ 0 K for Nb)
Type-Il superconductors

Normal State

Magnetic field

Temperature dependance of critical
field is given by

T 2
. Hsh(F)=Hm(0)[1—(T—J ]

Meifdner State

Temperature
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Magnetic Field Limit

® | et's calculate an example with out Pillbox: gpk — g — 1.6
® For Nb at 2 K: B, = 231 mT Ha"*t A
> E,. = 75 MV/m when B, =B, 5 = 2430 Mém
- E, =120 MV/m € already exceeded with other cavities e IV/m
10" . ; , —_—
®  Best real cavity results* (@ 2 K) s e s e e Eshssss
® Eqee = 52,3 MV/m PO 7 Eacewsd SThMVim |
E, = 116 MV/m MmO 0oy MMM NN L
® B,(229 mT) > By, = 197 mT > B, (162 MT) 49 Lo I ——— >
° AtB,: E,_=60.9 MV/m A &
: Eaee-47. 24MVim|
Joe=1_13E10
:I.l]9 ....!...1' i A Y
KSalto KEK o
x A Reentrant Single cell cavity@zli L
.. @ LowLoss Single cell cavity @ 2K } e
90 Lii o i piiididlidiiibiiiidid
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Face [MV/m]
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Reaching the magnetic field limit

® To demonstrate the field limit Bk = Bsh

® Apply short, high-power pulses to reach the maximum field before anomalous losses like
thermal breakdown (due to particles) or field emission can kick in.

® Measure closer to T, so that the superheating field is lower
¢ Clearly H_, has been exceeded and H_, reached at higher temperatures
cl sh

250 | , |

200 - surement at KEK

-y
tn
=1

100

Peak SRF Magnetic Field [mT]
l‘é

He(T) = Hsh(O)ll—(—

0 | 1
0 0.2 0.4 0.6 0.8 1

(T/T.)
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@ESSY Another ,fundamental limit“: Global Thermal Instability

H 2000

1800 [

vvyy

1600 |

1400 [

1200 |

800 [

600 |

Surface Resistance (nOhm)
S
o
o

400 F

200 |

2 25 3 35 4
T (K)

¢ Exponential increase of BCS surface resistance with temperature
-> Danger of thermal runaway (global quench, contrast with local quench)

-> Field limit is a direct consequence of RF superconductivity

J. Knobloch, SRF 2007




GTl in 3 GHz Cavity

00 3 GHz
240}k
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J. Graber, PhD thesis, Cornell University, 1993
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Global thermal insability

R — ENNAREY

® Surface resistance

* Thermal conductivity of niobium l l l l l l l l l
® Kapitza conductivity into the helium bath

J. Knobloch, SRF 2007




Thermal conductivity of niobium

® Thermal energy in a superconductor can be carried by electrons and lattice vibrations
(phonons)

® Cooper pairs do not scatter off lattice - cannot transfer heat
—> only the normal ,fluid” is involved in heat transfer
- Largest near T, then drops exponentially
-> Specific heat due to electrons drops as T exp (-A/kgT)
® Only few phonons present at low temperature
-> Electronic contribution dominates near T,
® Specific heat due to phonons only drop as T3
- Phonons dominate at lowest temperatures
® Electronic contribution limited by:
® NC electrons scattering off impurities (concentration determined by the RRR)
® NC electrons scattering off phonons
® Phonon contribution limited by:
® Phonons scattering off electrons
® Phonons scattering off lattice defects, in particular grain boundaries

Electron contribution Phonon contribution

J. Knobloch, SRF 2007 F. Koechling and B. Bonin, Supercond. Sci. Techn. 9 (1996) e0




Thermal conductivity of niobium

- To maximize thermal conductivity:
® Decrease impurities of Nb (high RRR material)
® Increase the size of the crystal grains

ACCEL P. Kneisel

J. Knobloch, SRF 2007




Kapitza Conductivity

At the interface from the niobium to the helium, heat is transferred by phonons
Theory not well understood, but generally dependance follows a T3 to T* law

Depends on the surface condition of the niobium o
Typical values are in the range 0.1-1 W/cm?2 K
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A. Bouchea et al., Proc. 7th SRF WS
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Global Thermal Instability

® Surface resistance, thermal conductivity and Kapitza conductivity are all non-linear
- Must simulate GTI

3 GHz
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Typical thermal conductivity of niobium

-> Problem largest for
® Cavities made of low thermal conductivity
® Operation at temperatures where the BCS resistance is significant
® High-frequency cavities, > 2 GHz (recall w? dependance of resistance)
® Simulations at least partially validated by experiment
—> for highest gradients will need to stay at lower

frequencies 2000
Residual Resistance < 10 nano-Ohm
| ) Calculated
1800 .
200 J
T
240 S 1600
< 180 -1 1
E Upper IE
[ Ieie 1400
a 20
- Equator 4
o 1200 .
Boord Number J
1000 T T
1 2 3 4

RF Frequency (GHz)

J. Graber, PhD thesis, Cornell University, 1993
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Cavity modes in real cavities

In reality one has to calculate the modes with field solvers. Simply adding beam tubes
already means there are no analytic solutions

But can still identify the modes

Length is still chosen according to the previous criterion
Show a field map in a real cavity

J. Knobloch, SRF 2007




Different Cavity Designs: Trying to See the Forest for the Trees

tapered circular double ridged
HOM-waveguide with coaxial transition (CWCT)

= 50Q coaxial line
l /"‘-’ (to absorber)

J. Knobloch, SRF 2007




Different Cavities Designs

RF o<
e B[ & 3/2

® First consideration is the speed of the particles to be accelerated
® The slower the particles (ions) the shorter the gap:
¢ Application plays an important role (e.g., high current v. high energy)
® Peak fields will play a role
® + other issues that affect cavity geometry and the frequency
® Then consider SC or NC cavities
® For NC cavities must reduce power dissipation with geometrv

High energy

J. Knobloch, SRF 2007




Superconducting transition

Saclay, 4 GHz

® Measurement of surface resistance
reveals a SC transition for degraded 10%}—
cavities

.......... oo,

High residual losses

SC transition to weak superconductor
at 7.=22K

103

R, (n€2)

BCS losses
(drop exponentially)

10—

Residual resistance
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