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Particle Acceleration with cavities

1. Acceleration with radiofrequency cavities
requires synchronization of particles and RF
field. Outside of the cavity the approaching
particle bunch does not experience the RF field Particle bunch

beam direction

2. The particle bunch enters the cavity. The
electric field is pointing in the direction of
the beam axis = The particle is accelerated

beam direction

Particle bunc

3. The particle bunch leaves the cavity. The

field direction has changed again beam direction

Particle bunch
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Particle Acceleration with cavities

In this lecture we will address these questions:

Superconductivity means no resistance. Why can’t we reduce the losses s peam direction
zero?
Why is niobium the material choice which requires costly helium
cooling?
What are the fundamental and technical limitations of niobium SRF
cavities?

* Highest Energy Gain 2 Maximum Accelerating Gradient?

* Lowest cryogenic losses = Maximum Quality Factor?
What are possible future materials and what are the challenges?

> beam direction

HNela aireCtion nds Cndnged dagdirl l\ &Eﬁ r—%beam direction
Cavities are used to accelerate particles by an \ & @\ _
. H Particle bunch

alternating electric field

An oscillating electric field causes an oscillating OE
magnetic field Free space: V X H = g, 3t

The cavity confines the electromagnetic fields by

surface shielding currents Perfect conductor: V X H =]

These currents create losses (heating), which can be
reduced by using superconducting materials Ohm’s law: J=cE
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Performance of SRF cavities

There are two parameters which define the performance of an SRF cavity: Quality factor
and the accelerating gradient

The quality factor:

O~0 =G/Rszwu/'Dloss
G: Geometry factor

Ideal performance

Thermal instability
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Accelerating Gradient E, . X B ., /B

There are two ways to increase performance: Shape and material optimization
In this lecture the focus is on material optimization. What are the intrinsic limitations to R; and B,

Shape optimization and extrinsic limitations, i.e Multipacting, field emission and thermal

breakdown are covered in Bob’s lecture
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Surface treatments for State of the art SRF cavities

SRF is highly efficient but complex
technology

Supercurrents only flow within a
few tens of nanometres

— Performance is very sensitive to
near surface material
properties which can be
engineered by heat treatments
in vacuum or low pressure gas
atmosphere

Maximum quality factor and
accelerating gradient depend on
surface treatment but also on RF
frequency, cavity shape (surface
field configuration), ambient
magnetic flux in a correlated and

T=2K

not fully understood way
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Superconducting Materials
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Outline

Quick recap of London theory and demonstration of the Meissner
effect
Surface Resistance

— Electrodynamics of normal conductors
* Normal and anomalous skin effect

— Electrodynamics of superconductors

e Surface impedance of superconductors in the two fluid model and the BCS
theory

* Residual resistance
* Field dependence of surface resistance

Maximum RF field

— DCcritical fields, Hc, Hcl, Hc2, Hsh
— Critical field under RF

Materials for SRF

— Why niobium

— Materials beyond niobium

— Multilayers
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The London Theory

Assume an electron which is freely accelerated by an electric field

Lorentz force acting on the particle:

ov 9] nge?
F=ma=m— = —cE mEE) —=—"—F
ot m
J= —engsv 15t London Equation
Definition of the current density

To explain the Meissner effect we want to derive an equation that relates J to B

Maxwell equation: OB
VXE = —E
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The London Theory

Assume an electron which is freely accelerated by an electric field
Lorentz force acting on the particle:

0 2
F—ma—m—z—eE =) a—iznfneE

15t London Equation

=-—en5v
Definition of the current density
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J

”392\ : 0 nge?
X a XE= — + —
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The London Theory

Assume an electron which is freely accelerated by an electric field

Lorentz force acting on the particle:

0 2
F—ma—m—z—eE =) a—iznfneE

J= —engsv 15t London Equation
Definition of the current density

To explain the Meissner effect we want to derive an equation that relates J to B

Maxwell equation: OB
VxE———
2 Y
7 x L -2y xE= o‘ 0 [|7><]+nse B| =0

The goal is to obtain a differential equation for B
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The London Theory

Ampere’slaw V X B = pu,J relates the current density J and the magnetic flux density B

7>+ "se” g| =0 W% [v2B —“tse gl

VX B =]

VXVxB=V(VB)—-V?B
Maxwell equation VB =0
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The London Theory

Ampere’slaw V X B = pu,J relates the current density J and the magnetic flux density B

[\7 x]+”Se B| =0Ma V2B — L53215'] =0

m
VXxB = Ho] + B(X)
VXVXB=uVxJ 8o
VXVxB=V(VB)—-V?B
Maxwell equation VB =0 , .
0 N X

2 possible solutions: 1. B = const

London
x m .
2. B(x)= Bgyexp(— 7) with A, = > benetration
k HoMls€™  depth

Let us check which solution is physically meaningful
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Perfect Conductor

Consider a conductor
which fulfills these

ideal conductor

/f" ""'n\ i .
solutions when cooled | —> —
below its critical S, QY

6" magnetlc ITIEIQFIE[[G h
temperature c? fleld field
OFF
1. B = const . conductor ideal conductor
X
2. B(x)= Byexp(— =)
AL AAAAAA
‘fﬂ;é'\ -{-'-' | | ‘ | .
cooling 11| | magnetic '
field
OFF

T. Junginger — IAS Saskatoon 11/39



Perfect Conductor

Consider a conductor
which fulfills these

ideal conductor

4 : -...M\ - T
solutions when cooled | —> —
below its critical S, QY

E‘?‘ magnetlc mag netic -
temperature c? fleld field
OFF
1. B = const

. conductor ideal conductor

A.p\,
(]
>

2. B(x)= Byexp(— i)

This is not what we observe in

superconductors

T. Junginger — IAS Saskatoon 11/39



Perfect Conductor

Consider a conductor
which fulfills these

ideal conductor

,’f-. -...x\ N
solutions when cooled | —> —
below its critical S, QY

E‘?‘ magnetlc mag netic -
temperature c? fleld field
OFF
—t——=—const—

. conductor ideal conductor

A.p\,
(]
>

2. B(x)= Byexp(— i)

This is not what we observe in

superconductors

T. Junginger — IAS Saskatoon 11/39



Perfect Conductor

Consider a conductor
which fulfills these

ideal conductor

Py —_
solutions when cooled 5 >
below its critical S W -
6‘* magnellc magnetic
temperature c.? fleld field
OFF
F—B-=—const . conducm/ ideal conductor
2. B{x)= Boexp(~ 1)
AAAAAA
% \ \\
% >

This is not what we observe in
superconductors

T. Junginger — IAS Saskatoon 11/39



Superconductor - Meissner Effect

superconductor

magnetic
field
o®

ON
V | \
. conductor
A A
/-(&

ma netic\
g Q 00\\

field
ON

L B-eumst_

2. B(x)= Byexp(— %L)

e Superconductivity is a phase transition
e The final state does not depend on the order of cooling and applying field
e The constant solution is not physically meaningful
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London Theory and Meissner Effect

Only exponential decaying M

fields are observed X
2. B(x)= Byexp(— /'l_L)

To explain the Meissner effect Nnee?
the Londons postulated: ;ﬂv X ] + S B] =0

m
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London Theory and Meissner Effect

Only exponential decaying M

2. B(x)= Byexp(— %L)

fields are observed

To explain the Meissner effect

the Londons postulated: IV X ] 4+

B] —0

Finally we have derived the two London equations:

0 nece?
at m
Zero Resistance Meissner Effect

nge?

m

B
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Outline

Quick recap of London theory and demonstration of the Meissner
effect
Surface Resistance

— Electrodynamics of normal conductors
* Normal and anomalous skin effect

— Electrodynamics of superconductors

* Surface impedance of superconductors in the two fluid model and the BCS
theory

* Residual resistance
* Field dependence of surface resistance

Maximum RF field

— DCcritical fields, Hc, Hcl, Hc2, Hsh
— Critical field under RF

Materials for SRF

— Why niobium

— Materials beyond niobium

— Multilayers
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Surface resistance: intuitive meaning

Since we will deal a lot with the surface resistance R, in the following, here is a simple
DC model that gives a rough idea of what it means:
Consider a square sheet of metal with resistivity p and calculate its resistance to a

transverse current flow:
Resistance of a square metal

a
sheet of thickness d:
d
current R = ra
> > da
d Surface Resistance of a
square metal sheet with

Courtesy: S. Calatroni

penetration depth o:
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Surface resistance: intuitive meaning

Since we will deal a lot with the surface resistance R, in the following, here is a simple
DC model that gives a rough idea of what it means:
Consider a square sheet of metal with resistivity p and calculate its resistance to a

transverse current flow:
Resistance of a square metal

a
sheet of thickness d:
current R = ﬁ( — P
> > dﬂ d
g Surface Resistance of a

square metal sheet with
penetration depth o:

Courtesy: S. Calatroni

R =
o

In this model the surface resistance R_ is the resistance that a square piece of conductor
opposes to the flow of the currents induced by the RF wave, within a layer 0
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What happens at low temperature?

Surface resistance of Cu at 1.5 GHz as a function of temperature with
conductivity 0=1/p

10 - —
1 0, :
R=X =—= |tD :
o) 20 | Anomalous skin effect [>6

= : m)  j(x) % oE(x)
« At room temperature the & 1 : ’,’
conductivity is dominated by SN
phonon scattering j R.=1/60

« At low temperature phonons
“freeze out” and the
conductivity depends on

0.1 Cloulrtlesly: |G'. CIIOIVaItI |

. : . 0 50 100 150 200 250 300
Impurity concentration. T(K)

* The residual resistivity ratio
RRR = 6(0K)/c(300K) is a ...in spite of the resistivity decreasing by a factor 300
measure of material purity from 300 K to 4.2 K, R, only decreases by a factor of ~8!
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Surface Resistance of Superconductors

e Superconducting currents are
transported by Cooper pairs formed of
two electrons

— flow without friction = DC supercurrents

are lossless
* For temperatures above 0 K not all n,(T) o e ~A/ksT
electrons form Cooper pairs +
 Cooper pairs have a finite inertia. Under ¢y z__98
RF fields a time-varying E-field is induced ot
in the material. Normal electrons see j=0E

this field, move and dissipate




Surface Resistance in the two fluid model

»
>

Basic ingredients for RF
superconductivity
e Two fluid model (Gorter-Casimir)
« Maxwell electrodynamics
« London equations

L
L
....
]
g
L4
*

electron density

v

temperature (K)

Basic assumptions of two fluid

model

all free electrons of the superconductor

are divided into two groups:
* superconducting electrons of density n,
* normal electrons of density n

 The total density of the free electrons is — I
n, = ex
n=n_+n_ " p( k,T
* Asthe temperature increases from0Oto T,
the density n_decreases from n to 0.
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-Surface Resistance in the two fluid model

London equation: Two fluid model:
i) — E ,,'/——1_\\\
—Jy = : g Js = E = = —1
_ 1ot ‘\s_____,’ = T
E = Eoe 02 nnezz_ nsez G
Gl = . 02 =
m ma

* Electrodynamics of sc is the same as nc, only that we have to
changec - ¢, -i o,

. 2 1 20 o
P P h o= = ~(1+i)A, | 1—-i—
enetration dept . oo ,—0 2 /1 io /o, ( l) L( 12 2j

|

G, << o, for sc at T<<T,

Scattering time t = [/v, = 1014s
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“Surface Resistance in the two fluid model

London equation: Two fluid model:

o- E P

— ] = mm) J =— E _

e N = J=J,+J,=(0,-i0,)E
_ iot et = Y
E=hee 53 ner ne O
O-l = . 0'2 =
m ma

* Electrodynamics of sc is the same as nc, only that we have to
changec —»> o, -i o,

° 0= = 1+
Penetration depth: ‘/ﬂom W /1+161/0'2 i) (
Scattering time t = [/v, = 1014s

o, << o, for sc at T<<T,

Interesting to note here:  -We have derived A from DC arguments before

- Now we find 6=A, for T<<T_
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-Surface Resistance in the two fluid model

Electrodynamics of sc is the same as nc, only that we have to

changec > o, +io,
Recall the definition of the surface impedance:

z- Bl _E_, viX, = |1t
JjJ(x)dx H S o

. ner nge
0O = 01+I0y 0, = » 0=
m ma
For 0,<< 0, we obtain:
X, =oui
/ L.: kinetic inductance

Z =R +iX,
J
1

R =—u oo, A

S_

Normal Fluid channel

O

n

—\ AV —

(@
L

S
Superfluid channel
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Rs within BCS theory

Mattis and Bardeen (1958) used time dependent perturbation
theory to derive R for weak RF fields

Within this theory no simple formula can be derived. Several
approximate formula can be found in the literature for some
limits. For example for the dirty limit

Rg = %wzﬁalugln (%) exp ( — %)/T

There are numerical codes (Halbritter (1970) to calculate Ry
as a function of ®, T and material parameters (S, A, T, A, /)

For example,

http://www.lepp.cornell.edu/~liepe/webpage/researchsrimp.
html
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Rs within BCS theory

SRIMP

This webpage calculates BCS surface resistance under wide range of
conditions, and is based on a program by Jurgen Halbritter. [J. Halbritter,
Zeitschrift f¢r Physik 238 (1970) 466]

Enter material parameters below, and click submit to calculate the BCS
surface resistance. Results are given in a new window.

Please be aware that frequencies much lower than 1 MHz may cause
substantial processing times (depending on the user's computer).

Submit

Frequency (MHz):

Transition temperature (K):

DELTA/ kTc:

London penetration depth (A):

Coherence length (A):

RRR:

Accuracy of computation:

Temperature (of operation):

1300

0.2

1.86

330

Results:

Eesistance (Ohm): 1.9031321344341478e-8

Diffuse Reflection:
Penetration Depth (um): 0.037746828693838295

Input Parameters:

Frequency (MHz)- 1300
Transition temperature (K): gz
DELTA/KTe: 186

London penetration depth (A): 330

Coherence length (A): 400
RERR: 300
Accuracy of computation: 0.001

Temperature (of operation): 2

o Be carefureful here. The website
001 suggests 40nm. The input required is
) n€,/2, while §,=40nm for Nb
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BCS vs two fluid model

The treatment within BCS theory and two-fluid
model give qualitatively similar results

Quantitatively they can differ by an order of
magnitude

— The BCS treatment gives qualitatively correct results
for low field

To treat experimental data approximate formulae
are useful, e.g.

w?A A
RS = Texp _kb_T

Here A accounts for all material parameters
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The RF surface resistance

A
k,T

_ 2293 2
Rpcs = w*A’o1ppexp

This equation implies R.:

* Has a minimum for medium purity

* |s proportional to w?

e Decreases exponentially with temperature
* Vanishes as T=20 K

* |s independent of RF field strength

In the following we will compare these assumptions to

experimental data and modify the formula if necessary
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Material purity dependence of R,

Rgcs = w? Aoy pugexp <——>

e The dependence of the penetration depth on / is approximated as

A

Al)= A, |1+ 7;4';0

1
» Rsoc<1+n—gz°> » R, ol y if 1 >> &, (“clean” limit)

0
R [nQ]

900
850
200
750
700
650
600
550
500
450

R ocl”

if [ << &, (“dirty” limit)

Nb on %1.5 GHz, 4.2 K

C. Benvenuti et

- s al., Physica C
clean 316 (1999) 153.

i “dirty”

20

[
h F
=
=

| +rE, 121

R, has a minimum for | = n§,/4

Example: Nb films sputtered on
Cu substrate

e By changing the sputtering
species, the mean free path
was varied

* RRR of niobium on copper
cavities can be tuned for
lowest R..

T. Junginger — IAS Saskatoon 38/39



CERN — Nb on Cu cavities

CERN first started to use Nb on Cu technology for
LEP-II cavities.

Du to the low frequency and optimal mean free
path economical operation at 4.5K was possible

LEPS™
Sputtered Nb On Cu
The technology was then

adopted for the 400 MHz LHC
cavities

Hie-Isolde Quarter Wave Resonator
commissioned in 2015
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