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Superconducting Non-Elliptical Cavities
(TEM Cavity Designs)

Subashini De Silva

Center for Accelerator Science
Old Dominion University
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Outline

e Why Non-Elliptical Cavities?
e Electromagnetic modes

e Non-Elliptical accelerating cavities
— Basic principles
— Types of cavities
— Current accelerator applications

e Non-Elliptical deflecting and crabbing cavities
— Basic principles
— Types of cavities
— Current collider applications

e Design issues for non-elliptical cavities
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World of Superconducting Non—Elliptical Cavities

RF Cavities of interesting shapes for particle acceleration

Half Wave Cavities Superconducting
W RFQ Cavity

Split Ring Resonator
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World of Superconducting Non—Elliptical Cavities

RF Cavities of interesting shapes for deflecting and crabbing applications

Squashed Elliptical Cavities

1.59:/:; 4-Rod cavity

00000

Surface Magnetic Field

Double Quarter Wave Cavity RF-Dipole Cavities
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Electron vs Proton/Heavy lon Acceleration

e Electrons and protons are distinctly different due to mass of the particles

— Electrons = 0.511 MeV/c?
e 550 keV —y =2.08, B =0.88
e 550 MeV —y=1077,B=1
— Protons =2 938 MeV/c? 1
e 550 keV —y =1.0005, B =0.032 p=1-—

E, =ymyc’ =KE+E,
KE =(y —1)m,c’

/4
e 550 MeV —y =1.59, B =0.78
e 550GeV—-y=587.4,B=1
e For heavy ions: Mass number (4) >1 _ Protons > A=1andg=1 o
E, =KE + AE, KE =gV, cos¢ Bp=my==="-
q c
KE:(Q/—I)AmOc2
BAE — Heavyions > A>1andgq
_ _ 0 A yBE
= v A — _q _ . _AaAJPL
p=ypdme="— KE =7, cos¢ Bp—p—q ;

werr
I

OLp
[DOMINION

UNIVERSITY




Why Non-Elliptical Cavities?

1. To accelerate Protons/Heavy lons = Need g<1 (f=v/c<1) accelerating cavities
e |naccelerating electrons, all cavities are designed at p=1

e In Hadron acceleration

— Velocity of the particle beam increases with energy

— Depends on the synchronization of the particle bunches and rf voltage in the cavity

— Require various types of cavities each optimized to accelerate different velocity ranges
e Elliptical cavities has intrinsic problem as g goes down

— Due to mechanical problems, multipacting, low RF efficiency

e Solution: Use of TEM-type cavities o, ¥ P caL SRF, 6=061 _ SRF, 8=0.81

Source @ ‘ WA o ‘??W HEBT

2.5 MeV 86.8 MeV 186 MeV 379 MeV 1000 MeV

_

Normal Conducting Cavities Superconducting Cavities
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Proton/Heavy lon Acceleration

 Protons/Heavy lons require

. . 1000
acceleration by many cavities to
reach velocities approaching speed
of light <
I
e (Cavities are designed for specific E;
regions of velocity § 100
10
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TEM-Type Cavities
Y s

Quarter-wave

Half-wave

saiAe) adAl-INT L

B=0.1

Particle Velocity [p=v/c] p=1




Limitation on =1 Elliptical Cavities

e Elliptical cavities have been designed for >0.5 for cw applications and p>0.6 for pulsed
high energy acceleration

e Atvery low g elliptical cavities start to look like bellows m&

— In 7 mode cell-to-cell distance ~ fA/2 and cavity diameter is ~ A

— Ratio of cavity length/diameter ~ /2

B,=0.35 p,=0.48 B,=0.61 B,=0.81
* Low rf efficiency « Will workin Suitable for all CW and pulsed applications
* Poor mechanical CW
stability applications
* Possibility of * Pessimistic in
strong pulsed
multipacting applications
W
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Why Non-Elliptical Cavities?

2. To deflect or crab a beam

e Requires to provide a transverse kick to the beam

e Standard elliptical cavities operating in TM,,, mode only produce a longitudinal gradient
e Deflecting/crabbing cavities operate mostly at =1

e Solution: Use of TE,,-like mode, TM,,-type mode, or TEM-type mode cavities

Complete bunch is deflected
In deflecting cavity

e e y,

Head of the bunch
deflected up
Bunch is tilted

Tail of the bunch

In crabbing cavity
deflected down
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Applications of Non-Elliptical Cavities

- Maximum Maximum .
Application Beam Operation
f Current
: . N Light & N
Linacs for nuclear physics research 0.2 (0.5) Heavy lons 1 uA cwW
Drivers for radioactive ion beam (RIB) facilities Light &
. ~0.3-0. ~0.1- A

and accelerator driven systems (ADS) 0.3-03 Heavy lons 0 30m o
Linacs for radioisotope production ~0.3 p, d ~1-10 mA cW
Neutron spallation sources ~1 P ~10—-100 mA pulsed
Accelerators for material irradiation ~0.3 d ~ 100 mA cW
Compact high f linacs (proposed) 1 e ~ 1 mA cW
Deflecting and crabbing applications 1 e p ~1A CW
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Applications of Non-Elliptical Cavities

Superconducting technology allows cw and high duty cycle operation

— Also allows increase bore (transverse acceptance) as highest shunt impedance is not essential and TEM cavities
allow lower frequencies with the associated larger longitudinal acceptance

Drivers — RIB production (ISOL, fragmentation) (ions), ADS (transmutation, energy) (p, H-, d), Spallation
neutron sources (p, H-)

— Longer machines typically, large velocity swing, several cavity regimes
— Treat as almost fixed gradient machines
— Beam loss (halo) anissue, careful beam dynamics required, favor symmetric rather than asymmetric cavities

— Beam loading is typically an important consideration

Post-accelerators (Radioactive ion beam and nuclear physics) (ions)
— Shorter machines typically, broad velocity acceptance
— Utilize maximum cw gradient to improve performance and/or reduce cost
— Short independently phased cavities give flexibility to beam delivery

— Beam loading typically not an issue
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Advantages of Non-Elliptical Cavities

e Traditionally low B superconducting resonators were quarter wave (or split rings) used as post-
accelerators for heavy ion tandems serving the nuclear physics community (ATLAS, INFN-LNL)

e Increased interest in Radioactive lon Beam (RIBs) has created a renaissance in low and medium S
superconducting cavity development in the last 20 years for both post-accelerators and drivers — ISAC-II,
NSCL-ReA, FRIB

e High duty cycle driver linacs are now being built with superconducting sections beginning at lower g values
(SPIRAL-II, C-ADS, IFMIF, ESS)

— Rise in performance of spoke cavities and half-wave resonators (HWR)
— Shapes are being optimized for performance with more emphasis on forming

— Clean room assembly, high pressure water rising and separated vacuum cryostats are now standard
e Spoke resonators are now being investigated at velocities at or near f=1 for compact machines

e Deflecting/crabbing cavities have seen a rise in interest due to high performance, compact designs for
applications such as crabbing cavities for LHC high luminosity upgrade
Wi
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Electromagnetic Fields

e Resonance cavity mode types: TM type, TE type, TEM type IR

e For a cylindrical geometry (Simplest form of a resonant cavity) -

E(z,y,2t) = E(z,y)e *=)

i) — 7 j(kz—wt)
TM Modes H(r,y,2t) = H(z,y)e’ TE Modes T
e Modes with longitudinal electric fields and no * Modes with longitudinal magnetic fields and no
transverse magnetic fields transvers electric fields

E., = Eycos (W ) ( )cos(mc;b) H. = Hysin (%) I (I:’"R“ ) s(mg) ,

E, = —Eﬂ% sin (%) J), (2227) cos(mg) H, = Hg# cos (EE2) JI, (E:’h“'r) cos(ma)

E, = E,=% sin (52) J,,, (£227) sin(meo) , mpm R prz Tmn | '
TM Modes: § ¢ = Bovt s () I (25¢2) sn(m) TE Modes: § ¢ =~ H0rt(ag, e 5 (1) T (#*) sin(mo),

H,=0, E, =0,

H, = JEc’éﬂr (°°) Jm (25%) sin(me) E, = ;H;’-"E—% sin (%) Jn (%27 ) sin(m)

Hr,t' = jEogy; cm:m cos (B7%) Jp, (£*) cos(ma) , in (Z2) J}, I;’E‘T) cos(ma) ,

2 2 / 2
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OLDNION mn m 13

UNIVERSITY



o T i —

Modes in a Pill Box Cavity

* Mgy

SRF 2023 Tutorial —

SRF Fundamental/Nb Material,
Akira Miyazak

— Electric field is purely longitudinal

— Electric and magnetic fields have no angular dependence

— Mode of interest for acceleration in elliptical cavities

— Frequency depends only on radius, independent of length
o TMOnp

— Monopole modes that can couple to the beam and exchange energy

——————————————————————————————————————————————————————————————————————————————————————————————————————————————

— Dipole modes that can deflect the beam

-

[ ] . .
TE modes e TEM modes =2 For coaxial geometries
— Nolongitudinal E field — Transverse Electro Magnetic (TEM) mode
.. — Cannot couple to the beam e
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Coaxial Resonator (TEM Mode)

e Consider a coaxial geometry with grounded plates at the ends with inner radius a, outer
radius b and length d

e A standing wave occurs with £ vanishing at the end walls at z=0 and z=d

e Fields components

Bﬁ — /l.at'o]o COS pf ejmr O B?{\ /I\ Er \ a/)b
-
e O
E, =-2j K0 20 sin P7E oo | U
& 2m d U U
where a)zk__cz%, p=123... g =
b
e Peak voltage on the inner conductor is found by V(z)=[E (z)dr
integrating the radial electric field between the grounded ’ I (b o
outer conductor and the inner conductor V(z) =1/5'—“ ;Oln(;)sinj
0
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Types of Superconducting Non-Elliptical Cavities

TM Type

e Accelerating cavities

Twin axis
cavity
TM;o-like
mode

Squashed
elliptical
cavity
M o-like
mode

W
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TE Type

* Accelerating cavities

RF
quadrupole
cavity
TE,,-like
mode

Double
quarter wave
cavity
TE,;-like mode

RF-dipole
cavity
TE,;-like mode

TEM Type

e Accelerating cavities

Quarter Wave Cavity

Half Wave
Cavity

Spoke Cavity '

» Deflecting and crabbing cavities

4-Rod Cavity

Surface Magnetic Field

16



werr
I

Designhing Non-Elliptical Cavities
No universal design for any of the cavity geometries

Has many degrees of freedom with many parameters for optimization

May lead to complicated designs

BUT IT IS MORE FUN !

Non-elliptical cavities are 3D geometries
Requires 3D simulations to optimize cavity designs

Available simulation packages
v’ CST Studio, HFSS, ACE3P Code Suite, COMSOL
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NON-ELLIPTICAL ACCELERATING CAVITIES

(1) BASIC PRINCIPLES

(2) TYPES OF NON-ELLIPTICAL ACCELERATING
CAVITIES

i. TEM-Type Cavities
ii. TM-Type Cavities

(3) DESIGN CONSIDERATIONS
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BASIC PRINCIPLES OF
NON-ELLIPTICAL ACCELERATING CAVITIES
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RF Acceleration

e A standing wave is established in the resonator with a time varying

, , Example: Gap between drift tubes
E_field on axis

e For a particle travelling on axis with velocity fc and sees a field that
is the product of spatial variation and time modulation

E.(z,t)= E.(p = 0,2)cos(ei + ) S B
~ square profile
— (@ is a constant (rf phase) that defines the time of arrival of the particle z
with respect to the rf time modulation . -
cos ot T ¢=
— A phase corresponds to the maximum acceleration that can be given to I \
the particle (on crest acceleration) o5 >
t
e Onecan calculate the accelerating voltage (V) imparted to the / \
particle by
e Ez (z,1)
V(@) = [ E.(p=0,2)cos(@n(z)+ p)dz )
—00 o >
z, t
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Accelerating Voltage and Gradient

V(@)= [ E.(p=0,2)cos(et(z) + p)dz

e Time and position are linked through the
velocity (assuming f doesn’t change)

(=== c=flando=21f
v Pc

V@)= _[ E (p=0,z)cos (%+ (p]dz

V(@)= _[E (p=0 z){cos(zﬂ;jcosw sm(zﬂzz)singo}dz
e Since E_is typically an even function this
simplifies to

V(@)= IE(p Oz)cosizﬂljdzcosgo V. cosg

where V, = j E (p=0,z)cos (2,8—/1] dz

is called the accelerating voltage (also V=V, .=V, . (0))
W
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% -y #
i1 = §
‘ L=gy \

l:l.-'.

e Accelerating gradient (E,) — Gives the
effective voltage gain [MV/m]

E = fﬁr where L = n%, n is the number of cells
where V. = [ E.(z,1)dz with =3, and ¢ =0

e Very important to specify length in defining
E

a
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Energy Gain, Transit Time Factor, Velocity Acceptance

+oco
e Energy gain: AW =g j E(z) cos(wt + @) dz

—0

j E(z)cos[ﬂ jdz

e Velocity acceptance: @=-==

.[ E(z) cos[ﬂocjdz

e Velocity acceptance is the reductlon of the energy gain associated with the time dependence of the field

e Transit time factor: Time variation of the field during particle transit through the gap

K Wz Achievable
J‘E(z)cos(ﬁocjdz [ voltage at B=B,
T'(p)=—"— :

jE(Z)dZ | Maximum
voltage at =0

e Transit time factor is the additional reduction of energy gain for particles whose velocity is different from
optimal velocity (B,)
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Single Gap Structure

e Foran accelerating gap with an accelerating field approximated with a square profile

e Here notethat as g2>0the T=>1, but small gaps cannot support high fields, so we optimize the gap
geometry using a number of considerations

E(p=0,2)=E, ¥}, else E.(0,2)=0 so V,=E,L=Eg

-. = ' g/2
27z PA . (g Ve  BA P
R | V= | E,cos| — |dz=E,~—sin| —= _ o _ P | TE _
2 :|l bore radius c !/2 0 ( B j 0 ( /1] T v rg Sin Iy and Veﬁ E,TL
| o 1 } |
in g 15 mm
L > % T (B)oxsr -
T(’B) = g 05 g=30mm -
AE —= b=15and 30 mm
LA 0.25 - f=350 MHz B
EU ‘
Aperture b contributes to the 0 I 'j ' ' '
—_[ effective gap length: 2 2g/4 02 o ﬁ 85 o :
_gfz g"lrz ’ Sy \/g2 + (2b)2 Rule of thumb: &4 < pA[2 = T(B)>0.63
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Two Gap Structure

e Foratwo gap with an accelerating field approximated with a square profile in the # mode

e Slower or faster particles will get less acceleration due to poor synchronization with the rf phase

I E(0,2) sm(zﬂ/1 ]dz sin (Z‘jj 5 Y
E E 7T
z ¢ . g2 T , cav — 1 770 h = —
) d J 2gap(ﬂ g) J“E(O,Z)dz‘ @ SIHEZ,BJW cre IBO
: {I,- I cay
iﬂj—. AW =qV,Tcosp=gq
=
. sm(;ij )
a .
T(p)= sm( j
- E ,B/’L T(B)
a pA

1 gap term 2 gap term
d high if g<BA/2 high if d~BA/2

Only 2" term changes for more than 2 equal gaps in 7 mode
Wi
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Multi Gap Structures

* Llarger the number of gaps (n) larger the energy gain at a given gap voltage V,

e Butlarger the number of gaps (n), narrower the velocity acceptance

— Constant f calls for large n

— Fast varying f calls for small n

e Higher number of gaps will provide more energy gain over a smaller velocity range

V _C % |_ Normali.zed
eff— &3 Transit Time

Factor
Pay attention to definition of L
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1
T(B)/T(Bo)

0751

05

ap

gap

gap

5ga

I I

1 B/ﬁo 15

Normalized Velocity '

(S
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Different Definitions of Accelerating Gradient

e Sometimes it is difficult to decide on the definition of L: /.., L., NOA/2
e Shorter Lis defined, larger £ appearsin Q vs E_ curves

e However, energy gain is always the same and all definitions are constant

1.00E+10 1

Blue diamonds and red triangles:
same curve, different definition

1.00E+09 1 s .
E - a A 5
Q ] *o ag,
\ bay,
| y ",

1.00E+08 -
1 |e 216 PIAVE /
1 |az4 ALPI

_ X 1
a 716 PIAVE ANL DEF. max int
1.00E+07 +—+—F/—"7"—7—7— 17771

nBA/2 0123456738 91011121314151617181920
~ (n=N.ofgaps) ~ Ea (MV/m)

A
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Important Parameters

e Parameters are the same for elliptical cavities

e Important to specify the cavity reference length in defining £,

Avg. accelerating field E=V I(By)/L  MV/m

Stored energy VE,? JA(MV/m)? A

Shunt impedance per meter R,=E/’LP  M(¥/m

Quality Factor 0=oU/P 8

Geometrical factor I'=0R, 0 a heam
Peak electric field E/E, > ?g

Peak magnetic field B,E, mT/(MV/m) 2

Optimum B

Cavity length L m J,

where:

R =surface resistance of the cavity walls

P =rf power losses in the cavity, proportional to R,
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TYPES OF
NON-ELLIPTICAL ACCELERATING CAVITIES
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TEM-Type Cavities

e Transverse Electro Magnetic (TEM) mode cavities

— Mode is related to the cavity symmetry axis
— Produce accelerating voltages across the coaxial gap with variable gap distance and with
transverse dimensions ~2-4 times smaller than an elliptical cavities for the same frequency

e Acceleration typically uses m mode with rf phase advance of 180 deg
— Requires distance of fA/2 between gaps for synchronism
e Good transverse acceptance requires a large aperture - efficient rf acceleration requires
a gap (g) to aperture (a) ratio g/a>1 and a gap size ~50% of the cell length
— Low velocities require low frequencies with large wavelengths
— Low frequency cavities have large accelerating gaps

«—pL—>

J0e)  (eil) 5 /2

Quarter Wave - QWR Half Wave - HWR Single spoke - SSR Multi-spoke - MSR
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Quarter Wave Resonator (QWR)

e QWR = A capactively loaded A/4 transmission line

e Maximum voltage builds up on the open tip and maximum current at the
plate connecting the center conductor

e Beam tubeis placed near the end of the tip to produce a high voltage double

gap acceleration geometry

Capacitance per unit length  Inductance per unit length

o= 2 _ 278 L:ﬁM[EJ:&,ﬂ(L] L, h
]n[ﬂ] ]n[i] 2 \ny) 2m \pg T g
T Ao

Center conductor voltage Center conductor current

. (2
V(Z}_V{}‘i'lﬂ(ff] I[z}—IDcos(%r:]

Line impedance

.z'ﬂ.:ﬁ:iln[i]w n=2 _3770
JT{] 2T pﬂ £
W
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Wiz)
I(=)

lo

s

L=21/4

=

RF Curren Inductor

—2b—> Capacitor
(~A4
=T e

[]

B-Field
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Quarter Wave Resonator (QWR)

Optimizing the expected performance of a resonator for given frequency and f

V,—voltage on the center conductor with outer conductor at ground

b
h=b
Peak Magnetic Field _ e e 1—1
Geometrical Factor -
- n H _ m, A/m T
?_ C B pﬂhl[i]ﬁﬂl(%r;] m, T G_QR _}}I.I}Ehl[l pD}
A 5 =
300 B Po | cm, G A 1+1/pg Y SR
Genf >
£
Vy: ‘oltage across loading capacitance R, — surface resistance
B=9 mT at1MV/m
Energy Content Power Dissipation )(Ignore losses in the Shunt Impedance [4V§ P) R/Q
shorting end plate
{+—sinmg 1. L2 5m2£§
U—Vﬁ MED 1 (11 ) Iﬂr P—VESRS’?'IH pr,'i;suurg‘,' 7 32b WnPpy " Eg Rﬂ_:{l_ﬁf?hl(l ﬁ'::l)l—2
11 i P — = F=———= .
o) sin Eé' T _I]z b hlzpﬂ 51'113%{,' R, m Al+1l/p, g lsiuﬂ'g' 0 ' ;5,111,?1'{,'
) T
i, e I
UseggE~ A R
0 ﬁd PW&EE,BAZ Rsp Rxmffzﬁ jﬁm”
T

Other notations R, , R,
W

OLp
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Half Wave Resonator (HWR)

e HWR =2 A /2 transmission line
e Equivalent to 2 QWR facing each other and connected

e Magnetic field loop around the inner conductor with peak fields at the
shorted ends

e Beam tube is placed at the center of the inner conductor to coincide with
the maximum voltage

e Same accelerating voltage is obtained at about 2 times larger power in
QWR (Prwr ™ 2Pque)

Capacitance per unit length  |nductance per unit length

2y Eﬂﬂ. I —&hl E _@]ﬂ i _ 1 V(2)
pO b I(z)

HEn I

Center conductor voltage Center conductor current

C_

Line impedance

V{:}—Vﬂsin(%:] I(:}—Igcoa(%:]

.fg 2T po &)
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2r,

Zﬂ:ﬁ:i]ﬂ{iJ‘ _f;: ‘H_ﬂ

€ 1“‘" I
- <+
} ——

! ~n2 >
Ci’ I vl & I~
1
1 | l\

0
4 | | l

0 0.5 1 1.5 2
=3770)
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Half Wave Resonator (HWR)

Optimizing the expected performance of a resonator for given frequency and f

V,—voltage on the center conductor with outer conductor at ground

Peak Magnetic Field

- n H m, A/m
—=J¢ B pg].ll[i] m, T
b Po

300 B cm, G

V,: Voltage across loading capacitance
B=9 mT at1 MV/m

Power Dissipation (Ignore losses
in the shorting end plates)

P_p'—’Eii—l I } Po
Prb In'p,
R il gl
Po—SE*B A
us
W
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Geometrical Factor

In(1
G -OR, - 212 B/ P0)
A 1+1/ pg

Genp
R, — surface resistance

Shunt Impedance

f}z 16 b lnzp[,
sh ~ 3 o 21117 -

R, m A 1+1/pg
2
RshRs"‘:frﬁ

Energy Content

, 1
v-r2Z ,

4 In(l/p,)
UsgEf N

R/Q

%— ; nln(1/ py)

R,
L e _f}

2r,




QWR vs HWR

e QWRis the choice for low applications where a low frequency is needed <
— Requires ~50% less structure compared to HWR for same frequency
— RF power loss is ~50% of HWR for same frequency and f,
— Allows low frequency cavities with larger voltage acceptance (Rsn/Qowr) = 2(Rsn/Quwr)

— Asymmetric field pattern introduces vertical steering especially for light ions that increase
with velocity (Avoid using for 5,>0.2)

— Mechanically less stable than HWR due to unsupported end
Quarter Wave - OWR

. : : : «—pr —
e HWR is chosen for mid velocity range (5,>0.2) or where steering must be
eliminated (ie. High intensity light ion applications)
— Produces 2X more rf losses for the same frequency and g,
— 2X longer for the same frequency

— Symmetric field pattern and increased mechanical rigidity

Half Wave - HWR
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Single and Multi Spoke Cavities

Supposed to cover ranges =0.1-0.6 with f=300-900 MHz
Spoke cavities are also designed at high fand f =1
Single spoke cavities are same as TEM-like HW cavities with respect to the spoke axis

Single spoke geometries allow extension along the beam path to provide multipole spoke
— In multi spoke cavity spokes are rotated 90 deg from cell to cell

— Higher effective voltage with low velocity acceptance

— Strong cell-to-cell coupling with cells linked by the magnetic field
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HWR vs Single Spoke Cavities

Single spoke resonator (SSR) is another variant of the half wave TEM
mode cavities

In HWR the outer conductor (with diameter S, A) is coaxial with the inner
conductor

In SSR the outer cylinder (with diameter A/2) is coaxial with beam pipes

— For B,< 0.5 the SSR has larger overall physical envelop than the HWR for the
same frequency

Cavity choices:

— For low f applications (f,=0.1-0.25)
o HWRis chosen for ~160 MHz
o SSRis chosen for ~320 MHz

— For higher g applications (f,=0.25-0.5)
o HWR and SSR are chosen for ~¥320 MHz
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Half Wave - HWR

«— Bl —>

Single spoke - 55R

36



High f Spoke Cavities

e High velocity spoke cavities with ,> 0.8 are being designed as an
alternative to high p elliptical cavities

e (Cavity features

— Cavities are relatively compact

e Between 20% - 50% smaller (radially) than a TM cavity of the same frequency

and g,
e For high p, cavities diameter is close to TM counterparts = A
— Allows low frequency at reasonable size with high longitudinal acceptance 325 MHz 5=0.82 Single Spoke Cavity

— Mechanically stable
— Allows possible 4 K operation

— Can achieve high shunt impedance

e Possible applications

— For pulsed spallation neutron sources

500 MHz 8=1.0 Double Spoke Cavity

— Compact light sources
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TM-Type Non-Elliptical Cavities

e Cavity with two beam pipes =2 Twin axis cavity / dual axis cavity dec. beam ' -
e A superconducting cavity designed to accelerate and decelerate two Brrmrreliss et
electron beams in the same cavity - FEE oo R
e Used in energy recovery with two separated beams traversing the cavity at acc. beam & i i
the same time € niemriroe
o PO e i
Injection e
< — SRS
N\\
\
A Axis 1 Axis 2
Beam Dump ,/ Recirculating Dual axis
ERL cavity
‘WA
Twin axis
cavity

190 mm
W
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REAL CAVITIES AND
ACCELERATOR APPLICATIONS
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Facility of Rare Isotope Beams (FRIB)

e A high intensity, heavy ion linac

e Accelerate ion species up to 238U (A/g=7) with energies of no less than 200 MeV/u

Beam Delivery
System To Target

B=0.085 Matching p=0.29 Matching  B=0.29 Matching B=0.53 Matching  Superconducting
Cryomodule Cryomodule Cryomodule Cryomodule Folding Segment

Li-Stripper
Module

1 X e ¥ 1 + e
12 p=0.085 Cryomodules 3 p=0.041 Cryomodules 500 keV/u RFQ

Room-Temperature  B=0.085 Matching 13 p=0.29 Cryomodules 18 B=0.53 Cryomodules 10 m Vertical Drop from
Folding Segment Cryomodule lon Sources (above ground)

‘ﬁ' T"i"‘. I

"‘i]—‘--._

o -’:I'lllIil
LS1 Cryomodules Ls‘[ﬁlﬂﬁ’ i-‘lllBB :

B =0.041 cavity P =0.085 cavity
FRIB =0.041, 0.085 80.5 MHz

W
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No. of cavities:

QWR (8,=0.041) > 12
QWR (8,=0.085) > 88
HWR (8,=0.285) = 72
HWR (8,=0.53) = 144

Cavity Type QWR QWR HWR HWR
P 0.041 0.085 0.285 0.53

£ [MHz] 80.5 80.5 322 322

V. [MV] 0.810 1.80 2.09 3.70
Eucc [MV/m] 5.29 5.68 7.89 7.51

By /Eae 5.82 5.89 422 3.53
By/Eicc 10.3 12.1 7.55 8.41
[mT/(MV/m)]

R/Q [Q] 402 455 224 230
GO 153 223 77.9 107
Aperture [m] 0.036 0.036 0.040 0.040
Lr = B [m)] 0.153 0.317 0.265 0.493
Lorenz

detuning <4 <4 <4 <4
[Hz/(MV/m)?]

Specific Qo 14x10°  2.0x10° 5.5x10°  9.2x10°
@VT

B = 0.29 cavity

B = 0.53 cavity
FRIB £=0.29, 0.53 322 MHz



Proton Improvement Plan Il (PIP Il) at Fermilab

e 800 MeV linac to accelerate protons to generate intense Cavity Type HWR  SSR1 ~ SSR2  LB650  HB650
neutrino beam for the Long Baseline Neutrino Facility (LBNF) Frequency [MHz] 1625 325 325 650 650
and Deep-Underground Neutrino Experiment (DUNE) Optimal B 0112 022 0475 061 097

Elliptical Effective Length [cm] 20.7 20.3 43.8 70.3 106.1
HBE50 X 4
LEE::-:?S?L 2;5!33;1:95 Aperture [mm] 33 30 40 415 59

! R Single Spoke 38 Cavitles
\ sgm ;2 3555&2\,::3 650 M M Epeak/Eacc 4.7 3.84 3.38 2.43 21
Yo HWR 325 Mg 5 Boeoi/ Ence [MT/(MV/m)] 5.0 581 593 4.6 3.94
8 Cavities X :
1625 Mz * 4& - e

G [Q] 48 84 115 187 260

R,/Q [[Q)] 272 242 297 3274 576

325 MHz SSR2

HB650 5-cell
o Elliptical Cavity
pefa{ufﬁ
Ruoﬂ"T il
Section Freq Energy (MeV) Cav/mag/CM Type
RFQ 162.5 0.03-2.1
HWR (f,,,=0.11) 162.5 2.1-10.3 8/8/1 HWR, solenoid
SSR1 (B,,=0.22) 325 10.3-35 16/8/ 2 SSR, solenoid _ -
: Tuner Ii"' " ~u
SSR2 (B,,=0.47) 325 35-185 35/21/7 SSR, solenoid 1 "4 A “’ L) ,
b I - W "'-H .. » 1 1
LB 650 ((3,=0.61) 650 185-500 33/22/11 S-cell elliptical, doublet* 10 KW CW LB650 5-cell = U.‘ ]
HB 650 (,=0.92) 650 500-800 24/8/4 5-cell elliptical, doublet* 162.5 MHz HWR Coupler Elliptical g =
325 MHz SSR1 Cavity
Wi
I
OLbp 4]
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Isotope Separator and Accelerator (ISAC Il) and TRIUMF

e To produce rare isotope beams * Consists of 40 QWRs with three different cavity types of f,=5.7%,

7.1% and 11% with N =8, 12 and 20
%ULILB—HJ_JIJJ:’ "jﬂx_g

e All cavities have same outer and inner conductor diameter to
- EF reduce fabrication cost

QI—I_ -‘ﬂ \“*r\':l 0 : | - EMMA d

L I i Phase e

TRIUMF ISAC-1Il Resonators

'T’Fm
| N A O L A el

SCB low #=0.057 SCB medium =0.071  SCB high =0.11
106.08 MHz 106.08 MHz 141.44 MHz

[SAC- [ &ISAC-II

106.08 MHz $=0.057 141.44 MHz $=0.11

W
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European Spallation Source (ESS)

e 5 MW long pulse proton accelerator

Style Spoke Medium-f  High-p
e ce—— —— e — 1 }  ———
35221 MHz 42 MHz Freq. (MHz) 35221 70442 704.42
€25m—> €46m> «40m> €3BIMm> €«5Im> «—T76Tm—> <« I789m —>
== : Cavity # 26 36 84
Source LEBT RFQ MEBT g4 _ Spokes Medium B High B 5 ¥
{} 4} — @ {} 4} {} P, Velocity 0.42 to 0.58t0  0.78 to
75 keV 3.6 MeV 0MeV 216 MeV 571 MeV 2000 MeV May 2020 range 0.58 0.78 095
Nom. Acc. 5.74 14.3 18.2
. Voltage (MV)
e (Cavity types:
Loaded quality ~ 2.85 x 10° 8% 10° 7.6 x10°
—  Spoke cavities — f,=0.5 factor
—  Medium g elliptical cavities — #,=0.67 Dynamic heat 0.8 4.9 55
— High B elliptical cavities — §,=0.86 load (W)
Max. forward 335 1100 1100
power (kW)
RF (baseline) Tetrode Klystron 10T

=0.67 704 MHz Medium-f =0.86 704 MHz High-
Elliptical Cavity Elliptical Cavity

B=0.5 352 MHz Double Spoke Cavity

W
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TRIUMEF ISAC-Il Resonators
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Soreq Applied Research Accelerator Facility (SARAF)

e To accelerate 5 mA beam of protons from 1.3 to 35 MeV or deuterons from 2.6 to 40 MeV

energy (Me\n 24.5 40.0 Law § cavity High B cavity
Bopt 0.091 0.181
' E,. 7 MVim 8.1 MV/m
U, 1.07 MV 2.49 MV
Epk 34.5 MV/m 35.8 MVim
ion . . .
5::.|rce Superconducting linac with half wave By 65.6 mT 65.3 mT
cavities
2y @45 nil 8-10% 1.2-10°
e Cryomodule layout:
Stored energy 571 16.87
- p,=0.09 — CM1 (6 cavities) and CM2 (7 cavities)
—  B,=0.18 — CM3 (7 cavities) and CM4 (7 cavities) Forya @43 01 19W 15.5 W

176 MHz B=0.09 176 MHz B=0.18

W

]})%NION FRIB $=0.041, 0.085 80.5 MHz FRIB £=0.29, 0.53 322 MHz
UNIVERSITY
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DEFLECTING/CRABBING CAVITIES
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Deflecting/Crabbing Concept

e Deflecting/crabbing resonant cavities are required to generate a transverse momentum

Deflecting Cavities

* Toseparate a single beam to multiple beams

\/i v = 1497 MHz

f,= 499 MHz

eV,

Beam direction

¢ = arctan [%} ~ %ﬁt Vi = FyleV] 0 |rad]

werr
I
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Crabbing Cavities

e Toincrease luminosity in colliding bunches by allowing

head-on-collision of beams

Head of the bunch
deflected up

Bunch is tilted
gy g y, mmm = - . .

Tail of the bunch
deflected down

L = NiNof Ny in _ NiNof. Ny

drogoy € dmo.0y

V, — cEytan(6./2)
t Wy Bcrabﬁ* Sin( Cxc*)ip>

Pr,

o™

s N

<
icrossing angle
/

Head-on collision

First crabbing concept
proposed by R. Palmer
rr——————— (1988)
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Deflecting/Crabbing Cavities

Can be produced by either or by both transverse electric (E,) and magnetic (B,) fields
Lorentz force: pr=J"o Frdt = %ff;o [Et + (7 x Et)} dz

Transverse momentum is related to the gradient of the longitudinal electric field along the beam axis
(Panofsky Wenzel theorem)

pr = —il [ V\B. dz
Pt = _7;% limy 0 % fj;O[EZ(Tov Z) - EZ(07 Z)] dz

According to the theorem:

— Ina pure TE mode the contribution to the deflection from the magnetic field is completely cancelled by the
contribution from the electric field

Types of designs:
— TM-type designs = Main contribution from B,
— TE-like designs = Main contribution from E,
— TEM-type designs = Contribution from both E, and B,

OLp
[DOMINION
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TM-Type Deflecting/Crabbing Cavities

Operates in TM,,,-type mode

R Magnetic Field
— Lowest deflecting mode
Squashed elliptical geometry: To separate the two
polarizations of same frequency  __— ®---no- > Beam ,@
Contribution to the net deflection is mainly from -
transverse magnetic field -
® Electric Field

Requires damping of the lowest mode (TM,,,) in the design
Cavity frequency is inversely proportional to transverse dimensions
Cavity length ~ A/2
Large with respect to wavelength compared to new designs
— Disadvantageous for low frequency

— Advantageous for high frequency
— Able to accommodate large apertures

OLp
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1st Deflecting/Crabbing Cavities

e Istsuperconducting deflecting cavity
— Deflecting cavity: 2.865 GHz Karlsruhe/CERN Separator (104 cells)

e 1stsuperconducting crabbing cavity
— Crabbing cavity: 508.9 MHz cavity for SuperB Factory at KEK

Input Coupler
1.D. 120

th )) 1.D. 188
[ |
Beam B
I.R| 20
b )l r
1.D. 30
Monitor Port
“_m 0 50 100
OLD | ‘ | | | | | |
]})MNION scale (cm)

UNIVERSITY

Designed 1970, operated 1977-1981
At IHEP since 1998

Crab cavities operated from
2007-2010
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TEM-Type Deflecting/Crabbing Cavities

e Use both electric and magnetic fields to produce the net deflection

Electric | | Top View

1
1
Front View Field i
4 v )
\_ 7 ! J
Magnetic / | \i: | Beam
Field

e At low operating frequencies gives:
— Compact designs
— Low surface fields and high shunt impedance
— Some designs have no lower order modes

 New compact deflecting/crabbing designs are originated from TE-like or TEM-type designs

W
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* 4-Rod crabbing cavity — University of Lancaster / Cockcroft .

Institute

 Adapted from JLab normal conducting cavity -
* Proposed for LHC high luminosity upgrade

4-Rod Crabbing Cavity

— Uses both electric and magnetic fields

1=

Accelerating lower order mode

Rod shaping to reduce

L
T T

surface electric and

-1+

magnetic fields, and

the offset

nonlinearities

Fundamental deflecting mode

werr
I
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Operates in a TEM-like mode

Deflecting mode is not the lowest mode

Frequency 400.0 MHz
LOM 375.2 MHz
Nearest 436.6,

HOMs 452.1 MHz
Ep* 4.0 MV/m
Bp* 7.56 mT
B,/E, 1.89 (MV/m)
[R/QO]; 915.0 Q
Geometrical

Factor (G) 62.8 @
RRg 5.7x10% Q2

AtE,;" =1 MV/m




TE-Like Deflecting/Crabbing Cavities

e Operatein TE;;;-like mode
— Cannot be a pure TE,;; mode where the contribution from electric and magnetic fields cancel each other
— Main contribution to the transverse voltage is from transverse electric field

Front View | | Top View

v
Electric Field ®

— e Pure cylinder would cancel the

S contribution from E and B fields
—
7 * So need deformed shapes
etic Field ®
| ¢_ |Beam

e Hassimilar rf properties as TEM-type cavities
— Compact designs
— Favorable for low frequencies (length ~ A/2 and diameter ~1/f)
— No lower order mode (TE,,; is the lowest mode)
— Have demonstrated transverse voltages at high peak surface fields
wérr
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TE-Like Cavities for LHC High Luminosity Upgrade

e Crabbing cavities for LHC high luminosity upgrade — Operate at 400 MHz

Double Quarter Wave Cavity

RF
& Future Expt.,

For vertical
crabbing

e Two interaction points (P1-ATLAS
and P5-CMS)

e 8 cavities per interaction point
e Crossing angle — 285 urad

UNIVERSITY

RF-Dipole Cavity

For horizontal
crabbing

" E Field “B Field
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Electron—lon Collider (EIC) at BNL

e Collisions of electrons and protons/ions for center mass of ~30-140 GeV i
e Tworings: Electron storage ring (ESR) and Hadron storage ring (HSR)

w197 MHz crab cavity

Cavity frequency [MHz] 197 394 394 "2 ki

Crossing angle [mrad] 25.0 25.0 25.0 Future EIC

B.. [m] 1300 1300 150 ff.:::.?; '

B, (M) 0.8 0.8 0.45 : Primary

Piwinski angle [rad] 7.9 7.9 2.4 ra ;?’?:r:g: I::z::' /Ele:ms
Crabbing voltage [MV] 33.83 —4.75 2.9 394 MHZ Crab CaVity ‘ ‘ 'W st S :

T )

System  HSR ESR  HSR  ESR Tuner o
. i tube
197 MHz  33.83 _ 4 B Support/adjustment
. —_— Tuner pad
394 MHz 4.75 2.90 2 1 End dish
corner stiffener
( Crabbing Systems for HSR (per side per interaction point) ) ( Crabbing System for )
; ; ESR (per side per - o
' ' . . . ogbone
interaction point) Stiffener
NbTi
E Tuner/pole
support rings
s End A Pole
flanges . stiffener
. ) Weld ey 197 MHz prototype
wirr crab cavity
Oip Size and weight: 5" overall long, 30” OD, ~800 Ib
IOMINION 54
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International Linear Collider (ILC)

e e and et collision
inalinear
collider

e Crossing angle 14
mrad

e [Luminosity:
1.35/2.7%1010
cm?s

e+

/ RFD 1.3 GHz

a "‘\ (ODU/JLAB)

QMIR 2.6 GHz (FERMILAB)

werr
I
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Damping Ring

e+ Source

e- Source e- Main Linac

Interaction point
Detectors

e+ Main Liinac

. | ——— -

WOW 1.3 GHz
(BNL, CERN)

RACETRACK 3.9 GHz
(LANCASTER UNIV.
ICOCKTROFT)

Parameter Value
Center of mass energy [GeV] 250/1000
Crossing angle [mrad] 14.0
Bec [M] 23.2
Bp [mm] 13.0/22.6
RMS bunch length (g,) [mm] 0.3/0.25
RMS horizontal beam size (o) 729.0/481.0
[nm]

Beam

250 GeV 1TeV
Energy
fo [GHz] 1.3 2.6 39 13 26 39

Tot. V. [MV  1.845 0.923 0.615 7.4 3.7 25

B -

DQW 1.3 GHz
(BNL, CERN)
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DESIGN CONSIDERATIONS OF
NON-ELLIPTICAL ACCELERATING CAVITIES

(1) DESIGN ASPECTS

(2) MULTIPACTING

(3) MECHANICAL DESIGN
(4) FABRICATION

(5) CHEMICAL ETCHING
(6) CRYOMODULE DESIGN
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Cavity Design Considerations

e Beam dynamics: [ EM Design ]

— Cavity frequency , \

— Beam aperture

[ Beam Dynamics] [Manufactu ring & Processing]

N\ /

[ Cryomodule Design]

— Voltage acceptance

e Ideally cavities should have: e |n addition, related practical issues of these

— Large accelerating gradient (E£,) / Energy gain (W) cavities

— Large shunt impedance (R ,;,=G*(R/Q)) for low ~ Reduce pressure sensitivity (df/dp)

losses to reduce power consumption — Microphonics
— Shapes that reduce peak fields (E,, B,) for given E, — Operation: cw or pulsed
— Efficient energy transfer to the beam () — Cavity tuning
— Reduce multipacting levels — Cavity fabrication

— Chemical processing, cleaning, and assembly
il
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Designhing Non-Elliptical Cavities

e (Cavity frequency:
— To minimize unique number of cavity designs
e Cavity f: Number of cavity designs also depend on required velocity range
— T(p) is efficient over a range of velocities from 0.75, < f < 28, (Especially for QWR)

For £>0.5 possible to consider multi-spoke cavities where the reduced transit time factor is compensated by the
higher voltage

— Maintain a certain cavity type until T(f) lowers the voltage below the voltage of the next cavity series

— For post accelerators with different ion acceleration — /5 profile should be chosen that all ions can be accelerated
near the maximum gradient

e Peak surface fields: Ep <35 MV/m and Bp <70 mT

Surface Magnetic Field

— Dominates the optimization between practicality and complexity

e Multipacting analysis: Multipacting levels may not be eliminated, but reduced
by optimizing the design

— Advanced simulation tools exist in simulating multipacting resonance levels in
cavities that have matched with measurements
il
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[OMINION

58
UNIVERSITY



Designhing Non-Elliptical Cavities

e Baseline mechanical and fabrication model

Consider ports: FPC, HOM couplers, Rinsing and surface treatment

Choose material thickness: Based on stress analysis

e Maintain safe limits in terms of stress
Check all pressure differential throughout cavity life cycle
Minimize Lorentz force detuning due to radiation pressure - Stiffeners

Tuner designs

e |ntegrating design for fabrication variables include:

werr
I
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Cavity performance

Complexity in geometry

Operational requirements: 4 K or 2 K
Stress analysis

Material cost vs machining cost

59
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RF Frequency Considerations

Smaller structures are cheaper to fabricate so favor small A (high frequency)

Lower frequencies increase size of stable region in longitudinal phase space and increase cavity active
length so increase the effective voltage

Lower velocities require lower frequencies
Typically, fA/2 between gaps (one accelerating cell)
Gap is typically half a cell or g ~ fA/4

Aperture should be less than the gap to improve acceleration efficiency =2 so a < fA/4

] |
Example:
d for a=30mm and p =4%

L/

I(—’%—ﬂ 2>3m or f < 100MHz
A

g=gap, a=aperture

OLp
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Design Optimization

e Good simulation tools exist both on the EM and mechanical aspects HWR
(CST, HFSS, COMSOL, ANSYS, SLAC ACE3P Code Suite, ...) o «———> CVIR
ICTR
e Many geometrical parameters of optimization compared to elliptical CVMH CUMR
cavities ICRTY GapW
MGD
. timiz vit rameters to:
Op e cavity parameters to Crom /'t, : -
— Minimize peak surface field ratios — £ /E, .. and B /E, . (E,/E, and B /E, for DTIR DTOBR
deflecting and crabbing cavities)
322 MHz, B~ 0.29
— Maximize R, = G*(R/Q) ) ; )
2" il .|
Some primary cavity geometrical parameters: E : i | . .__x— ? s
Cavity Top Diameter (D1) B D1 % . E ; w—r—"" . E :
Stem Top Diameter (D2) % o _ = | # : - n 2
Cavity Lower Diameter (D3) D2 e |:|::“t|;mn::u [ ] 5 1 lc."u:[mll : :I:_ 1z I
Stem Bottom Diameter  (D4) — . *
Drift Tube Outer Diameter (D5) N ;E-': %': i
Drift Tube Gap Width (W1) E b3 % a ’—“—*-n—a—_. % . H_""““'-:—-__ﬁ %
Cavity Bottom Height (H1) — D4 § I _ 51: § = b §
Cylinders Conical Elliptical Race-track - D5 - - e . i
> “y 114 n Ilcvrlﬂikm]ﬂ | 22 H & T H_—n:m ¥ 0] n ] 1 ;cnn lllml & T
Increasing complexity, lower surface fields ¥ H1
W W1
OL
OMINION 61

UNIVERSITY



Multipacting in Non-Elliptical Cavities

e Multipacting always occur in non-elliptical cavities due to complex geometries = But not a showstopper

e Now reliable tools exist that can model multipacting resonant levels

Resonant Impact Energy [eV]

i

4
Eacc [MV/m]

Multipacting experienced 1o
up to 2.1 MV/m L
=
8 10°
g
8 10°
£
u‘.:.l -
10°
. 10°
Wy
OLD
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L 1010
10° o
g
First Order
Second Order
Qp (4.2 K) 108
Qp (2K)
AP D
e D 107
6 8
EC = 61
End wall and bend radius
selected to minimize
multipacting levels
= o Qé?( 113 "
4 6 8 10 12

Field Gradient [MV/m]

Impact Energy (eV)

Energy
_ 1.000e+03

2.000e+01

Resonant Particles (RFD): Cavity body Enhancement Counter (RFD, body): 40 RF cycles

1000 T T T T T T T T T 120 T T
+ 4Dcycles  +
800 |- | 00
]
600 4 % 80t
3
8
400 + = E 60
£
840t
200 |- X -
) =
G20 |
0 s o1 ] + : il
o} 1 2 3 4 5 6 7 8 9 10 0 “‘l’

VT (MV) VT (MV)
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Multipacting in Non-Elliptical Cavities

e Multipacting can be reduced careful cavity ¥ R T
design §oobo NN N T
: _ £ : ' ; ; 60t order
e Example —single spoke resonator designed e S 17 A B S W ke
by TRIUMF for RISP T R
e Balloon variant reduces serious multipacting Aclrting Greiet 10
In operating region
04}
v

W
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Mechanical Designs of Non-Elliptical Cavities

e Mechanical design focuses on reducing internal stresses under the external pressure load for various
operational conditions

e Study mechanical stability to microphonics, pressure fluctuations (df/dp), Lorentz force detuning
e Stiffeners can be added strategically to reduce and improve mechanical stability
e Consider thermal performance when considering thicker material to reduce stresses

e Consider tuning range and tuning force required and cavity stresses for maximum tuning range

1.5” 0D

Tuner Titube

Support/adjustment

stiffeners Stiffening end i

corner stiffener

Dogbone
Stiffener

Tuner/pole
support rings
Pole

flanges ‘/» Jaich stiffener
nd dis

support

1 cm thick 1-1/4 cm thick
&  Titanium plate niobium ribs

Thicker edge (6.5 mm)

W
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Mechanical Designs of Non-Elliptical Cavities

e Response of the cavity to external pressure changes can be dominant contribution at 4 K operation

e |orentz force detuning: inward pressure in E field and H field regions produce frequency shifts in opposite

direction A = kj(goEz —,uOHz)dV

e Supportribsin E field and H field to balance deflections so that frequency shift can be cancelled
Before

Machining =
Ribs ‘

Af/AP measured = -12.4 Hz/Torr

After ;
Machining |
Ribs

W
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Mechanical Designs of Non-Elliptical Cavities

L

* Driven by mechanical vibration in the

environment -
e QWRs inner conductor can have low
mechanical frequencies (50-100Hz)

e Need to reduce the RMS detuning to <<10% ,
of the design bandwidth to avoid nuisance v o . —_
unlocks ! O Vibration Frequencydlzy ;; L A/ \‘\-\
* Mitigations = Rt Ot e o i ') 5 / \\
— Stiffening during the design/manufacture to 20 S f 4, S | \
raise the mechanical frequency of the lowest ém__ 5 U .Ld\-] | \
modes oS n bl g
— Centering the inner conductor by plastic wi * | ossmaninn
deformation so df/dx=0 0ty S e e s by 2 Lora
— Adding passive dampers in QWR df/dp = -0.4 Hz/mbar

|| Enforcing Tubs

— Reducing environmental noise in and around 345 MHz $=0.5 triple spoke cavity
the cryomodule -operation at 2K is quieter

than 4K .
' | Damper Weight
‘qip’ | Damper Base
—_ Damper Pin
D)%NION |~ Friction Plate 66
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Cavity Fabrication

e Fabrication of TEM mode cavities must follow the same standards as for elliptical cavities — the
differences can come from the novel shapes and unique forming steps

Consists of many more subcomponents compared to elliptical cavities

Requires many more machining/trimming fixtures at different stages of the fabrication process
Frequency tuning requires different fixturing compared to elliptical cavities

May need additional plastic deformation of welded subcomponents and post fabrication tuning

e New procedures can be qualified in Copper as a cheap’ substitute for Nb or RG Nb

e Fabrication steps can involve

werr
I
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Machining of parts from bulk — cost optimization between material cost and fabrication cost — EDM, milling,
lathe

Forming —deep drawing from sheet —good for production quantities

Spinning from sheet —fast, not as precise as forming typically

EB welding in high vacuum for RF surfaces to maintain RRR value of Nb SRF 2023 Tutorial -

TIG in controlled atmosphere for jacket Cavity Fabrication and
Preparation, Rongli Geng
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Cavity Fabrication

5
. cavity after final

equator welding

‘ . " .;' endgroup with
stiffener welded

+ tube stiffener

endgroup
welded

<= 4
T .
a 4 — ) ‘ beam tube

— — £ ” welded

\':J:SIE Dl’;'ﬂ‘-:-;:j half cell half cell
alf ce - formed trimmed Nb beam tube
blank -
_ | \/ Mb beam tube

male die “ = blank

=

femaledie f—= ,.-J’ —
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Cavity Fabrication

325 MHz Single-Spoke
Fabricated at Niowave Inc.

500 MHz Double-Spoke

Fabricated at Jefferson Lab
(HyeKyoung Park)

. s
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Fabrication of Non-Elliptical Cavities

Racetrack

Transition itii
Transition
End Cap/ V-HOM / End Cap/ H-HOM

V-HOM
Waveguide

H-HOM

/ Waveguide
. FPC

~ Waveguide

Axis

Antenna

Corner

Transition
End Cap/ FPC

Pole End Cap

W
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Cavity Surface Treatment, Processing and Assembly

e A standard recipe High Temp Furnace - JLAB

1 Bare Cavity Inspection — Visual,
Dimensional, Vacuum, RF

US cleaning and nnse

BCP 120-150 pm (fip half-way)

High-Pressure Rinse

Hydrogen Degassing 800 *C, 10 h
RF Tuning

BCP 20-30 pm

HPR (honz + vert)

Clean Room Assembly

Low Tern Bake 120 "C 48 h

12 | Helum Vessal Weiding

=T - R - L O R

=
=]

13 US eleaning

14 BCP 20-320 pm

15 HPR

16 | Clean Room Assembly

17 Low Temp Bake 120 "C. 4B h

19 Ready for String Assembly

W
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Cryomodule Designs

e Non-elliptical cavities require more complicated cryomodule structures compared to elliptical cavities

e Different solutions investigated for the same cavity types

e Couplers, tuners, and rf lines are often dominant components

Instrumentation
Liquid helium supply Helium gas return ~ connector flanges Access traps
and thermal shield
cooling pipes connections

Vacuum tank
Thermal shield

cooled by LN> Power coupler ports

External driving system for the
plunger tuning system
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Cryomodule Design,
Nicolas Bazin
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Cryomodule Designs

400 MHz Double Quarter Wave
Cryomodule for SPS, CERN

iy =DQW CAVITY ASSEMBLY N
ALIGNMENT SYSTEM LACACAAHO030 (EDMWS 11452581 Tuner tecancion | i
SUPAORT & ALIDHMENT OF CAVITES LuEACETUB2T (EDMS 55300y

Upper Cryogent: line
LieaCrYoirids (Foms 1m336811

Cryazenic lumper
LHCACFQCIIA (EDMS 1824458,

HOM lifer LHCACFHE
See EONE 1620852

S SY818M {25 8 Neats} LIEACFN
For CAVITY POSITION MEASUREMENT

FRE (HEACFNG
Cold magnatlc shiekd [ ————

Cryopy & - LHBACFEH

Radiu-Frequence waue guide #7 DAW Cavity LACACFER

7 e sy Doube Quarter Ware:
i Helium Tank
Cryogenic Service Box | R it [T nan——.
- [ : “See detalied vizw

Plck Up Antanna

¢ Taybor Hanson siners S EBAS: 170943

Surve \ — Tuner Frame LicaceTy

Scc EDMs 2aomaas
BCAN Targets
HEaCFAM " Pick Up Goaxial line

Coavial s 50 s LHEABFRL

" HOM extraction linas.
ol line 50 oms LHEAGFAL

Value Support
EHCACE_TO2E2

Valve Bux
‘See LHCACFYTODZE

| ve oate vawve o

Coldwarm Transition Lreacrw
LAfSer EOMS 1759896 & 1766971

BCAM System LicAcs
For CAUTIY FUISIHGN MEASUREMENE

Thermal seeeen 50K LHBACFTE
Sec EOME 177140

Infarmation about DQW cryomodule

o L -Overall dimenslons (L/I/h): 2600,/950/1300mm
See E0us 20438

- Mass : ~3800kg (Without service box)
- Gavity : 2x DQW

ST

Lower eryagenic line

e Ty e e EHCACFOCO1TS (FDMS 1531623 - HOM filters : & pces (3 per cavity)
| LHEACFTS arelimtror dosin o Hestaioni %, e e ey S S— - Pick Up Antenna : 2 poes {1 per cavity)
! 5 q i ~Tuner: 2 unit (1 per cavity)
Marm manetic shield cacacrH L warm s . HEM sxrsction lnes 1x5) _ | -RF Gate valves : 2 pees
= E sl LHGAGETS avefimners deate for Mustration ) Cousta e 5 onms O} _FS1 Hoatls: 18 ports (8 per cavlty)
@‘ mFAEE | - BCAM: 2 lines / 4 position fingers per cavity
% HL-LHC-WP04—CRAB CAVITIES DQW CRYOMODULE FOR SPS e Qo orar
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Final Comments

* Non-elliptical cavities have evolved in the past several decades = Tremendous global interest in
superconducting cavities for high energy hadron acceleration, compact high beta cavities, and
deflecting/crabbing cavities

e Many accelerators are using non-elliptical cavities such as QWR, HWR, Spoke that have moved the
technologies to industrial production aiming high performance and reliability

e Compact crabbing cavity designs have advanced particle colliders in achieving high luminosities

e Parameter, tradeoff, and option space available to the designer is large = No universal design where
designs are application specific

e Design process is not reduced to a few simple rules of recipes = Room for pushing the performance of
the non-elliptical cavities to higher accelerating/crabbing voltages

e ook out for non-elliptical contributions at SRF 2023
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Superconducting Non-Elliptical Cavity Community
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Non-Elliptical Facilities and Projects

ATLAS ANL \ HI Split-ring, QWR
ALPI LNL \ P,d/Hl | QWR (sputter, bulk)
ISAC-I| TRIUMF \ HI QWR
IUAC IUAC \ HI QWR
ReA3/6 NSCL \ HI QWR
HIE-Isolde | CERN \ HI QWR (sputter)
SARAF SOREQ | P d HWR
SPIRAL-Il | GANIL v P, d, HI QWR
IFMIF Saclay \ Pd HWR
FRIB NSCL v HI QWR, HWR
ESS ESS V P DSR
RAON RISP v HI QWR, HWR, SSR
ADS IMP,IHEP | P HWR, SSR
PIP-2 FNAL v P HWR, SSR
| '1‘:%“'1‘ CERN D L Crab cavities - DQWR, RFD
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KEK Crabbing Cavity

Two crabbing
cavities
B « High energy ring
More RF cavities (HER)
* Low energy ring
(LER)
C-and r‘ f*\ Damging ring
\#___--.’Pﬂsitmnsnume
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p View Support Pipe Driving Plate
Input Coupler Main Lig. He Vessel Sub Tuner
LF@ Mechanical
Bel | Pick up Probe
. Load Cells
T =
Beam
-4 =)
a
Main T
- M:c::aniliz:a: Piezo
RF Monitor
Coaxial Coupler Sub Lig. He Vessel I_h ﬁ
» Mam Tuner : Frequency Tuning ~30kHz / mm \ .
ryostat Vacuum End Cell
Frequency 508.9 MHz
LOM (TM,,,) 410.0 MHz
Nearest 630.0, 650.0,
HOMs 680.0 MHz
E) 4.24 MV/m
B, 12.23 mT
B,VE, 2.88 mT/(MV/m)
[R/O]; 48.9 O
Geometrical
Factor (G) 227.0 Q
R,R, 1.11x10* (o2
AtE;*=1MV/m
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RF Test Results of Twin Axis Cavity

e Cavity 1:

Low field Q, of 2.3%101°
Cavity quenched at 6.5 MV/m
Weld defect seems to be the limiting factor according to OST measurements

1.E+11
d Cavity 2: @ Cavity #1
— Low field Q, of 1.3x101°  Cavity #2
— Achieved an accelerating
gradient of 23 MV/m (Ep =56 .’\
MV/m & B, = 126 mT) S 1410 Lattdd £ couy
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No multipacting levels were “’“‘M«b

observed during the test

Given minimal surface treatment
(BCP only, no EP) cavity reached

high Q,
1.E+09
0 5 10 15 20
0 20 40
0 30 60 90 120

25 E, .. [MV/m]
|

60 E, [MV/m]
|

B, [mT]
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TE-Like Cavities for LHC High Luminosity Upgrade

Intrinsic quality factor Qn

Crabbing cavities for LHC high luminosity upgrade — Operate at 400 MHz
RF-Dipole Cavity

Double Quarter Wave Cavity

1ﬂ‘lll

10’

—
ﬂﬂﬂ

10

bulk BCP, rinse, 600°C, light BCF, 120°C

Max V, = 5.3 MV
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TE-Type Non-Elliptical Cavities

| IH 4-rod RFQ | ‘ 4-yvane RFQ |

Low and Medium -} Structures in H-Mode Operation
Hi1p H210
Rl f = 100 MHz 100 - 400 MHz
[r} B < 0.03
H11(0 — >
'_h':L:-f =
D - ;
I's
\ T ‘\ Z f s 300 MHz
N L B<03 Bz05

Courtesy of H. Podlech

| IH-Structure | | CH-Structure |
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Normalized T(p)

It is usually convenient to define the normalized transit time factor and include the gap effect in the

accelerating gradient

Normalized transit time factor: T (ﬁ): T(ﬂ)
7(5,)
Average accelerating gradient: E: =T(B)E,

where B, =L/T(fS,)=max{T(S)} and T (B,)=1

Energy gain definition doesn’t change AW, = qE'LT*(3)cos ¢
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Real QWR Cavities

e Typical range = frequency: 50 MHz — 160 MHz; f,: 0.04 - 0.2

TRIUMF ISAC-II Resonators

6t B Dl St 9 B

SCB low 8 (5.7%) SCB medium f(7.1%)  SCB high f (11%)

. 106. 141.44 MH ' e
106.08 MHz 06.08 MHz yA Spira|—2 ,B=0.007, 0.12
88.05 MHz RAON f=0.047
n W - 81.25 MHz
i X
ANL p=0.077, 0.085 72.5 MHz FRIB =0.041, 0.085 80.5 MHz
W
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Real HWR Cavities

e Typical range = frequency: 140 MHz — 325 MHz; f,: 0.1 - 0.5

ANL =0.12 325 MHz FRIB #=0.29, 0.53 322 MHz

Surface Magnetic Field

IFMIF £=0.11 175 MHz ANL £=0.112 162.5 MHz

IMP p=0.1 162.5 MHz
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Real Single Spoke Cavities

e Typical range = frequency: 325 MHz — 700 MHz; f,: 0.15-0.7

15t SC snake 1991 TRIUMF/RISP 5=0.3 325 MHz
ANL $=0.3 850 MHz

B=0.35

DU f=0.82 32 _
ODU $=0.82 325 MHz IHEP £=0.12 325 MHz IPN-Orsay #=0.15, 0.35 352 MHz
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Real Multi Spoke Cavities

ANL $=0.63 345 MHz

AP £~0.1 360 MHz e E—
19 gap CH resonator

IMP $=0.067 162.5 MHz
ODU £=1.0 500 MHz CH resonator
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Crabbing Cavity for Short Pulse X-ray Project

Baseline
Design

HOM
Couplers

\\ Ideally, second cavity

Deflecting cavity pair -
LOM at harmuﬁic h n? ring pair exactly cancels
Coupler rf frequency. effect of first,

Input Coupler

1.E+10 -
] TM110-Y mode 13?:92'( —— N
" *BCSQO ‘ Parameter ];l selne Dter.n ate Units
Adesign goal esign esign
Frequency 2.815 GHz
<] Beam iris 25 mm
1.E+09 A | V. 0.5 MV
_ ' \ B, 98 100 mT
| quench E, 41 42 MV
[R/Q], 35.8 37.1 Q
G 227.5 227.8
1.E‘|’US T T T T T T T T T T T T T T T T T AT T T T T .
0 10 20 30 40 50 60 70 80 90 1‘00 110 120 130 M.a terial 3 Nb 4 Nb Block mm
i B, [mT] 0.5 MV thickness Sheet
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Multi-Cell TE,,-Like Cavities

e Multi-cell cavities provide higher
gradient with reduced space on the
beam line

e No of HOMs multiplies with no. of cells
e Has lower order modes

QMiR (Quasi-waveguide Multi-cell Resonator)

Elliptical electrodes

Beam pipe

l

2.815 GHz
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For JLEIC
p — 200 GeV

e—-12 GeV

5 4

Single-

Two-Cell

Three-Cell

Cell RFD RFD RFD Unit
Frequency 952.6 MHz
Aperture 70 mm
SOM None 846 756.8,862.2 MHz
LOM Mode Type - Dipole Dipole
1StHOM 1411.5 1379.5 1335.4 MHz
Ep/E, 5.4 5.66 5.6
Bp/Et 13.6 11.64 11.4 mT/(MV/m)
[R/Q]; 50 147.5 218.8 Q
G 165.7 169 178.9 Q
R.R, 8.3x10° 2.5x10* 3.9x10* 0?2
Is:arlb‘;;(rz/ﬁlr side) e v
V, (per cavity) 0.86 1.9 3.1 MV
No. of cavities (e/p) 5/25 3/12 2/7
£ 30 34 39 MV/m
B 70 70 70 mT




TRIUMF RF-Deflector

e Dueto low performance specifications, fabricatior]

, , _ Cavity performance parameters:
methods include some alternative techniques:

- Superconducting Niobium cavity at 4.2 K

— Machining from bulk reactor grade Nb - Resonant frequency: 650 MHz
e RRR of 45 compared to usual ~300 - Deflecting voltage: 0.3 (0.8)MV
. - Shunt impedance: 625 Q
— Tungsten Inert Gas (TIG) welding - Geometry factor: %9 0
e Developed as an alternative to electron beam welding - Peak electric field: 9.5 (19) MV/m
- Peak magnetic field: 12 (24)mT
- RF power dissipation: 0.35 (14)W
T T T T l_\§_| 42IK I
»—%4 2.0K
Design Goal at 4.2K
10° E E g
i a g,
S
108
0 1
0 5 10 15 20 2I5 30 35 40
B, [mT]
W
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