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Livingston chart for Colliders

INFN

~ LASA
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~ LASA

e SCRF From HEPL to year 2000 INFN

“Livingston Plot” from Hasan Padamsee
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IASE Energy gain and dissipated power INFN

~ LASA

To transfer energy efficiently to particles, very high electric field is required
A]‘:iparticle :J‘ FvLoremZ d§ =q j E‘_; dt

In any structure (cavity) holding an electromagnetic field, both dissipated
power and stored energy scale quadratically with the fields
The efficiency of a cavity depends on:

it litv factor. Q Q _ U U is the energy stored in the cavity
S quall acClolr, o : . :
9 y Pdl.ss P4iss IS the power dissipated on its surface
driven by the surface resistance, Ry
. AV is the voltage seen by the beam
Its shunt impedance, r ( )2 _
et ih ’ t = AL r (AV)  “rover Q’is purely
unction of the cavity geometry — — :
a geometrical factor
and of the surface resistance, Rg Pdiss Q ol 9

For efficient acceleration Q, r and r/Q must all be as high as possible

- Good material for maximum Q and r (that is minimum Py;s)

Good design for maximum r/Q

Carlo Pagani IASF - CP Seminar #2
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|,\§|: Cavity lumped circuit model and Rg @

A cavity at the fundamental mode has an equivalent resonant lumped circuit

1 w, =27,

12
deiss — A
I 2R
O determines the N .
3dB R proportional to O
frequency band Af T determines P,,.. R oc Q
fo | / \ R depends inversely on R oc L
Af N " . the cavity R, through a R
Q 1A p; geometrical factor 0

In practice, for a given geometry and a given accelerating field the surface R
resistance R, plays the crucial role of determining the dissipated power, g
that is the power required to sustain the field

Carlo P i IASF - CP Seminar #2
arlo Fagani 7 Shenzhen, 10 June 2022



II‘Q.Q: Acceleration via RF Cavity @

= An accelerating space, usually called radio-frequency (RF) cavity, is
nothing but a container crossed by the beam in which is stored a non
conservative electric field (rotational) that, when the bunch of particles is
passing through, is found to be properly orientated in the desired direction.

Standing Wave

TM,,0 mode

Carlo Pagani 8 IASF - CP Seminar #2
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II-‘.QQ,F RF to transfer Energy to the Beam INFN

In the accelerator the world RF takes care of all the variety of items that are
required to accomplish this task of creating a region filled of electromagnetic energy
that can be sucked by the beam while crossing it.

An “RF power source” is used to fill, via a “coupler”, the “RF cavity”, or resonator
that is the e.m. energy container from which the beam is taking its energy.

What we ask to a good cavity?

High O for low losses Small R, for high O
Q — 0 U U = stored energy Q _ G R, = surface resistance
P P ... = dissipated power G = cavity geometrical factor
diss RS

Carlo Pagani IASF - CP Seminar #2
g 9 Shenzhen, 10 June 2022



O Superconductivity whenever possible

For a good but not perfect conductor ( p = 0), the fields and currents penetrate into the

conductor in a small layer at the cavity surface (the skin depth, & ) —_— R = B + ()
S
With RF fields, a SC cavity dissipate power, not all electrons are in Cooper pairs.
2[GHZ] 17.664 SC
Nb R.[nOQ =9><104Lexp[——j -
P. = & H2dS / Q] T[K] T[K] SuperConducting
) N 3 NC or RT
3 Cu R,[mQ]=7.872[GHz]

NormalConducting
1.0E-03

In NC linac a huge amount of power is deposited in the o
copper structure: MW to have MV 3 1.0E-04
T
Pulsed operation and Low Duty Cycle 8 oE0s /
4 —2K
. . . o / // —42K
Superconductivity, drastically reduces the dissipated g T0E06 /
(]
power. But some drawbacks S 1.0E07
Higher complexity: refrigeration and cryomodules & /
. . 1.0E-08 ‘ ‘ ‘ ‘ ‘
Higher technology: cavity treatments 0 500 1000 1500 2000 2500 3000
Carnot and refrigeration plant efficiencies f [MHz]
Simpler geometries: lower shunt impedance 1, [1/70 for T, =300K,T, =4.2K _ [25-30%at T =4.2K
And two big advantages: Te =77 T\1/150 for T =300K,7, =2K ™ |15-20%at T = 2K
Large bc?re radlus:. less beam losses .  [250W at 300K for 1W at T=42K
CW or high duty cicle preferred Mot =71 900W at 300K for IW at T — 2K

Carlo Pagani 10
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Il\ﬁﬂ Superconductivity as soon as possible INFN

~ LASA

= Whatever geometry the cavity has, the power dissipated by Joule effect
is proportional to its surface resistance and to the square of the field
inside it.

= At first, it was not clear that superconductivity had much value for RF
technology. When a superconductor is exposed to a time-varying
electromagnetic field, the electrons that are not coupled as Cooper pairs
lead to energy dissipation in the shallow layer of the superconductor
surface in which the electric and magnetic fields are dancing together to
sustain the rotational electric field that transfer the energy to the beam.

= But it was soon realized that in the practical frequency range of RF
accelerators, from a few hundred MHz to a few GHz, the use of SRF
cavities would produce in any case a significant gain. It was simply a
question of developing the technology, and that required investment
and big projects.

IASF - CP Seminar #2
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II‘ﬁ‘ Superconductivity: Historical Overview INFN

~ LASA

= 1908 Liquefaction of helium (4.2 K)
= 1911 Zero resistance
= 1933 Meissner effect

= 1935 Phenomenological theory of H. & F.
London

= 1950 Ginzburg — Landau theory

= 1951 — 2 types of superconductors
(Abrikosov)

= 1957 Bardeen — Cooper — Schrieffer
microscopic theory

= 1960 Magnetic flux quantisation
= 1962 Josephson effect

= 1986 High temperature superconductors
(Bednorz — Miiller)

Bednorz Muller

Carlo Pagani IASF - CP Seminar #2
g 12 Shenzhen, 10 June 2022



IAS Surface resistances in NC and SC Cavities @

Normal conducting Superconducting

A = London penetration depth

& = skin depth of microwave

() 2_L

| forgood conductor : — >>1 ——  BCS theory 0 kpT
. ) ®E Rgoc——e
N\ Surface resistance : T

._#9_1_ Nkz=19T, A
Rs = 26 66 ] e ? < kgT

T e
/V
. :Tnormal
P = RF losses I ¢ q
P—Estzsds ' /
1 5 Superconductor 2A “ ,’
— > st H-=*ds | super

0= ®U/P = G/R, QSRS T
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IAS Cooper pairs and Zero Resistance INFN

~ LASA

Pairing of electrons close to the Fermi level into Cooper pairs through
interaction with the crystal lattice

« Boson (no Pauli exclusion principle)

« All Cooper pairs condense to the same ground state

« Coherent wave functions > no scattering - zero resistance
Size of a cooper pair is large compared to the lattice constant and is
related to the coherence length &

electron

Q@ 9 o 9 NOO Estimated size of a cooper pair:
ol  Relaxation time of the lattice: 21/wp=10-"3s
.»9~ 30 9 L « Electrons move with vg=108m/s
2 O o 5 « Distance between electrons forming a
9 - cooper pair:
. ¥ W & ~ (2m/wp) vi=107m

Carlo P i IASF - CP Seminar #2
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IAS! The Real Surface Resistance @

B . /°|GHZ] 17.6
R, =Rprs+ R, Ry [nQ]=9x10 7[K] exp(— —j

T[K]
10° R
= ~ i M) 1. RO N = res
’“h IHEAY [l | [\ N4 UitvitT Ea
107 s due to surface defects,
Ene e contamination, trapped
Rs[Q e . £
sLO magnetic field and other
10°®
1.0E-03
£
3 1.0E-04
10° I L ; 1.0E-05 _
-] —e— Rs: (1.259E-4/T) exp(-18.008/T) + 5.5682E-9 s 1 0E.06 /
......... R, = (1.259E-4/T) exp(-18.008/T) i s R=0
T S A N N N S Y A A A I B A B A A B A E: /
0.2 0.3 0.4 0.5 0.6 07 100 S ———
1 0 500 1000 1500 2000 2500 3000
1/T[K ] f [MHz]
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A More about Residual Resistance INFN

2
R, = A@ exp —A + R
T kT

ConstantR, . at T— 0 for small Hyis
inconsistent with the BCS theory

Mechanisms of R, are likely unrelated to
superconductivity

Field, temperature and frequency dependences
of R, are partially understood

Effect of surface oxides (hydrides), trapped flux,
defects and more fundamental mechanisms

R, =1-20 nQ

||“ll§

| T e

) ' &
L
s

Figure 16, Measured tem perature depeadence of the sudfoce
resistance of a Nb cavity at 1.3 GHz. la this semu-log plot, the linear

regIon gives an

s 3ol

10°

10

MRS AT RN IEEN MR NN Agems o

i o Ry

i e L0 K

o 4 _4
X n 416K BCS '

energy gap of A = 19T, The mesidual resistance

"4
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Il‘ﬁﬂ Superconducting RF vs NC-RF INFN

~ LASA

Power dissipated on the cavity walls to sustain the field is:

R 1.0E-03
P, =—|HdS & _—
diss 2 O 1.0E-04 iing ¥
> % 1.0E-05 Aﬂtpresw ebo
o 1.0E-
Z —2K
S 1 0E.06 / _— —h2E
- 0 1.0E- furh
Good, but the gain of up z / _yperfiuid "¢
to 6 order of magnitudes| 3 1.0e07 /
IS not guaranted and it's @
1.0E-08 ‘ ‘ ‘ ‘ ‘
nOt fOr free 0 500 1000 1500 2000 2500 3000

f [MHz]
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|[\u,3= What we need to use SRF (NEN

" The power is deposited at the operating temperature of few K
" We need to guarantee and preserve the 2 K environment

= Cavity is sensitive to pressure variations; only viable environment is sub-
atmospheric vapor saturated He Il bath

® We need a thermal “machine” that performs work at room temperature to
extract the heat deposited at cold

® The Thermal machine efficiency is just a fraction of the Carnot efficiency

" | ess favorable Geometrical Factor G

IASF - CP Seminar #2
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|IQ.\QF From pioneering age to first real success INFN

~ LASA

® The High-Energy Physics Lab at Stanford University was a pioneer in
applying SRF to accelerators, demonstrating the first acceleration of
electrons with a lead-plated single- cell resonator in 1965.

= Also in Europe, in the late 1960s, SRF was considered for the design of
proton and ion linacs at KFK in Karlsruhe. In order to be superior to the
competing technology of normal-conducting RF, a moderate field of few
MV/m was necessary. By the early 1970s SRF has been introduced in the
design of particle accelerators, but results were still modest and a
number of limiting factors had to be understood.

® The first successful test of a complete SRF cavity at high gradient and
with beam was performed at Cornell’s CESR facility at the end of 1984,
involving a pair of 1.5 GHz, five-cell bulk niobium cavities with a gradient
of 4.5 MV/m. This cavity design was then used as the basis for the CEBAF
facility at Jefferson Lab.

IASF - CP Seminar #2
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~ LASA

> From HEPL to year 2000 INFN
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IASF From the pioneering age to 1984 C(NFN

Argonne National Labs

ATLAS: Heavy-ion Linac
* Originated at Caltech

* Implementd and used in other labs
forp~0.1

Stanford University
HEPL: Electron Linac for FEL

* First multicell electron cavity: =1

IASF - CP Seminar #2
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lAﬁF Limiting Problems @FN

Material properties
= Moderate Nb purity (Niobium from the Tantalum production)
= Low Residual Resistance Ratio, RRR == Low thermal conductivity
= Normal Conducting inclusions =% Quench at moderate field

Cavity treatments and cleanness
= Cavity preparation procedure at the R&D stage
= High Pressure rinsing and clean room assembly not yet introduced

Microphonics
= Mechanical vibrations in low beta structures =—» High RF power required

Multipactoring
= MP has been the major limit for HEPL, and electron linacs to 1984
= Pill-box like geometry: higher shunt impedance but higher MP problems

Quenches/Thermal breakdown = low RRR and NC inclusions

Field Emission
= General limit at those time because of poor cleaning procedures and material

IASF - CP Seminar #2
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JA SC cavities may have various “illness” INFN

M M M WX

Field emitted Pfasma : Multnpactor Lorentz detuning

electron bea (electrical short)
AW1Y,

[y e
Yr f’_\\ ‘ f”"\ ngh fleldQSIOPe } mﬁ

R )

R <
Quench ExCe»we = - el | Local hot spots
B > 180 mT cryogemc losses S tasaons °QT_

7 7 I . f

}4_.\) u T T J \‘.___’/
‘@@W d R )7”\
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ll‘ﬁ': Performance Limitations of SRF cavities INFN

LASA

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

£ Ideal performance The quality factor. Remember:
I .
o o — — — Thermal instability Q, =G/R=wU/P,,.. G = geometry factor
c . = —
8" ' N Rg o exp(=4/(kbT))
8 ; Multipacting \\ . i ..
‘l’l’ \ The accelerating gradient can be limited
g \ Y by the peak surface electric field (field
j \ Quench o i
7 . emission) or the peak surface magnetic
N\, | field (quench)
\.
.

.\.

(0
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IASF 1970’s: Multipacting <R

Understanding: 1st Order 2nd Order 3rd Order

Electron v S U U
avalanche . . Beam
Resonant Axis
mulitiplication S RS RS

due to \’_\

secondary | \/A | V/\VA

emission

High Field J\—
Solution: Spherical/ T

elliptical cavity shape -

1980: Gradients rise ”
From2-3 MV/m =5-6 MV/m :_

4

. IASF - CP Seminar #2
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Surface Defects Examples

For decades Niobium has been a by-product of Tantalum production

Cracks

Carlo Pagani

27

IASF - CP Seminar #2
Shenzhen, 10 June 2022



IAS Field Emission INFN

Field emission is normally caused by foreign particle contamination
« Emitted electron current grows exponentially with field
« Reaching the surface accelerated electrons produce cryo-losses and quenches
« Part of the electrons reaches high energies: Dark Current

Particle causing Temperature map  Simulation of electron
field emission of a field emitter trajectories in a cavity

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

IASF - CP Seminar #2
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S The way from ore to pure Nb @

PR SR ——— S = i ¥

- —— e e

BYW W /AEmImA™ " W
—_— —— W A— S———

The world's largest niobium deposit is located in Araxa, Brazil owned by Companhia Brasileira de
Metalurgia e Mineracao (CBMM). The reserves are enough to supply current world demand for
about 500 years, about 460 million tons. The mining of weathered ore, running between 2.5 and

3.0% Nb,O;, is carried out by open pit mining. By chemical processes the ore is concentrated in
Nb contents (50 —60 % of Nb,O;)

. IASF - CP Seminar #2
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e Main routes of Nb fabrication process INFN

~ LASA

tantalite/
columbite
concentrates

slags

pyrochlore
concentrates

Classical routes for Nb, consist of the carbothermic
reduction of Nb>Os and the aluminothermic reduction
gestion-i-ext _teating__ of Nb20Os followed by EBM.

@ (100) @) Nb,O, +7C — 2NbC +5CO

SNbC + Nb,O, = TNb+5CO
3ND,O, +10A4] - 5A4L,0, + 6Nb

FeNb,oxide

HF -digestion+|/1-extract (MIBK) leaching

rextraction

[Nc-redudionw l%}gﬁlgyo\lyssgsﬂsi’nl [C-reducﬂon] ITA\I - reduction‘ /]LT@

/
/

“‘/
™,
lreduction

Nb Nb

powder, dendri

An alternative route of niobium fabrication and alloying
is powder metallurgy. For special applications it may
be convenient to produce powder with high purity
hydriding. The production of high-grade niobium with
small Ta-concentration can be performed via the
sodium reduction of purified KoNbF7.

hydrogenat.{ | TaC/NbC *
degassing | | production EBM

Nb .. nydrogenat. |
powder degassing-

e Y .
sintering
» electrolytic
EBM - » refining EBFZM
electroform,

* EBM = electron beam melting

Nb-metal purification /consolidation/fabrication |

K,NbF, +5Na — Nb+2KF +5NaF

IASF - CP Seminar #2
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IAS Electron Beam Melting of Niobium INFN

~ LASA

Electrode (Rotating) During of the ingot melts, molten metal globules
fall into a pool on the ingot which is contained
Focus & Aiming iIn a water cooled copper crucible. Impurities

/ Coils are evaporated and pumped away. Power
impact is maintained to keep the pool molten
out to within a few mm of the crucible wall.
During melting the ingot formed is

N continuously withdrawn through the crucible.

Molten
Pool

Electron
Beam Gun

Electron Beam —

Water Cooled/

Crucible

- Ing.

Carlo P i IASF - CP Seminar #2
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IAS! Electron Bem Melting @

EB Melting

As a result of the increasing
demand for refractory metals
in the last few decades, the
electron-beam furnace has
been developed to a reliable,
efficient apparatus for melting
and purification.

- HERAEUS
- (German

One problem sometimes
observed with e-beam melted
ingots is the nonhomogeneous
distribution of impurities. The
skin of the ingot contains more
impurities than the inside. Top
to bottom inhomogeneity.

. IASF - CP Seminar #2
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IAS Nb Sheets Fabrication at OTIC INFN
G

mEFEEARSEE

1. Introduction of production process Nb300 Sheet

1. Ingot g 2. Forging “ 3.Sawing

9.Rolling ‘ 10.Cuting C 11.Polishing
N 227 i\l
13.Annealing 14.Polishing =

Carlo Pagani 33

4 Mechanical

Peeling

7.Acid Etching 8.Annealing

12.Acid Etching

16.Inspectio
n & Packing

www. ot ic. com. cn

IASF - CP Seminar #2
Shenzhen, 10 June 2022



IAS Nb Sheets Fabrication at Tokyo Denkai INFN

~ LASA

Mother . Cutting
material Forging
. ' =
Pressing $‘ Milling .E. Annealing
1st EB Rollin
melting g Levering
2nd, 3rd etc. EB [g% ‘s hi = _~ Chemical
) Polish —
melting — cfishing === polishing
7
Separate . Y
from base :, Rolling H E’
plate ol
Inspection
Carlo Pagani 34 IASF - CP Seminar #2

Shenzhen, 10 June 2022



IS Other Physical Limits INFN

~ LASA

Critical Magnetic Field Limit Vortex state of trapped Mag

W T Mo L T T
: : = B Hcf-Nb: Cornell, pulse R A
[ : : @ Hef-Nb: KEK, cw
2500 [oooiernennnnes S— - ——Hsh Nb _—
[ : : = =Hcf-Nb_ Sn: Cornell, pulse

=& =Hcf-Pb: Cornell, pulse

netic Field

e

W

1

2000 - .......... |
M

L
5
%

N
i
i
A

1500 Fotooo b b W BB

Hef [Gauss)

S R i, Limited thermal conductivity
S e e o e, « Thermal Conductivity of the bulk Nb

N S U DUUE DUUUE DU FUUTE JUUTE DU . * Kapitza resistance at the surface
02 03 04 05 06 07 08 09 1 -

t (=T/Tc)
Figure 10: Critical RF fields (Hcf) of sc cavities and Hsh.

B, < 180 mT coolan

H(t)
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IASHE Synthesis: R&D waiting for big projects INFN

~ LASA

¢ Understanding Multipactoring i ﬂ — S

¢ A few computer codes developed Hﬁﬂ LLLH \_/
e Spherical shape realized at Genova and |L(\/\ |L‘\/\/’\

qualified at Cornell & Wuppertal

* Understanding Field Emission
¢ Emitters were localized and analyzed
¢ Improved treatments and cleanness

* Cure thermal Breakdown
¢ Higher RRR Nb
e Deeper control for inclusions

IASF - CP Seminar #2
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Il-‘.ﬁF 1984/85 The Cornell Brake-throug INFN

~ LASA

First great success
A pair of 1.5 GHz cavities developed and tested at Cornell: 4.5 MV/m

Chosen for CEBAF at TUNAF for a nominal Ezcc = 5 MV/m

. IASF - CP Seminar #2
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IAS Exponential grow from middle ‘80 INFN

~ LASA

Multi-cell, B = 1, cavities for large storage rings

o KEK/TRISTAN — (from 1987 to 1989)
« 200 MV peak RF voltage to the beam per revolution
¢ 32 x 5-cell cavities @ 508 MHz

+ DESY/HERA — (from 1991 to 1993)
« 75/30 MV peak RF voltage to the electron beam
« One string of 16 x 4-cell cavities @ 500 MHz

¢ CERN/LEP Il — (SC upgrade from 1996 to 2000)
« > 3.65 GV peak RF voltage to the beam per revolution
¢ 288 x 4-cell cavities @ 352.2 MHz (256 Sputtered)

Multi-cell, B = 1, cavities for recirculating linacs

+ TINAF/CEBAF — (from 1995 to 1999)
« 600 MV RF voltage to beam per linac pass
+ 338 x 5-cell cavities @ 1497 MHz RF

IASF - CP Seminar #2
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~ LASA

IASE Large project impact on SRF technology INFN

In 1985 the successful test of a pair of SC cavities in
CERS opened the door to the large-scale application of ===
SRF for electrons

The decision of applying this unusual technology in the
largest HEP accelerators forced the labs to invest in
Research & Development, infrastructures and quality
control

The experience of industry in high quality productions
has been taken as a guideline by the committed labs /

At that time KEK, TINAF and CERN played the major -
role in SRF development, mainly because of project SIZ\ X

The need of building hundreds of cavities pushed the labs
to transfer to Industry a large part of the production

The large installations driven by HEP produced a jump
in the field

R&D and basic research on SRF had also a jump thanks
to the work of many groups distributed worldwide

IASF - CP Seminar #2
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IIV\QF First Industrial Production in Japan (198s - 1995) INFN

~ LASA

The first mass-production of SRF
Cavities in the world

SRF Cavity for TRISTAN at KEK
Bulk-Nb - 508 MHz - 5-Cell Cavity

32 SRF cavities were fabricated by

Carlo P i IASF - CP Seminar #2
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TRISTAN SRF from KEK to MHI

INFN

LASA

KEK 1981

1995

!

Major impurities in the niobium
used for the 500 MHz cavity.

Tantalum 1700 ppm
Tungsten 800 ppm
Zirconium 800 ppm
Silicon 500 ppm

T. Furuya, S. Hiramatsu, T. Nakazato, T. Kato
P. Kneisel*, Y. Kojima and T. Takagi

IEEE Transactions on Nuclear Science, Vol. NS-28, No. 3, June 1981

109%

S gas condensed
r o rf processed
r xbaked

L

-;\3% @@‘%"“"K‘A’%Z.I%"Kﬁ‘f*oﬁ? £ B2 o
L faa

Eace

2
(MV/m)

LI § L L

lillllllll1

Fig. 1 Set up of the 1 0 T 1
electropolishing.
Table 1. Results of final vertical measurements of
spare cavities.
Cavity # 17a 17b 18a 18b
Meas. date || 28 June 91 | 12 June 91 | 30 Jan. 91 7 Feb. 91
fo (MHz) 508.240 508.178 508.204 508.218
Qisp? 3.33 2.57 2.49 3.03
(x1011)
Qo at low 2.8 3.6 323 3.4
field (x109)
140 1
Eacc,max 13.5 12.8 11.1 15:1
(MV/m) 0 2

R B ¢ 111 L

Proceedings of the Fifth Workshop on RF Superconductivity, DESY, Hamburg, Germany
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IASF TRISTAN Cavities Fabrication (1986) INFN

~ LASA

Original KEK Movie of the full
cycle for the production and
test of the TRISTAN SRF
System, including

= complete production cycle of
one of the TRISTAN SC

Cavities at Mitsubishi
= Cavity vertical test at KEK

" Two cavity cryomodule
assembly

® Cryomodule horizontal test in
a bunker

IASF - CP Seminar #2
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CEBAF Recirculating Linac C(NFR

CEBAF important achievements

First large recirculating linac
Large cryogenic plant at 2 K

R&D on fabrication and treatments
for Nb

Large plants for preparation and RF
tests

Great experience on SRF linac
operation

Excellent SRF reliability
demonstrated

Set the background for SNS

Carlo Pagani
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IASF Lessons learned from CEBAF INFN

~ LASA

" Processing and conditioning improve cavity performances, when not
limited by material defects (hard quench)

" Field emission moves to higher field

"  Accelerating Field improves with time

= 2 K operation very reliable and well understood

= All ancillaries perform quite well

" Maximum energy and beam current above the design values

= CEBAF performances finally limited by the installed cryo-power and
RF-power

IASF - CP Seminar #2
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IASE A great success for CEBAF @

1440

Lost Time Totals June'97-May'01 Excellent reliability of SRF
1200 technology

RF Problems CEBAF High availability for physics

960 - {
1.5 % in FY 01 The only warm-up for the
720 Isabelle Hurricane

0.0 % in FY 01

FSD Faults
480 /

240 - \\

. IASF - CP Seminar #2
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IASh LEPIl and HERA C(NFN
4-cell, 352 MHz, Lact=1.7 m

32 bulk niobium cavities
¢ Limited to 5 MV/m
¢ Poor material and inclusions

256 sputtered cavities

+ Magnetron-sputtering of Nb on Cu

o Completely done by industry

+ Moderate Q-slope at 350 MHz

+ Field emission above 8 MV/m

o Average Eacc = 7.8 MV/m — cryo-limited

=0 -

4-CE", 500 MHZ, Lact=1.2 m

16 bulk niobium cavities

Limited to 5 MV/m

Poor material and inclusions
Q-disease for slow cooldown
In HERA power coupler limited

IASF - CP Seminar #2
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LEP 2 Cavities and Modules @

vacuum r_nanio&d and safety valve

/" He-gas collector

e elactrical connections' port

sealing envelops,

Hetank™
tuning rod’

RF-power coupler  cryogenic connections' dome

He- safaty valve and exhaust

lengitudinal plate HOM-coupler outlet

beam-vacuum vale - ‘
cavity cell tuning rod tuning-rod 'suppon

Carlo Pagani
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LEP-2 Cavities in Industry
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v A great success for LEP Il INFN

~ LASA

Accelerating Field Evolution with time

from G. Geschonke’s Poster for the ITRP visit to DESY

Final energy reach
limited by

Mean Nb/Cu
96 GeV: 6.9 MV/m 104 GeV: 3666MV
30 Mean Nb/Cu Mean Nb/Cu
6.1 MV/m | 7.5 MV/m
M 96 GeV l l
25 - M 100 GeV
B 104 GeV design

allowable cryogenic power
100 GeV: 3500MV

N
o
1

Number of cavities
= o
1 1

& ¢ PR ¢ @

I P U TP TP T TR N S S SR A

Accelerating field [MV/m]
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Important technological steps INFN

~ LASA

Use of the best niobium (and copper) allowable in
the market at the time

Industrial fabrication of cavity components with high
level quality control

Assembly of cavity components by Industry via
Electron Beam welding in clean vacuum >

Use of ultra pure water for all intermediate cleaning

Use of close loop chemistry with all parameters
specified and controlled

Cavity completion in Class 100 Clean Room  =—> ' L ‘H L
A _@ -

o Final cleaning and drying (UV for bacteria and on line g aelo s vt 3k
resistivity control) : 4

¢ Integration of cavity ancillaries

That is
New level on Quality Control

Carlo Pagani
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IAS! New linacs for Heavy lons INFN

+ New Projects
« Stony Brook
« JAERI,
« Washington University
« Argonne upgrade,
« Legnaro

+ Improved cavity designs

i

MU

« Higher accelerating fields, limited by:

« Microphonics Group of four Quarter-wave cavities for the
« No beam vacuum separation JAERI Heavy-ion Linac

IASF - CP Seminar #2
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Il\ﬁﬂ Same lessons learned INFN

Bulk Niobium is preferred to push for gradient and quality factor

Magnetron sputtering looks better in some cases (LHC) when beam current is more
important than accelerating field

Cryogenics systems are highly reliable and produced by industry

SRF ancillaries can be designed to be as reliable as the one required by the Normal
Conducting RF technology
» 2 K operation and SRF quality controls end up to be a plus

For high gradient, E ¢, and high quality factor, Q, Niobium quality has to be pushed to
the possible limit

Quality control during cavity production and surface processing has to be further
improved. High Pressure Rinsing can make the difference

Basic R&D and technological solutions must move together

When fabrication procedures are fully understood and documented, Industry can do as
well and possibly better

Carlo Pagani IASF - CP Seminar #2
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Contents INFN

1. Introduction

2. From the Pioneering Age to the big Projects
3. The explosion driven by the big Projects

4. The TESLA Collaboration and its impact
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IAS The TESLA Collaboration INFN
Develop SRF for the future TeV Linear Collider

Basic goals

* Increase gradient by a factor of 5 (Physical limit for Nb at ~ 50 MV/m)
* Reduce cost per MV by a factor 20 (New cryomodule concept and Industrialization)

 Make possible pulsed operation (Combine SRF and mechanical engineering)

Major advantages vs NC Technology

» Higher conversion efficiency: more beam power for less plug power consumption
* Lower RF frequency: relaxed tolerances and smaller emittance dilution

PROCEEDINGS OF 1990
The First International H
TESLA Workshop ollaboration
— wenrmas @S 1N 1992
o ___Ee——l =
= INFN and Univ. Roma
IHEP, Academia Sinica, Beijing
- — Tsinghua-University, Beijing ik g
l I + l l """""'""'v"“
Inst. of Nuclear Physics, Cracow
+ Institute of Physics, Helsinki - Univ. of Mining & Metallurgy, Cracow
Polish Atomic Eriergy Agency, Warsaw
Soltan Inst. for Nuclear Studhes, Otwock-Swierk
l I CEA/DSM (DAPNIA, CE Saclay)
IN2P3 (IPN Orsay + LAL Orsay)
JINR Dubna
RWTH HEP Protvino
Held at Cornell University u‘x-eum.mw - INP Novosibirsk
July 23-26, 1990 U Borlin
Darmstadt
TU Dresden
e
. ANL, An
- I =
A Un. Rootock == UCLA, Los Angeles CA

Bjsrn Wiik
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o First Steps of the TESLA Game INFN

~ LASA
Major contributions from: CERN, Cornell, DESY, CEA-Saclay, INFN-LASA
9-cell, 1.3 GHz
p|c4 o FOM ¢ :uplpr
N, N ST ST - 3 - .
s q W\, HF“FT }‘:‘T\KT,\Q§ : #
. - R : N Eddy-current scanning system for niobium sheets B Cleanroom handling of niobium cavities
l LAl ’:‘\ ALALALALALA J_;f'mp :
d | afadad Preparation Sequence
HOM: coupler pawer ““P'er - Niobium sheets (RRR=300) are scanned by eddy-currents to detect avoid foreign
material inclusions like tantalum and iron
TESLA cavity parameters - Industrial production of full nine-cell cavities:
- Deep-drawing of subunits (half-cells, etc. ) from niobium sheets
R/Q 1036 W - Chemical preparation for welding, cleanroom preparation
- Electron-beam welding according to detailed specification
E__./E 2.0 - 800 °C high temperature heat treatment to stress anneal the Nb
peak/ =acc
and to remove hydrogen from the Nb
Bpeak/Eacc 4.26 mT/(MV/m) - 1400 °C high temperature heat treatment with titanium getter layer
to increase the thermal conductivity (RRR=500)
Af/Al 315 kHz/mm - Cleanroom handling:
- Chemical efching to remove damage layer and titanium getter layer
~ 2
Kiorentz ~-1 HZ/(MV/m) - High pressure water rinsing as final treatment to avoid particle
contamination
Carlo Pagani

IASF - CP Seminar #2
57 Shenzhen, 10 June 2022



iy TESLA cavity design and rules INFN

LASA

HOM coupler
pick up flange

LTVTVIVTYTYIVIVTIV T
R AAAAAALALALT

\HOM coupler | 7

flange 115.4 mm power coupler
(rotated by 65°) flange
-t -
1061 mm
it |
1276 mm

type of accelerating structure standing wave
accelerating mode TMO  mode
fundamental frequency 1300 MHz
design gradient Eacc (TTF) 15 MV/m
design gradient Eacc (TESLA) 25 MV/m
unloaded quality factor Qg (TTF) >3 x10°
unloaded quality factor Qo (TESLA) >5x10°
shunt impedance R/Q 1036 Q
E peak /Eacc 2.0
Bpeak /E acc 6 4.26 mT/ (MV/m)
cavity bandwidthat Q, =3 x 10 430 Hz
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Cd T'TF: a new infrastructure at DESY INFN

LASA
125 m

Pump house
water
oon
dlurpy .
o\ A ry Y A r A A A A
| I 1 T I I 1 I I
e = B e e DN,
N
Y7
00 E H H M [————d——————tF
KX,
s
iz s ¢ By - ; m O O
g Hex 2 =2 e roavaror 1 55 g@mmz|ﬂaﬁ;| I |
g : ]
§ L[] RF-Lab. [EENE] | L] L] 1 i ] |
=2 atas _ Ph.3734
= = | il
7 [ L
v j— i

3
*
=4
Transpartarea
]
|
=

0 o o § 4| o ] y
Mechanical Frer % .
¢ ' B T am 4 + ]+
,;E: 7% 3 D _ (a D 1 Preparation
T v @ v
He-Purifier 1 O m r Chemistry Phasss
e CTenses 0 N v
PN B VN AT S
TTF as operated for SASE FEL
e beam bunch e beam
diagnostics unc diagnostics
undulator compressor RF gun
e | g ——
photon beam superconducting accelerator modules pre-
diagnostics accelerator
250 120 16 4
MeV MeV MeV MeV
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Preparation of TESLA Cavities
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II-‘.@F High Temperature for RRR Improvement @

Heat Treatment Furnace at Jlab up to 1400C, reproduced at DESY
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Eddy Current Scanner for Nb Sheets INFN

~ LASA

¢ Rolling marks and defects
are visible on a niobium
disk to be used to print a
cavity half-cell.

¢ Surface analysis is then
required to identify the
inclusions

Carlo Pagani
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Learning curve with BCP

3 cavity productions from 4 European industries: Accel, Cerca, Dornier, Zanon

Cornell o

<E o> [MV/m]

35

30

25¢

207

()
<E,.> @ Q, > 100

at Q = few 10°

!

o
<2001>

N <1999> / ¥

<1997> J/

7
7
7

« Improved welding

« Niobium quality control

1 2 3
Production Series

<E o> [MV/m]

35

307

25|

207

101

(b)
<E,.> @ Qy>10%°

b

B Module performanc
in the TTF LINAC ,

e

1 2 3 4 5
Module Number
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IAS 34 cavity production with BCP INFN

~ LASA

10"
» Still some field emission at high field
¢ Q-drop above 20 MV/m not cured yet & AC55 m AC56
¢ Just AC67 discarded (cold He leak) d AC57 «AC58
Q-drop | | Acs50 @ ACEO
__‘ ‘L. e & +AC61 -AC62
l; " l“ X ¥ i.i: 'ﬁ B » —AC63 AC64
2 X £ 22' AC65 AC66
Q, 10" Yo x AC67  AC68
Z N AC69 AC79
-
TESLA original goal O + *—_“_‘
+
9 Vertical CW tests of naked cavitis
1 O ! ! ! ! | | | | | i | | | | |
0 10 20 30 40
E... [MV/m]
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|I‘§'= Two major contributions for higher field INFN

~ LASA

In-Situ Baking (120-140 °C) from CEA-Saclay (Bernard Visentin)

Cures Q-drop at High Field
« Formation of a uniform Nb,O;, dielectric, layer on the surface
—Reduction of the normal conducting dissipation from NbO and NbO,
+ Diffusion of the high oxygen concentration in the superconducting layer
—Better BCS performances, i.e. lower surface resistance

Electro-polishing (EP) from KEK (Kenji Saito)

Improves field emission and maximum field
« Much smoother surface, less local field enhancement
— Better cleaning with high pressure water rinsing
—Q-drop cure by in-situ baking more efffective
—High temperature (1250 °C) heat treatment avoidable
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IASF

Results on AC70 -1 (2004) (NFR

EP at the new DESY plan 800°C annealing 120°C Backing

1011

10°

Rt 4 g g

®TESLA 800 specs: @
35 MV/m @ Qo =5 x 10°

A2K

5 10 15 20 25 30 35 40 45
Eacc [MVIm]

Carlo Pagani
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In-situ Baking effect

1,00E+11

1,00E+10

Qo

1,00E+09

1,00E+08

WEE § Thermal
1 TR e N P m g , breakdown
|
"a ., l'

_..' | - - \
Strong degradation of the > .
quality factor - No field "
emission!

Power limit of the
M Electropolishing amplifier
m + after 120 °C in-situ baking
S 10 15 20 25 30 35 40
Eacc [MVIm]
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\gh Electro-Polishing for 35 MV/m C(NFN

Coordinated R&D effort: DESY, KEK, CERN and Saclay

Main difference
between BCP and EP:
smoothening of grain

boundaries.

Nb sheet as delivered

After

Pt

120 um of EP

W
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EP & Baking for 35 MV/m C(NFN

EP at the DESY plant

e Low Field Emission
800°C annealing

120°C, 24 h, Baking
® high field Q drop cured

Qo

High Pressure Water Rinsing

Electro-Polishing (EP)

instead of
Buffered Chemical Polishing (BCP)

¢ |less local field enhancement
e High Pressure Rinsing more effective

e Field Emission onset at higher field

10"

10"°

10°

Vertical and System Test in 1/8th Cryomodule

el IC e e Foge

A Low power test

« High power test e Few nW residual resistance

e Negligible Field Emission

10 20 30 40
Eacc [MV/m]

In Situ Baking

@ 120-140 ° C for 24-48 hours
e to re-distribute oxygen at the surface

e cures Q drop at high field
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IAﬁF First Electro-Polishing @ Nomura (KEK) INFN

~ LASA

Acid sloragc tank

,..@, / /

Acid return line
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~ LASA

IASF Reference EP System at DESY INFN
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EP System in Industry (RI)

INFN

~ LASA

Carlo Pagani
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EP System in Industry (EZ)
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O Comparison between BCP and EP

INFN

~ LASA

The main difference between
BCP and EP is that of
smoothening the grain
boundaries

,

\!
l“'
2

= delivered
(5577

- N EN ™
LAfter 120pum BCP
| 4

e
4

)

¥ 4
» { g P

e &

# A
g

| After120pmePr

[ VPR Kb ' Ve Sets o
< e v, s | ’ .
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>
a) etching area
b) oscillation area |
¢) gas evolution area ., ¥
d) dirty electrolyte
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X Field Emission pushed to higher field ~ ((INFN

Radiation Dose from the fully equipped cavities while High Power Tested in “Chechia”
“Chechia” is the horizontal cryostat equivalent to 1/8 of a TTF Module

Radiation dose

100802 producing
X 50 nA of captured Dark
I BCP cavities @ Eocc = 25 MV/mI X Current: that is the
1,00E-0 - : Y TESLA safe limit giving
200 mW of induced
1,00E-04 mAC56
AAC57
B¢ X AC59
= % AC60
£ 1.0eER-=FEtectro=Polishing X AC62
& - _ +AC64
c -C48
=]
= -534
E 1,00E-06 - 752
o« BWAC70 (5 Hz)
_ X ®ACT2
AACT3
1,00E-07 %
o ° —
= ® | EP cavities @ E .. = 35 MV/m
1,00E-08 s
®
e
1,00E-09 . . . . . . :
0000E+0  50E+6  10,0E+6  150E+6  200E+6  250E+6  300E+6  350E+6  40,0E+6  450E+6
Eacc[MV/m]
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Nsh TESLA Cavities: all tests to June ‘05 (NN

Taking into account all data from 1995 . Emax
90 - ° FEstart
80 -
Esurf [MV/m]

70

60

50 -

40 15,

30

20 -

10

0

1/1/1995 1/1/1997 1/1/1999 1/1/2001 1/1/2003 1/1/2005
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Cryomodule & Assembly as Crucial as Cavity

INFN

LASA

Three cryomodule generations developed by INFN in collaboration
with Industry (Zanon) to:
e improve simplicity and performances

¢ minimize costs “Finger Welded” Shields

Reliable Alignment Strategy

Bl

P

Required plug power for static losses < 5 kW/(12 m module)

Carlo Pagani
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| ,@: WPMs to Qualify Cooldown & Alignment INEN

WPM = Wire Position Monitor ~ LASA

Monitoring of cold mass movements during cool-down, warm-up and operation

2 WPM lines with 2 x 18 sensors 1 WPM lines 1 WPM line
4 sensors per active element 1 sensors per active element 7 sensors/module

8 mm bore radius R 25 mm bore radius 25 mm bore radius

Cry1l

Vocuum vgssel Cry 3

VR e A S
N 2zl 22 22
N\

SIS

IS

He Feed
I Pipe
@ | B e /0K shield
\\.ﬁ/ SC cavily
Module 1 Module 2 & 3 Module 4 & 5
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ILC: Pictorial View of the Winner
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IAS European XFEL: completed in 2016

INFN

LASA

https://www.youtube.com/watch?v=p3G90p4gIQA
< 3.4km D>

\ The European X-ray laser project XFEL i
=1 Planning status October, 2003

=== XFEL site 50 m
===+ Options for expansion

Ss
@9
N
o Schleswi
Holstein »
- EEe

Sl

http://www.xfel.eu/
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