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HIGH- o CAVITY DESIGN — A TUTORIAL

Sergey BelomestnyKrand Valery Shemelin
Laboratory for Elementary-Particle Physics, Cortillversity, Ithaca, NY 14853

Solutions to problems are easy to find:

the problem’s a great contribution.

What's truly an art is to wring from your mind
a problem to fit a solution.

Last Things First
P. Hein

Abstract

In this tutorial we describe design principles fogh-6
superconducting accelerating cavities. Both RF ar
mechanical aspects of the cavity design are prede¥fte
discuss approaches to cavity shape optimization ai ,
illustrate these approaches with computer simuiatio

SUPERCONDUCTING CAVITIES FOR
HIGH- b ACCELERATORS

A particle accelerator consists of many systemg th ¢—==
make the acceleration possible: a particle souece, ¢ 7V
vacuum chamber, a focusing system and many offikes.
device that immediately provides the acceleration b Figure 1: Single cell and multicell elliptical cties.
Imparting energy to tthe c.f:arged Npartlclles IS duyuall The term “elliptical cavity” means that the profiiee
gﬁgﬁgﬁz ;12?22;2 af:\llljgé d to ?;Lnr?:::ateagc _su&er(-)f the cavity consists of several (usually two)ptit arcs

o .daig and, possibly, a straight lines between them. An
cavities. As over the last two decades the sciemze P y: 9

o uatorial arc serves two purposes. Firstly, i faund
technology of RF superconductivity has evolved an%: U Y

] that this shape eliminates multipacting, whiakas
ma_ltured [1], more _and more modern_ accelerator_srbeg iting performance of cylindrical pill-box cavés.
using superconductn_wg (SC) accelerating structuwaich Later on [4] it was understood that using an aropifmal
havg s?_veral a_ttt_racnv_el,\_hfeaturef asl_ c?[mr;atrhed ettmﬁaior shape in elliptical cavities makes distribution tife
conducting cavities. - Theé most salient ot thos magnetic field along the surface more uniform amgst
are high accelerating fielfac, in continuous wave (CW) oqces the peak value of the magnetic field iiptedhl
and Iong pulse operating ques and h.'g.h quapltyofac cavities. This in turn leads to higher accelegtin
Qo, a universal figure of merit characterizing théaaf

. ) gradients and lower losses. Use of elliptic arcghe
the energy stored in the cavity to the energy lostne cavity iris area reduces the peak surface elefitrid [5],

RF period. . . . which alleviates field emission.

The ~evolution of . supercon_ductlng accelerating A typical accelerating structure consists of a ohai
structures for acceleration of particles with» 1 (these o5 coypled together via irises (Fig. 1). Anrete case
are light particles, electrons and positrons, ghtenergy s 5 single cell cavity that is quite often empldye high-
protons;b = v/c, wherev is the speed of the particle andgrent circular accelerators. The beam tubesfathto
cis the speed of light) led to cavities with anpgital cell  ihe end cells allow particles to pass through thecture.
shape. The length of the cavity gap is usulally 6//2,  additional ports on the beam tubes serve to brirfg R
/ being the wavelength, for the so calledmode in power into the cavity to establish the field anddaiver
multicell cavities. Heavier particles, e.g., ioos low- power to the beam, to Samp|e the Cavity field for
energy protons, have low values bf SC cavities for regulation and monitoring, to extract power of fEgh
these particles are of different designs: spligrin order modes (HOMs) excited by the beam.
resonators, half-wave-long and quarter-wave-lorx@  The number of cavities in an accelerator can veoynf
resonators, spoke cavities. The transition betweaA only a few cavities to many thousands. For example,
velocity cavity shapes and elliptical cavities uUBua electron-positron storage ring CESR operates witly o
occurs atb = 0.6...0.8. This is because cavities withfour single cell superconducting RF cavities [6ig(F5a),
elliptical cells for smallb become very big as lower while the International Linear Collider (ILC) [7how
frequencies are used and less stable mechanidakly (under design, will require more than 15,000 acediey
accelerating gap shortens and cavity walls becomee m structures, each about one meter long (Fig. 2).
vertical). Lowsb SC cavity design is discussed in another While the main purpose of accelerating cavitiegois
tutorial [2]. Here we will talk about ellipticalawities for provide energy to charged particle beams at a fast
velocity-of-light particles. acceleration rate, operating cavities with the &gh
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achievable gradient is not always optimal for arnnto five types listed in Table 1. Figs. 2 througtshow
accelerator. There are machine-dependent ampittures of different superconducting cavity types.
technology-dependent factors that determine opwyati Niobium being the material of choice for SC accatieg
gradient of RF cavities and influence the cavitgige, cavities, all shown cavities are fabricated oubwlk sheet
such as accelerator cost optimization, maximum powaiobium with the exception of LHC cavity (Fig. 5c),
through an input coupler, necessity to extract HOMvhere a thin film of niobium is sputtered on to avity

power, etc. Based on accelerating gradient, RFepawd

HOM damping requirements, one can divide SC cavitie

Table 1: Highdé cavity types.

fabricated out of copper sheets.

Example Accelerating RF power HOM damping
gradient
Pulsed linacs ILC [7], XFEL]8], Fig. 2 High High peak (> 250 kW), Moderate
( 25 MV/m) low average (~ 5 kW) | (Q=10¢'...10°)
CW low-current CEBAF [9], Fig3; Moderate to low Low average Relaxed
linacs ELBE [10] (8...20 MV/m) (5...15 kW)
CW high-current Cornell ERL [11], Moderate Low average Strong
ERLs Electron cooler for RHIC| (15...20 MV/m) (few kW) (Q=10...10%
[12]
CW high-current Cornell ERL injector [13],/ Moderate to low High average Strong
injectors for ERLs | Fig.4; JLab FEL 100 mA  (5...15 MV/m) (50...500 kW) (Q=1C...10%
injector [14]

CW high-current CESR [6], KEKB [15], Low High average Strong
storage rings LHC [16], Fig. 5 (5...10 MV/m) (up to 400 kW) (Q~10)

Figure 2: A 1.3 GHz, 9-cell TESLA cavity [17] for

ILC and XFEL.

,y,{r

=

Figure 4: A 1.3 GHz, 2-cell cavity for Cornell ERL

Figure 3: A pair of 1.5 GHz, 5-cell cavities for

CEBAF.

(©)

-

injector.

Figure 5: Cauvities for higuh-current storage rings.
(a) 500 MHz CESR cavities, (b) 508 MHz KEKB
cavity, (c) 400 MHz LHC cavity.



FIGURES OF MERIT

Although elliptical cavity shapes are used for the
velocity-of-light superconducting cavities, we wiften
use a single cell pill-box or cylindrical cavity ithis
section for illustration purposes as one can usdytcal
formulae for the pill-box cavity without beam pipeEor
a very good introduction into resonant cavities we
recommend a textbook [18].

An infinite number of eigenmodes having different
field distributions and generally different resonhan
frequencies can exist in a cavity. These modehearpill-
box cavity belong to two familiegransverse magnetic
(TM) modes andtransverse electric (TE) modes. In
some special cases two modes can have the sanmanéso
frequency (degenerate modes). The modes can have
different number of variations along each of three
cylindrical coordinates f; r, 2 and are designated
accordingly. For example, the transverse magmatide
with one variation along azimuth, two variation®rai
radius and zero variations along longitudinal cauate z
is called TM,. The fundamental, or lowest RF
frequency, mode (T is usually employed for particle
acceleration as it has the highest shunt impedésee
below).

The cavity is characterized by various parameters
(figures of merit). Theoperating frequency f is one of
the most important ones. Dimensions of a cavityodithe
order of the wave length that is

/=c/f.
On the one hand, using frequencies below several
hundreds of megahertz renders the cavity very bidg a Figure 7: Geometry of an inner half-cell of a rugtl
expensive. On the other hand, one cannot use fnemps cavity and field distribution along the profile éin
higher than several gigahertzes because it is bard
fabricate very small cavities and one would neddrge transit time factor, which for the pill-box cavity without
number of cavities for a substantial acceleratiorbeam pipes is
Superconducting cavities, as opposed to normal sin(kd/Z) B

conducting ones, tend to favor lower frequenciesabse T =—kd/2 =2/p, ford=//2.

RF losses in superconductors increase as frequencyl_ o
squared (see description of the surface resistagiosv). heaccelerating fieldis E,., =V.,,/d =E,T .

As can be seen from Fig. 6, for maximal accelenatio Other important parameters are the maximalpeak,
we need values of theelectric and magnetic fieldson the surface
Eox and Hy.  High surface fields can harm the cavity

Teav e 2’ operation. High surface electric field might caume
! S o electric breakdown and/or field emission in the igav
so that the field always points in the same dicgctvhile |\ 1ok jeads to high levels of X-ray radiation and
particles traverse the cavity. HeTg,, is the time interval jncreases the cavity losses. High surface magriietic
when a particle, or a bunch of particles, passesugh might cause a quench or thermal breakdown in a
the cavity,d is the length of the cavity antiz is the superconducting cavity. More details on the degnital

Figure 6: Pill-box cavity with beam tubes and that pf
the cavity electric field vs. time.

period of the radio frequency. effects of high surface fields can be found in [Hig. 7
Then theaccelerating voltagen the cavity is shows fields along the cell profile line and thedtions of
d peak surface fields for an inner half-cell of a tivell
V - E - 0, IkZd - d T , CaVity.
cav o r=02)e Fo Peak fields are proportional to the acceleratietdfin

. . L the cavity, thus the valueBy/Eas.c and Hp/Eacc do not
here E, is the z component of the cavity electric field, depend on the accelerating voltage and are called
k = wlbc is the wave numberw is the angular pormalized electricandmagnetic fields The normalized
frequencyE, is the electric field amplitude ardis the fields depend only on the shape of the cavity. idalp



values ofE,/E.cc are 2...2.6; typical values ¢f,/Esccare so to maximize acceleration for givelA. one must

40...50 Oe/(MV/m). maximize the shunt impedance.
For RF currents superconducting materials areosst-|  Another important figure of merit is
free even at temperatures close to 0 K. The verglls Ry/Qp =V2 /U .

compared to normal conducting materials, losses

s value has not acquired a stable name andtés of
characterized by the Réurface resistancedr, which can d

referred to asspecific shunt impedanceor simply ‘R

be expressed as overQ”. However, some authors callgéometric shunt
) impedance, because it depends only on the cavity
Ry = AlUT)f%e KT +Ry, geometry similarly to the geometry fac®r

HereA is a material-dependent constard,ig the energy A Cavity can be exited at different frequencies
gap of the superconductdR, is the residual resistance. corresponding to different modes of_ oscillationst anly
Typical surface resistance of a well prepared niobi at the fundamental frequenmy. Higher-order modes
superconducting surface is several tens of nanophnmtsin be exited by the bunched beam passing thrdugh t
while for very good normal conductors the valuénishe cavity. The higher the beam current is, the morevgyo
milliohm range. can be transferred to the fields of HOMs. Thesagitic
Dissipated power, stored energyand thequality modes can destroy the bunch. The parankté can be
factor are important figures of merit. The surface currendgjculated for these modes as well and is used to
in the cavity is proportional to the magnetic field The  getermine the level of HOM excitation by the charge

power dissipated pzr unit area is traversing the cavity.
R_1 2
—C=Z=R/|H].
g 2ol MULTICELL CAVITY MODES

The total power dissipated in the cavity wall iseg by

s A multicell cavity can be represented as a systém o
the surface integral: y P y

coupled oscillators. This means that, likewise emted

P. =1Rs |H |2 ds. mechanical pendulums, the system can oscillate at
2 ° S different modes with different frequencies. In F&jone
The stored energy can be calculated as can see two mechanical pendulums connected with a

weak spring. This spring does not disturb oscoladi
when pendulums are swinging “in-phase”. However,
since the time averaged energy in the electrid fegjuals when they are moving in opposite directions (assgmi

_1 2 .1 2
U—Eng) V|H| dv—Eeo V|E| dv,

that in the magnetic field. that they do not collide), the frequency will bégktly
The quality factor of the cavity is defined as higher due to the presence of the spring. The szffeet
WU U exists in a two-cell cavity: fields in adjacent Isetan
Q= ) :szRFP , have the same or opposite directions. These mocdes a
Cc Cc

o ] o called 0 mode angh mode, corresponding to the phase
which is 2 the number of cycles it takes to dissipate thehift petween fields in neighboring cells. Diffecenin
energy stored in the cavity. A typical value @ffor a frequencies of two modes is larger if the couplitige

normal conducting copper cavity is of the ordefRf = gpring) between two cells (pendulums) is strongére
10", A superconducting cavity can have the qualitydac cell-to-cell coupling is characterized via the clinp

of aboutQs = 10 coefficient:
From the formulae fod and P, we can derive £t
) ke =2%x2—2300%.
oy |, |H | dv fp+fo
Qo =m . In a 9-cell cavity we will find nine modes of odation
S forming a fundamental modepasshand  Plotting
This formula can be re-written &%, = G/R, , where frequencies of these modes on a graph (Fig. 9usetfe
5 mode number, we obtain a cosine-lifispersion curve
wormg |, |H [ dv where the 8 point corresponds to themode, usually the
:W working mode for superconducting structures. If the
S frequency of this mode is too close to the freqyesfahe

G is known as thegeometry factor. From the last neighboring mode, the neighboring mode can also be
equation one can see that it depends on the calviipe excited by an RF generator. This may be avoided by

only, not its size. increasing the aperture cell-to-cell coupling. h#gorder
The shunt impedance Ry, determines how much modes also form passbands, see for example a edktail
acceleration one gets for a given dissipation: study of the TESLA cavity passbands in [19].

Rsh =Vc2av/ Pc '



SLANS calculates the mode frequency and many
. secondary parameters such as the quality factoredst
\ energy, transit time factor, geometric shunt impeda
\, maximal electric and magnetic fields, acceleration,
OANO acceleration rate. The program interface allovegtiplg
for a given mode its field distribution along axfsrce
lines, and surface fields. All fields can be wvenittinto
output file in ASCI format.

Input data for SLANS present a table (insert in. Hig)
describing the boundary of a cavity geometry. The
boundary may consist of straight segments andtiellip
arcs. If the cavity is symmetric, only one half ité
geometry may be entered while specifying a boundary
condition at the plane of symmetry. This boundary
condition can be either “electric wall” or “magretvall”.

Modes of a 2-cell cavity ...

... and their mechanical analogue

Figure 8: Analogy between a two-cell cavity an@ tw
spring-coupled mechanical pendulums.

1300 | SLANS also allows including lossless dielectric enétls

1295 — into the cavity geometry. There are more codesruihy
) to the SLANS family. CLANS solves eigenvalue
S 1290+ problem for monopole modes in geometries containing
> 1285 lossy dielectric and ferromagnetic insertions. dgPams
& SLANS2 andCLANS?2 calculate azimuthally asymmetric
> . . .y
S 1280 (dipole, quadrupole, etc.) modes in cavities. Tdiéer
= program allows including lossy materials.

1275

1270 \ \ T \ ‘

0 1 2 3 4 5 6 7 8

mode number

Figure 9: Dispersion curve of the 9-cell TESLA itav
and the cavity geometry. Only one half of the cavit
geometry is shown.

USING RF CODES

There are a number of computer programs designed to

solve an eigenvalue problem for accelerating cawiti

Some codes are designed to solve it for axiallyraginic

geometries (2-D codes), others can calculate feld 3

problems. Among 2-D codes we would like to mention

SUPERFISH [20], and SuperLANS [21]. 3-D codes such ) o
as MAFIA [22], Microwave Studio [23], HFSS [24] and Figure 10: TESLA cell geometry and its descripfion
others, are usually less accurate and have lauggime. SLANS.

For faster calculation it is sometimes convenieot t

remove elements that break axial symmetry and sbiwe Example 2: MAFIA

2-D problem first.; then add asymmetric element_s asel MAFIA is an acronym ofMAxwell's equations using
a 3-D code to find out how those elements distim t {he Finite | ntegrationAlgorithm. It is a suit of modules

fields and change the cavity parameters. Below W@at can calculate not only RF cavities, but other

briefly describe features of several RF codes. electromagnetic structures, including electrostadiod
Example 1: SuperLANS magnetostatic devices. It also includes time donaaid
' particle-in-cell solvers. MAFIA has been quite

SuperLANS (or SLANS) is designed to calculate gytensively used in the accelerator physics comiyuni

monopole modes of axially symmetric RF cavitiesigsa  ap example of the 3-D model of CESR B-cell cavity f
finite element method of calculation and a meshhwitpar|A is shown in Fig. 11.

guadrilateral bi-quadratic elements (Fig. 10).



Example 3:Microwave Studio
This is relatively recent addition to the field %D RF

CAVITY DESIGN ISSUES
Although the cavity is the heart, the central gEran

codes. It combines a user friendly interface anddg accelerating module, it is only one of many partd s
simulation performance. This code surpasses MARSA design cannot be easily decoupled from the dedigheo
a more precise tool for RF cavity -calculationssystem as a whole. Very often requirements tcedhfit
Microwave Studio makes the process of inputting thparts of the cryomodule are competing. Fig. LiBstHates
structure geometry more convenient by providing the complex relationship between the accelerator
powerful solid modeling front end. Strong graphicequirements, associated effects, cavity parametacs

feedback simplifies the definition of the deviceden

the cryomodule and cavity design. Below we briefly

investigation even further. After the componentyeha explain some machine-related design issues.

been modeled, a fully automatic meshing procedare i The radiation pressure due to the cavity electraratig
applied before a simulation engine is started. €eerf field causes a small deformation of the cavity shap
Boundary Approximation increases accuracy of theesulting in a shift of the cavity resonant fregexgnso-
simulation by an order of magnitude in comparison tcalled Lorentz-force detuning. This effect can be
conventional simulators. Since no method works kygjua especially detrimental for ulsed operation as it causes
well in all application domains, the software camsa the cavity frequency change during the RF pulse.

three different simulation techniques (transientvesg

Optimizing the cavity shape and employing stiffenean

frequency domain, eigenmode solver) to best fit theomewhat alleviate the problem. Further improvamen

application. Full parameterization of the structoredeler

can be obtained by using a fast tuner, piezo-étecir

enables the use of variables in the definition ofmagneto-strictive, to compensate the detuning dutiie
components. Fig. 12 presents a Microwave Studideiho pulse.

of the Cornell ERL injector SC cavity.

Figure 11: 3-D model of CESR B-cell cavity for M
calculations [25].

Figure 12: Microwave Studio model of the CorneRLE
injector cavity.

Operating superconducting cavities @W regime at
moderate to high accelerating gradients leads to a
significant RF power dissipation in the cavity vgalind
hence a significant cryogenic load. The cavity pgha
optimization aiming to increase the shunt impedance
helps to reduce this load. CW operation also efes
the operating frequency and temperature choiceref@a
thermal analysis of the cryomodule is a must, ashiat
flow should be intercepted and carried away and all
cryogenic piping should be sized appropriately.

A high-current bunched beam passing through a
cavity interacts not only with the cavity fundarment
mode, being accelerated by its electromagnetid,fielt
also with the higher-order modes. The latter antéon is
undesirable as it can cause various instabilitiebeam
motion. To reduce the parasitic effect of the bé#@M
interaction, one needs to pay close attention te th
properties of HOMs during the cavity shape optiriaa
process and design special HOM absorbers for strong
damping of the parasitic modes.

The other aspect of the high-current operatioresvig
beam loading of the accelerating structure. Thiveac
part of the beam loading is responsible for highpRRer
demand, while the reactive part should be compeddat
appropriate detuning of the cavity (tuner desiguéy or
can be dealt with by RF control feedback loopsyaih.

A high beam power transfer requirement limits the
choice of operating frequencies as there are vew f
high-power RF tubes available. It requires casitte
have low external quality factor, which in turneafts the
cavity shape optimization and the input coupleligtes

The beam quality (emittance) should be preserved
during machine operation. To assure this, one thas
reduce unwanted interaction of the beam with ndy on
HOMSs, but also with the transverse components ef th
fundamental mode electric and magnetic fields by
carefully aligning the cavity relative to the beaaris
(mechanical design of the cavity and ostst) and



Cryomodule design

) ) ) Cavity design
Machine requirements Effects/cavity parameters SN R
stiffness,
I Lorentz force detunin vibration modes,
tunability,

thermal analysis

-. RF power dissipation]
CW operation in cavity walls RF design

frequency & operating

- temperature choice,
Beam stability (HOMs optimal gradient,
High beam curren cavity shape optimization,
I Heavy beam loadin " number of cells,

\fell-to-cell coupling,
HOM extraction,

z » RF power coupling

Low Qext
High beam powe
transfer

Availability of

) Cryostat design
high-power RF sourcep

Input coupler design

Beam quality (emittance Parasitic interactions’
preservation [———{(input coupler kick,/alignment HOM damper design

Tuner design

RF controls /

Low beam powerl— ] High Qext,
microphonics

Figure 13: Machine-related cavity design issues.

reducing transverse kick caused by the input cougiel
HOM couplers.

If the machine operates witlow beam power it is
desirableto make externdD factor as high as possible to
reduce the RF power from the transmitter. Thetingi
effect in this case is often the microphonic noidecan
be reduced by careful mechanical design of the
cryomodule and use of special feedbacks.

It is obvious that in a short tutorial like thisegnt is

impossible to thoroughly present all aspects ofdety Quantity CESR B-cell Ideal pill-box
design so we will concentrate on some issues, lrief
describe others and only mention the rest of them. G 270w 257W
Rsi/ Qo 88W 196W
CAVITY SHAPE OPTIMIZATION
o . Ep/Eacc 2.5 1.6
To minimize the fundamental mode lossdz )(in the
cavity, one must maximiz8>xR.,,/Q Ho/Eace 52 Oe/(MV/m) 30.5 Oe/(MV/m)
Vcév V2, V2, Figure 14: Comparison of two single cell cavities.

Rin Qo XRon/ Qo) (RS QO)%RSh/QO)/RS Since cavities are designed for different apploai

avxF\’s one has to make different trade-offs in their desig
" GxR,,/Q,  Compare, for example, values & and R/Q for two
The values _ similar to both of its components, cavities (Fig. 14): the CESR superconducting B-cell
Ron/ P cavity and the pill-box cavity without beam pipé&he

depends only on the cavity geometry and hence iem eam current in CESR is high, which necessitatekinga
convenient for comparing cavities of different dps beam pipes large to allow propagation of HOMs. It

than the shunt impedance, which depends on material ited in the increase of and E,, and in a drop of

properties anld ofperat;ng frtequer;cy It will be duter R/Q. This illustrates the trade-off when the perfonca
in our example of cavity optimization. of the fundamental mode was somewhat compromised to



improve characteristics of higher-order modes lier tigh
beam current operation of CESR.

EXAMPLE OF GxR/Q OPTIMIZATION:

LOW LOSS CAVITY

A new cavity shape, optimized for low losses (LL
shape, Fig. 15), was proposed in [26] for the CERIZF
GeV upgrade. The original data and our calculatiwith
SLANS are presented in Table 2. Although theresarae
discrepancies in results (within +21%), we consider
them small. We will use this geometry as a refeeeand
are going to show below how our optimization praged
produces similar geometry.

Table 2: Low Loss cavity parameters.

Original data [26] | SLANS results
Ep/Eacc 2.17 2.21 Figure 16: The initial shape.
Ho/Eace 37.4 Oe/(MV/m) 37.6 Oe/(MV/m)
kc 1.49 % 1.47 %
R/Q 128.8 Ohm 128.9 Ohm
G 280.3 Ohm 278.2 Ohm
GxR/Q 36,103 Ohrh 35,848 Ohrh

Figure 17: Normalized values as functiondof

There are only four independent parameters thabean
used for optimizationA, B, a, andb. The half-cell length
L is predetermined as a quarter of the wave lengthe
radius of the beam pip&R,, is set by accelerator
requirements and is not a subject of this optindratthe
equatorial radiufeq will be adjusted by the code to tune
Figure 15: Low loss cavity for JLab’s 12 GeV updga  the cavity resonant frequency, the length of thaigit
segmentl is determined from the condition that it is
Let us imagine that we do not know the geometrghef tangential to the two ellipses.
optimized cavity. Initially we choose the shapmitir to L&t us first see how much progress one can make by
the original Cornell geometry designed for CEBARtwi changing only one of the geometric parameters, hatme
75-degree tilted wall. The initial shape, Fig. bas the (Fig- 17). Here we normalize valuesEi/Eaco Hp/Eaco
following dimensions:A = B = 34.21 mm (circular and GxR/Q SO that for the LL geometry all of_ them are
equatorial regionja = 10 mm, b = 20 mm. equal to 1. Elrst we need to degrease normalifgE .
We will search for a shape that HB&/Eacc andHy/Excc below 1, while keeping normalizef,/E.c. below 1 as
not worse than in the LL cavity, and with maximizedVell. From Fig. 17 one can see that in this cagebtist
GxR/Q. Our initial shape is far from optimized by losse value forb is 7 mm (we cannot go further as normalized

(10.6% higher) and bifly/Eqc: (8.4% higher). However EpdEaccreaches 1). However, the improvementij and
EplEaccis 11.8 % lower. GxR/Qis not big (2.1 % for the latter). It is cleaatione



needs to vary all four independent parameterssaaach Following the described algorithm we can reduce the
for an optimized geometry. value of normilizedH,/Ex.c. to 1, keeping the normalized
Algorithm of cavity optimization for Low Losses. En/Eac below 1 (Fig. 19, upper graph). Value ®R/Q

There are many methods to search for a minimum ofimproved because loweH, means lower losses. The
function of many variables. But most of them wodody lower graph in Fig. 19 shows the change in geowatri
with additional restrictions such as normalizeddie< 1. parameters.
Further, changind\, B, a, andb separately does not help Thus we have obtained practically the same resdts
too much. We propose to use the following algorithm  for the LL cavity, and nearly the same shape. Hmre
1. We check values ofGxR/Q and other relevant one can continue the optimization and impraveR/Q

parameters making steps in all 4 coordinate®(a, even further. An additional 2% can be gained asvshin

and b), including simultaneous steps. This gives ufig. 20.

80 points, plus the central point. The total numisfer

points (or nodes) for calculations is 81 (Fig. 18).
2. We take the best value oBExR/Q on this 4-

dimensional cube under the condition that normélize

Epx andHp, < 1 (during initial steps we will decrease

normalizedH to 1).
3. If the goal functionGxR/Q improves when we have

2 steps in a row along the same coordinate, weldoub

the step size for this coordinate. If the goal fiorc

along some direction is not improved we halve the

step size for this direction.
4. Additionally, some elements of the gradient method

are also used.

Figure 18: lllustration to the algorithm of optiration. Figure 20: Second run: further improvemenGofR/Q.

Figure 19: First run: decreakg, andHp. Geometrical
parameters are in mm. Figure 21: Third run: let’s go reentrant.



Figure 22: Consecutive change of the shape daitignization for low losses.

Checking the cell shape reveals that the slopehef tincrease the cavity fields by raising the incideotver.
cavity wall at the point of conjugation of two ellic arcs MP is a common phenomenon in cavities and input
becomes 90 This is likely the reason why the LL cavity couplers. It is very important to do simulationfs NP
was not optimized to this stage: the slope anglabmfut during the cavity design stage. Indeed, multipacivas
82° lets liquid flow easily from the surface duringonce a limitation of accelerating gradient in
chemical treatment and high pressure rinsing. superconducting RF cavities.

There is no, though, fundamental reasons to réshie Electrons emitted from the RF surface into the tyavi
angle to be less than @0 Removing this restriction follow a trajectory such that they impact back he t
allows us to continue the optimization. The geawnet Surface an even-integer (one point MP, Fig. 23pdu-
then becomes reentrant, which gives us an addit@ta integer (two point MP) number of half RF periodseaf
improvement irGxR/Q (Fig. 21). emission. If the secondary emission yield of thefexe

Fig. 22 illustrates the consecutive change of thepe Material is larger than unity, then impacting elecs free
from the original to the reentrant after each rdntte More electrons causing an avalanche effect.
optimization procedure as described above.

The cavity with reentrant shape presents some
technological challenges. It is more difficult perform
chemical etching and high pressure rinsing on such
geometry. The geometry is also mechanically weaker
than the regular non-reentrant cavity. Howeverhats
lower losses and potentially higher acceleratirgdgmt.

Recent experiments at Cornell have shown that the

technological challenges can be overcome and ahigty

gradient was obtained with the reentrant shapetycavi Figure 23: Typical one-point multipacting trajedssr of
[27]. first to third order [1].

It was overcome in superconducting cavities by
MULTIPACTING adopting spherical/elliptical cell shape [3]. luch
Multipacting (MP) is a phenomenon of resonangeometry electrons drift to equatorial region, veher
secondary electron multiplication in RF structureelectric field is near zero (Fig. 24). As a resMP
operated under vacuum. It is an undesirable effemt electrons gain very little energy and MP stops.
can lead to a build-up of large number of electrovisch However, at high accelerating gradients conditiexist
absorb RF power so that it becomes impossible for stable multipacting [28, 29], though it is uyavery



weak and easily processed. Fig. 25 shows stabtdéreh charge on a test particle traveling behind it ashbo
trajectories near the cavity equator at peak atefiéld of particles pass through a structure. The integréidd
45 MV/m. seen by a test particle traveling on the same path
Boundaries of the MP zones can be found analyjicalconstant distances behind a point chargey is the
only for a few special geometries. In all otheses longitudinal wake (Green) function(s) Then the wake
computer codes can be utilized. There are sewai@h potential is a convolution of the linear bunch dear

codes available, see details in review papers48D, density distributior (s) and the wake function:
S
W(s)= w(s- s/ (s9dst.
-¥

Once the longitudinal wake potential is known, tibigl
energy loss is given by
¥
DU = W(s)/ (s)ds.
-¥
The more energy the first bunch looses, the moee th
likelihood of adverse effects on the subsequenthes
Now we can define the loss factor, which tells osvh
much electromagnetic energy per unit charge a bunch
leaves behind in a structure:

Figure 24: Electron trajectories in an ellipticality [1]. K=Y

q2

The following programs are used for calculationshi@
time domainABCI [31], NOVO [32] (both are 2-D), and
MAFIA [22] (3-D). The programs cannot calculate
Green functions, but only wake potentials for bigsbf
a finite length.

In the frequency domain fields in the cavity are
represented as an infinite sum of fields of itseaigodes.
The lowest, or fundamental mode is usually used for
acceleration. The rest of them (HOMSs) are resjobasi
for the energy loss and various beam instabiliti@he
counter-part of the wake potential is the impedarieer a
BEAM-CAVITY INTERACTION single mode one can caI(,:/,L;IateF';he loss factor as

As a bunch of charged particles traverses a cawity, kah = _
deposits electromagnetic energy, which is descrilmed 4 Q n
terms of wakefields (time domain) or higher-ordesd®s 5,4 then the longitudinal wake potential as
(frequency domain), see Fig. 26. Subsequent bsnate
affected by these fields and at high beam interssitine W, (s) = 2k cos 0% s>0.
must consider instabilities. c

Figure 25: Stable electron trajectories of a twinpMP
near the cavity equator.

The total wake potential is an infinite sum of widual
mode wake potentials. For mode details on waldiel
and wake potentials we refer the readers to anllexte
introduction by P. B. Wilson [33].
RF codes (see section “Using RF codes”) can be tased
evaluate parameters such as resonant frequex@yand
Q of higher-order modes. While these codes worl wel
for modes trapped inside the structure, other nustlare
employed to calculate parameters of propagatingasiod
A time domain (FFT) method is one of the methods to
evaluate modes that can propagate inside the béaen p
) ) ) above cut-off. A long-range wake potential is cédeed
Figure 26: Wakefields of a bunch passing throughid  ang then FFT is applied to obtain impedance. The
cell cavity, calculated using computer code NOVQ@|{3  calculation is repeated for longer and longer rang
the Q factor of a mode of interest stops changing [34].

Fine details of the wakefields themselves are Ws@él This and other methods are discussed in [35].
a lesser interest than the integrated effect ofriging



Why do we need to take special care of HOMs? df/th
do not decay sufficiently between bunches, thefddie
from the subsequent bunches can interfere conistelict
(resonant effect) and cause various instabilitieBor
example, multi-bunch instabilities in synchrotroaad
storage rings or beam break-up instabilities in re-
circulating linacs. The growth rate of instabddi is
proportional to the impedance of HOMs. This may b

especially bad in superconducting cavities, whextenal pick up “Oﬂ“’;gg“g'ef
decay of the modes is very weak. That is why pralty }a"g e AN
all SRF cavities have special devices to damp H®Ws = y Il;[
absorbing their energy. As these dampers areddaat a ; [t
beam pipe outside the accelerating cell, very ofteis L JA\
necessary to optimize the cavity shape to improve HOMcoer e power coupler
coupling of especially dangerous modes to the dampe (rotated b y 65) ' — flang
1276 mm
HOM EXTRACTION/DAMPING Figure 27: Coaxial loop coupler for superconducting
The HOM dampers consist of a transmission line TESLA cavities [17].

attached to the cavity beam pipe via a couplingrfate
and a broadband terminating load [36]. As most enod
accelerators demand strong HOM damping, we will
briefly discuss various options. These optionduide
using multiple coaxial antenna/loop couplers (examp
TESLA cavity loop coupler [17], Fig. 27), rectangul
waveguide dampers [35] (Fig. 28), radial line darape
[37] (Fig. 29), enlarged round (KEKB, Fig. 5b) aftuted
(CESR, Fig. 5a) beam pipes, coaxial beam-pipese Th
waveguide and beam pipe methods employ transmission
lines with cut-off frequency above the cavity fundatal
mode frequency thus effectively rejecting it. Tdiber

methods require designing a special choke joifat notch Figure 28: Waveguide HOM dampers [35].

filter for the fundamental mode rejection, which shbe /RF absorber.
carefully tuned prior to installation. As it wasready ~
mentioned above, in all cases the transmissionrinst Filter structure
be terminated by a broadband load. In the casa of

widely accepted enlarged beam pipe approach, @Bect /

of the beam pipe lined with a microwave absorbing

material serves as such load. HOM couplers oftifps
(Fig. 30) are especially suitable for high-curresibort

bunch accelerators (KEKB, CESR, Cornell ERL, Eleatr . . . -
cooler for RHIC, 4GLS, etc.) Figure 29: HOM damping using a radial line [37].

INPUT COUPLER INTERFACE

Both rectangular waveguide (Fig. 31) and coaxial
(Fig- 32) couplers are used. Major advantages and
disadvantages of two kinds of input couplers asted in
Table 3 [38]. The cavity/coupler interface deteres
how strongly an RF feeder line is coupled to theitga
The design of this interface also affects the miaglei of a
parasitic transverse kick received by the beamtdumn-
zero on-axis transverse electromagnetic fields.reHee
just mention some interface issues as fundamenotatp
couplers are covered in a separate tutorial [39]. Figure 30: “Porcupine” ferrite-lined beam pipe HOM
The geometry of the coupling slot in the beam pippd load of the CESR B-cell cavity [40].
determines the coupling strength for waveguide tinpu
couplers. An external quality factor of 20 is achieved geometry of the cavity/coupler interface can betegui
in the CESR B-cell cavity [6] with the slot geometr different as, for exampld,/2 stub-on-stub design of the
shown in Fig. 33. If weaker coupling is dedi the  original CEBAF cavities, Fig. 34. However, theldig in



the coupler region are quite asymmetric in thisigies

producing transverse beam kick. The CEBAF upgrade
cryomodule (Fig. 31) is outfitted with an improveesign
featuring a//4 stub with zero kick to the beam and
stronger coupling [41].

In case of coaxial couplers the interface is simaly

round port on the cavity beam pipe. The locatibthis
port relative to the cavity and the amount of peati&in
and the shape of the antenna (the termination ef th

coaxial line inner conductor) determine the couplin
It is easier to make this type of cowgple

strength.

adjustable than the waveguide couplers.

Table 3: Pros and cons of waveguide and coaxial

couplers.
Pros Cons
- Simpler design - Larger size
Waveguide | - Better power - Bigger heat leak
handling - More difficult to
- Easier to cool make variable
- Higher pumping
speed
- More compact - More
Coaxial - Smaller heat leak | complicated design

- Easier to make
variable

- Easy to modify
multipacting power
levels

- Worse power
handling
- More difficult to
cool

Lower pumping

speed

Figure 31: Waveguide coupler for CEBAF upgrade

cryomodule [42].

Figure 32: Coaxial coupler for APT cavity [43].

Figure 33: Coupling slot of the CESR B-cell cavity
fundamental input coupler [25].

Rectangular waveguide

2N
Fon

Beam pipe | /2 stub Beam pipe

Figure 34: The cavity/coupler interface of thegoral
CEBAF cavities [9].

MECHANICAL ASPECTS OF THE
CAVITY DESIGN

A superconducting cavity has to withstand mechdnica
stresses induced by i) a differential pressure eetw
beam pipe vacuum and atmospheric or sub-atmospheric
pressure in the helium vessel, ii) cool-down fromom
temperature to cryogenic temperatures, i) tuner
mechanism operation, etc. To avoid plastic defoiona
of cavity walls the cumulative mechanical stresstmot
exceed the cavity material yield strength. Thisyma



require increase of the cavity wall thickness. @& other is frequently called microphonic noise or simply
hand, very thick walls can compromise heat reméresh  microphonics. Fig. 36 presents an example of ANSYS
the inner cavity surface and increase parasitid lek simulations of vibration modes for a 7-cell
from warmer parts of the cryomodule. Carefukuperconducting  cavity. For more details on
mechanical and thermal computer simulations arallysu ponderomotive instabilities and microphonics weeref
performed to assess these issues and find a coriggromreaders to the tutorial [47].
Codes like ANSYS [44] are widely used for such
simulations. Fig. 35 shows mechanical stress tztion
results by ANSYS for CESR B-cell cavity.

The other aspect that affects the choice of thetycav
wall thickness is tunability versus Lorentz-forcething.
The electromagnetic field in an RF cavity exerts a
pressure on the cavity wall. This radiation pressu
causes a small deformation of the cavity walls and
changeDV of its volume [45]. The net deformation is
bending inwards at the cavity iris and outwardsthes

equator with the consequence of the cavity reSOnangre 36: Example of vibration modes of a 7-cality:
frequency shift depending on the field amplitude: transverse, longitudinal, breathing (ANSYS simulas).
Dn _ 1

(eOEZ - mH Z)dv. (Courtesy of M. Liepe, Cornell University.)
w 4 DV

CAVITY DESIGN EXAMPLE:
CORNELL ERL INJECTOR CAVITY

We would like to illustrate how the approaches
discussed in this tutorial are applied to a realitga
design. We have chosen the Cornell ERL injectottga
[48] as an example. The superconducting cavitfethe
injector cryomodule are supposed to provide a twit&l00
kW of RF power to a high-average-current beam with
repetition rate of 1300 MHz. Consequently, thenpged
beam current depends on the injector energy aniesvar
from 100 mA at 5 MeV to 33 mA at 15 MeV. The
acceleration process in the injector must prestrgdow
emittance of high-brightness beam obtained from the

2.471 Bar abs photoemission electron gun. This imposes additiona
restrictions on the cavity design. Namely the skamse
Figure 35: ANSYS simulation of the B-cell cavity. ~ kick from the input coupler has to be minimized ahe
(Courtesy of G.H. Luo, NSRRC.) HOMs have to be damped.

The Lorentz-force detuning can be evaluated using @avity shape optimization
co_mbination of mechanical (e.g_., ANSYS) and RF (e.9 Atan early stage of the project it was decidedirtot
Microwave Studio) codes. While in CW operationaat Rg power to 100 kW per input coupler, which deterei

constant field it results in a static detuning B@siihe need for five cavities. Two reasons determites
compensated by the tuner feedback, it may nevesbel y mper of cells per cavity. On the one hand, évesf the

cause problems during start-up. It is especialljymper of cells the better, as the number of higheer
detrimental in pulsed operation, where the dynamits moges is fewer and it is easier to damp them. I@n t
the detuning plays an important role. Increasinginer hand, one does not want to push the fiekength

mechanical stiffness of the cavity, for example bY,o much as we are already pushing the averageoREm
stabilizing iris region with stiffening rings [1Bomewhat per cavity to 100 KW. Thus the trade-off is twdls@er

alleviates the problem. Using feedforward techagoan cavity, which sets the accelerating gradient in iege

further improve the field stability [46]. from 4.3 to 13 MV/m.

One more aspect of the cavity design is carefulysof Having the same frequency as the TESLA cavity [17],
mechanical modes of the cavity itself and as a @lihe i yas natural to chose the shape of the 2-celitgaw be
cryomodule.  Any mechanical vibration outside thergsia-jike for the first iteration (Fig. 37a). Hower, it
cryomodule can couple to the cavity exciting itSyred out that this geometry has a trapped dipuide.
mechanical resonances. Mechanical vibrations ef th, order to allow this mode to propagate into tream
cavity walls modulate the cavity resonant frequencybipe we decided to use the KEK approach by enlgrgin
which in turn translates in amplitude and phasgpe of the beam pipes. We chose the inner radiusef
modulation of the cavity field. This parasitic md@tion f the beam pipes and the radius of the iris etputilose



Figure 38: Two-cell cavity with the twin-coaxialdat
coupler and details of the coupler-cavity interffs@].

Table 3: Selected parameters of the two-cell ERL
injector cavity.

frequency 1300 MHz
EpdEace 1.94
HoW/Eace 42.8 Oe/(MVIm)
: , , Ke 0.7 %
(TESLAke): b) KEKE geometry wih a propagating | X2 218 Ohm
dipole mode; c) optimized geometry for the ERledipr | Q. range 46 10°.. 4.1 10°

with a propagating dipole mode [48].

of TESLA. Scaling of the KEK single-cell dipole-med fields of 30 — 40 MV/m, these fields are well abdhe

free cavity gave us bigger inner radii. A decreab¢he operating range and the impact energy of about\2& e

inner iris radius increases the frequency of thgol@i too low for electron multiplication.

mode significantly, so we kept the TESLA value foe . T

inner iris radius. The larger beam pipe, right sid&igs. Input coupler interface optimization

37b and 37c, serves for propagating the dipole nmde A coaxial coupler was chosen for this cavity. Thiisd

of the cavity. The right iris (Fig. 37c) securesritity of of coupler is easier to make adjustable and itls® a

the fields in both cells but does not precludedbepling simpler to incorporate into the cryomodule. A etlow

of the dipole mode to the beam pipe. required external quality factor (see Table 3) may
Having the same frequency as the TESLA cavity [17J)ecessitate deep insertion of the antenna intob#dsm

it was natural to chose the shape of the 2-celitgaw be pipe and therefore produce strong transverse kitkis

TESLA-like for the first iteration (Fig. 37a). Hower, it has lead to a twin coupler design [50] (Fig. 3&he on-

turned out that this geometry has a trapped dipmée. axis transverse fields from two symmetric couptzscel

In order to allow this mode to propagate into tiearm each other, thus producing zero kick to beam os. axi

pipe we decided to use the KEK approach by enlgrgirAdditional benefits are the reduced requirementpeo

one of the beam pipes. We chose the inner radiumef coupler RF power and exterr@l The transition from the

of the beam pipes and the radius of the iris equ#those coaxial line to the beam pipe and the shape oétttenna

of TESLA. Scaling of the KEK single-cell dipole-med tip were optimized to get maximal coupling to tlaity.

free cavity gave us bigger inner radii. A decreak¢he .

inner iris radius increases the frequency of thgoldi HOM damping

mode significantly, so we kept the TESLA value fbe Sections of the beam pipe lined with microwave-

inner iris radius. The larger beam pipe, right sid€igs. absorbing materials (Fig. 39) are inserted betwtwen

37b and 37c, serves for propagating the dipole nmde cavities to reduc® factors of higher-order modes. Use

of the cavity. The right iris (Fig. 37c) securesritity of of materials with different permeability and pertinity

the fields in both cells but does not precludedhepling spectra (two types of ferrites and one type of méra)

of the dipole mode to the beam pipe. allows extending the bandwidth of the load to terfis
The optimization process included taking care midy o gigahertz. Unlike the CESR load (Fig. 30), located

of the fundamental mode (the surface fields RAQ), but outside the cryostat at room temperature, the Efdcior

also of the lowest dipole, TE11l-like mode, in whicHoad operates inside the cryomodule. The dissibate

frequency was kept at least 10 MHz above the dut-opower is carried out by cold helium gas at a temjee

frequency of the large beam pipe. Table 3 pressoiise  close to 80 K. CLANS simulations of the five-cavit

cavity parameters obtained after the optimization. cryomodule equipped with six HOM loads confirmed
The simulation with MultiPac [49] indicate that ghi high efficiency of HOM damping using beam pipe

cavity shape is free of multipacting. Though thsonant absorbers (Fig. 40).

motion of electrons can take place at peak sudemsric
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Figure 39: Section view of the Cornell ERL injector Figure 40: Results of CLANS calculation of HOMs'
ferrite HOM load [51]. quality factors for the Cornell ERL injector cryothde
[51].
2-cell cavity

The number of cells was a trade-off between reqérgs to have:
i) Low HOM impedance (fewer cells is better)
and
if) Moderate to low field gradient (more cells istter for a fixed accelerating voltage per cavity)

Large 106 mm diameter

/tube to propagate all TM
Symmetric twin / monopole HOMs and all
input coupler dipole modes

to avoid transverse kick

\ \ Reduced iris to maximize

R/Q of accelerating mode:
lower cryogenic load

f=1.3 GHz (TESLA)
Optimum: 1 GHz — 1.5 GHz
Lower f: Larger cavity surface, higher materialtcos
Higher f: Higher BCS surface resistance, strongakes, ...

Figure 41: Design features of the two-cell Corli L injector cavity [52].

Highlights of the design only briefly. Choices in ca\{ity design stronglypéad on
o o particular accelerator requirements. Thereforeysiesn
Th_e Cornell ERL injector two_-cell cavity _|IIu_strg1ea approach has to be used in designing contemporary
consistent approach to the design and optimizatioR  syperconducting cavities. Modern computer programs
high-b  superconducting cavity. ~ Such factors agnd fast computers not only assist in the desigeess,
minimization of the fundamental mode RF lossesingik pyt allow using multi-variable optimization algdmins.
care of higher-order modes, designing the highaner an example of cavity shape optimization was preseént
power input coupler with strong coupling and minimastydy of multipacting and beam-cavity interactionsi

transverse kick were taken into account (Fig. 41). be performed to avoid undesirable effects. Careful
attention should be paid to cavity interfaces wather
SUMMARY AND components of a cryomodule. The Cornell ERL irgect
ACKNOWLEDGEMENTS cavity was used as an example of consistent aplpriwac

. . . . cavity design.
In this tutorial we discussed different aspectstiu# The authors would like to acknowledge help and @ivi

high-6 superconducting cavity design. Several issueoc,f H. Padamsee. J. Knobloch kindly provided us his
were addressed in detail while others were memion%npublished talk [53]
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