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1. Introduction and History

Milestones that led to accelerators based on SRF
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Superconductivity RF Acceleration
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1908: Heike Kamerlingh Onnes (Holland)
Liquefied Helium.

1911: Heike Kamerlingh Onnes
Discovered Superconductivity.

1928-34: Walther Meissner (Germany)

DI S C Overed S u p erc O n d u Ctl V I ty Of Ta; Fig. 1. Diagram of linear accelerator from Professor G. Ising’s pioneer publication

V TI an d N b (1924) of the principle of multiple acceleration of ions.
’ ' MVENTed KIyStron.

1947: Luis Alvarez (USA)
Built first DTL (32 MeV protons).

1947: W. Hansen (USA)
Built first 6 MeV e-accelerator, Mark | (TW-
structure).
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1. Introduction and History

Superconductivity RF Acceleration
| |
I

1961: Bill Fairbank (Stanford Univ.) presented the first
proposal for a superconducting accelerator.

1964: Bill Fairbank, Alan Schwettman and Perry Wilson
(Stanford University)

First acceleration of electrons with sc lead cavity.

1967: John Turneaure (Stanford University)
Epeak =70 MV/m and Q~101° in 8.5 GHz cavity !!

1968-1981: Mike McAshan, Alan Schwettman, Todd Smith, John Turneaure
and Perry Wilson (Stanford University)

Development and Construction of the Superconducting Accelerator SCA.

Tutorial: Superconducting high 3 cavities

Jacek Sekutowicz, Beijing, October 11th, 2007.



1. Introduction and History

Dismantled Facilities Operating Facilities

1. TRISTAN  (32/49m)* 1. SCA (4/28m)
2 LEP (288/490m) 2. S-DALINAC (10/10m)
3. HERA (16/19m) 3. CESR (4/1.2 m)
4. CEBAF (320/160m)
5. KEK B-Factory  (8/2.4m)

6. Taiwan LS (1+1/0.3m)

7. Canadian LS (1+1/0.3m)

8. DIAMOND (3/0.9m)

9. SOLEIL (4/1.7m)

10. TTE Il (56/58m)

11. SNS (81/65m)

12. JLab-FEL (24/14m)

13. LHC (16/6m)

14. ELBE (6/6m)

*(Number of cavities/total active length)
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1. Introduction and History

Tomorrow Facilities Day after Tomorrow Facilities

1. CEBAF-12GeV (400/216m) 1. RIA (option 180/122m)
2. SNS-upgrade (117/98m) 2. X-Ray MIT  (option 176/184m)
3. XFEL (800/832m) 3. LUX (~40/~50m)
4. ERL-Cornell (310/250m) 4. FERMI Proton Linac (384/370m)
5. BESSY = (144+7;,4m/152m) 5. ERHIC.........

6. 4GLS (~40/~42m) 6. ELIC .....

7. RHIC-cooling (4/4 m) 7. ARC-EN-CIEL (48/50m)
8. Shanghai LS.......

o BEPCI (2/0.6m) 8. ILC (~15764/~16395m)
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1. Introduction and History

ILC (~15764/~16395m)
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1. Introduction and History

The “heart” of all mentioned facilities are sc standing wave (usually multi-cell)

accelerating structures.

FERMI 3.9 GHz

TESLA/ILC 1.3 GHz

"“‘“’“f B R R

.

SNS R=0.61,0.81, 0.805 GHz

KEK-B 0.5 GHz

T
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1. Introduction and History

What is the progress in the 30 years and what do we need in the next 10 years?

~ 28 m Ion SCA at Stanford 1977 ~21.6 km long ILC linac, 2015+

qﬂ-ﬁd#dﬂﬁk)

E.cc =2 (2.5) MV/m in cw (10% DF). E.cc >34 MV/m shown in
4 Structures 5.65m + capture + pre- several 9-cells in the cw test.
accelerator. 1 |

This gradient is required in all 15764 cavities.
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1. Introduction and History

Results at DESY and JLab (2007):

cw test result at 2K for 5 electropolished 9-cell TESLA cavities.

1E+11 ¢

-+ /93 = Z100 « Z103 - Z104 - A7
Qo lsealegal . L

N [ E X4 O N .
1E+10 | i AR

E Lcsoo| | "
1E+09 T Y

O 5 10 15 20 25 30 35 40 45
Eacc [MV/m]

Tutorial: Superconducting high 3 cavities

Jacek Sekutowicz, Beijing, October 11th, 2007.



2. RF Parameters

2.1 Cavities and their Eigenmodes

Cavity= an arbitrary volume, partially closed by the metal wall, capable to store the E-H energy

~ 3.95 GHz is the lowest frequency

First assumption:

1. Stored E-H fields are harmonic in time.

~ :
VxH =lweE
Maxwell equations for the harmonic, J VXE = —ia),uH
lossless case with no free charge in the volume V.E=0
~ V.-H=0
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2. RF Parameters

Second assumption (good approximation for the elliptical cavities ):

2. The volume is cylindrically symmetric. We commonly use the (r, ¢, z) coordinates.
A r

P
%’ z is conventional direction of the acceleration and symmetry axis

(V.xH =iawE
y Ve XE =—-iouH

Vc'E:O
- dA - ~ 1 9(rA
VoxA=ip (122 g, ¢ (A 0Rp, ¢ 10Ag) 1A
r do 0z 0Z or r or r o
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2. RF Parameters

Third assumption

3. For the acceleration are suitable field patterns with strong E along the beam trajectory.
This ensures, by the proper phasing, maximal energy exchange between the cavity and beam.

TMOxx-like monopole modes have “very strong” E, component on the symmetry axis.

Fields of the monopole modes are independent on ¢.

aE—O &H—O
=0 G -

Non monopole (HOM) modes have component E, = 0 on the symmetry axis.
Their fields dependent on @.
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2. RF Parameters

Maxwell equations + boundary conditions for E and H fields lead to the Helmholtz
equation, which is an eigenvalue problem.

For H(r,z) field of a monopole mode the equation is:

(V2 +w’eu)H =0

N-H=0 on metal wall

H=0
{ optionally on non metal boundary
N.-H=0

VA=V _(V.-A)-V_xV_xA

There is infinity number of TMOxx solutions (modes) to the Helmholtz equation.
All modes are determine by:

H,(r,2)=[0, Hy n(r,2),0],
En(r.2)=[E, n(r,2),0, E, 4(r2)]

and frequency w,, .
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2. RF Parameters

2.2 What are figures of merit for a cavity storing E-H energy?

W, = stored energy of a mode n : {w, ,E,,, H,}.

H 2 E 2
W, =2u[-D-dV =2¢[Ddv
Vv 4 Vv 4

Quality Factors

The measure of the energy loss in the metal wall and due to the radiation via open ports:

Intrinsic Q = Qo External Q = Qg
@ W @ -W _ W h -W
QO,I’] =1 0 = R i 4 Qext,n = P L 1 -
Pn SN [H2ds radn = [E,xHpds
2 o " 2
S Sport
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2. RF Parameters

Geometric Factor

The measure of the energy loss in the metal wall for the surface resistance Rg,=1Q
_ _ S WnRspn ap W
Gn =Q0,n ’Rs,n — —

P | H2ds
S

It is the ratio of the stored energy to the integral of (H,)?> on the metal surface.

&
2

2.3 What are figures of merit for the beam-cavity interaction?

This interaction which is:
+ Acceleration
+ Deceleration (ERL)

+ HOMSs excitation

can be described in the Frequency Domain (FD) or/and in Time Domain (TD).
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2. RF Parameters

(R/Q), , a “measure” of the energy exchange between point charge and mode n (FD).

mode n : {w, ,E,, H.}.
Trajectory of the point charge q,
assumed here to be a straight line.

2 2
V, = Zj: En sin(%(z—za))dz 4 Zj: En cos(%(z—za))dz
(R/Q), =—=
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2. RF Parameters

For the accelerating mode we often use the product of G_.."(R/Q)... , as a “measure” of the

power P dissipated in the metal wall at the given accelerating voltage V,.. and the given
surface resistance R..

Rs p This is due to the surface quality;

Pdissipated
& Big improvement possible.

Vazcc  Gaee (R/Q)aee

\ y
Y

This is due to the geometry of cells;
Moderate improvement possible.
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2. RF Parameters

Longitudinal and Transverse Loss Factors (TD)

Ultra relativistic point charge q passes empty cavity

Cone ~1ly

E ~1r —

a. Density of the inducted charge on the wall depends on the distance to the beam trajectory.

b. The non uniform charge density on the metal wall causes the current flow on the surface.
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2. RF Parameters

The amount of energy lost by charge g to the cavity is:

AU, = k"-q2 for monopole modes (max. on axis)
AU, = ki-g? for non monopole modes (off axis)

where k" and k.(r) are loss factors for the monopole and transverse modes respectively.

The induced E-H field (wake) is a superposition of cavity eigenmodes (monopoles and
others) having the E,(r,@,z) field along the trajectory.

Both description methods FD and TD are equivalent.

For individual mode n and point-like charge:

kP = @ '(R / Q)n Note the linac convention
[N 4 for (R/Q) definition.
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2. RF Parameters

RF parameters of the accelerating mode having more practical background

At stored energy W,.. the mean value of the accelerating gradient is:

@
$ JOoo W, (R %
D, E . WDace " Wace - ( Q )acc )

% O/) I \s'Q
active \SQ

Yo

<
0 D
© IS
I5 B peak IS5
o o
| S—- E | S—-
§ acc =
= c
O O
O @)

Ratio shows sensitivity of the shape to

: e Ratio shows limit in E,.. due to the break-
the field electron emission phenomenon.

down of superconductivity (Nb ~190mT).

Tutorial: Superconducting high 3 cavities

Jacek Sekutowicz, Beijing, October 11th, 2007.




2. RF Parameters

The last parameter, relevant for multi-cell accelerating structures, is the coupling k.,
between cells for the accelerating mode passband (Fundamental Mode passband).

-

¢& & ¢ 4

Single-cell structures are attractive from the RF-
point of view:

Easier to manage HOM damping

No field flatness problem.

Input coupler transfers less power

Easy for cleaning and preparation

But it is expensive to base even a small
linear accelerator on the single cell. We do
it only for very high beam current machines.

Multi-cell structures are less expensive and offers
higher real-estate gradient but:

+ Field flathess (stored energy) in cells becomes
sensitive to frequency errors of individual cells

+ Other problems arise: HOM trapping...
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2. RF Parameters

Resonators closed
by metal wall:

Symmetry plane for
the H field

Symmetry plane for
the E field

which is an additional

Symmetry planes for _
solution

the H field
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2. RF Parameters

The energy flux across the coupling region, refilling energy loss is proportional to the
transverse components: H, and_E,

W, W,
I |
Small E,; (due to the losses) + strong H,, Small Hy, (due to the losses) + strong E,
at the symmetry plane at the symmetry plane

The normalized difference between these frequencies is a measure of the
energy flow via the coupling region

k — a)ﬂ' o 0)0
c¢ + @
a)ﬂ' 0

2
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2. RF Parameters

\cAcAcAcAcAcAcAcdeAcAchcAchcAchAedel

Field flatness factor for a structure made of N cells and coupling factor k..

N2
_k—

CcC

aff

The above formulae estimate sensitivity of a multi-cell field profile to
frequency errors of an individual cell for the accelerating mode (Tr-mode)
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3. Criteria for Cavity Design

We will talk here about inner cells design because these cells “dominate” parameters of a
multi-cell superconducting accelerating structure.

RF parameters summary:
FM : (R/Q)’ G’ Epeak/Eacc’ Bpeak/Eacc’ kcc
HOM: k 1,k I

There are 7 parameters we want to optimize for an inner cell

Geometry :

iris ellipsis . half-axis h,, h,

iris radius ; I

equator ellipsis : half-axis h,, h,

There is some kind of conflict 7 parameters and only 5 variables to “tune”
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3. Criteria for Cavity Design

Criteria

RF-parameter

Improves when

Cavity examples

Operation at
high gradient

Epeak / Eacc

Bpeak / Eacc

.

Iris, Equator shape

TESLA,
HG CEBAF-12 GeV

|

LL CEBAF-12 GeV

Low cryogenic losses (R/Q) ‘G _
I Equator shape LL-ILC cavity

High |,.om < KL K l . I B-Factory
Low HOM impedance ' ! RHIC cooling

We see here that r; is a very “powerful variable” to trim the RF-parameters of a cavity.
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3. Criteria for Cavity Design

Why for a smaller aperture (r;)

« (R/Q) is bigger
* Ejea/Eace s Bpeak/Eacc 1S lower ?

E.cc IS higher at the same stored energy in the cell

E(2 [Arbit unitg

r=40 mm r=20 mm
E, (z) for small and big iris radius

@ Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

Example:
f=1.5 GHz

(RIQ) [k&2/m],

Epeak/Eacc,
Bpeak/Eacc [mT/(MV/m)]

Bpeak/Eacc

Epeak/Eacc

26 28 30 32 34 36 38 40

A. Mosnier, E. Haebel, SRF Workshop 1991
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3. Criteria for Cavity Design

In addition to the iris radius r;_:

* Bpeak/Eacc (@nd G) changes vs. the equator shape

(BABpeak 2 normalized

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

Similarly : Epeak/Eacc Changes vs. the iris shape
25 mm
20 mm
SEUN=
. S
° AN
e <

E at metal wall [ Arb. Unitg]
normalized

Both cells have the same: f, (R/Q) and r;
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3. Criteria for Cavity Design

We know that a smaller aperture r; makes FM :

(+)

* (R/Q) higher

* B_ou/Euce » Eooa/Enc

peak’ —acc ' —peak C

but unfortunately a smaller aperture r; makes:
« HOMs impedances (k 1 , k ") higher
« cell-to-cell coupling (K..) weaker ( )

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

HOMs impedances (k 1, k ")

(RIQ) =152 Q (RIQ) =860
Bpeak ! Eace = 3.5 MT/(MV/m) Bpeak | Eace = 4.6 mT/(MV/m)
Epeax/ Eacc = 1.9 Epear/ Eacc = 3-2

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

Cell-to-cell coupling ( kcc)

\ 4

(R/Q) =152 O (RIQ) =860
Bpeak/ Eace = 3.5 mT/(MV/m) Bpeak/ E.cc = 4.6 mT/(MV/m)
Epeak/ Eace =1.9 Epeak/ Eioc= 3.2

@ Tutorial: Superconducting high 3 cavities
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f [MHZ] 2600

R/Q (2 57
r/q=(R/Q)/I [£2m] 2000
G (2 271

3. Criteria for Cavity Design

What about accelerating mode frequency of a superconducting cavity?

v
f [MHz] 1300
R/Q (2 57
rlq=(R/IQ)/! [2m] 1000
G (2 271

rlg=(RIQ)/ ~ f
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3. Criteria for Cavity Design

From the formula, we learned before:

I:)dissipated _ R s
> =
Vacc Gacc ) ( R/ Q )acc
one obtains: 2
R. -V
_ s acc
I:)dissipated -

Gacc °(r / q )acc ) Iactive

A higher frequency would be a good choice to minimize power dissipation in the metal wall
when the length |, and final energy V,.. are fixed.

Unfortunately this applies only to room temperature structures made of Cu, which R, ~ (f)¥2.

For superconductors like Nb:

17.67

1 M)Z .exp(_T)

R.(f) =R, + Rges = R, +0.0002 -?-(
and increase of R, ~ (f)? for higher f must be compensated with lower temperature T.

This is why ILC (1.3GHz) will operate at 2K (1.8K), and HERA (0.5GHz) and LEP (0.352GHz)
could operate at 4.2 K
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3. Criteria for Cavity Design

Examples of inner cells

gﬁ;ﬁ; CEﬁ%F.h'lz CEBA* 12| TESLA| SNs | SNs RIA CF;TIE

Comell | Gradient | L0SS 1 gy | =061 | B=0.81 | B=0.47 | B=1

| MHz] | 14483 | 14689 | 14751 | 12780 | 7928 | 7928 | 793.0 | 683.0

f [MHz] | 1497.0 | 14970 | 1497.0 | 13000 | 8050 | 805.0 | 805.0 | 703.7
k.. (%] 3.29 1.89 1.49 1.9 1.52 1.52 152 | 2.94

E o/ Ence : 25 1.96 217 | 198 | 2.66 2.14 328 | 1.98
Byou/Ence |IMTIMVIM)] | 4.56 4.15 374 | 415 | 544 | 458 651 | 5.78
R/Q (2 96.5 112 1288 | 1138 | 49.2 83.8 285 | 80.2
G 2 273.8 266 280 271 176 206 136 | 225
RIQ*G (2@ | 26421 | 29792 | 36064 | 30840 | 8659 | 18939 | 3876 | 18045
(UL:kl?n | Vieciem? | 0.22 0.32 053 | 023 | 013 0.11 015 | 0.02
K, (@=1mm)|  [VipC] 1.36 1.53 171 | 146 | 125 1.27 119 | 085

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

Evolution of inner cells proposed for the ILC collider:

TESLA optimized Re-entrant optimized | LL optimized
E ../E B,../E B, ../E

peak’ —acc peak’ —acc peak’ —acc

r [mm]
Kee [%]
Epeak/Eacc -
B ea/Eace [MT/(MV/m)]
R/Q [£2 113.8 135 133.7
G [£2] 271 284.3 284
R/IQ*G [£2- 92 30840 38380 37970
K. (0,=1mm) [V/IpClcm?] 0.23 0.38 0.38
k ,(0,=1mm) [V/IpC] 1.46 1.75 1.72

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

LL
1011
f [MHZz] 1286.6
= - 1.86 Q0
B ou/Ece | MT/A(MV/m)] | 8.71
1010
R/IQ (2 130.0
G (2 279
D.is [mm] 61

Jacek Sekutowicz, Beijing, October 11th, 2007.

LL single 1st cavity 15th, EP(30)+HPR+Bake

4A_A_A_A_‘_‘

AAHA

—e

Quench 46.5MV/m

Qo=1.12E10 @ 1.97K

Q0=1.74E10 @ 1.68K

Eacc [MV/m]

s
e Q02K E o= 86.5 MV/m
A Qo168K Beax = 172.5mT
0 10 20 30 40 50

60

Tutorial: Superconducting high 3 cavities




3. Criteria for Cavity Design

KEK tests September 2005

RE
f [MHZz] 1278.6
Epea/Ece - 2.19
B cak/Eace | [MT/(MV/M)] | 3.79
R/Q [£2 126.0
G (2 278
D [mm] 68

Face = 5090 MV/m
__!_..I -t L T=18K QO 6.88e9
Qo | o
10%° T=20K bt
Just adding LiHe |
48K1V/m ¥
9 50.90 MV/m
10 4 runout LiHe
/ during proc.
E....=111.5 MV/m
e Qo@2K peak
108 + Q(?@18K Bpeak= 192.9 mT
10 20 30 40 50
Eacc [MV/m]

Tutorial: Superconducting high 3 cavities
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3. Criteria for Cavity Design

Cornell, test in March 2007 !!!!

RE+Tubes
f [MHZ] 1300.3
1E+11 ¢
/ - 2. -
Eoea B - E + RE-Cornell
Bea/Eace | [MT/(MV/M)] | 353 -
R/ 126.0 i
Q [‘q QO i . 'Q . .
283.3 ¢ 8 e e, . .
0o ||1E+10 | .
i Epeac= 125 MV/m y
I Bpear= 208 mT 1?2
1E+09 I T
o) 10 20 30 40 50 60
Eacc [MV/m]
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4. Multi-cell Structures and Weakly Coupled Structures

We re-call pros and cons for a multi-cell structure

+ Cost of accelerators are lower (less auxiliaries: LHe vessels, tuners, fundamental
power couplers, control electronics)

+ Higher real-estate gradient (better fill factor)

+ Field flathess vs. N

<+ HOM trapping vs. N

<+ Power capability of fundamental power couplers vs. N

+ Chemical treatment and final preparation become more complicated

<+ The worst performing cell limits whole multi-cell structure

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

Accelerating mode in a multi-cell structure

m-phase advance

cell-to-cell ]

active

\ 4

» -
Ll |

Synchronic acceleration and max of (R/Q),.. when:
1. lictive = Nleo = Ncl3/(2f) and
2. the injection takes place at an optimum phase @, which ensures that particles

A

arrive at the mid-plane of the first cell when E, . reaches its maximum

(+gq passing to the right) or minimum (-g passing to the right).

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

e Field flatness in a multi-cell structures

Original High Low TESLA SNS SNS RIA RHIC
Cornell Gradient | Loss 3=0.61 3=0.81 3=0.47
N=5 N =7 N =7 N=9 N=6 N=6 N=6 N=5

year 1982 2001 2002 1992 2000 2000 2003 2003

s 1489 2592 3288 4091 3883 2924 5040 850
N2
af =———
Kee -8

Many years of experience with: heat treatment, chemical treatment, handling and assembly
allows one to preserve field profile, even in cavities with bigger N and weaker k.

For the TESLA cavities: field flathess is better than 95 %

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

e HOM trapping in a multi-cell structures

The excitation of HOMs by the accelerated beam causes:
+ Beam instabilities and/or dilution of emittance
+ Bunch-to-bunch energy modulation
+ Additional cryogenic loss

Excitation: Time structure of the beam
t
<—b> {q,0,} = b »; Group of bunches

Spectrum of the beam

. wio? ) q/t,
e 2C2

qlt, -

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

Mode No. n: { w,, (R/Q),, Ql,}

(R / Q)n 'QL,n

Zn(a)):
1+ jQp p(— 20
a)n ()]

Impedance for the mode n

Multi-source excitation

@ Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

The power induced by “all” spectral lines (current sources) in mode No. n:

1
I:)n :_Zzn(wk )Ilf
2%

(R/Q)n QL 1 1 1

= +
and Measure of the
- ® oy Q Q Q .
1+JQLn( T ) L o.n ext.n extracted power

Zn(w) =

The HOM couplers, devices extracting the energy from the parasitic modes, are attached
to cavities to mitigate these phenomenon.

The experience shows that, the HOM couplers and FM couplers can be attached to the

beam tubes and must not be located at cells because this leads to the performance
degradation.

Coaxial HOM
coupler

Coaxial HOM
coupler

Cell A =

¥
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4. Multi-cell Structures and Weakly Coupled Structures

Waveguide

The HOM trapping mechanism is similar to the FM field profile unflathness mechanism:
+ weak k¢, jom » cell-to-cell coupling for HOM

+ difference in the HOM frequency between the end-cell and inner-cell

That is why they
hardly resonate
together

f =2385 MHz f=2415 MHz

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

Example: how N influences strength of the E-H fields at HOM couplers locations

no E-H fields at HOM couplers locations (trapping),
which are always placed at the end beam tubes

N=17 bas
e

N =29

N =5

E-H fields at HOM couplers locations

Less cells in a structure helps always to reach low Qs of HOMs.

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

What additional to reducing N can we do to avoid the trapping?

Adjustment of end-cells

The geometry of end-cells differs from the geometry of inner cells due to the attached
beam tubes, HOM- and input couplers.

Their function is multifold and their geometry must fulfill three requirements:

+ field flatness and frequency of the accelerating mode
+ field strength of the accelerating mode at FPC location enabling

operation with matched Qext
+ fields strength of dangerous HOMs ensuring their required damping by

means of HOM couplers or/and beam line absorbers.

All three make design of the end-cells more difficult than inner cells.

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

1. Open irises of the inner cells and end-cells (bigger k.. ,om) and making shape of both
very similar

Example: RHIC 5-cell cavity for the electron cooling:

Monopole mode k.

from = 1394 MHz

fom = 1403 MHz

The method causes (
relevant.

Tutorial: Superconducting high 3 cavities
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4. Multi-cell Structures and Weakly Coupled Structures

2. Tailor end-cells to equalize HOM frequencies of inner- and end-cells.

Example: TESLA 9-cell cavity, which has two different end-cells (asymmetric cavity)

The lowest mode in the passband
fuom = 2382 MHz

\dﬂﬁﬂﬂﬁﬂl

The highest mode in the passband ‘ .g@ggg&gggiatgt
ow = 2458 M LATATAIAIAIAIALS

The method works for very few modes but keeps the (R/Q) value high of the fundamental
mode.

Tutorial: Superconducting high 3 cavities

Jacek Sekutowicz, Beijing, October 11th, 2007.




4. Multi-cell Structures and Weakly Coupled Structures

e A \ \ . \

‘ 'e e T -."" I + \ ' "

. ‘ . “‘..-‘.‘ ":..." "'ﬂl"l I;n
"

(R}

.‘rl‘ y

| 43 :_.‘; .."..".
|Q---..-. fu...;.. ,ju.-p-» W g "' _"w ﬁ‘m' ‘ |mu“puo|““mo..
\
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4. Multi-cell Structures and Weakly Coupled Structures

e Power capability of fundamental power couplers in a multi-cell structures

When |, and E,.. are specified and a superconducting multi-cell structure does not
operate in the energy recovery mode:

Qe Of the FPC, which usually is << than intrinsic Qo, is:

E.. R-A-N

Qext = —

Ibeam '(R/Q)cell ‘N Ibeam '(R/Q)cell

inputport

Independent of N

It must be ~ N to keep
the ratio constant
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4. Multi-cell Structures and Weakly Coupled Structures

[ J

Coupler must penetrate deeper in the beam

tube or/and will be placed closer to the end cell

{

Opening for the coupler _> Both perturb cylindrical symmetry of the

must be bigger end tube and increase kick to the beam

The remedies are: alternating positions of couplers or double couplers

Tuner Assembly _ - Helium Vessel

Beam Pipe Transition
(for HOM prapagation)

Cathode Assembly

Niobinm
Cavity
Assembly

Quarter Wave Choke

Power Coupler Pert

Courtesy of Alan Todd (AES)
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4. Multi-cell Structures and Weakly Coupled Structures

e Chemical treatment and final preparation become more complicated

= AC71 Good Surf. Prep.
AC71Bad Surf. Prep

® AC76 Bad Surf. Prep

® AC76 Good Surf. Prep

The best performance is still difficult to reach. The preparation procedures must be repeated
several times. Our ultimate goal of 35 MV/m @ 5-10°is still very “expensive”
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4. Multi-cell Structures and Weakly Coupled Structures

e The worst performing cell limits whole multi-cell structure

Example: 1.3 GHz, k.. = 1.85%, 5-cells:

20000 [
— Mode-5

Eacc [Arb.Units]

0.00 0.15 0.30 0.45 0.60 0.75
z[m]
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4. Multi-cell Structures and Weakly Coupled Structures

Max. achievable E,. for all FM passband modes allows to find limiting cells. The values
tell us which cell, 3 or pairs (2,4) or (1,5), limits the performance in the

Emaxl _Emax5
accelerating mode (51").
25000
25000 - _ — -
i —Mode-1 ~—Mode-2 hlates heeE

= )

2 =

) :

2 2

< <

O m

0 C I | | L L | L L | L 0 _
0.00 0.15 0.30 0.45 0.60 0.75 0.00 0.15 0.30 0.45 0.60 0.75
z [m] z [m]

Norm. E;/E5 in modes of 5 —cells at the same stored energy

Cell /5 | 2m/5 | 3m/S5 | 4m/5 T
3 |1.48E,| O |[141E]| O E.
2&4 |1.18E,|1.35E.|0.51E.|0.82E,| E.
1&5 |0.52E|0.88E,|1.18E|1.35E,| E,
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4. Multi-cell Structures and Weakly Coupled Structures

List of multi-cell cavities 3=1 optimized for various criteria.

. Best Weakest
Criterion Structure parameter parameter (point) Comments
HG: 1.5 GHz, N=7 | Epeak/Eacc=1.96 Real estate -Eacc
TESLA: 1.3 GHz, N=9 | Epeak/Eacc= 1.98 Real estate -Eacc Designed for
E.cc lpeam < 10 MA,
ILC-LL: 1.3 GHz, N=9 Bpeak/Eacc= 3.61 | Real estate-Eacc, Epeak/Eacc Pulse operation
ILC-RE 1.3 GHz, N=9 | Bpeak/Eacc=3.57 | Real estate-Eacc, Epeak/Eacc
_ . New FPC design
Real estate|] 2x9 TESLA: 1.3 GHz, Real estate-Eacc Field flatness preservation for 0.8 MW 2
E N= 18 Epeak/Eacc= 2.0 Cleanin ' ’
ace P g Difficult to clean
Designed for
Poce LL: 1.5 GHz, Bpeak/Eacc= 3.7 Not easy to clean, | <1mA
- R/Q)-G HOM dampin | beam .
N=7 (RIQ) Ping First LL-type cavity
. RHIC: 0.7 GHz, Very low: ki, K, Crvogenic [osses First multi-cell for
HOM N=5 Epeak/Eacc= 1.98 e lpeam =2 A
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5. Tools for RF-design

Usually the design of an elliptical cavity is performed in two steps “2D” and “3D” :

+ “2D” is fast and allows to define geometry of a cylindrical symmetric body
(inner and end-cells) of the cavity.

+ “3D” is much more time consuming but necessary for modeling of full equipped
cavity with FPC and HOM couplers and if needed to model fabrication errors.
Also coupling strength for FPC and damping of HOMs can be modeled only 3D.

The solution to 2D (or 3D) Helmholtz equation can be analytically found only for very few
geometries (pillbox, spherical resonators or rectangular resonator):

We need numerical methods: (V2 4+ a)zg/l)A =0
\ J \T/
\d ‘Y v
Approximating operator Approximating function
(Finite Difference Methods) (Finite Element Methods)
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5. Tools for RF-design

The FEM is superior in mapping of curvilinear boundary, which is essential for modeling of:
+ Multipacting

+ Electron emission from the metal wall and generation of dark current

- FrequenCyChan 0_037?;_ ...... . ........ I.Il ...... | ,,,,, _',,f_"')um)
2D codes like SUPERFISH (| 1 |dary
approximation) or FEM-cod¢q 07 ] led.
Example from the FEM cod¢ | { [tiPac

by P. Yla-Oijala and D. Proch| s

" ;' . : ,‘\\“‘ “““““““ i
b I 0.035 -
gy e
S Smoo
G o ] force 1
o ‘- 0.034 -
a“zig _
0.033
0.0326 L+t e e B A |
000103 0.00z2 0.003 0.004 0.00s 0006  0.006525
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5. Tools for RF-design

Example: FEM-code modeling of the frequency change due to the chemical treatment
(removed layer of 100um)

9.5E-02 Trmmmmmrmmmmmmmmmmmmmm e
— Before BCP '
—100u BCP
r[mj
9.0E-02 -
2D Modeling takes ~2min
of 8.5E-02 :
——— =-10kHz/ 17//‘ 2.3E-02 2.8E-02 3.3E-02
100 #7 z[m]
Zoomed difference in shape of the
which was measured for TESLA mid cup after 100pm BCP

the uniform removal
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5. Tools for RF-design

Electromagnetic Code Development at SLAC by ACD

Solves Maxwell’s equations with particles in time & frequency domains using
High Resolution modeling and End-to-end simulation.

Finite-Element (up to 6™ order basis)

Tau3P/T3P Omega3P S3P

Time Domain
Simulation
With Excitations

Frequency Domain Scattering Matrix
Mode Calculation Evaluation

Track3P — Particle Tracking with Surface Physics

V3D — Visualization of Meshes, Particles & Fields

(Courtesy of Kwok Ko and ACD Members)

Tutorial: Superconducting high 3 cavities
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5. Tools for RF-design

Example of 3D Dark current simulation in the NLC structure (Track3P)

Red — Primary particles, Green — Secondary particles

Example of 3D two dipoles overlapping modeling in the TESLA cavity with Omega3P

Tutorial: Superconducting high 3 cavities
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5. Tools for RF-design

Example of 3D dipole damping modeling for the TESLA cavity with the coaxial beam tube
coupling (Omega3P, L. Xiao, ACD SLAC)

Qext for different coupling models
1,E+07
ocurrent-TESLA-TDR @ coaxial-coupling-model-c ﬂ
1,E+06 © |
(@) O :
1,E+05 ° OC. i
+ Y fanN y
! S| o°d '
o 0 9 O O
& ® 8 o0 o ¢ 5 0 o oga
1,E+04 O S )
8.° ¢ o 0o 00 e eo® ..‘
® ® o o o O
1,E+03 @ )
° ®© ¢ ¢ 0 0 © °
[ )
1,E+02 T T T T T
1,60E+09 1,65E+09 1,70E+09 1,75E+09 1,80E+09 1,85E+09 1,90E+09
f (Hz)

4t order multipacting was found in the coupler at 26 MV/m, not necessary dangerous one
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6. LEC and Transient State

In the RF design process we use 2D-codes (SUPERFISH, SLANS, FEM..) and 3D-codes
(Microwave Studio, HFSS, MAFIA and OMEGA-3P) but still the Lumped Element
replacement Circuit can be helpful to investigate some RF properties.

Cr+1,k+2 Clr2,1c+3
Livi Ry Ly Ry
“C Cri1_ —c cN
- Cr+1 k+1 - — N N —
VY
i
+
X
X
RF source cell No k capacitive
coupling

Where: 21 fey = (L) ;5 (RIQ)em = (Li/Ci)*® R=(RIQ)em * QL emi
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6. LEC and Transient State

What makes sense to be done by means of the LEC:

+ Cavity tuning after the fabrication and main chemical treatment

+ Investigation of the field profiles sensitivity to cell frequency errors (of/f<104) for the FM
passband

+ Investigation of the FM passband frequency sensitivity to cell frequency errors (of/f<104)
+ Modeling of the transient state (mode beating)

+ Modeling of the voltage stability during acceleration

*for blue marked implementations examples are shown on next slides

Tutorial: Superconducting high 3 cavities
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6. LEC and Transient State

+ Investigation of the FM passband frequencies sensitivity to cell frequency errors (af/f<104)

Example: 7-cells, k..=1.85%, 1st cell detuned by -30kHz (= the cell length change -11 um !!,
hard to model for 2D and 3D codes)

13 kHz 4.5 kHz

50 45 —

— Original — Original

— Det -30kHz — Det -30kHz
) )
S, B,
< 6/7m-mode <
45 40
1298.00  1298.05  1298.10  1298.15  1298.20 1299.00  1299.05  1299.10  1299.15  1299.20

f [MHz] f [MHZz]
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6. LEC and Transient State

Transient State: Mode beating in pulse operation

Ck,k+1 Cr+1,k+2 Clt 2,143
Ly Ry L, Ry Lyt Ry Ly Ry
V)l
¢ ¢ —Cra Crt- Sk Ck— —Ckt1 Cit1- — SN N

VAR ¢ 7 B

— — > +

' < X

< X X X

RF source cell No k capacitive
coupling

Solving the set of Kirchoff equations:

Ry - xq (1) + Ly -Xl(t)+cl—1-jct) xl(r)dr—cl—l-j(t) x12(z)d7=U_1(t) e(t)

1 .t : 1t 1 t
——Jo Xk-a k (2T + Ry - X (1) + Ly - Xp (1) + — o X ()7 = — [§ X k+1(7)d7 =0
Ck Ck Ck
1 t : 1 t
—K'IOXN_l’N(T)dT+RN'XN(t)+LN'XN(t)+a'J‘OXN(T)dT=O

one can find voltages right after the RF-source is switched on and during the acceleration
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6. LEC and Transient State

+ Modeling of the transient state (mode beating)
Example: 7-cells, k..=1.85%, Q,=3.4 106

3.0

—cell-1 — cell-2 cell-3
 |—cell-4 —cell-5 —cell-6
—cell-7 — Mean

N
o

.
o

Voltages in cells [arbitrary units]

0.00 1.00 2.00
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6. LEC and Transient State

+ Modeling of the transient state (mode beating at the beam arrival time)
Example: 9-cell TESLA structure, k..=1.85%, Q,=3.8 106

0.940
| —ecell-1 - cell-2 cell-3 —cell-4

@ . —cell-5 —cell-6 —cell-7 —cell-8
= + —cell-9 —Mean
s 09 7 7
> :
® i 7= U(f7 Tgmo)
o
B 0.930 = l .
2
8
c 095 ="+  OAIA=15-10%
E'g I OA hean/Amean =3 *104
IS i
o 0.920
= 540.00 545.00
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/. Performance test

“Vertical test” at T<Tc (usually s 2K): The goal is: Q, vs. Eyc (Epeak)
i ER N
Generic setup v v
- "> ¥ PM3 | Power meter
Seope Dir. coupler 3
Vi 3db splitter
Cﬂﬁdide;‘g‘f"_’} thxz‘a/ detector = > Miscer
1A T

Two remarks:

» Half width of the resonance is<1Hz,
VCO follows the frequency of the

tested cavity F J e
 The main error is due to the limited | "| 4 :
directivity of the directional coupler |
(~ 30dB) 5 [T
1§ Liguid He
1] E <A Lsolation vacunm

Amplifier

VCO e

Voltage controlled oscillator
with cw and pulse ontput signal
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/. Performance test

At first, in these tests one measures the coupling strength 3, and 3, of the input and
output antennae.

Step 1. Response (shape of the reflected wave amplitude) of the cavity to the rectangular

RF-pulse
A T (~
> O
A
|
| g Rg VO = ILO I:20
Co
T N J N J
~10° RF oscillations at Y Y
the resonant frequency Replacement LEC Replacement LEC
for the RF-source for the tested
cavity
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/. Performance test

R R @l A
ft)=—Lt— L ¢ Ngt At
O PR R _ A
for te<O,Tp—> 1
e
F2(t)=fA(t)+H(t —1,)S(t—7p) AQ) Y A(r,)
e f2(t)
o tecr o b INNAYY
where S(t) is the step function. \ .
\\/7 * ......... - ) g
0 T \ t
B, can be computed with there formulas: AN
fi(t) B <1
g - AO=ATy)
A0)+A(Tp-) B <1
= A(Tp+) 1 —  Signal on the scope screen
2A0)-A(Tp+) R, <1
A(Tp+) — Response for B, >1
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/. Performance test

Step 2. Energy decay right after the RF-pulse is switched off

A

— — W(0
©) h (1—Tp+)

W(t)=W(r,+)e <

4—\W(t1)

0 t

v

and measuring the input and transmitted power (P,, and P,,,,), one obtains:

Qo =Qu(L+Ry )(1+—tan
I:)in - I:)tran

I:)in — I:)tran

Qout =Q0

Ptran
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/. Performance test

The directivity of the directional coupler in the input line is ~ 30 dB (commercially
available best double directional couplers).

The measurement of 3, has error due to the interference of the forwards and reflected
wave.

3E+10
Qo [
With no other errors, the i 0Q/Q =+12 %
directivity makes following 2E+10 t
uncertainties in the measured - JE/E =15 %
data. :
1E+1O T T T T O O O

O 5 10 15 20 25 30 35 40 45
Eacc [MV/m]
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8. Mechanical Design

The mechanical design of a cavity follows its RF design:
+ Lorentz Force Detuning

+ Mechanical Resonances

. 2 2
Lorentz Force Detuning P_ ]jg.Hé. —Eg.E;
il
0.003
2 KA/m
N \
50 MV/m fE
c O
2 |
o L
0.003 | /,
-0.0067““
0 0 40 60

, : z [mm)]
E and H at E,.. =25 MV/m in TESLA inner-cup
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8. Mechanical Design

) 10%m IE z 5
“:| | Surface deformation without
) and with stiffening ring é \
EE ; | . § ;3
| (courtesy of I. Bonin, FERMI) 4 \ Iﬁ
E% ,;; \ Eg
’ Tk i
No stiffening ring i Stiffening ring at r=54mm I
. Wall thickness 3mm . Wall thickness 3mm

k. = -1 Hz/(MV/m)?
Essential for the operation of a pulsed accelerator Af = k; (E..c)? - ( )
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8. Mechanical Design

Mechanical Resonances of a multi-cell cavity

>- Transverse modes

[ E AT

250 Hz Longitudinal mode

Pl

TESLA structure

The mechanical resonances modulate frequency of the accelerating mode.
Sources of their excitation: vacuum pumps, ground vibrations...
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9. Final Remarks

+ Both RF-and Mechanical design are well understood

+ We have day by day better tools for designing of accelerating cavities
«+ Thereis not a “golden” cavity suitable for all applications

+ Not all requirements can be fulfilled at once and cavities must be tailored to their
applications.
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