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** What is tuning?

**  Why multi-cell cavity needs tuning?

¢ Factors causing a multi-cell cavity to de-tune.

s Estimation of multi-cell cavity tuning parameters.
» Basics of tuning methodology

% Types of tuners

*%* Structural analysis for estimation of tuning forces

»* Tuning results
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Super-Conducting Radio Frequency Cavities
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qza% ; Basic Radio Tuning Circuit

* Asimple tuner consists of an
inductor and capacitor connected in

parallel.

e The capacitor or inductor is made to
be variable.
Resonant 1

Frequency fo= 2 JLC

* When the frequency of LC circuit
matches with the radio station

Variable frequency resonance takes place and

capacitor the station is said to be tuned

So, LC circuit can be made resonant by varying inductance / capacitance


https://en.wikipedia.org/wiki/Inductor
https://en.wikipedia.org/wiki/Capacitor
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() Analogy of LC Circuit with SCRF Cavity
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Resonant f 1
Frequency 0

C — Capacitor
Single Cell SCRF Cavity (Cell Length)
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Multi-cell SCRF Cavity ---- Requirement

For efficient acceleration of charged particles

e Cavity frequency should be equal to the design frequency
O To get a resonating condition

O To maximizes the power transmission

Equal electric fields in all cells

O Minimizes peak surface electromagnetic fields
O Maximizes net accelerating voltage

Field E
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A multi-cell cavity is made by joining multiple cells
O It is a structure with multiple resonators (cells) coupled
together.
O For a set of coupled oscillators, there are multiple modes of
excitation

waVS'4847874787aw

M e W e ¥ e ¥ e SV e . .
- T T = = 4 Multi-cell SCRF cavity

e Each cell is made by joining two half cells
e Due to fabrication errors, each cell has different frequency

So, in a fabricated multi-cell cavity, all cells would have
> Different electric field levels and
> Different frequencies
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Possible Fabrication Errors .

Ideal multi-cell SCRF cavity
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Possible Fabrication Errors .

A. Profile Error

Introduced during forming due to

* |Improper design / fabrication of die & punch :
° Anisotropy in material ACtuaI fOrmed pr0f||e

Profile (as per drawing)

Figure not to scale
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B. Unequal lengths at equator and iris
Gets introduced during machining of half cell

\ Actual length
Cell (as per drawing) (after machining)

Figure not to scale
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C. Surface mismatches
Introduced due to improper / inaccuracies of welding fixture

Shifting of weld joint

Figure not to scale
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Fabrication Errors .

D. Unequal cell lengths

Gets introduced due to welding shrinkage

Figure not to scale
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E. Cell bend

Gets introduced due fabrication errors / errors in welding
fixtures / mishandling

Figure not to scale



R \

[ EENN . .
Fabrication Errors

F. Deformed shape
Gets introduced due to fabrication and handling errors

Deformed cavity shape (Banana / S)

Figure not to scale



iﬁT#

PN .
C’\? Measurement of tuning parameters of a

multi-cell Cavity
Frequency measurement

Multi-cell cavity
(9 cell 1.3 GHz SCRF cavity)

Vector Network
Analyzer

Connecting cables




Measurement of tuning parameters of a aliiia

multi-cell Cavity
Frequency measurement
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Record multiple resonating modal frequencies of a multi-cell SCRF cavity
—_"'”“

ot
?mode frequency

lllll

ata

w
gmode frequency

- ..: >H +89-dB
5 ‘Q 99 G 44

MTT 9436CHZ-4 25dB

MS 1 296!)5 GHZ l 0‘59 dB

Bl Corter 1286085239 orir

Screen of VNA



ﬁ Measurement of tuning parameters of a

multi-cell Cavity
Frequency measurement

Record . mode frequency of a multi-cell SCRF cavity

M1 1.297365 GHz -44 256 dp | HEES
| M2 1297278 GHz -47 256 dB

— M31297428 GHz 47256 o5 | [EVINE
| M4 |1.297351 GHz 44386a8|

nt mode frequency of a multi-
cell SCRF cavity should be
equal to the design / target
frequency of a multi-cell
cavity

Screen of VNA



B

4o Measurement of tuning parameters of a  ua

multi-cell Cavity
Field Flathess Measurement

Field Flatness % = X 100 Le atness % = X
max 'up
(Epow — E ) o, — Standard Deviation of peak fields
Field Flatness % = "iax " = x 100 U, — Average value of peak fields
N Zi=1Ei
Main | Initial frequency variation | Tuning Program | Flles to read;)l rmali i MaXimum

35.87 =1 I

1i00-

a cell7_19kHz a.xls ﬁ
a0-
so- (9 p
70- ™
60—

™5, .| " » " /\\ \ mh ™

50- 5 S L S S =
4a0- ¥ : VAR o T2 o~ /\ 5 P |
30- = [ : - .- - - . .
20-
o Minimum
o Electric Field

-10 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o 50 100 150 200 250 300 350 400 450 500 550 a00 650 700 750 800 850 Qoo 950 1000 1050 1100 1150 1200 1250 1300 1350
Fosition

e —— |

Normalised Field %

Relative electric field v/s cavity length
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2\ Measurement of tuning parameters of a
multi-cell Cavity

Field Flatness Measurement

Field measurement is based on Slater perturbation theory

When a resonant cavity is perturbed, (a foreign object is
introduced into the cavity) electromagnetic fields inside the
cavity changes accordingly.

Small change in volume makes small change in stored energy
and frequency

The frequency shift is proportional to the relative electric and
magnetic fields at the location of object
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multi-cell Cavity
Field Flatness Measurement

Slater perturbation theory
Af  mrile —1 , =1
B &+ 2 Uy + 2

fo U .UoHo2

Af -- frequency shift; Hz

f, -- unperturbed frequency; Hz

E, -- amplitude of electric field v/m

g, -- dielectric constant of the dielectric sphere

Af g, -- permittivity of vacuum (~ 8 x 10-12 v/m
— 2 K. -- relative permeability of the bead

= kE r

fO 0 Ko -- permeability of vacuum

U -- power stored in cavity; watt
k -- constant

Small shift in Tt mode frequency of a multi-cell cavity is used to plot
electric field along cavity axis



Measurement of tuning parameters of a

multi-cell Cavity
Field Flathess Measurement

Multi-cell
SCRF cavity

Controller @” - > VNA

Schematic Layout of bead pull test setup

} 4
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machine

. ﬂ I SEMI AUTOMATIC CAVITY TUNING MACHINE FOR 1.3 GHz 9-CELL SCRF CAVITY

Bead mounted on m : »
a thread moves | | }| Stepper Motor
along the axisof | ' ; I Y to drive bead
the cavity \ | 1 o | /- ,

(for animation) ' I, B T

PC setup

Recorded
movie of ‘
bead pull

run

PURERRRRANENTS - Bl

Field measurement setup
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Measurement of tuning parameters of a  ua
multi-cell Cavity
Field Flatness Measurement

) Beadpull result (location and Minimum frequency value for each cell)

A

)” 198 312 |438 |546 |660 |774 |888 {1002 {1116

o | 1298000850 1297989760 |1298000670 1298000590 (1297993500 |1207992410 11297981330 [1297961240 1297947150

Beadpull resuft @ | #B8 Cursor0 312 | 1207989764

12598015000

1298010000~
1208005000-
1298000000~
1207995000-
1297990000~
= 1207985000- U
glzgrgsuuuu—
& 1207975000~
& 1207670000-
1207965000-
1297960000-
1207955000~
1297950000-

129‘_’|IQ4SDDD_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 300 a00 1000 1100 1200 1300 1400
Position

Frequency v/s bead position

A frequency plot is generated after bead pull run
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multi-cell Cavity

Field Flathess Measurement

ARk Rl

50-
45-
40-
35-
30-
25-
20-
15-
10-

MNormalised Field %

100-
95-
90-
85-
a0-
75-
70-
65-
60-
55-

Files to read j ;

Main |Initialfrequencyvariation Tuning Program ¥ Normalised

® ||W | initial.xls 540 42.89 ==

initial.xls ﬁ

AR,

D SD 1DD 150 ZDD 250 BDD 350 400 450 SDD 550 SDD 650 ?DD ?SD SDD 850 QDD 950 1DDD 1050 1100 1150 1200 1250 1300 1350
Fosition

Relative field v/s bead position

A program has been developed in LabVIEW to plot a graph between

relative electric field and bead position

aiilla
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How to tune a multi-cell SCRF Cavity?
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Inputs

Values of% and T mode frequencies of cavity

Field profile of the cavity
Desired / target frequency
Tuning Sensitivity

Cavity temperature

Output

Amount of frequency correction for each cell



Understanding Tuning Methodology
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Sketch of electric field lines of the m mode of a 9-cell SCRF cavity

L C

T I T T

Equwalent circuit of a 9-cell SCRF cavity

Co

| -- Inductance of cell

C -- Capacitance of cell

Cb -- Capacitance, beam tube

Ck — Capacitance, cell to cell coupling
11, 12, ... 19 — Loop current
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Equivalent circuit of a 9-cell SCRF cavity

By applying Kirchhoff’s voltage summation rule to each current loop we get the
following equations

1 1 1
oL |1 — 1 IL,—1,)=0
(iwa+lw ) 1+<iwC> 1+<ika>(1 2)
1

I —1 LWL 1 I 1
iCl)Ck(l_j_l)+ 1o +m ]+ l(l)Ck (

1 1 1
Iy — 1 wL +—1 Iy =0
(ika>(9 8)+<lw +iwC> 9+<iwa) ?

Detailed procedure to solve the equations is given in the book titled
‘RF Superconductivity for Accelerators’ by Hasan Padamsee et al

I —




Understanding Tuning Methodology
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Use bead pull system to get perturbed frequency in each cell |

Get the results of bead pull to LabVIEW/ Microsoft Exel

Calculate the maximum frequency shifts in each cell

Evaluate cell voltage matrix

Calculate Field flatness Calculate reduced transformation matrix

y y

>98% — Find coupling factor (k) from the Calculate Inverse of reduced
measured data transformation Matrix

Calculate desired frequency correction in
— O —
Calculate 6, and §,, Matrix each cell

. . . . Drive
Drive Axial tuner motor Direction . .
Circumferential

tuner motor

Flow chart of cavity tuning program to evaluate
amount of frequency corrections




¥ 141107 tuningmachine.vi

File Edit View Project Operate Tools Window Help
i [@][@[n]

Data File Name -
stop program No. of Cells (M) :r].easured PUN mode frequency  piglg Fatness % Avg./Emax or Emin/Emax Level D:\A Data\SCREWND 9 cell\ 160712 v file path
g % o 1272672000 91.67 \terat\on\h_Sprasticﬁ 21kHz wrt i El
Beadpull data Tuning Data Intermediate calculations

Manual [ read file
p— desired PI mode frequency  convertion kHz/mmy/cell birection for cell no
1297400000 ;: 37 CellsForward Direction
File results (initial frequency,
minimas, final frequency)
|129735 1000 dfc (kHz) distance dfc (mm) TOTAL df applied (kHz) Total distance (mm)
(1297323140 [11.0118  0.297617 |16.4563 10.444765
(1297322230 |-12.0029  |-0.324403 |-6.55847  |-0.177256
(1297322310 |-0.110118 = |-0.00297618 |5.33433 10.144171
1297322400 |24.2261 |0.654758 |29.6705 |0.801906
(1297320490 |-36.229 |-0.979162 |-30.7845 = |-0.832014
(1297321570 |36.229 |0.979162 [41.673¢  |1.12631
(1297319660 |-12.058 |-0.325891 |-6.61353 = |-0.178744
|1297318750 |-0.0550592 |-0.00148809 |5.38939 |0.145659
(1297317840 |-11.0118  |-0.297617 |-5.5674 |-0.15047
[1297351000
Values to Values to achieve
Frequency of each ; :
e achieve only field flatness and
individual cell .
field flatness target frequency

74 start | & 160712 IV itreration | & Nb 9 cell | ‘& 160712 Nboc fiel... B 141107 tuningma...

Out put of cavity tuning program



Understanding Tuning Methodology

Cellno. | Required Frequency
Change (kHz)

16

-6

5 Maximum reduction of
2 / WP

-30

41 Maximum increase of

frequency

O 0| N[O | B WIN|R

Tuning program output
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Cavity tuning is carried out by permanent deformation of individual
cells to get

e Target frequency and

e Required field flatness

Types of tuners
1. Circumferential tuners and

2. Axial Tuners
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g\ Circumferential Tuner

Chain Link Tuner
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Circumferential Tuner

Chain Link Tuner mounted on single cell cavity



Circumferential Tuner

S

Tuning sensitivity measurement setup

Tuning sensitivity - ~ 170 kHz/mm
Disadvantages
> Large tightening torque needs to be applied to get permanent deformations
» It can not be used to decreases the cavity frequency.
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Axial Tuner

FEE 1 2016

Compression of a cell Expansion of a cell
(Jaws move inwards) (Jaws move outwards)
: A 1
Capacitance C « — d- cell length T =
z 2nVLC

Reduction in cell length increases capacitance and hence reduces

frequency and vice a versa
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tuning forces
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3

e
.266E-05 .724E-05 .118E-04 .164E-04 .210E-04
.495E-05 .954E-05 .141E-04 .187E-04 .233E-04

Cell deformation plot on application of tuning force



Structural analysis of cavity cell subjected to uia
tuning forces

|||||

Due to cavity profile,
during, the point of
. application of force
shifts.  Tuning  force

-

X . .

[ I ‘ varies due to difference

.0148 . .751E+07 L3ss08 .150E+08 Ramans .225E+08 S eamans .301E+08 I . t'ff f tf1 it
' ' M Von-Mises stress distribution In St n_ess o € CaV.I y
at different radius

location
Deformation distribution
m Contact analysis for cell

deformation due to application

: of tuning force

I I :
.807E-05 .198E-04 .315E-04 .432E-04 .549E-04
.139E-04 .256E-04 .374E-04 .491E-04 .608E-04



TUNING DEFORMATION | STRESS

FORCE (kN)

tuning forces

(MPa)

PERMANENT
DEFORMATION

( Structural analysis of cavity cell subjected to

(km)

— 13.38 475  -12.295 0.00 0
67.00 23.80  -58.042 0.00 -0.008
134.80 40.40 -108.944 0.21 -0.147 >
n 218.00 47.40  -161.559 16.98 -12.083
“ 240.00 49.40 -173.048 23.80 -17.406
262.00 51.10 -185.345 33.40 -24.448
“ 288.00 52.80 -198.335 45.40 -32.708
“ 318.00 5430 -212.577 61.60 -44.133
“ 352.00 56.00 -227.853 80.80 -57.151
“ 752.00 64.90 -357.786 390.00 -230.28
“ 2080.00 80.90 -518.348 1574.00 -472.99

aiilla
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TTal T % | Cu 1.3 GHz single cell cavity

Stud with LH & RH threads

» Can compress as well as stretch the
cavity cell.
» Cavity bending is also possible.

Manual Tuner



Axial Tuner

Axial Tuner

Circumferential
Tuner
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Cavity tuning using semi-automatic tuning gila
machine

&

Cavit 3
! =

Suspension —_ . TN
System 1 _ | N [| Stepper Motor

{ to drive bead

~~
ﬂ I SEMI AUTOMATIC CAVITY TUNING MACHINE FOR 1.3 GHz 9-CELL SCRF CAVITY

oy

l

Bead mounted on
a thread moves
along the axis of

the cavity — -\ B DC Motor to
d - ' drive tuning jaws

PC setup -. e

Field measurement setup
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machine

‘ Mount cavity on Tuning machine

( Frequency Measurement h " Perform Bead pull at n-mode

)\ ' J

] Desired m-mode
Tuning Program
frequency

Out put:- Frequency correction for each cell

Tuning is performed

Designed parameter If Yes, Then
o achieved ? stop Tuning

Flow chart of cavity tuning



Cavity tuning using semi-automatic tuning gila
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Pi mode frequency: 1298 MHz, Field flatness: 43 %

) | ey LEgp—=——"
: Files to read *] -
Main | Initial frequency variation | Tuning Program | 1
® bﬂ | initial.xls 540 42.89 ==
100-
initialxds ﬁ
a5-
a0-
85-
80-
75-
70-
65-
EIQ 60_
=
2 55-
B 50-
£
E 45- = rF_ "
5 40-
35-
30-
25-
20-
il5= u
10-
5_
0- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 550 600 650 70O F50 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350
Position
Y Y
'—J} 0 D:\A Data\SCRF\Nb 9 cel\150520\initial. xls j} 0 20/05/2015 11:51:25Bead from P1 TO P2s21, Span: 200kHz, Scale: 0.5 dB/div, MBW:1kHz, Step T {,J';,o
Plot file |9 Remarks |Size:auto,Sweep Time: 830ms number of points 400 Nb 9 cell cavity on tuning machine . antenna 70 bt |1'293013E+9
mm from the face of the connector. Power coupler on left of tuning m/c (VNA port P1). Cu bead (10 Row no 7|0
mm), at 13mm away from closing flange. o r_jz

Relative electric field plot of as received cavity
(after welding)



: Cavity tuning using semi-automatic tuning  \liis

machine

Ix’ESER\ncE oF
stop program Mo, of Cells (M) Field Flatness % Avg./Emax or Emin/Emax file path

o g |= 42.96 ] E:\SCRPWND 9 cell\150520\initial xls 5 hl

Beadpull data  Tuning Data ‘ Intermediat calculations

Manual / read file

Q desired PI mode frequency  convertion kHz/mm Direction for Cell no
1297400000 :: 340 CellsForward Direction

File results (initial frequency,
minimas, final frequency)

IW dfc (kHz) distance dfc (mm) ﬁ)TAL df applied (kHz) Total distance (mm)
| 1298000850 140476 |0.413164 [723645 | [0.212837
|1297989760 |-278.647 |-0.819551 [346758 |-1.01988
1298000670 139.209 |0.409437 [71007a | {0.20911
|1298000590 |88.7548 |0.261043 206437 |0.0607167
1297993500 |-76.0262 |-0.223606 144137 | |-0.423933
|1297992410 [126.71 0.372677 [585992 | {0.17235
osroosmo
osremio
oo
Mossomsos

1297981330 114.039 |0.33541 [45.9281 |0.135083
1297961240 |-76.0262 |-0.223606 [-144.137 |-0423933

1297947150 |-178.489 0524967 \ 2466 |-0.725294

1258013000

Amount of frequency corrections per cell calculated by tuning program

Compression correction: -881.632 kHz
Expansion correction: 268.6329 kHz Net correction:-612.999 kHz
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Cavity tuning using semi-automatic tuning gila
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Initial Field flatness: 43% Intermediate Stage Field flatness: 70%
‘reqguency variation | Tuning Program | Flles to read })2 @

» cell5_-65a.xls : -
| II5_-65a.xl 186 36.48 =
100-
cell7_19kHz a.xls ij
ag- A Initial.xls ij
a0-
Jo-
60—
Eil
=
£ so- -
=
&
™ 40- r\ !
E s
(=]
=
30-
20-
10-
D_
_1D_I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
o] 50 100 150 200 250 300 350 400 450 500 350 600 650 700 750 800 850 900 9530 1000 1050 1100 1150 1200 1250 1300 1350
Fosition
Ll
A Data\SCRF\MWb 9 cel\1507 16 sims room) by 0 21/07/2015 08:40:54Bead from P1 TO P2s21, Span: 300kHz, Scale: 1dB/div, MBW:1kHz, Step Size: FemER ;’_) 5
=I7_19kHz a.xls Remarks |auto,Sweep Time: 1035ms number of points 1000 cell7 expanded by 19 kHz . Nb 9 cell cavity on “ |1'29?573E+9

Relative electric field plot
(Intermediate Stage of iteration)
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Cavity tuning using semi-automatic tuning
machine
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1 I I 1 1 I 1 1 1 I 1 1 I 1 1 I I
500 550 600 650 700 750 8O0 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350

Fosition

Relative electric field plot (After Final Stage of iteration)

RF parameter Initial Final Desired
Frequency (GHz) 1.2969 1.29738 1.29740
Field Flatness (%) 23.8 97 > 95




Cavity tuning using semi-automatic tuning
machine

650 MHz B0.92 Five Cell SCRF cavity
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Cavity tuning using semi-automatic tuning
machine

650 MHz 0.92 Five Cell SCRF cavity mounted machine for tuning operation

aiilla




Cavity tuning using semi-automatic tuning

machine
Files to read :, | [_Normahs:l

A=)
<8> ] [ “First bead pullxds

Relative electric field plot of as received 650 MHz f0.92 five cell cavity (after welding)

RF parameter

Initial

Desired

Field Flatness (%)

~ 40

290




ey Cavity tuning using semi-automatic tuning
SE machine




Thank You
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