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Chapter I1.5

Superconducting RF cavities

Fritz Caspers, Sergio Calatroni
CERN, Geneva, Switzerland

The application of superconducting materials in RF cavities has gained a huge interest in the par-
ticle accelerator field over the last five decades. In particular, the accelerating gradients have been
increased considerably due to progress in the understanding of the limiting factors at the beginning.
Such limiting factors were in particular multipacting and issues in surface preparation and related
technology. Also, advances in material technology play a very important role. Today superconduct-
ing RF cavities are indispensable elements for many particle accelerators. A number of examples are
presented and also measurement techniques for the characterisation of important RF properties.

1 Introduction and overview

As the very basics of superconducting RF (SRF) science were already discussed in Chapter 11.4, this
part will focus mainly on technological issues and applications. We start with an overview of the history
of LEP where in the 80ies of the last century large-scale SRF cavity power plants were brought into
operation at CERN. This extremely fruitful period has led to many technological improvements and has
shown that superconducting cavity technology was mature enough for reliable operation. It also clearly
demonstrated that running LEP at the required energy of about 100 GeV for electrons would have been
practically impossible with normal conducting cavities. Note that for LEP, niobium-coated cavities were
developed and employed. In parallel, outside the accelerator field, impressive progress was made in the
field of SRF following the discovery of high-temperature superconductivity in 1986. Some examples
include Josephson effect-based devices that permit building signal receivers and signal generators for
very low (cryogenic) temperatures having quantum sensitivities and resolving even individual microwave
photons. Other examples are superconducting Qubits, opening the door to quantum computer technology.
For this lecture, we now turn from the very basics with a recap on skin depth and surface impedance both
for normal conducting (NC) and superconducting (SC) cases to the RF properties of superconducting
surfaces. The two-fluid model as a vital element for a proper understanding of SRF is mentioned, and

examples of RF surface impedance are given and discussed.

Aspects of limits of validity of predictive theories for the RF surface impedance are also addressed.
In a short section on general RF cavity theory, the equivalent circuit is presented and important quantities
such as the loss factor R/Q) , the transit time factor and the geometry factor GG are introduced even though
they were mentioned already in the previous lecture on “warm RF technology” (see Chapter II.2 on RF

engineering). Their mutual dependencies from the shape of a superconducting cavity are discussed with
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2. The history about RF superconductivity and LEP and the motivation for using SRF technology

rather simple formulae and plots. In a following section, in which several selected methods for the mea-
surement of RF surface impedance are introduced, an overview of this part of the technology is given,
including its strengths and weaknesses. This also includes the way to measure the unloaded () factor of a
superconducting cavity which cannot be obtained via the classical vector network analyser transmission
technique in the frequency domain but must be done in the time domain by measuring the time constant
of the ringing of such kind of cavity. Related to the fabrication technology, many examples and different
shapes also for low-energy beams are presented. In particular, finding the optimum shape of the longitu-
dinal cut of this kind of cavities (elliptic cavities) has been a subject of research for decades. Radiation
pressure-related mechanical vibrations (Lorentz forces) and their mitigation are another important pa-
rameter in SRF cavity structure design. Hot spots inside a SRF cavity, often caused by small pieces of
dirt, and their location in operating conditions inside a test cryostat are a big challenge and the evolution
of related test methods is presented together with an overview of the degrading effect. All this boils down
to extreme requirements in production technology in terms of contamination and reliable production of
clean and homogeneous surfaces. Finally, in the Appendix, several more theoretical aspects mentioned

above are discussed in more detail as well as fundamental power and higher order mode couplers.

2 The history about RF superconductivity and LEP and the motivation for using SRF
technology

The LEP machine at CERN is a nice example of transitioning from normal conducting RF accelerating
cavities to superconducting technology. LEP was operating with electrons and positrons. Originally
(LEP 1) this machine was optimized for 80 GeV using copper cavities. However, there was a strong
demand from the physics community to increase the energy to above 100 GeV. Using copper technology
would have required 1280 cavities and 160 MW of RF power. If we are using copper cavities, one has
to take into account that the RF power requirement is proportional to the 8" power of the beam energy
keeping in mind that P oc V2 and beam losses (synchrotron radiation losses) oc E*. For protons since
Ey is bigger by a factor of 1836 compared to electrons, the required RF power is much less critical and

the bending radius is limited by the available bending fields for the same beam energy.

From Ref. [1] using the notation Uy = energy loss per particle over one turn, p = machine radius,
E}, = beam energy, Fy = 0.511 MeV for electrons and 938.245 MeV for protons, Vry = total voltage
from ALL cavities, ¢s = synchrotron phase, lr¢, “longitudinal shunt impedance”, and I, = total beam
current, we can write the following equations

4

Ei1
Uy x =2~ = Vppsings (IL.5.1)

Eép

P == = 11.5.2

Cu l sh Eg /)2 lrsh ( )
E* I

Py o Ly Up ox —2 =4 (IL5.3)
Ey p

where Pc, and P, are the power dissipated by normal conducting and superconducting cavities, re-
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spectively. Obviously, using SC cavities is much more efficient with P o Eﬁ (see I1.5.3) vs. P x Eg
(see I1.5.2) in the NC case.

For protons (LHC) in a 27 km circumference ring, synchrotron radiation losses do not really have
the same relevance since the Eq of the proton is 1836 times higher compared to electrons. However, we

have also for protons in LHC at 7 TeV certain synchrotron radiation losses.

At CERN’s “open-air museum”, one can still see an energy storage device (a nearly one-meter
diameter sphere on top of a big copper tube as an accelerating structure, see Fig. 11.5.1) which was
developed in the early 80" (before the SRF time in LEP) with the aim to bring the high field-strength
only on that time window to the NC accelerating cavity when one of the few electron bunches (evenly

distributed over the 27 km circumference) is passing by.

Fig. I1.5.1: Normal conducting CERN LEP cavity with a spherically-shaped storage cavity on top [2].

The reason for using SC cavities is thus very simple: to obtain very high accelerating fields in
continuous mode, the power dissipated by normal conducting (i.e. copper) cavities becomes too large.
In addition, we should keep in mind that for NC cavities there is a relatively high R/ together with a
moderate () while SC cavities allow designs with larger beam pipes that have a lower R/Q with high
() which is more favorable for beam stability (loss factor). In other words, SC can provide high voltage
at low R/Q). This permits a reduction of the machine radius R, since higher synchrotron radiation can
be supported as SC cavities provide more longitudinal kick compared to NC cavities. This would be
unacceptable for NC cavities, but owing to the huge ()¢ the performance of SC cavities does not suffer
much. Remember that there can be a 10° difference in the surface resistance R, thus in dissipated power,

for the same surface fields.

This is also valid taking into account the efficiency of the cryogenic plant. The Carnot efficiency
of a perfect cooler working between 300 K and 7" is given in Eq. (I1.5.4) with T" in Kelvin

T

—300— ——
e 300 — T

(I1.5.4)
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2. The history about RF superconductivity and LEP and the motivation for using SRF technology

For T = 4.2K, we obtain the theoretical . = 0.014. A modern cryo plant has a technical
efficiency that can reach about 30% of the ideal one, thus 7., = 0.0042. Even taking this into account
the energy savings are huge.

Copper cavities already get really hot with one MV /m surface field. Good SC cavities can do
30 MV /m and in contrast to NC cavities, there is very little power loss between subsequent bunches and
reasonably strong coupling to the generator provided. The normalisation per meter* refers here to the
length of the cavity sections, thus the internal field inside the cavities is locally somewhat higher than the

numbers shown here. In the LEP case we had:

— Cu hypothesis : 3MW /m at 3 MV /m accelerating field;
— SC case: 3W/m at 5 MV /m accelerating field returning 3 kW /m including cryogenic losses.

For LEP2 we have to remember that 48 copper cavities gave an absolute maximum accelerating
voltage of 150 MV however in practical operation more realistically rather 120 M'V. Now on the other
hand, 72 superconducting modules (each with four cavities) returned 2910 MV (design maximum), and
applying a correction factor of 0.96 one gets 2790 MV and assuming that two units would trip we arrive
at 2630 MV. Pushing the gradient to 6.5 MV /m we got an electron energy of 98 GeV, pushing further
to 7MeV (3200 MV accelerating gradient) we obtained 100 GeV. However, it was decided to stay for
operational reasons at 6.8 MeV (3120 MV + 180 MV unit in reserve). Regarding quantum lifetime see
e.g. Ref. [3]. For a good quantum lifetime (related to synchrotron radiation) a sufficient RF bucket height
is required.

All this was a technically highly challenging approach to exploring new technological territory and
standing under high pressure. Lots of hardware was burnt. And now quoting a word of Steve Myers when
102 GeV was reached on the question: “How did we get there?” Answer: “By lowering the luminosity
and breaking cavities”, and “can we go further?” “Yes by lowering further the luminosity and breaking

more cavities” (see Fig. I11.5.2).

Fig. I1.5.2: The RF groups’ 1999 collection of burnt RF items in LEP [4].

Now coming to the abridged story of the Year 2000: On 14 June 2000, a first candidate event
(ALEPH) was found at 206.7 GeV with a reconstructed Higgs mass of 114.3 GeV /c2. All this was not
far from getting the Higgs at that time already in LEP. Finally, in September 2000 one more month of
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extension of this run was granted before finally shutting LEP down, in order not to delay further the
LHC. A very good overview on SC cavity development at CERN until 2000 can be found in Ref. [5].

Now we are moving away from CERN and in particular LEP-related historical stories on super-
conducting cavities and just give a brief overview of what else has gone on in the field of microwave

superconductivity.

A good and recent (Jan 2021) discussion on the evolution of SRF science and technology (not
only related to particle accelerator applications) was given in an excellent paper by Steven M. Anlage
(see Fig. 11.5.3) [6]. That paper also gives a nice overview of the theory and related physical phenomena
in the superconducting regime. Highlights include the discovery of high-temperature superconductors in

1986 and cryogenic microwave photon detectors, as well as single microwave photon sources.

B . N N 2019: LCLS-II construction at SLAC: Nb replaces Cu SRF Cavities [96] .
A Subjective Timeline for

Microwave Superconductivity

2015: Discovery of Superconducting Superhydrides [14] ‘
2010: Single Microwave Photon Detector [123] ’

2007: Intrinsic Josephson Effect Tunable Source [117]

-
S
W 2007: Single Microwave

Photon Source [122]

2003: Microwave Kinetic Inductance Detectors (MKIDs) [52] .
1999: Launch of HTS Space Experiment [115]

2005: Superconducting

- Metamaterials [66]

1996: Josephson Arbitrary Waveform Synthesizer [106 . -
4 ' 2000: Superconducting Qubits [79

1992: Intrinsic Josephson Effect in Cuprates | llﬁ|’ -
7: HTS ) 3
1986: Discovery of High Temperature Superconductivity [112] - 1997: HIS Microwave Filters [113, 114]
\ 1990: Superconducting Microprocessor [43]
Mid-1970%: Superconducting Analog Microwave Electronies [111 '
1975: Josephson Parametric Amplifier [$4] - 1987: RSFQ Superconducting Logic [101]
- . - ' 1986: Hypres SC TDR/Oscilloscope [102, 103]
1973: SC RF Accelerator Cavity [95 ’ n

1966: Microwave Vortex Dynamics |2I|'

- 1977: Josephson Voliage Standard [105]
-
- 1973: Josephson Vortex Logic [100]

1967: SC Kinetic Inductance [46, 50]

1962: Josephson Effect [18]
1957: BCS Theory [19
1947: Collins H = 119 ‘ > 1965: Demonstration of AC Josephson Effect [98, 99]
947: Collins ryestat [9

o ' / W, 1958: Mattis-Bardeen Theory [27]
1940: First Measurement

Key
0. Coterence Leagth Introduced 126] L
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W 1933: Meissner Effect [85, 86] Maturing Technology
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-

Fig. I1.5.3: Overview of microwave superconductivity evolution [6].

SRF is a hot and interesting field, despite cryogenic technology. We could spend a lot of time just

on this subject alone, discussing all the inventions and new effects there in detail, but we will close here.

After this historical overview and introduction, we now can go “medias in res”. Let us start with a

short recap of the visualisation of the “resistance per unit square”.

3 A short recap on the SRF theory

Since we will deal a lot with the surface resistance Ry, here is a simple DC model that gives a rough idea
of what it means (see Fig. I1.5.4). Consider a square sheet of metal of thickness d and of length of each
side a, of specific resistivity p = [{2m] and calculate its resistance to a (DC) transverse current flow. We
call this R (read: “resistance per unit square”)

R — PR _P

= = = . 11.5.5
0= 12" d ( )

The surface resistance R is the resistance that a square piece of conductor opposes to the flow of
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3. A short recap on the SRF theory

the currents induced by the RF wave, within a layer ¢ (skin depth). The equation is very similar to that
of R, with the thickness d replaced by the skin depth d

pow 1 p
- _t_r ILS.
R 20 gd 0 (I1.5.6)

where § = 1/v/mfuoo , f is the frequency of the Rf wave and o = 1/p is the electrical conductivity.

Fig. I1.5.4: Visualisation of the resistance per unit square.

For DC we talk about Ry (read: “resistance per unit square”) as there is co skin depth or § = oo.
As an example, you may consider using a metal plate of say 100 x 100 mm with 10 mm thickness and
assuming perfectly conducting electrodes (in red) on the opposite sides. Thus, a homogenous current

flow through the device under test (DUT) i.e. the metal or maybe also a carbon plate is assured.
- Quiz: Why is R (for DC) and R, (for RF) dimension less?
- Question: Use some values for a and calculate R for e.g.a = 1mm and also a = 1m,

assume copper with a specific resistance p = 17mQ[mm?/m]. Of course, one can also write in as
1.7x 1078 Qm.

In contrast, take note of the skin depth (for RF) thickness § of the blue layer; for 1 MHz and copper
§ amounts to 64 um and about 2 um for 1 GHz. This notation [mm? /m] to write the unit of resistivity,

visualizes a copper wire with 1 mm cross-section and 1 m length (= 17 mQ m).

For a proper understanding of the surface impedance concept, a short recap of this concept can be
useful. Let us assume a homogeneous plane wave (arriving from vacuum into z-direction) with normal
incidence and vertical polarisation (see Fig. I11.5.5). Obviously, E' and H are pointing in the x direction
and y direction respectively, and are mutually orthogonal. Thus the complex surface impedance Z5 can
be defined as

7s=Rg+ jXg=—= |, (I1.5.7)

where z = 0 is on the surface.

We take Maxwell’s equation, set the appropriate boundary conditions for the continuity of the

waves (incident, reflected, transmitted), and we get

E,(0) Jwpo WO WO
Zg =< =,/ =/ 22 4§/ == = Rs+jX 11.5.8
S H, ) o % +J % s +JXs , ( )

and compare this with 11.5.6 above.

Please note that the real part and imaginary part of the surface impedance for metals are equal
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Fig. I1.5.5: Homogeneous plane wave with normal incidence to a half-space.

(i.e. phase = 45 deg) only for the ideal case; with surface roughness the real part increases but in particular

and much stronger the imaginary part for high frequencies [7].

- Question: Introducing appropriate numbers, e.g. for copper at ambient temperature oc, =
58.5 x 10%S/m where S/m stands for “Siemens per meter” and calculate R, for f = 1 GHz.
Answer: R; = 8.2mf).

- Question: What is the skin depth 9 at 1 GHz for copper?
Answer: About 2 pum.

- Short quiz: What is the skin depth in copper at ambient temperature for 50 Hz and also for
1 MHz?

Hint: use scaling!
- Short quiz: How about stainless nonmagnetic steel with a 50 times lower conductivity than
copper?

- Question: What happens for magnetic steel?
Hint: the formula for skin depth is replaced by 6 = 1/+/7 f uopro.

3.1 The two-fluid model

Now, we will discuss the two-fluid model and cooper pair inertia (see Chapter 11.4 on superconductivity).
In dynamic mode (AC, pulsed, RF):

Cooper pairs have some inertia thus the RF H field is not fully screened;

Normal electrons also “feel” the field;

— Current is carried by both types of charge carriers (NC and SC);

The process is dissipative.

All free electrons (from the conduction band) of density n of the superconductor are divided into

two groups:

— superconducting electrons of density ng,

— normal electrons of density n,,,
with (ngs 4+ ny,)/n = 1.
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3. A short recap on the SRF theory

As the temperature increases from 0 K to the critical temperature T, the density ns/n decreases
from 1 (all e~ in the form of Cooper pairs) to 0 (all Cooper pairs broken) when the material becomes
normal conducting. If the current is constant (at ns/n = 1), the electric field E' cannot appear inside the
superconductor because otherwise the superelectrons would be continuously accelerated and the current
would increase infinitely. These two branches of normal electrons and superelectrons are illustrated in
Fig. I1.5.7. If there is no electric field, the normal electrons are at rest: only the super electrons carry the
current in a steady state, and they do not scatter on the impurities thanks to a coherent state (see below).
The first London equation shows that the electric field differs from zero only when the current density
varies over time. It describes the ballistic flow of super-electrons in place of Ohm’s law (which describes

the viscous flow of electrons in a metal) and gives .J5 as a function of the vector potential A.

This gives rise to the surface resistance as predicted by the Bardeen—Cooper—Schrieffer theory
(BCS), Racs.

m
On = ne?
’ A Specific
Normal fnduc;'iance,
conducting A= 67
resistivity
Cooper
Normal e- pairs

Fig. I1.5.6: Equivalent circuit for a superconductor (see Chapter 1.4 on superconductivity).

3.2 The BCS surface resistance

The BCS surface resistance can be calculated by

2
Rpos = A (AL,¢r, ) %e‘A/ el (IL5.9)

where A is the superconducting energy gap (binding energy of Cooper pairs), kp is the Boltzmann
constant, w is the angular frequency, 7" the temperature and A a proportionality constant that depends on
the London penetration depth A, on the dimension of the Cooper pairs £ and on the electron mean free

path £ (i.e on the normal state conductivity o).

More explicitly (but still approximate):
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Fig. I1.5.7: Niobium surface resistance as a function of electron mean free path £ at 1.3 GHz (see
Chapter I1.4 on superconductivity).

kg \ hw T T kgl ’
(I1.5.10)

A A —A/'kgT A A
RES (w,T) = piw’onoX®-—In <> & — ~RES(w,T) = Zuexp <

RBCS = 13 % 10710 (] x (f [MHz))? x = x exp ( (IL5.11)

oy (1207080

T[K]

The material parameter dependence of RE“S(T, f) is discussed extensively in [8]. For example,
Rpcg has a minimum at RRR (Residual Resistivity Ratio, i.e. the resistivity at room temperature divided
by the resistivity at low temperature, and indicator for metal purity) of 20 for niobium, i.e. when electron
mean free path ¢ is equal to the superconducting coherence length (the size of Cooper pairs) £, see
Fig. I1.5.7.

The actual RF surface resistance is

R, =R+ R (IL.5.12)

where RBCS

can be calculated theoretically as discussed above from material parameters (resistivity,
critical temperature, etc.) and depends on temperature. This is well illustrated in Fig. 11.5.9. The residual
resistance R, usually depends on "unpredicted” extrinsic phenomena or exotic properties of the material
as discussed later, such as defects, normal-conducting inclusions, surface contamination, crystalline state,
and flux trapping. At first order, it does not depend on temperature. R, cannot be predicted from
(im)purity (RRR).

Let’s make a numerical example for comparison with the results from the graphic in Fig. I1.5.8.
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wf T |
Q) a Niobium @ 3 GHz -

. ‘_. A . RRR:135 {
s - B RRR:= 0 -ql

\:\- Caveat:A H
: ‘. Typo in original .i
2-example for zk:_'_Corrected here.

_,| this graphic J
|1 ]| SRR, T

- -l ]

! *e,, 3200 ]

L . 1

2r - ‘l!

L RRR: \o &

- residual resistance ratio \ "+ , o i

°[  RRR=Puoox i Rac:;"\\ 1

r~ pﬁi{ : .\-. 4

' : ' i \'\ j

2 2 3 & 5 6 /T 7

Fig. 2: Surface resistance Rg(T) of two 3 GHz cavities,
fabricated from niobium of different purity.
Rg(T) is the sum of the temperature dependent
part Rpcs and the residual resistance Rpes.

Fig. I1.5.8: Comparison of surface resistance for two values of RRR [9].

For f = 3GHz (w = 27 f and T' = 2 K). Agreement is quite good for the 32 n? trace since this formula
is good for not too pure materials (rather low RRR values)

Ry [ohm] = 1.3-107'° (3000)2 - 15 - (=883 =8.7.107% [ohm] . (I1.5.13)

3.3 REF residual resistance or the limits of predictive theories

RRRs (sometimes quoted Ry): Not predicted by BCS!

— Contains the (initially) “unknown”.

Existence of pinning center (e.g. remnant of damage layer, thermal strain, poor recrystallization).

Flux trapped during cooldown

— Mitigation: Magnetic hygiene (non-magnetic steel for nuts and bolts. Active and passive

magnetic shielding of the cryostat. Cool-down procedures. — Q¢ x 10 improvement!
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Fig. IL.5.9: Rpcs vs. temperature for bulk Nb at 1.3 GHz (see Chapter 11.4 on superconductivity).

— Other pair breaking mechanism:

— Existence of magnetic impurity (e.g. vacancies in the oxide layer),
— Proximity effect (there is a metallic layer at the metal oxide interface: NbO = SC by
proximity effect but affects the gap).

Other suspects (not yet identified).

Questions:

What is the ratio in surface impedance around 1 GHz between copper at ambient temperature and
niobium at 2 K (A = nearly equal; B = 10°; C = 1073)?

Cooling a superconductor down to a few K requires a cryo plant; what is the ratio for one Watt
dissipated at cryogenic level (4.2 K; LEP case) and the related compressor power on the surface?
(A =3, B=10,C = 250)

There was a hypothetical scenario for LEP using copper cavities with 5 MV /m accelerating field;
the required power would have been: A = 100kW /m, B = 10kW/m, C = 3MW /m.

For LEP the SC cavity scenario (Nb case) for 5 MV /m accelerating field returned cavity losses at
the cryo level of: A =1kW/m, B=30W/m, C = TkW/m.

For LEP the total loss including cryo plant and 5 MV /m were: A = 7TkW/m, B = 1 MW /m,
C =50W/m.

What is the technical efficiency of a modern cryo-plant compared to the theoretical value (Carnot
efficiency): A = 3%, B = 90%, C' = 30%.

In an electron machine like LEP, the RF power required to compensate synchrotron radiation losses
(2kW /m) scales with particle energy F/ (momentum) as: A E? B x E*, C x EB.

— Comparing copper and SC cavities the power requirements vs. accelerating voltage would scale as
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4. A short recap on RF cavity theory

A: P, « E® and P,. x E* B: P., < E* and P,. x E8, C: P.,, x E% and P,. < E5.

4 A short recap on RF cavity theory
4.1 Equivalent circuits

The well-known equivalent circuit for an RF cavity coupled to a generator and to the particle beam is
illustrated in Fig. I1.5.10 has already been discussed in detail in the conventional RF course, thus here is

only mentioned as a recap. We meet the resonant condition when

wL = % (I1.5.14)
The resonant frequency fr.s (angular frequency wres) is given by
Wres = 27 fres = \/11_170
11 (IL.5.15)

= fres =

21 \/ILC

The generator may

=7 =% — ZS,.”“” deliver power to R and

flifli” resonator
to the beam, but also
the beam can deliver

powertoR_ and Rg!

B1....

The beam is usually
considered a current
source with infinite

Z, =R,

Vo 4

beam

A
Ideal transformer/ 1

(no parasitic elements hidden | The lossless LC
in the coupling loop) resonator

| % Rp

Beam source impedance.

Fig. I1.5.10: Equivalent circuit for a cavity coupled to a generator and to the beam [10].

4.2 Resonators

An accelerating RF cavity is indeed a resonator for an electromagnetic wave. We already mentioned the
idea of comparing an RF cavity to an RLC circuit. Two important quantities characterize a resonator

(remember your first physics course): the resonance frequency fy and the quality factor Qg

_ho _ W
Af P ’

where P, /wy is the wall current losses per RF period and W is the stored energy in the cavity volume.

Qo (IL.5.16)

As for any resonator, the (field) amplitude when the power source is turned off follows the equation
E(t) = Epexp (—t/7p) and 7 is the time constant for unloaded Q, 70 = Qo/7 fo, see Fig. IL.5.11.
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E2 or V2

0.75 +

— 1/mr, *\\
3 dB bandwidth=Af \\

- 0.71in voltage or N
0.5 in power

Fig. 11.5.11: The 3dB bandwidth of a resonator and its implications (Image courtesy of Andrea
Mostacci).

4.3 Cavity characteristics (pillbox)

The shunt impedance R is given by
V2
R=_-% 11.5.17
5p ; ( )
where V, is the accelerating voltage, circuit definition (RMS value). The accelerating voltage is the

integral of the accelerating field gradient E, over the cavity active length.

L=A/2

0JO Q-:‘I—B

EOQQ ?
—_—1 O
— ©
R ®

R R ® E,

Fig. I1.5.12: The axial electric field and the azimuthal magnetic field for a pillbox cavity.

The peak surface electric and magnetic fields constitute the ultimate limit for the effective acceler-
ating field F, => minimize the ratio E,/Ey (don’t use the sharp edge for the gap as shown below for the
pillbox model in a real cavity) and B,,/Ey. Note that Ej is to be taken on the axis of the cavity and B,
on the equator. Ssee Fig. I1.5.12 for the illustration of a pillbox cavity and the main field components,

which are described by the following equations (see Chapter I1.2 on RF engineering)
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4. A short recap on RF cavity theory

E.(r) = Ey Jo <%r> : (IL5.18)

_J Xo1

= Bh (g?‘) (I15.19)
. [€0 X01

=i [Z2Ey J (222
J 0 0 J1 ( R 7“) )

Hyn = jEy 0.519 . (I1.5.20)

The ratio between Ey/H., is for an ideal pillbox and the Ey19 mode is always 726 2 = 377/0.519 Q2 and
independent of L

B, = poH, =2Ey Jy (@r) . (IL5.21)
c R

The equivalence between accelerating field F, and peak surface magnetic field is for 1 MV /m —

0.173mT. Thus, equivalently, 5.78 MV /m/mT.

44 R/Q of a pill box resonator

As was discussed in Section 2, the R/() value of a SRF cavity tends to be favorable compared to a
NC cavity, because of larger beam pipes. The R/Q also depends on the full geometry of the cavity, as
illustrated in Fig. I1.5.13.

Pillbox TM010 mode

250
*4-'4'4.__'_
200 * +
/ .+-+
F o
=150 £
= /
o 100 1
i = =Theory
t 4 + HFSS
50 ",Sr !
L
OAI;'LL ol . .
0 0.5 1 15 2

Cavity Radius / Cavity Length

Fig. I1.5.13: Visualization of the R/() value vs. cavity radius R to cavity length L ratio (Image courtesy
of Andrea Mostacci).

Quiz: Where is the frequency hidden in Fig. I1.5.13? Hint: Use the relation Radius = 1.53 x \¢/4,
where g is the RF wavelength in free space. Resonance condition for the EFy19 mode.
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For a relativistic beam (see Fig. I1.5.13 which is for v/c = 1) we find an optimum when the R/L
ratio is around unity. For slow beams the gap must become shorter such that the beam sees not more
than half a RF period. For very long cavities with this mode “nothing” happens and very short cavities
(R/L < 0.5) are not close to optimum efficiency; remember, the resonant frequency of this mode (E10)

only depends on the radius R.

4.5 Transit time factor

The transit time (TT) factor is the ratio of the acceleration voltage to the (non-physical) voltage a particle

with infinite velocity would see [11]

’ [E BeEdz
pr— Vel 117 (I1.5.22)
JEd] ([ Ed]
The transit time factor of an ideal pillbox cavity (no axial field dependence) of gap length h is
: h
sin (XS—ZL)
T7=——++ (I1.5.23)

Xo1h ’
2a

where Y., denotes the nth zero of the Bessel function .J,,,.

h
05 10 15 20 25 30 ga

Fig. I1.5.14: The transit-time factor for a simple pillbox cavity and a relativistic beam vs. h/S\ [11],
where A is the free-space wavelength and [ is the speed of the particle beam.

Obviously, as shown in Fig. I1.5.14, the transit time is best when the gap is very short, but then
the particle cannot gain much energy since the interaction length is also short, and we have to find a
reasonable compromise between gap length and transit time factor keeping in mind other limitations

such as surface electric and magnetic field limitations and also multipactor and heating issues.

4.6 The geometry factor G for cavities

The geometry factor is together with the (Q-value an important figure of merit for cavities; this is partic-
ularly relevant for superconducting cavities. Let’s take the surface resistance Ry and we obtain a very

simple formula for pillbox cavities (see Fig. I1.5.15)
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4. A short recap on RF cavity theory

G = 453Q/(1 + radius/length) ) (I1.5.24)
and also G = R,Q
W woW
=2nfo— = 11.5.25
Q =27 fo 2 P, ( )

R, depends on the material parameters (either NC or SC) including surface roughness, and on
several extrinsic properties as discussed above for Ry in superconductors, and it is normally assumed

constant over the entire surface.

Typical values for G (sometimes also called I' in literature) are around 2702 for pillbox-like
elliptical-shaped cavities (see Section 6.3) used for highly relativistic beams and as low as 20 for
cavities used for slow beams. One may calculate (G also with the knowledge of () in a similar way as the

calculation of () is done via the stored energy in a cavity and the power dissipated per period.

Pillbox TM010 mode

450 N .

\ = =Theory
=400F + HFSS
= +% X
5 350} \* G-factor vs pillbox geometry |
(8]

@ ¥,
"G 300 “G=453/(1+radius/length) |
L 5
@ »
£ 250 23:*
O \
3 i
G 200 +~4\+‘+~
0,766 +.
150 - | .
0 0.5 1 15 2

Cavity Radius / Cavity Length

Fig. I1.5.15: The geometric factor G of a pillbox vs. R/ L ratio (Image courtesy of Andrea Mostacci).
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Fig. I1.5.16: The () factor of a pillbox vs. R/ L ratio (Image courtesy of Andrea Mostacci).
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The geometry factor is more often used for SC cavities, and it is not a direct function of § = v/c
of the beam, but an indirect one since the shape of the cavity and thus the geometry factor changes as a

function of

1
W= Mo/ \H[?av (11.5.26)
2 v

1
P, = 2RS/ |H?ds | (11.5.27)
S

Qo = woW _ wopo Jy |H[*dV _ G
Pc Rs fS |H|2d$ Rs

G depends only on the shape of the cavity and is generally calculated numerically with computer codes
(MAFIA, URMEL, HFESS, CST, etc.), and does not contain the transit time factor. On the other hand,

R/ contains the transit time factor.

(IL5.28)

For an ideal “pillbox” cavity that maximizes () (see Fig. I1.5.16) G is e.g. 257 ). For an acceler-
ating cavity for relativistic particles (5 = 1) like those used at CERN, G ranges in 270/295 ohm. The
Qo factor of a SC cavity is in the 10/10'° range!

Quiz: Relation between () and GG, where G is the geometry factor and depends only on the geom-
etry, not on the material. At resonance: a = 0.383\ and if L = \/2 we get G = 453/1.766 = 257.

Keep in mind that for SC cavities, the unloaded () is quasi-infinite compared to the loaded one.

Our cavities are meant to accelerate particles, and the accelerating electric field on axis is of basic
importance. However, most of the considerations on the surface impedance are based on the surface
magnetic field and on the induced currents.

For a given geometry, there exists a fixed proportionality between By, Ey, and E,.. as seen in

Tab. I1.5.1, and as also mentioned in Section 4.3.

Table I1.5.1: Comparison of magnetic surface field vs. electric accelerating field for different cavity

shapes.
“Pillbox” Elliptical
By/Esc [mT/(MV m)] 3.68=5.78 x 2/ 4.55 (example)
Ey/Eycc /2 2.3 (example)
G Q] 257 (ideal pillbox with L = A\/2) | 295 (example)

4.7 Summary for cavity basics and learning targets

— The pillbox resonator (1T'My19 mode) allows — as a paradigm - the analytical description of typical
accelerator parameters, such as peak surface fields (£ and H), power loss and ()-value, shunt
impedance, geometry factor, etc.

— “Real” accelerator cavities are designed by making use of computer codes such as CST Studio
Suite, HFSS, COMSOL, MAFIA, SUPERFISH, etc.
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5. RF diagnostics

— The response of a cavity to an RF signal (CW or pulsed) from a generator is well described by
lumped circuit networks, in particular for the transmission and reflection of an electromagnetic

wave on this device.

— A relation between the surface magnetic field on the equator of an ideal pillbox and the electric
field on axis is derived and discussed; This ratio tells us how much accelerating field we get until
we hit the B-field limit in SC cavities .

— We also introduce and use the geometry factor G which is relevant for SRF but less important and

less used for NC cavities.

5 REF diagnostics
5.1 How to measure the RF surface impedance of samples

Normally, some kind of dedicated resonator is used for measuring samples. You must avoid, if possible,
any (sliding) contacts since they have usually an undefined contact resistance and spoil the () of the cavity
and you should avoid any radiation losses (radiating apertures). Often a T'Ey11; mode type resonator is
used. It works very well, it is not sensitive to contact resistance between the tube and the end plates due
to azimuthal wall current only (entire resonator) and no currents passing over the “end plate to cavity
body” contact. But if you would like to go to lower frequencies then the quadrupolar resonator is a
good choice. For even lower frequencies the shielded two-wire coaxial resonator has been used (for the
LHC beam screen). The presence of dielectric material in the test resonator can significantly spoil the )
value; try to minimize its volume and/or place it in a region of vanishing electric field, or use an excellent

dielectric with low losses like sapphire.

1.E-01

1.E-02
—Nb at4.5K

1.E-03 Nb at 2 K

1.E-04 Copper at 300 K
1.E-05
1.E-06

1.E-07

Surface resistance [Ohm]

1.E-08

1.E-09

1.E-10
0 2 4 6 8 10
Frequency [GHz]

Fig. I1.5.17: Comparison of surface resistance vs. frequency for copper at room temperature and niobium
at different temperatures.

Why is it good to use a T'Ep11 mode pillbox cavity?
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There are no wall currents in the longitudinal direction and the mode is cylindrical symmetric and thus
the setup is insensitive to the contact resistance of the removable end-plate or flange. Caveat: mode

degeneracy.

Figure I11.5.18 illustrates the surface currents inside the cavity: azimuthal surface current density

which is equal to the longitudinal or radial (cover plates/flange) B-field respectively.

Quiz:

Can you guess or find out from the normal conducting RF lecture which mode will degenerate
with the T'Ep1; in the pillbox?

What could be a simple measure to break this degeneracy?

How would you design a coupler for the 7' Ey11 mode?

What is the orientation of the RF surface current related to the RF surface magnetic field (parallel

or orthogonal)?

Is the RF surface current of the endplate radial or azimuthal for the T'Ey1; mode?

TEyy, mode

M

Demountable
endplate

Fig. 11.5.18: The pillbox in the T Fp1; mode with demountable end plate for material properties mea-
surement [12].

Here is the answer to the question on degeneracy (since this is not so trivial): The T'Ey11 (or Hp11)
mode is degenerate with the T'M7; or (E111) mode; Hy; and E1; are already degenerate (i.e. same cutoff

frequency) as waveguide modes in the circular waveguide.

The substitution method technique shown in Fig. I1.5.19 is used when the relative change (from the
test sample) of the total () of the test cavity is rather small (e.g. quadrupolar resonator, see Fig. 11.5.20)

and thus the measurement results become uncertain.

The procedure is the following: start at a rather low temperature of the bath, then turn on some
DC power (Ppc,1) until the bath temperature of interest is reached; turn on the RF and reduce the DC

power to Ppc to keep the bath temperature constant (reducing the known DC power by the amount of
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Temperature Power
~
Temperature | _ _ _ _ _ __
i Sample ‘ Ppc (Heater) ‘ of Interest /
T (Sensor) | gaih N o
Temperature G rm————— -]
< a4
1 a2
1
Figure by T. Junginge - > time
W DCon T RF on 1
=60s =40s

Fig. I1.5.19: Evaluation of RF surface resistance with the DC substitution method [12].

unknown RF losses and then calculate the 25 from the power difference). This amounts to a calorimetric
evaluation of ().

What happens here exactly? Why do we turn the DC on? For calibration try to stay constant at the
“temperature of interest” and then when the RF comes ON the DC power is reduced accordingly to keep

the temperature of interest at the same level, thus getting this way the RF losses.

361 mm

Sample, E-beam welded to cylinder |

Fig. I1.5.20: The quadrupolar rod resonator for contactless measurements and its field pattern [12].

Quiz: Why should we use the resonator from Fig. 11.5.20 when we have the nice T Fjy11-type
pillbox?

Answer: it allows for lower frequencies or a smaller sample size compared to the pillbox resonator.
Note, that the eddy currents induced in the sample are only local (“focused’) and don’t pass over contacts.
This setup is still (2024) in operation at CERN. The purpose is to avoid contact with the sample because

contact resistance is always a big mess, and hard to control.

The configuration shown in Fig. I1.5.21 was used for more than 15 years until someone said: “We

do not need it anymore let’s scrap it”. And three years later it was resurrected and re-built from scratch.

This setup has been intensively used for measurements of the normal conducting copper losses of

the LHC beam screen at cryo temperature with a strong static magnetic field; it is now again rebuilt for
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Fig. I1.5.21: The shielded parallel wire resonator for material measurement at cryo and with magnetic
field. Note that the direction of the static B-field is orthogonal to the axis of both rods but 30 °C in-
clined to the plane defined by the axis of the two rods due to practical constraints of the measurements
setup [13].

[T

the FCC beam screen evaluation which may have high 7, superconducting coating (compatible with the

strong DC magnetic field). The static B-field is transverse to the axis of the resonator or beampipe.

5.2 Test set-up for an existing SC cavity

Let us start from scratch with a “Gedanken experiment” (or kind of quiz if you like). Since the cavity has
a very high unloaded () value we cannot use the conventional method to measure the 3 dB bandwidth
in transmission or in reflection with a network analyzer (VNA): why? The expected 3 dB bandwidth
(practically unloaded Q) would be in the ballpark of 1 Hz maybe even much less. Imagine what happens
if you try measuring this with a VNA. Measurement time, stability, frequency resolution of the VNA
(you would need a few mHz step size).

Someone proposed (and there are related papers): just make the cavity oscillate via feedback and
once it is in a stable state open the feedback loop and measure the decay in the time domain. This works
and has also been applied, but you cannot easily control the power level in the cavity this way. Thus, it is
better to use an external generator with a PLL (phase-locked loop circuit) that tracks the actual frequency
of the cavity under test (such a cavity is never really stable to a fraction of a Hz in a helium bath). The
power of the external generator can nicely be adjusted to any amplitude level (to get the field-dependent
measurement of ) value vs. F,..). From the exponential decay (exponential if the cavity is linear: what

does this mean?) one can easily calculate the ().

Quiz: What other arguments can you find not to measure the unloaded () value for numbers > 10°

in the frequency domain with a VNA?

In many cases since SC cavities are usually operated strongly over coupled it is nicely possible to
measure the loaded () (in transmission) but in order to deduce the unloaded () from this measurement a

precise knowledge of the coupling factor beta is required which is often not trivial.

5.3 Measuring setup for () values of SC cavities

These days mostly the self-excited setup is used. A highly simplified circuit diagram is shown in
Fig. 11.5.22, we need in reality a few more items like a bandpass filter for mode and frequency band
selection, some electronic switches to see how the RF field decays, and also some diagnostics (RF de-

tector/scope etc).
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Fig. I1.5.22: The self-excited superconducting cavity for () measurements, basic circuit; technical details
of the test circuit [14].

Quiz: Why not simply use a Vector Network Analyser as normal for NC cavities?

And for comparison, the real setup diagram of the PLL method is shown in Fig. 11.5.23.
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Fig. 11.5.23: Complete circuit diagram for a SC cavity ) measurement [14].

Rack Cryostat

The examples shown so far are by no means exhaustive.

For the design of new measurement setups e.g. related to the evaluation of surface roughness im-
pact, one may have to take anisotropy issues into account, depending on the structure of the surface
roughness (e.g. laser erosion for multipactor reduction). For very high frequencies, confocal resonator
(Fabry-Perot type) setups were used. A Fabry-Perot is also known as a confocal resonator. For tube-like
(beam-pipe style) samples, the first resonance frequency is often too high to cover the frequency range

of interest. In this case, one may insert a sapphire rod which at cryo has extremely low RF losses and a
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dielectric constant around 10 (caveat: anisotropic).

This type of measurement has a lot of “caveats”.

5.4 Recent measurement layouts and examples for other SC resonators

The examples of Fig. I1.5.24 are for high-purity aluminum which has excellent RRR at very low temper-

atures.

Reference [15] gives a nice overview of recently developed and applied resonator-based measure-

ment methods. It is really recommended for further reading.

FIG. 3. Three common resonator imple-
mentations. (a) Al on Si lumped ele-
ment resonator with a meandered induc-
for (below) connected to an interdigitated
capacitor (above) and inductively cou-
pled to a feedline. (b) Al on Si \/4 CPW
resonator capacitively coupled 1o a feed-
line. () 3D resonant cavity made of high
purity Al

Fig. I1.5.24: Test resonator for RRR measurements on aluminum at very low temperatures [15].

The setup shown in Fig. I1.5.25 is for measurements at really very low temperatures (15 mK).
A comparable version is in operation in Korea (CAPP) for axion research. In this case, the NC cavity
(at deep cryo to enhance the (g and reduce the thermal noise) is the actual axion receiver. Caveat:
axion cavities are operated in a strong DC magnetic field which is not compatible with conventional

superconductors, but works well with High-Temperature Superconductors (HTS).

5.5 Learning targets

After having worked through this chapter and the lectures on basic SC it would be nice if you could:

— Be familiar with the motivation for using RF superconducting cavities in accelerators;

— Be able to discuss why SC RF cavity technology is barely used outside the accelerator field;
— See the benefits but also the problems related to RF SC technology;

— Have understood the main difference between DC and RF superconductivity;

— Be able to calculate the RF surface impedance of a given material (NC and SC) vs. frequency;
— Have understood the concept of the resistance and impedance per unit square;

— Be able to name some of the materials used for RF SC applications;

— Have understood the principal difference between conventional RF superconductors and high-

temperature RF superconductors;

— Be familiar with the basics, history, and some important milestones of superconducting RF tech-

nology in general (see Fig. I11.5.3);
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6. SC cavity implementation

o
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Fig. I1.5.26: A collection of superconducting cavities [16].

— Have some ideas (and be able to give examples) on how to measure the surface impedance of RF

superconductivity.

6 SC cavity implementation
6.1 Real examples of RF cavities

In Fig. 11.5.26 the big object is a single-cell 200 MHz copper cavity niobium coated inside: the niobium
film is typically deposited by sputtering. This technology was developed for LEP at CERN and is now
mostly used for cavities for circular colliders and some low-energy heavy-ion linear accelerators, which

use low-frequency cavities. This technology allows considerable cost-saving compared to the bulk nio-
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bium technology. In the foreground, some smaller bulk-niobium multiple and single-cell cavities with
different frequencies and different sizes can be seen. Details on fabrication are discussed in Section 9.
In this photo, cavities go from 200 MHz up to 3 GHz and often one talks about “elliptical” cavities; but

this does not mean that those cavities have an elliptical cross-section (although this exists, see 6.3).

6.2 Electron multipacting

In the old days, superconducting cavities had a rather rectangular longitudinal cross-section (left side of
Fig. I11.5.27), easy to fabricate, but which resulted in strong first and second-order (2-point) multipactor,
limiting the usable field strength to a few MV /m. After many years of experimental numerical and
theoretical work, the Gaussian or bell shape form with the ellipse as an asymptote in the transition region
(right side of Fig. I11.5.27) was found [17,18]. Learning by doing. This is sometimes a boring and tedious
job.

Solution to Multipacting

1st Or nd Order 7
N

Electrons drift to equator

Electric field at equator is = 0
—>MP electrons don’t gain energy
<> MP stops

Fig. I1.5.27: Evolution of the SC cavity shape driven by multipacting issues [19].

Not only is multipactor limiting performance by absorbing RF energy. In a superconducting cav-
ity, localized heating by multiple impacts from electron current due to secondary emission in resonance
with RF field may even bring the cavity wall above critical temperature, leading to a “quench”. His-
torically this phenomenon was a severe limitation for the performance of SC cavities. The invention of
the “circular” shape (in the region of the equator) opened up the avenue for higher gradients. Usually

squared boxed shapes favour resonant multipacting, thus round and elliptical are preferred [20].

6.3 What are elliptical cavities?

The term “elliptical” (see Fig. I1.5.29) refers to the particular shape in the longitudinal cut of such a cavity

which had been found over many years of optimization in order to mitigate two-point multipactor inside
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6. SC cavity implementation

Fig. I1.5.28: The evolution path towards the nowadays-used bell-shape. In this historical image we see
the change from boxed-type (left) to rounded shape (right) that first allowed suppression of multipacting
[20] (see also Fig. 11.5.27).

such types of cavities. Two-point mutipactor is the resonant multiplication of electrons inside a cavity:
electrons are field-emitted from some surface defect, accelerated, and impinge on a facing surface, where
they are multiplied if the secondary electron emission yield (SEY) coefficient is larger than unity (which
often is, at electron energies < 1 keV). Re-emitted electrons are accelerated back to the original emission
point, and multiplied again, and so on, absorbing RF energy from the cavity. The “elliptical” shape
(longitudinal cut) is characterized by the asymptotic ellipse in the transition region from the beampipe to

bell-shaped cavity form and also near the equator.

Main
coupler

Vacuum Helium S.C. Cavi

tank gas i/
Cold Tank migh order
‘shleld 1T _J de coupler

cryostat|
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/rb\ a | | o ~ - 9 m‘l':l
a | ! ! ! | |
R, b
\ | BN B B e e
L | | Cavity

| vacuum

Slope 1.5%

Liquid Tuning
helium bars

Fig. I1.5.29: Why is this cavity shape called “elliptical” [21,22].

6.4 A typical storage ring cavity (LEP)

In Fig. I1.5.30 we can see a bulk niobium and a niobium-coated copper cavity of LEP (there were 16 bulk
niobium and 272 Niobium-on-Copper cavities in LEP), electron-beam welded, 352 MHz. It is noted that
the long ports are for the main couplers, short ports for the HOM couplers, and diagnostics (field probes).
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Fig. 11.5.30: Top: bulk niobium cavity of LEP [23]. Bottom: niobium-coated copper prototype (Image
courtesy of CERN).

6.4.1 Integration into LEP cryostat

The LEP cryostat could reliably be operated under CW conditions with a beam and in pulsed conditions
without a beam in the present LHC tunnel environment (1.4% slope= inclination of the plane of the ring).

It is worth noting that the liquid He tank, the gas openings, and He collector were relatively small.

Pulsed operation: the thermal diffusivity & = A/(cp) is such that it takes ~ 1ms before the

temperature pulse arrives at the niobium helium interface => advantage compared to CW operation.

This cryostat was tested under pulsed conditions with a beam in the CERN SPS. It’s the sum of
many elements that have to work properly together, and the chain is likely to rupture at the weakest point.
The integration of the actual cavity into the vacuum vessel is a major task (see Fig. 11.5.31). They have
to be taken into account: low heat loss, cryo cooling, maybe tuners, all sorts of diagnostics, RF probes,

the main coupler, etc.
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Fig. I1.5.31: The integration of the cavity into the cryostat. Top: exploded view. Bottom: photo (images
courtesy of CERN).

6.4.2 Cryomodules LEP installed in the tunnel

Do you notice the rather flat waveguides for about 350 MHz in Fig. 11.5.32; there would have simply

been no space for the normal aspect ratio (around 1 to 2).
Quiz: Can you estimate the length of the larger size (width) of the waveguide?

Installation of this type of waveguide in the tunnel can be very delicate (see Fig. 11.5.32). ESS
(Lund) knows that really well. Thus, give it enough mechanical margin for waveguide installation.

6.5 CERN - LHC cavities

These cavities are conceptually similar to LEP cavities, slightly differing in frequency and in the number

of cells. They were designed and fabricated soon after the LEP cavities, exploiting the same production

1112



CERN Yellow Reports: Monographs, CERN-2024-003

Fig. I1.5.32: LEP cryomodule (352 MHz) installed in the tunnel [24].

Fig. I1.5.33: 400 MHz SC cavities in the LHC (former LEP) tunnel [25].

chain: they were probably the very first new accelerator component built for the LHC

— fres = 400 MHz,

— R/Q = 45 (using circuit definition),

- Qo=2X 109,

— Faee = 5.33MV/m,

— P, = 116 kW (CW) to be transferred to the beam,
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Fig. I1.5.34: LHC cavity after Nb thin film coating by sputtering (Image courtesy of CERN).

— Niobium-film on Cu with 1 um to 2 um thickness, deposited by by sputtering, Fig. 11.5.34.

In Fig. I11.5.33, there are four single-cell cavities per cryomodule where each resonator delivers
2 MYV, has a Blade tuner (detail discussed later), “Doorknob” power coupler, 75 €2 coaxial shown on
another section (air cooled in cryo). Can you guess the purpose of the blue hose ending above the

waveguide top of the cavity? There are in total 8 cavities per beam, therefore 16 M'V.

6.6 XFEL - DESY
The XFEL-DESY cavity is shown in Fig. 11.5.35

fres = 1300 MHz,

Standing wave; elliptic,
— RRR 300 Niobium,

- TM010 7r—mode,

active length is 1.038 m,

Qo > 1010,

Iris diameter is 70 mm,

— Nominal gradient is 23.6 MV /m,
— Cell to cell coupling K = 1.87%.

6.7 CEBAF - JLAB

In Fig. 11.5.36 we see the different production stages of those SC cavities. First, half-shells are required
for each cell. Then, waveguide port couplers. One waveguide for the RF-in, and the other one for
HOMs—out.
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Fig. 11.5.35: The XFEL-DESY cavity [26].

Fig. I1.5.36: A collection of cavity shapes and building blocks (Image courtesy of Research Instruments).

Note that practically all SC multiple-cell cavities are operated in the standing wave mode (in
contrast to NC multiple-cell cavities which are often in traveling wave mode and some of them in forward
traveling wave mode, and some use backward waves. This (traveling wave) allows more bandwidth and

is also applied for heavy beam-loading.
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6. SC cavity implementation

6.8 SNS and ESS (moderate beta examples)
Spallation Neutron Source (SNS) in Oak Ridge (TN) and European Spallation Source (ESS) in Lund

(SE) are two linear proton accelerators operating as neutron spallation sources, and both rely upon SRF
cavities to accelerate MW-class proton beams over a target (mercury in the case of SNS, and a rotating

lead target in the case of ESS) and produce neutrons.

In Fig. 11.5.37 we see some low-{ cavities from the SNS, while in Fig. I1.5.38 we see the three

families of SRF cavities from ESS.

b .ﬂ‘ﬂ.ﬂ.ﬂ.ﬂ. =-

a.-; Vool .

Fig. I1.5.37: The SNS 5 = 0.61 and 5 = 0.81 cavities [27].

Quiz: What is characteristic of moderate or low 3 = v/c-value cavities?
A: The bell shape of a cell?
B: The shorter gap compared to 3 = 1 cavities?
C: The diameter?

Fig. 11.5.38: The three different ESS cavity families: low-beta 5 = 0.5 two-spoke cavity (top left,
courtesy 1JC Lab), the 6-cell elliptical medium-beta 5 = 0.67 cavity (top right, courtesy INFN-LASA,
and the 5-cell elliptical high-beta 5 = 0.86 cavity (bottom, courtesy CEA).
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6.9 Heavy ion accelerators (low beta examples)

In Fig. 11.5.39 we have excitation via tank probe or “loop antenna”. This type of spiral resonator is also
known as split ring resonator: 97 MHz and 145 MHz 5 = 0.06 to 0.16.

Fig. I11.5.39: Spiral resonator SRF cavities from ATLAS-ANL (note the lead plating inside the cavity
copper body) [28].

This is the superconducting version of a cavity with a similar shape (but normal conducting)
developed at GSI in the early 80ies. This type of structure is suitable for slow beams and has a very high

shunt impedance.

Quiz: How would you design the water cooling for the NC resonator coil?

Fig. I1.5.40: Spiral resonator NC, for comparison [29].

In Fig. I1.5.40 we see a 48.5 MHz spiral resonator (MEBT).

Some further shapes of heavy ion accelerator SC cavities with low 3 are shown in Fig. 11.5.41.
Note that for low-/3 beams there are often two gaps to pass for the beam while the sign inverts during the

passage of the slow beam through some hole on the resonator like a drift tube.
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6. SC cavity implementation

Fig. I1.5.41: Different shapes of low 8 SC cavities including an RFQ at the right [30].

6.10 Shape versus 3

We know that for a relativistic beam, the gap length should be < \o/2, since then the particle sees a

half-wave.

Example: 300 MHz; 5 = 1, A = 1m. A good gap length considering also R/(Q is ~ 40 cm and

> 50 cm leads to cancellation.

The change in the cavity shapes for different 5 requirements are shown in Fig. I11.5.42.

Wide bell shape for beta=1

/ By

for moderate beta

Narrow bell shape#

A/4 coax
resonator
with two

short gaps
and drift
space in
between

Fig. I1.5.42: Change of shape vs. 8. The gaps are getting smaller and smaller for low 3 [31].

Some typical SC cavities’ parameters for different accelerator types are shown in Tab. 11.5.2.

Table I1.5.2: Some typical parameters of SC cavities in different types of accelerators.

Electron accelerators

Proton accelerators

Ion Accelerators

b=~1

8 ~ 0.5 (moderate 3 region)

0.05<B<0.2

350 MHz < fy < 2GHz

500 MHz < fy < 1.5GHz

50 MHz < fo < 150 MHz

G =~ 2702 (geom. factor)

G ~ 170 (geom. factor)

G ~ 2012 (geom. factor)

L ~ 35cm (fo = 350 MHz)

L =~ 20cm (fy = 350 MHz)

L ~ 5cm (fo = 150 MHz)

1118




CERN Yellow Reports: Monographs, CERN-2024-003

6.11 Some deterministic parameters for cavity performance

Until now we discussed the role of the RF frequency, the He bath temperature, and SC material with
its characteristic critical field and temperature. There are still other (less important) parameters that

determine the performance of the cavity as well (see Tab. 11.5.3).

Table I1.5.3: Deterministic parameters for cavity performance.

Influencing quantity Impact quantity Physical explanation Cure
External static magnetic field | Residual surface resistance Creation of vertices Shielding of the ambient mag-
Beat netic field by Mu-metal / Cry-
operm
Residual resistivity ratio RRR BCS surface resistance Mean free path dependence of | Annealing steps during ingot
Ries production/after cavity manu-
facture
Ratio peak magnetic field to ac- | Max. accelerating gradient Critical magnetic field as ulti- | Optimization of cavity shape
celerating gradient B,/ F, mate gradient limitation
Nb-H precipitate Q-value / acc. gradient (- | Lowering of T./B. at precipi- | T-control during chemical pol-
disease) tates of Nb-H ishing Degassing at 700 °C Fast
cool-down

7 Interaction of cavity-beam

We are now going into more detail about cavity beam interactions and vice versa. As already mentioned
usually the cavity is used as a transformer to convert the available generator power into as much as
possible voltage seen by the beam. However, each cavity is acting simultaneously as pickup and kicker

and the beam-induced voltage and thus power can lead to surprising side effects.

7.1 Passband modes in multiple cell structures

A nice simple illustration of the RF modes in multicell cavities is shown in Fig. 11.5.43, the relative phase
of the different modes should be self-evident to the attentive reader (possible phase shifts are equal to the
number of cells). Modes are coupled through the ports between cells, and the resulting coupling constant
has the same role has a coupling between two pendulums as illustrated in Fig. I1.5.44, hence the discrete
phase shifts: if the pendulums are not in discrete phase ratios, there is no resonance (chaotic movement),

as in cavities.

7.2 Intuitive introduction: the surfer

As shown in Fig. 11.5.45, surfing on the waves means staying in synchronism. In particular, this is
important for multi-cell cavities and of course, this also applies to NC multiple-cell cavities or when
you do this on a nice warm summer day near Hawaii or just on the Mediterranean. Contemplate the

difference between “deeply thinking” and “deeply sinking”.

7.3 Reasons for beam induced mechanical oscillations - radiation pressure

Note that this “radiation pressure” is not always a pressure trying to “inflate” the cavity; in reality, it
is rather a position-dependent deformation (see Fig. 11.5.46). As an analogy, the plates of a charged

capacitor are attracted, and conductors with parallel currents repel each other.
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i

Fig. I1.5.44: Examples of coupled pendulums [32].

7.4 Mechanical oscillation modes

For example, at LEP, a radiation pressure on the cavity walls of about 1000 N in total is possible. It’s
essentially the batch pattern that reduces periodically the field strength (beam loading) and if this hits a
mechanical resonance we may get a problem. The frequencies are usually on the order of a few 10 Hz to
several hundred Hz (see Fig. 11.5.47).

7.5 A fast frequency tuner

We need a rather fast frequency tuner (plunger is tricky) to compensate for those oscillations in the audio
range. The type of plunger seen in Fig. I11.5.48 may be good for slow tuning (say below 1 Hz) but not
easy to operate at say 30 Hz, for fast tuning (beam-induced vibrations via “radiation pressure” from the
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THE USE OF SUPRACONDUCTIVITY TO INCREASE
PERFORMANCES AND CONSIDERABLY REDUGE
ELECTRICITY CONSUMPTION
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Fig. I1.5.45: The donkey and the carrot ensure that the electron always sees an accelerating field [31].

time-dependent envelope of the field in the cavity via batch structure) we need piezo or magnet-restrictive

tuners with up to kHz bandwidth.

The frequency variation is linked to the change in electric and magnetic field distribution inside

the cavity, due to geometric deformations:

Af 1

T / (e0E? — poH?*)dvV | (I1.5.29)

AV

where U is the stored energy inside the cavity

1
U= / (e0E® + poH*)adv . (11.5.30)
\%4

So as seen in Fig. I1.5.48, it is like an accordion (again) but in a different mechanical mode. This
type of accordion-style frequency tuning had been also proposed around 1980 for the NC SPS single
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Fig. I1.5.46: Deforming the cavity with EM forces.
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Fig. I1.5.47: Mechanical oscillation modes of the cavity.
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Fig. I1.5.48: Compensation of cavity mode related detuning with a mechanical tuner.

cavities by some hydraulic mechanism in the tunnel but of course, never realized this way instead we had

a plunging tuner (every 10s or so) with lots of vacuum problems on its bellows.

Mechanical oscillations issues: the LEP solution

The cavity makes accordion-like movements, and the SC part must be well shielded from the fringe field

of the magnetostrictive elements.

In Fig. 11.5.49, a sketch for a different cavity tuner drawn by the late Joachim Tuckmantel. Thus

in memoriam to Joachim, to the late Herbert Lengeler, who was one of the pioneers of SRF at CERN
(see Fig. 11.5.50), and to the late Philippe Bernard, who led the CERN RF group in the implementation
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Fig. I1.5.49: An alternative implementation of cavity tuner using magnetostrictive elements (drawing by
the late Joachim Tiickmantel).

of SRF in the LEP II collider.

Quiz: how does a magnetostrictive actuator work? Can you give an example of the magnetostric-

tive effect in everyday life? Hint: the humming of a transformer.

Fig. I1.5.50: Herbert Lengeler, one of the fathers of SC cavities at CERN [33]. His love of SRF is
manifest even on his grave.

7.7 Learning targets and quiz

After having worked through this section it would be nice if you could:

— Have an idea about SC multiple-cell resonators and their mechanical implementation;

— Know that for coupled resonators the resonance frequencies are splitting up;
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Have understood the concept of the test setup for the amplitude-dependent () measurement on a

SC cavity in particular proper control of all parameters;

Know that the @) value of superconducting cavities is field strength dependent (()-slope);

Be able to give some examples of typical shapes for SC cavities;

— Be familiar with the GG factor and have an idea about its order of magnitude;

Know that the GG factor gets worse for low beta cavities and why;

Be able to explain the difference between R/Q), @ and G factor;

Be able to draw a sketch of a 0 mode and m mode in a multiple-cell cavity;

Know why elliptically-shaped cavities have advantages, even when they are mechanically more

delicate.

7.8 Summary for the previous sections

— A lumped network circuit diagram allows an analytical description of the interaction of the RF
cavity with the beam.

— The cavity is designed to minimize the reflected RF power (which would be wasted anyhow in a
load) by eliminating the “reactive beam loading” through tuning the frequency of the cavity and
by matching the external () to the nominal beam current.

— Frequency tuners are in addition needed to damp frequency shifts from mechanical resonances
excited by external noise sources (microphonics) or the interaction of the electromagnetic pressure
with the cavity wall (Lorentz force detuning).

— Discussed in the appendix: the beam consists of bunches passing the cavity in batches of millisec-
onds that may excite higher order modes (HOMs) of the cavity to high voltages, if not sufficiently
damped by HOM couplers.

8 Special diagnostics
8.1 Heat probes for temperature mapping on cavities 40 years ago

Many features of the cavity can be tested by RF measurements. But losses that occur in the form of
localized heat can only be detected by additional diagnostics. The classical approach is temperature

mapping (in the old days).

8.2 Temperature distribution measurements on SC cavity

A temperature mapping equipment from ~ 1980 is shown in Fig. I1.5.51. The temperature-sensing
elements were Allen Bradley carbon resistors of nominally 100 €2 at ambient. The entire setup is later
submerged in liquid helium. Special care had to be taken for the selection of the integrated circuit

elements since normal silicon bipolar transistors “freeze” out at cryo.

Note that the measurement is not trivial, one has to properly sense the cavity wall, and not the
surrounding liquid helium... There are lots of temperature probes with cryo-compatible electronics.

Something which however was not trivial in the 70ies and 80ies. Can you guess why?
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Fig. I1.5.51: Temperature mapping technology in the 80ies (photo courtesy of CERN).
8.2.1 Finding hot spots

Temperature mapping is meant to localize defects. As observed in Fig. 11.5.52, a hot spot was detected

and later the criminal item (copper particle) was removed.

(a) niiipes (b)

Fig. I1.5.52: Hot spot from a defect found by temperature mapping [16].

8.2.2 Anomalous losses via T-mapping

T-mapping for the diagnosis of anomalous losses. In Fig. 11.5.53 we see a kind of usual 2D projection

that mimics the external surface of a cavity.

8.3 An introduction to the ‘“oscillatory superleak transducer” (OST)

The second sound wave is related to the normal fluid fraction of the helium that interacts with a

nanoporous membrane (pore size < 200 nm) while the superfluid part does not interact and passes through
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Fig. I1.5.53: A temperature map in planar projection.

the pores, its coherence length being much smaller than the pore size. It was first used by K. Shepard at
ANL for detecting the quench locations in SC resonators and split ring resonators and later used also for
other structures [34,35] (see Fig. 11.5.54).

Oscillating OST

superleak
Transducer=0ST

Mohammed Fouaidy

Fig. I1.5.54: Second sound with superfluid helium [34, 35].

Where does the name second sound come from? The first sound wave propagates as an entropy
(temperature) wave and the second is a density wave; second sound wave has a velocity of about 20 m/s,
which is really slow compared to the first sound which has a speed ten times larger. And remember the
second sound wave moves the membrane since related to the normal fluid part of the He, and combined

with the low speed results in a very neat way for triangulating the origin of the wave.

8.3.1 Second sound concept sound via triangulation

A quench, a thermo-magnetic breakdown of the cavity surface transitioning to the normal state, creates a
sudden heat wave due to the instantaneous local increase of dissipated power. Detection and localization
of quenches on superconducting RF cavities by the measurement of the second sound can be done with

OSTs. The localisation of a quench can be done with a relatively small number of sensors.

A very nice triangulation method for in situ diagnostics is shown in Fig. I11.5.55, where also a

typical OST signal is shown.
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Fig. I1.5.55: Second sound and quench detection via triangulation (left), and typical OST signals (right).
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Fig. I1.5.56: Velocity of second sound vs. temperature.

The measurement from Fig. I1.5.56 was done at 1.977 K with the velocity being v2(1.977K) =
17.14m/s. The signal of the measurement is at 2.52 ms. Therefore, the distance to the heat source is
vt = 4.32 cm.

9 Fabrication technology

SRF cavities come nowadays essentially in two families: bulk niobium or niobium thin films coated on
copper substrates. Fabrication processes, operational requirements and challenges are obviously differ-

ent, but the main recurring requirements are similar:

— Maximizing the quality factor Qg;

— Reaching high accelerating gradients E.

However, it turns out that while maximizing ()¢ is beneficial in any given operation condition since it
leads to energy savings, reaching high accelerating gradients is necessary mostly for linear accelerators
which may want to maximise the energy within a given real estate. In the case of circular colliders in
fact there is an optimum accelerating field which is sometimes rather low. See for example Fig. 11.5.57

where the optimum working point for the CERN Future Circular Collider is studied.
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Fig. I1.5.57: Optimization of the SRF system working point for the FCC-ee study at CERN [36].

How can this be? As an exercise, consider that in a circular collider, the RF system has to provide

a given voltage Ve per turn. The power loss is proportional to F2

+c and thus inversely proportional to

the square of the length d of the accelerating system (remember, E,.c = Vyec/d), thus lower accelerating
field E,.. and longer length is favored. However, the static cryogenic losses increase linearly with length.

Thus we can get an optimum configuration.

Nevertheless, even in a circular collider, the field requirement presents challenges for the fabri-
cation processes and the technological requirements. Most of these are related to residual or extrinsic

losses of the cavities.

9.1 Anomalous losses

The so-called “anomalous losses” account for all contributions to the RF losses that are not described by
the intrinsic parameters of the superconducting material (critical temperature, critical field, BCS (or two
fluid) surface resistance Rg, etc). These anomalous losses show up as heat and are visible in the R(7")
and Qo(F,) plots, as well as in the “temperature maps”. These are often well characterized during RF
measurements like in Fig. 11.5.58 where several anomalous loss mechanisms are shown. We describe
now some of the various anomalous losses as illustrated in the figure. All this is discussed in great detail
in the book [37].

9.1.1 Residual losses

Typical residual losses are due to extrinsic defects in the superconducting material: localized impuri-
ties (Ta inclusions, projections from welds), defects (welding seams, scratches), excess hydrogen that
segregates at low temperature in highly dissipating niobium hydrides, trapped ambient magnetic field.
For example, cavities undergo typically hydrogen outgassing at high temperatures (see Fig. 11.5.59) to

remove hydrogen and prevent the so-called H-disease, that is the segregation of hydrides.

For classical superconductors do make sure that there is no trapped magnetic flux during cool-

down! Trapped fluxons (the quanta of magnetic flux in which the field is divided in type-II supercon-
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Fig. I1.5.58: Different anomalous loss mechanisms [38].
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ductors) oscillate under the Lorentz force induced by the RF surface currents and dissipate energy, like
in a harmonic oscillator where dissipation is due to viscous dissipative term. The larger the conductiv-
ity (normal state, in the vortex core), the larger the dissipation. Bulk niobium cavities suffer orders of
magnitude more than thin film cavities, which have lower purity. So we may have accelerators without
shielding, like LEP and the LHC, with Nb-coated cavities! In accelerators with Nb-bulk cavities one
needs shielding, but one can also play tricks with very fast cooling to reduce the amount of trapped flux
(see Fig. 11.5.60).

High T, superconductors can work nicely in a strong static magnetic field e.g. applied for axion

search cavities but their () value is significantly lower than for classical RF superconductors.



9. Fabrication technology

Fig. 11.5.59: Typical UHV high-temperature furnace for hydrogen outgassing [39].
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Fig. I1.5.60: Trapped magnetic flux [12], and how a fast cool down expels all the magnetic field; slow
cool down allows the field to be trapped at some isolated locations [40].

9.1.2 Quenches

A quench is also called thermo-magnetic breakdown. What happens? Imagine having a defect, for
example, a normal conducting inclusion. This will dissipate power more than the surrounding niobium.
As the field increases it will reach soon a temperature larger than 7T, (heating the surrounding Nb above
T too) leading to a chain reaction and bringing all cavity surfaces to the normal state. The main driver for
suppressing quenches, apart from eliminating defects as will be discussed later, is to improve the thermal
conductivity of niobium so as to better evacuate any extra heat. This is shown in Fig. I1.5.61. When
electrons are paired in Cooper pairs in a superconductor they are no longer “available” for heat transfer.
The only electrons available are the non-paired ones, and to optimize their heat-transfer capabilities it is
important to minimize their scattering with impurities. Purification of niobium was in the past the main

technological development required by SRF to fabricate useful cavities.

The RRR is a key parameter for heat conductivity, industrial-grade Nb has a RRR of 40, while the
requirements of SRF have driven the manufacturers to produce industrially Nb with an RRR of 300 and
more. This can easily be purchased nowadays (but has a cost similar to silver!). Remember even if RRR

is high, only a fraction of electrons contributes to thermal conductivity!

This is different compared to copper: copper is the best conductor (forgetting silver...), it is rather
cheap and it can be obtained in high purity, with very high RRR, and now all electrons conduce heat! A
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Fig. I1.5.61: Thermal improvement of thermal conductivity for Niobium sheets.

neat technological solution is then to make cavities of copper body, coated with a thin film of niobium.
This technology was developed at CERN for LEP. It totally prevents quenches, and adds several benefits:
it is much cheaper and is particularly relevant for large cavities of low frequency, and allows eliminating

magnetic shielding. But there are also disadvantages, discussed later.

Coatings are usually done by sputtering, but the novel trend is to move to the High-power impulse
magnetron sputtering (HiPIMS) technology: sputter coatings are obtained by neutral Nb atoms, while
in HiIPIMS Nb is ionized and directed to the surface at higher energy. For an illustration of a sputtering

system, see Fig. 11.5.62.

9.1.3 Electron field emission

We have already discussed the effect of electron multipacting, which happens at low field (requires the
electron energy < few keV to have secondary SEY > 1). The same principle of electron field emission
may cause troubles at high fields too. The nasty consequence of (hidden) electron field emission emitters

can be seen in Fig. 11.5.63.

Electrons are field-emitted and impact the cavity surface, bringing two possible consequences if
the electron current is large enough: at large Fy. field they absorb energy stored in the cavity, thus
lowering the quality factor (Jg. And if the acquired energy is large enough, the electron might even heat
up the location where they impinge, leading possibly in some cases (in particular in bulk-Nb which has

poor thermal conductivity) to a quench!
At the origin of field emission, we must have of course some localized field emitters. Typical

particulate emitters containing impurities are shown in Fig. I1.5.64.

The electron current produced by field emitters is due to the quantum tunneling effect: the exter-
nally applied field lowers the energy surface barrier (the work function ®) thus tunneling becomes more
probable, actually increasing exponentially with the applied field. This is the so-called Fowler-Nordheim
tunneling. The principles of Fowler Nordheim theory are shown in Fig. I1.5.65.

The only practical way to prevent field emission is to have the best possible surface cleanliness:

avoid particles, defects, etc. Therefore, clean room preparation is mandatory as shown in Fig. 11.5.66.
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Fig. I1.5.62: Left: Schematics of a typical Nb/Cu sputtering system [41]. Right: How it looks in reality
with a 1.3 GHz prototype cavity being coated [42].

All SRF cavity assembly procedures are done in a microelectronics-like environment: clean rooms are
ISOS - Class 100 type, with localized cleanliness levels up to ISO4 - Class 10. This allows to avoid any

possible surface contamination. But how to clean surfaces, to start with?

The best way to clean a surface and remove particulate contamination is high-pressure water rins-
ing (HPWR). This is done with demineralized water, effectively free of any soluted element or contam-
inants (resistivity 18 MQ2 m and filtered with nanoporous filters < 100 nm), performed at pressures in
excess of 100 bar with very high water flows (1 m?/h), for duration of several hours and inside a clean
room. The cavity is sprayed with water and then dried inside the clean room, so no more particles will
contaminate the surface (Fig. 11.5.67).

Many details of clean room work have already been discussed elsewhere. It is just important to
remember that without proper clean-room facilities, the reliable industrial production of superconducting

cavities becomes very questionable and inefficient.

9.1.4 Electropolishing

The requirements for high-quality surface preparation don’t stop here. In order for particles not to “stick”
and to facilitate removal, a high surface smoothness is required. It turns out that surface smoothness is
needed also for obtaining the lowest possible residual surface resistance. So referring to Fig. I11.5.58, elec-
tropolishing helps with residual losses, field emission, and also non-quadratic losses that we’ll discuss

later.
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Fig. I1.5.63: Diagnostic field emission [43].

In electropolishing the metal is immersed in an electrolyte as shown in Fig. I1.5.68, and subjected
to direct current. The metal part to be treated is made anodic and under certain conditions, a controlled
dissolution of the metal is achieved. The electrolyte is chosen to have a high viscosity, thus metal high
migration is diffusion-limited. In such cases, the protruding tips are removed faster than the valleys, and
this results in a smoothing effect. This process allows for the best results for SRF cavities. Mechanical
polishing may give the best apparent roughness, but results in a damaged surface layer which is very
detrimental for cavity performance. Chemical polishing (high-viscous solution of strong acids) results
in smoothing too, but leaves grain boundaries exposed, which enhances the local magnetic field and
promotes early transition. Electropolishing guarantees the best compromise: the metal is left in its most
pristine state, low-wavelength roughness is minimized, and high-wavelength roughness (compared to
the skin depth) is not relevant for SRF performance. The different effects from different techniques are
shown in Fig. I11.5.69.

9.1.5 Non-quadratic losses

Putting all the above together following the path shown in Fig. I1.5.70 results in state-of-the art cavity
performance, and some very good results on 1.3 GHz TESLA-shape cavities are shown in Fig. I1.5.71.
However, some losses still remain, sometimes called non-quadratic losses. These are the type of anoma-
lous losses of more difficult interpretation and minimization. Assuming the surface resistance is field-
independent (equivalent to saying that Qg is field independent), power dissipation theoretically should
go with surface fields squared (hence quadratic). Any field dependence of the surface resistance results

in more-than-quadratic losses (hence non-quadratic), or in a Qg decrease with field (called “slope” in
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Fig. I1.5.64: Electron field emitters of different sizes and nature; the characteristic composition is indi-
cated in the graphs in the lower row [14].

Electron waves of bound states in a metal can tunnel through the potential barrier V(z)
at the solid surface into vacuum by means of the quantum mechanical tunnelling effect

Metall Vakuum V(2) = -e'E-z -e2/(16me, 2)

work function ® of metal
applied field E on surface

image charge correction
AD = (e3E/ 4ney)*

VL

A

N
I A® forE=2GV/m

E [eV]

......... -2 -.?———. W
< |

|
—
2

0 1 2
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Calculation of the current density j(E) within the Fowler-Nordheim theory results in

A EZ B(DS/ Zv( ) with constants A=154 and B=6830 and
J(E)=—=——exp| —————| slight correction functions t(y) and v(y)
@1 (y) E

®=4eV at E=2000 MV/m = j= 1nA/um?

Fig. I1.5.65: The mechanism of field emissions from flat metal surfaces [44].

SRF jargon), as illustrated in the Qg vs. Eycc of Fig. 11.5.72.

Many mechanisms might be responsible: intrinsic nonlinear mechanisms, extrinsic effects of im-
purities, RF flux penetration and hysteresis, and thermal feedback (the surface heats up due to poor
cooling).

The case of Nb/Cu cavities is interesting: it appears that their slope is much larger than for Nb
bulk. This has plagued Nb/Cu cavities since their inception, and no reasonable explanation has been
found to date. Clearly, it is not due to thermal feedback, the conductivity of copper being so large! It
might be due to a thermal exchange limitation at the Nb/Cu interface, or perhaps to micro-quenches
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Fig. I1.5.67: Demonstrating HPWR in a test transparent plastic cavity [46].

due to local delamination of the film. A major delamination of the film results in a major Q-switch:
increasing the field in a cavity induces a small region of poor contact with the substrate to turn normal;
when decreasing the field, it remains normal conducting thus highly dissipating until the field level is
very small (this is the last case of Fig. I1.5.58). Imagine now a sequence of many micro-()-switches,
individually invisible. This could mimic the @-slope in Nb/Cu cavities. Actually, this is what has
motivated the use of HiPIMS coating technology. HiPIMS improves adhesion thanks to the Nb-ion
energy and eliminates micro-defects and parasites in Nb/Cu films, see Fig. 11.5.73. The first results,
yet unpublished, indicate that this is the way to go: recent LHC-type cavities are almost slope-free! It
remains that Nb/Cu cavities have usually a level of impurities dissolved in the Nb which is higher than
for bulk. This results in a BCS surface resistance which is improved compared to bulk Nb, see Fig. I1.5.7,
allowing a better performance at 4.2 K. This impurity level is also responsible for the lower sensitivity
to external magnetic field compared to bulk, as mentioned earlier. But it has no impact (and perhaps a
negative one?) on the performance at 1.9 K, where the BCS surface resistance has vanished.
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Fig. I1.5.68: Electopolishing technology (Image courtesy of C. Antoine).
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Fig. I1.5.69: Illustration of the effects of different polishing procedures (Image courtesy of C. Antoine).

However, the perhaps most surprising recent discovery is the anti-Q)-slope! This has been iden-
tified at Fermilab and is illustrated in Fig. I1.5.74. This happens when the bulk Nb is “doped” with a
specific and small amount of impurities, typically nitrogen. The slope has a positive coefficient, and this
is due (and has been proven and validated theoretically) to some subtle effects related to non-equilibrium
quasi-particle states in the BCS gap: as you see SRF has deep theoretical implications, and this matter

will not be discussed here further.

9.2 Stochastic parameters

All the discussion above is neatly summarised in the following Table 11.5.4.
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Fig. I1.5.70: Combined effects of surface preparation improvements: EP, HPWR, etc. [47].
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Fig. I1.5.71: Test results at Saclay, Cornell, and DESY (left) and the S-2 cavity at KEK (right) [48].

9.3 State of the art SRF research

Reaching ultimate performance with bulk Nb cavities or Nb/Cu thin film cavities is the aim of current
R&D in the field of SRF. Several challenges however are already defined at the forefront of the current

activities, beyond niobium-based cavities:

— Low-temperature superconductors: Nb-based and alternative materials;

— High-temperature superconductors.

In the search of new materials beyond Nb (i.e. Nb3Sn, V3Si, NbN for low temperatures and
YBCO for high temp) the primary goal is energy saving, not so much the absolute performance in terms
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Fig. I1.5.72: “Slope” of different types of cavities compared to the ideal case which has practically flat
curve, except when surface current density approaches critical current density.
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Fig. I1.5.73: Film structure of conventional sputter-coated Nb films, compared to the film deposited by
HiPIMS (Image courtesy of G. Rosaz).

of accelerating gradient. Remembering Fig. I1.5.9, one would ideally look for materials that have Rpcs
at their operating temperature as small as that of Nb at 1.9 K, while still maintaining a very low residual
resistance. If such goal could be attained, this would open up potential very large energy savings. For
example, if operation at 4.5 K would be possible, this would result in a saving of a factor of about three
compared to operation at 1.9 K, and even larger if higher temperatures could be used, as discussed at the
beginning of this lecture. Of course, the same other operational performance and reliability of existing
cavities should be guaranteed.

A potential first application of novel materials may come from the use of Nb3Sn. This material
is actively being researched following different paths for realization, either by Sn diffusion into Nb bulk
cavities [49] or by sputtering of a Nb3Sn thin film onto Cu cavities [50]. Excellent results have recently
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Fig. 11.5.74: “Slope” of cavities with different types of nitrogen doping (Image courtesy of A. Gras-
sellino).

being obtained, and the technique of Sn diffusion has a long pluri-decennial story behind it and is mature

enough so that some cavities have been produced. A first application, and a reason why the technology

is actively pursued, could be in future high-energy circular colliders, where as explained in Fig. 11.5.57

the goal is to look for optimal (g at a rather low, optimal accelerating field.

Work on higher-critical-temperature materials such as YBCO has only recently started, following

recent development in material fabrication. Future history will tell whether these material would allow

working at even higher temperatures, opening up major energy savings for future-generation accelerators.

9.4 Summary

The choice of the technology (normal conducting vs. superconducting) depends on various param-
eters: mass of the accelerated particle, beam energy, beam current, mains power consumption,

etc.

If superconducting, the typical interval of RF frequencies is between 300 MHz and 3 GHz.

The technically most suitable superconducting material is niobium, choosing lower frequencies
allows operation at 4.2 K to 4.5 K, the boiling temperature of /He, higher frequencies request
operation at 1.8 K to 2 K. However, the cryogenic installation is much more demanding.

The production of SC cavities requests careful application of quality control measures during the
whole cycle of assembly to avoid performance degradation by “anomalous losses”.

The “anomalous losses” contribute to an extra heat load, which is expensive to cool and may limit

the performance.

10 Conclusion

We have tried to give an overview of the state of the art of SC RF technology including a short recap on

theory, history, and motivation for the application of this technology. One important part is the diagnos-

1139



10. Conclusion

Table I1.5.4:

A summary of all stochastic and extrinsic causes of anomalous losses

Influencing quantity

Impact quantity

Physical explanation

cure

Field emission sites
(foreign particles
sticking to the surface,
size, density)

Q-value / acc. gradient
~ radiation HOM cou-
pler quench

Modified Fowler-
Nordheim-theory

Assembling in dust-free air, rins-
ing with ultra-pure water (control
of resistivity and particulate con-
tent, of outlet water) and alco-
hol, high-pressure ultra-pure wa-
ter rinsing (ditto), “He- process-
ing”, heat treatment at 800 °C to
1400°C, electro-polishing (indi-
rect effect)

Secondary  emission

coefficient §

Electron-multipacting

Theory of secondary
electron emission

rounded shape of cavity, rinsing
with ultra-pure water, bake-out,
RF - Processing

conducting inclusions
in Nb

critical temperature of
Nb

Unknown Q@ —slope / Q-drop (@ | Unknown (early field | Annealing 150 °C, Electro-
— value / acc. gradient) | penetration in hydride | polishing
highly suspected)
Metallic normal- | Acc. gradient Local heating up till | Inspection of Nb sheets (eddy

current or SQUID scanning), re-
moval of defects (= 1pum), suffi-

ciently large thermal conductivity
(30 W/mK to 40 W/mK) cleanli-
ness of tooling for manufacturing
and handling

Quality assurance control of a
multitude of parameters

Residual surface resis-
tance

(2-value / acc. gradient | Unknown to a large ex-

tent

tics and measurement of RF superconductors as samples and in situ. Different shapes of SC cavities are
discussed including historical aspects of the evolution of presently used cavity implementations. Prac-
tical issues mentioned include surface reliable surface preparation to minimize electron emission and
multipactor. Many examples of present-day applications are shown and also compared. The present
paper/article can only serve as an introduction and short overview of the amazing and exciting field of

RF superconducting technology.
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Appendices

IL.5.A Complex conductivity, London equations
The two-fluids model stipulates that a superconductor has two populations of current carriers:

— “normal conducting” electrons have the usual resistive behavior;

— “superconducting” electrons have only an inductive response.
In parallel, they contribute to electrical conductivity and surface resistance. The surface resistance goes
to zero at 0 K, and takes the value of the normal-conducting metal at 7.

We should also recall here that the London penetration depth for a superconductor is equivalent to

the skin depth of a normal metal. It is orders of magnitude smaller, and frequency-independent

II.5.A.1 London equations

Here are the two London equations

0js nge?
= E 11.5.31
. nge?
V X js=— B , (I1.5.32)
m

where the symbols have the usual meaning, and ng is the density of electrons in the superconducting

state.

By applying B = V x A on the vector potential A we get

nse>

Js = — A=-A1tA . (11.5.33)
m

We introduce this way a term A which is a specific inductance. This expression looks very similar to

Ohm’s law that stipulates as j = o F.

By applying Ampere’s law to Eq. I1.5.32 we get

1
V’B = =B (I1.5.34)
L

A= —— (IL5.35)
Honse

From Eq. I1.5.34 we can derive the exponential decay of the B-field inside the superconductor with decay

where

constant Ay, known as the London penetration depth, see Fig. I1.5.A.1. Typical values for Ay, in different
superconductors are shown in Table I1.5.A.1.

I1.5.A.2 Plane waves in vacuum

From Maxwell’s equations

E = Eyelkz=wt) (11.5.36)
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II.5.A. Complex conductivity, London equations

Table I1.5.A.1: Compare to NC Cu skin depth: 2 um at 1 GHz.

Element | Al | Nb (crystal) | Nb (film) | Pb | Sn | YBCO
Ar[nm] | 50 47 90 39 | 51 170

2 Hix)
H, —

() A X

Fig. IL.5.A.1: Visualisation of the London penetration depth Aj,.

H = Hyelkz=et) (11.5.37)
k j(kz—wt)
H=FEy—¢ , (11.5.38)
wWho
with the wavenumber 5
k=Y o=, =at+if (I1.5.39)
A Ho
follows the wave equations in free space
E = Eyelkz=et) (11.5.40)
H = Ey, | 2eitkz—wt) , (IL.5.41)
Ho
with the free space impedance:
E
Zo= Bl _ [Bo _g60q (11.5.42)
|H | €0

II.5.A.3 Plane waves in normal conducting metals

The generalized wavenumber is given by

k? = w’ep + jwop , (I1.5.43)
and
|E| B wp
o= EL_ 11.5.44
* 7 |H] e ko ( )
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where i = popr, € = €0€y. The local current density is given by the Ohm’s law j(z,t) = 0 E(x,t). The

surface current density /7 has the dimension Ampere/meter. The conductivity in a normal-conducting

metal is
00
olw)= —— 11.5.45
() (1+ jwr) ( )
with 7 the relaxation time between two electron collisions and
2 Y] 2
o= > T (11.5.46)

meVp Me

where m, = is the effective electron mass, e = the elementary charge, ¢ is the electron mean free path

and v the Fermi velocity (¢ = Tvp).

In practice, o is assumed to be frequency independent (wr < 1) and real (below optical frequen-
cies)
wop > wlep = k? = jwop . (11.5.47)

The wave equation in metals is then given by

E = Eyel =) = peilaz—whe=fz (11.5.48)

1 2
I Y (I1.5.49)
a oW

Caveat: j(x,t) = surface current density; j = \/—1; § = field penetration or skin depth in normal

since €779% = ¢=B% with

metals; og = conductivity at DC.

II.5.A.4 Definition of terms and comparison NC-SC

A comparison of the related equations between SC metal and NC metal is shown in Tab. I1.5.A.2.

Table I1.5.A.2: Comparison of superconductor (two-fluid model) with normal conductor [38].

Superconducting metal [ Normal-conducting metal
curlH = j + e (d/dt) E
curlE = —po (d/dt) H
divH =0
divE =0
(d/dt)j = E (poAi) + on (d/dt) E B
curlH = —H /X2 — onpio (d/dt) hH J=0n
AE=-K’E
AH =-K’H
K? = —)\2L(1 — jOnpowAE — Eo,uou.)Q)\%) K? = eopow? [1+4 jon/ (weo)]
Zs o = (1/2)wiBXE0m + joptoAs Zs e = (wi0d/2)(1 + ) = v/lwno/ o)1+ )
eoftow A2 & oppowi < 1 weo/on K 1
Effective electron mass m Surface impedance Zs = (E./Hy)|,_, = pow/K
Electron mean free path [ skin depth § = /2/ (poonw)
Conductivity of the NC electrons o, = In,e?/ (mvr) Fermi velocity vy
London penetration depth A, = y/m/ (nse?uo) Density of NC electrons n,,
Density of SC electrons ng
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II.5.A. Complex conductivity, London equations

Tees
by
T
.

temperature (K)

Fig. I1.5.A.2: Normal and superconducting electron density in a superconductor vs. temperature (note:
TNtotal = 10)-

II.5.A.5 Two-fluid model for superconductors

Basic assumptions of the two-fluid model: all the free electrons of density ng of the metal are divided

into two groups:

— superconducting electrons of density ng;

— normal electrons of density n,,.

The total density of the free electrons is ng = ng + ny,.

As shown in Fig. I1.5.A.2, as the temperature increases from O to the critical temperature 7, the

density ns decreases from ng to 0 and the material becomes normal conducting.
ns/ng =1— (T/T.)* . (I1.5.50)

I1.5.A.6 Complex conductivity
You will probably be only half surprised to read that a superconductor has a value of R # 0 for fields that

are not DC i.e. time-dependent. This can be understood in the framework of the previously mentioned two
fluids model, where a population of normal electrons of density n,, and a population of “superconducting
electrons” of density ns = no(1 — T4 / Tf) coexist such as n,, + ns = ng and both give a response to the
time-dependent EM fields.

Let’s “invent” the complex conductivity o = of superconducting electrons, starting from I1.5.45

and I1.5.46 we have )

ne-r
o(lw) = ————"— 11.5.51
() me (1 + jwT) ( )
and taking its limit to 7 — oo, which means infinite conductivity
ne?
lim o(w) = —j , (I1.5.52)
T—00 MeW

which gives the conductivity of a perfect conductor. Do you think Eq. I11.5.52 looks like a joke: conduc-
tivity of a perfect conductor is an imaginary number? There is indeed real physics behind it. Recall the

London equations (II.5.A.1), from which we can set up the equivalence Table I1.5.A.3.
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Table I1.5.A.3: Comparison of superconductor (two-fluid model) with normal conductor [51,52].

Normal metal Superconductor (London theory)
j=o00E="2°1F jo=—A1A=1 4

Fig. I1.5.A.3: Equivalent circuit for a superconductor.

The value of A is the expression of the kinetic inductivity of the “superconducting electrons”: basi-
cally, the electron pairs have a mass and are accelerated by the RF wave. This is the same as what happens
with the magnetic field produced inside an inductor. The conductivity of superconductors becomes the

sum of the conductivity of the fraction of normal electrons and that of the fraction of superelectrons

2 2
0y =01 — jog = ST (T4TH) - /;?LZ (1-141Y (IL5.53)
and
. .0
0y = 01 — joy = 00 (TY/TY) — gw% (1-1Y1hH | (I1.5.54)
where the coefficient of o3 is equal to
0o 1 1
— = = — I1.5.55
Wt powA? Aw ’ ( )
SN2 A
with A7 = o

To conclude, one could insert the expression for the complex conductivity o5 = o1 — joo in
Eq. I1.5.6 and after having some fun with the algebra of complex numbers derive the expressions for the

surface resistance R and for the surface reactance X.

Hint/Caveat: while for a normal conductor the real part and imaginary part of the surface
impedance are equal, the situation for a superconductor is completely different; there, the real part can

be 1000 times smaller than the imaginary part.

I1.5.A.7 Equivalent circuit

If you take the time derivative of j, = —A~! A you get the first London equation

A . 0j,
o T EEAy

(I1.5.56)

where A is interpreted as a specific inductance. This justifies representing the complex conductivity of
a superconductor with an equivalent circuit of parallel conductors (NC and SC) as seen in Fig I11.5.A.3.

One can nicely visualise how the resistor is shorted by the lossless inductance at DC (but not for RF).
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I1.5.B. Main and HOM couplers

How can we understand the specific inductance A? In analogy to the specific resistance p

(here: 0 = 1/p) it is the inductance of a very small volume element.

IL5.B Main and HOM couplers

RF power has to be fed into a cavity to be transferred to the beam. In a typical superconducting cavity,
cavity losses are much smaller than the power transferred to the beam. Being a high-quality resonator
with different resonant modes, a small perturbation from the beam can excite resonances away from the

fundamental: the power from these high-order modes must be extracted to avoid beam perturbation.

I1.5.B.1 Main power couplers, HOM mitigation, and related couplers

Fig. I1.5.B.1 shows the LHC solution of the Fundamental (or main) Power Coupler at 400 MHz. You can
visualize the rather flat (aspect ratio) of the waveguide (longer side about 0.5 m) feeding the RF power,
the ceramic window (and the vacuum flange ) in the center of the waveguide, and a long rod (“antenna”
on the left-hand side. This long rod is air-cooled at ambient and enters the vacuum of the SC cryogenic

cavity.

Fig. I1.5.B.1: Main power coupler for the LHC 400 MHz cavity schematic [53].

In Tab II.5.B.1 there is an overview of the CERN power couplers since the 2000’s (see also
Fig I1.5.B.2). It is always good to know what had been done already in order to either copy it (if it

worked well) or better not use it when there were problems.

Sometimes a double window coupler is required e.g. when going to cryo and with specific machine
requirements (e.g. the European XFEL in DESY). So, in Fig. I1.5.B.3 a double window coupler is shown.
Unfortunately, with more average power it is difficult to use such a design.

Of course, ceramics have losses. The cold window is difficult to cool down because fully vacuum
insulated (on both sides), thus one needs more thermal intercept points, or to increase the sizes. In
alternative, to use a coolant, but this increases the vacuum leak risk.

Then comes the question: what is a Higher-Order Modes (HOM) Coupler?

HOM are eigenmodes parasitically excited by a beam in a resonant RF cavity, other than the oper-

ating frequency. Each cavity has HOM couplers designed to extract the power and provide a transmission
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Table I1.5.B.1: Comparison of different types of couplers [54].

Experiment | frequency power
LHC 400 MHz | 500kW CW SW
SPS 2.0 200MHz | 750kW CW TW
SPL 2.0 704 MHz | 900kW 10% SW
SPL 3.0 704 MHz | 1000 kW 10% SW
Linac4 352MHz | 1000kW 10% SW
Crab DQW 400MHz | 100kW CW SW
Crab RFD 400MHz | 100kW CW SW
ESRF 352MHz | 200kW CW SW
SOLEIL 352MHz | 200kW CW SW
APS 1.0 352MHz | 200kW CW SW
SPS LIU 200MHz | 800kW CW TW
HG (SPL 3.0) | 704 MHz | 1500kW 10% SW
LHC 2.0 400MHz | 500kW CW SW
APS 2.0 352MHz | 2550kW CW SW

ESR

Fig. I1.5.B.2: Overview on CERN’s power coupler [54].

path at the HOM frequencies and act as a stop-band to the fundamental mode.

Several names exist for the same device: “HOM Couplers”, “HOM Filters”, “HOM Dampers”,
and “HOM Suppressors”. With future machines (especially true for circular) the HOM couplers will
have to extract large amounts of power (several kW) becoming like FPC (Fundamental Power Coupler).

In Fig. I1.5.B.4 an LHC HOM coupler(s) is shown. Note that for the big coupler (left) we have
a mixture of magnetic and electric coupling, while the small button-type unit on the right is essentially
only electric. Furthermore, the external resonant coax lines are not shown here which are essential for

the proper functionality of this concept.

Other implementations of HOM couplers from DESY, XFEL are shown in Fig. I1.5.B.5.
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Cold window: difficult to cool down

\\\\\\\\

Fig. I11.5.B.4: LHC coupling loop for a HOM damper [55].

It is noted that certain HOM couplers require DC bias (kV) to mitigate the multipactor in the

coupler region inside the SC cavity.

In Fig. 11.5.B.6 an open beam tube is shown which is fine for single-cell cavities, but there is a

high cryo-load by thermal radiation.

Finally, ferrites like the one shown in Fig. I1.5.B.7 have a low power handling capacity if cold and
a higher power handling capacity if warm. However, the mechanical and vacuum design is not easy. The

catch is to keep the ferrites away from the field of the fundamental mode.

I1.5.B.2 Damping HOMs: Resonant coaxial transmission line dampers

The HOM coupler becomes a resonator coupled to the cavity resonator. It may have two eigenfrequencies

because we then have two coupled resonators. The obtainable () for HOMs is down to 50.

Pros:
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The spectrum of the electron 1.3 GHz The design of the HOM
bunch (o, = 25 ym) reaches coupler and the beam pipe
high frequencies up to 5 THz. absorber take into account
04w BW  2E6W 1.6W a possible XFEL upgrade
The standard accelerator (more bunches /| CW mode).
module has an integrated
loss factor of 135 VipC. J ¥ J § The HOM coupler was
} g . L 1000 1IGHa]| toctadtin CW mode. The
The total power deP"f']“ﬂ BY | nodes below modes above cut-off absorber is specified for
the nominal beam is 5.4 W cut-off (propagating modes) 100 W.
per module. / \
output capacitive
/" eoupling bellows
capacitor of e,
/ ==y /' notch filker Y

\ superconducting

pick-up loop
ceramic

HOM coupler beam pipe absorber

Fig. I1.5.B.5: Several implementations of HOM couplers [26].

Door knob

Input coupler

Gate Valve Tuner

=]

Magsmeld
— LNz shield

Figure: 1 A sketch of the prototype module in TRISTAN Accumulation Ring.

Fig. I1.5.B.6: The Cornell CESR HOM damper concept using ferrite in the beampipe [56].

— Couplers with several resonances possible (HERA, LEP, LHC, ILC are of this type);

— Demountability;

— Fundamental mode rejection:
1. LEP: Fundamental mode E-field rejected by stop-filter in front of HOM coupler,
2. Fundamental mode H-field rejected by loop plane perpendicular to the cavity axis,

3. Risk of detuning the notch filter.

Cons:

— High currents request for superconducting material prepared under ultra-clean conditions (like the
cavity) and IHe cooling;

— Prone to electron emission from inside cavity.
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CESR

o
Figure 1: CESR and ERL HOM loads. 1 — absorber
plates. 2 — flange to cavity. 3 — 5 K He cooling loop. 4 —
80 K cooling loop. 5 — 80 K heater, 6 — 5 K heaters, 7 —
HOM pickup.

Fig. I1.5.B.7: The ferrite configuration for the CESR HOM damper [56].
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