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1. Introduction and Theoretical Framework



Our RFQ Projects for High Intensity Linacs

IPHI 352.2 MHz 6.0 m 100 mA CW 3 MeV

3 coupled segments of
2 brazed modules each

4 iris + qwt

96 tuners

Status: tuned, start commissioning 2014 Q3

LINAC4 352.2 MHz 3.0 m 80 mA 7.5% 3 MeV

1 segments of 3 brazed modules
Status: operational

1iris + qwt

32 tuners

SPIRAL2 88.05 MHz 5.0m 5 mA CW 3 MeV

1 segment of 5 bolted modules
Status: start tuning 2014 Q3

4 loops

40 tuners

ESS 352.2 MHz 45 m 62.5 mA 4% 3.6 MeV

1 segment of 5 brazed modules
Status: design completed 2014 Q3

6.0

2 loops

60 tuners




The Loaded Lossless 4-Wire
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Axial region: H, = 0, TEM 4-wire line
4 capacitances between adjacent electrodes Ci to C4 (F/m)
2 capacitances between opposite electrodes C,, Cp (F/m)

fundamental TEM relation: v2 Ls C = |

Quadrants are A/4 resonators
complement with 4 inductances Lito Ls (H.m)

Transmission line equation (dim. 3, since three cuts make the system
of conductors simply connected) :

_dcvy Ly
az(Caz)+V2LV_V2CV




The TLM Canonical Basis {Q,S,T}

Quadrupole-like subspace Dipole-like subspace (dim. 2)

il _ o
(Colqo = oz (CQ 07 ) T V o V2 CQ U

Co & Lo are diagonal
L (Co)rr =2(C+C,) Q, S & T are decoupled

Lol A o
I
Us ] (Lo)ss =2 E} (Colss =2(C+C,) For an ideal (quaternary-symmetric) RFQ:




TLM Boundary Conditions

| rfu arbitrary reciprocal lossless circuits, defined in {Q,S,T} basis
by their admittance matrixes (which are assumed to exist)

circuit theory: admittance matrixes VYa VYci Vb

I(c;) U(c;)
I(a) = -y, U(a =y, ! I(b) = +y, U(b
() = -Y, U(a) e = Yo U (b) = +y, U(b)
end coupling end
circuit S S- circuit g+ S circuit
inz=a T T in Z = C;j T+ T inz=>b
transmission line theory: s-matrixes Sa Sci Sh
ou(c; ) u(c;) 2U(b)
U@ _ 0z | _ ——= =+5, U(b
5 = S U(a) U(c) = +5, + o7 +s, U(b)
o o7 U(Ci )
| N (o 0 :
sm-jolg@y, sy =—io| 2 0y s e Le®) v,
| 0 Loo(ci)




TLM Properties (1/3)

s rfu
The TLM takes the form of a vector regular Sturm-Liouville problem

Linear operator L : Eigenvalue problem
U satisfies boundary conditions, )
_ 10 Uy, 1 ~ LU=2"U

L 1s un-bounded, with bounded compact inverse, and is self-adjoint for the inner-product

(u,v) = IQV*CQU dz (with given boundary conditions)

three subsets Q, S and T of countable eigenpairs

e 3 e B - 3

Vo 0(2) Vs o(2) Vi,.0(@)
W » Vo, (2) =| Vo, 5(2) & s Vsj (z) = Vsj,s (2)| ¢ o7, V5 (2) = V5 s(2) | ¢
Vo, 71D | Vs, 1 (2) J Vr.1(2)

N
N
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TLM Properties (2/3)

for an ideal (quaternary-symmetric) RFQ

\\/\ VQi’Q O O
Vo =| 0| Ve =|Vq,

A j ps| Vr, =] 0
0 0

] VTk T

the plot shows the 6 first eigenfunctions of
the Q subset for IPHI

Mode designators

=—res (345 184074
Q" B S~ eigenfrequency
@ 0-1-0
/ A A 1
' ' ' ' ' sie oo # of voltage nodes in segment #3
_,/Il//l N state of coupling-circuit #2 ("-" = inverting)
L,—f # of voltage nodes in segment #2
| | | | | 40415178 state of coupling-circuit #1 ("=" = inverting)
="”’] I\ # of voltage nodes in segment #1

0 1 2 3 4 5 _ : ,
segment #1 1 segment #2 1 segment #3 "Qn" is the nickname for the accelerating mode; here

"Qn"is Q 0+0+0
cc #1 cc #2



TLM Properties (3/3)

m|rfu

First-order perturbation analysis reveals dual bases for parameter perturbation functions
and resulting voltage perturbation functions. Example:

capacitance perturbations
C, =Cqo + Cso + Cosrr

AC
C; = Coo = Crq = Cosry R
ACSQ ZpQQS Qs + ZpSQaC Sa + ZpTQB Tk
C; =Cqo —Cso + Cosrr AC 5=0 =0
TQ

eigenpair perturbation with duality relations

A7\‘Qn ! A\/Qn - ZCQiVQi + ZCSjVSj + ZCTkVTk
=0 j=0 k=0
1N

Alg, = Pqo,

Co (Ag, =2q) = Pog Cs;(ho, ~hs)) =Psq;  Cr (hg, —Ry) = Prq,

! Cqir Cs;r Cry }ogi,j,kgm IS the spectral analysis of AVQn



Effects of Modulations on Line Parameters

ESS RFQ 2D/3D simulations
un-modulated 2D / un-modulated 2D /

. . . v biumod2D) w7 b{umod3D) Parallel capacitance (pF/fm) ws. abscissa (m)
one simulation cell= one half-period 30 . . . . . : . : .
291
28
27F
26}
251 ¥
24 parallel capacitance: 6C < 0.01 pF/m
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
’ 8 wiblumod2D) W hiumod30) Diagonal capacitance (pFfm) ws. abscissa (m) Ca Cb (pF/m) vs. abscissa (m)
diagonal capacitance: 3C < 0.8 pF/m "I the two diagonal capacitances Ca and 3
2 6} — Strong impact on dipole eigen- | 27 Cy oscillate about a from S
frequencies, hence on stability ,71 one cell to the next g °
o]
24 B T 269 o o .
2.68F o ~0 -
2.2F o (o}
267F O o -
2 2 ©
l- Tﬂ 2.66; g o .
1 8 1 1 1 1 1 1 1 1 1 265b ]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 4 4.05 41 415 4.2 425 43



x 10 v15(vsine) v16(v2term) Parallel capacitance C (pF/m) vs. abscissa (m)

3.08

3.06f

3.041

3.02p

2.98F

2.96

0 0.5 1 1.5 2 25

X 10'12 v15(vsine) vi16(v2term) Diagonal capacitance C_ (pF/m) vs. abscissa (m)

3.5
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Effects of Modulation Style
LINAC4 RFQ 2D/3D simulations (Comsol)

— un-modulated profile of LINACA4 electrodes
IS constant

— 3 simulations:

— in green : un-modulated electrodes
—inred :sine modulation

—in blue : 2-term potential modulation

— the sine modulation induces too much
detuning for reasonable slug dimensions.
RFQ cross-section could not be kept constant.



2. End and Coupling Circuits Tuning



End and Coupling Circuits Tuning

i rfu
End circuit s matrix (ex. in Z = a) Coupling circuit s matrix (in z = C)
oU/0z Soo Sos Sot | | Yo Ugldz| 1s;+s.  —s. ||VYq
0UglOZ|| = - Sso  Sss Sst | || Us —oUgloz —-S, S +5S. || Yo
oU-/oz St Sts Str | I\YU7t _ . o C.
-0 =0 coupling coefficient |S. = 7%
(since Ut(z) = Us(z) =0 Vz in the tuned RFQ) - . 1 oV(c)
Ug =Ug"inthetuned RFQ S = =S¢ =
: ) 1 av(a) Q Q Inthe tune Q e e V(C) az
X V(@) o o oV(c
Syy = %(se —-S,) = V%c) 8§ ) tuning
1 4 ot :
V(z) = specified voltage Sap = _E(Se +s.) = 0| matching

tuning : adequate voltage slope across boundary
matching : continuous voltage across boundary



Irfu

adjustable thickness

IPHI input end-plate
IPHI coupling-plates #1 and #2

adjustable':"quadrupole" rods
IPHI output end-plate
LINAC4 input and output plates
SPIRAL2Z input and output end-plates
ESS input and output end-plates



======================= The Excitation Set Method
Irfu

Use M linearly independent pairs {0U/0z,U} to estimate unknown coefficients of s matrixes.
Excitations are obtained with M preset tuner positioning at some distance from boundary.
M =5 for end circuits; M = 11 for coupling circuits (number of bead-pulls is M).

Example: IPHI coupling circuit #2
U'Ql_lUQ_ Vs, 1I-UQ+,’UQ_ {?) , -U'Q+llIJQ+ Vs, 1-IUQ_,’UQ+ {+_)

coupling-cell tunin
1 1 1

0.2
-------------------- 1 B T
k| T PT TT LLL.
0.8+
0_
0.6F
a2 T Y L s
.............. 0.4 .,
D20 e _ ; ,
data fit | % i 5
0.3 L 1 L L L L = -
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 - .
0- ! llllllllllllllllllllllllllllllllllllllllllllllllllllllll [ |
G _VS. G .
1.5 T ,
02F %
1
05 -0.4F
0.5 0.8k
_1 B ..-..lll;lll...- -
-1.5 1 1 1 1 1 1 1 1 1 1 1
-1 0 1 -1 -08 -06 -04 -02 0 02 04 06 038 1

state equation: non-inverting branch in red matching and tuning conditions



el rfu

¥.a |PHI and LINAC4 Realized Boundary Conditions

legend: good / not good, don't know why / fair, know why. s parameters in m~t ("V/m/V")

expected tuning (aluminum)  tuned (copper)
IPHI
input end-circuit SQQ 0.0 -5.46 1073 -3.04 107
c(SqQ) 1.55 102 3.01 102
coupling-circuit #1 Sz +7.91 102 +7.33 1072 +9.45 102
SAz 0.0 +9.29 1073 -9.59 1072
C. 1.1 pF 0.71 pF 0.53 pF
coupling-circuit #2 Sz 1.30 101 +1.07 101 +1.20 101
SAz 0.0 +1.82 107 +2.39 1073
Ce 1.1 pF 0.93 pF 0.95 pF
output end-circuit SQ0 2.11 1072 n/a +2.85 1072
5(SqQ) n/a 1.67 102
LINACA4
input end-circuit SQ0 0.0 +2.78 102 +6.26 1072
5(SqQ) 7.00 1072 2.41 1072
output end-circuit SQQ 0.0 n/a —7.67 1072
o(Sqo) n/a 2.97 1072




3. Stability Design, Tuning and Measurement



Stability Analysis

smirfu "stability” w.r.t. undesired perturbations under operation

Impulse error function : :
Impulse error function

a Dirac-like QQ perturbation

the voltage relative . AVano® _p, ;5 5 A%0 it mass Acoo/C located in
perturbation vs. z Vono(2) Qn.Q C(z,) 7= 7,
idem for SQ and TQ functions:
AVg, 5(2) B ACqq (AVQn,T(Z) B ACrq
W, = hons(Z, Zo)C— , = hon1(2,2p) C
on.0(2) (20) L on.0(2) (20)
compare RFQ designs with the noms |ho, o = sUp sUp |hono(2,20)|s |Nons|: [Nontl
o) zeQ
1 1 1

these functions depend on

, , l.e. on quadratic differences
}LQ o }\'Qi }LQn - }\“S' }LQn - }\'Tk

n J

fén — féi, fén — fszj; fén — szk , and are infinite when an eigenmode coincides with Q.



IPHI Stability

legend: unsegmented / segmented, specification / segmented, realized

— ot o= ot
Sss1 57T 1 951 S50 1 STe 1 ST & -1

| without dipole rods, and = 0
1 with dipole rods

Note that a short rod (£ < Xo/2 ) is
1 capacitive, hence its admittance is

positive, and it may only increase S.

_ When € = Ao/2, S = «, and the RFQ
1 end is a short-circuit.

1608 INgg oll vs- C; (PF) 400 gy ggll v- S (VM)
140} { 350} b
@ L]
120F 1 300r
o
100¢ . 2501 o ®
° o ® ° ®
80} P 1 200}
° o ® o °
° ° y
o0 ° 1o ° : ® smooth optimum
sl sharp optimum | 100l ... Sst=0
Cc=1.1 pF ® $ @

I i ® [ °

20 50 o o . ... : .

8.5 1 1?5 2 —9.5 —'II —OI.5 0 0?5 ‘I
mode des. specification prior to slug tuning after slug tuning
Q 0-1-0 348.18 [-42.0] 349.55 [-25.1] 351.25 [-24.5]
Q 0+0+0 "Qn™  350.71 [ 0.00] 350.45 [ 0.0] 352.10 [ 0.0]
Q 1-1-1 353.69 [+47.8] 354.65 [+54.4] 356.40 [+55.2]
D 1+1+1 347.67 [-46.1] 348.10 [-40.5] 349.30 [-44.3]
Q 0+0+0 "Qn"™  350.71 [ 0.0] 350.45 [ 0.0] 352.10 [ 0.0]
D 2-2-2 363.16 [+94.3] 362.60 [+93.1] 364.30 [+93.5]

Eigenfrequencies and quadratic frequency separations (QFS) in MHz.




QQ-error impluse functions vs. abscissa
SQ-error impluse functions vs. abscissa

Q perturbation, achieved
D perturbation, achieved |

Lo g M

i NN
R N
SN
NN \
TN
NN \
AN\

o
—

N

0
-
@

=
O
-
S

LL
| -
O
S
| —

LL
Q

v
S
Q.

£

L

al

QQ-error impluse functions vs. abscissa
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Irfu
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LINAC4 Stability

— measured s parameter in dipole o5 Comsol Copper_input s, vs. rod length Comsol Copper output sy vs. rod length
subspace not in agreement with 0ol 1 02l
calculated value, but in agreement o1} . { o1} .
with measured spectra 0 oy 0 /{//
—rod length is chosen smaller than 1 170 /
optimum for Soq = 0 to save dipole 7 | | 27
Stablllty (Vim) _0'%0 3I5 4I0 4I5 5I0 5I5 6I0 6I5 70 _0'%0 3I5 4I0 4I5 5I0 5I5 6I0 6I5 70
' ‘ ' ] Cor.nSOI .CoPper. input }:D VS. rold length Com:e.ol (.30pper loutput 7:D VS. rold length
1 05} 1 ost
. of N of
(very) smooth optimum | sl Hit | ol
ssT< 0.3 S ey i /4/
T 1 -1.5t il 1 1.5}
( ° ° ° ° -%0 3I5 4I0 4I5 5I0 5I5 6I0 6I5 70 _%0 3I5 40 45 50 5I5 60 65 70
Rods (mm) 53.0/55.7 53.0/53.0 53.0/53.0
specification prior to slug tuning after slug tuning
Comsol + TLM measured TLM (measured s) measured
Q0 "Qn" 345.32 [ 0.00] 34550 [ 0.0] 345.33 [ 0.0] 352.13 [ 0.0]
Q1 348.82 [+49.3] 348.69 [+47.0] 348.84 [+49.3] 355.31 [+47.5]
D1 338.45 [-68.5] 338.50 [-69.2] 338.06 [-70.5] 344.63 [-72.3]
Q0 "Qn" 345.32 [ 0.0] 34550 [ 0.0] 345.33 [ 0.0] 352.13 [ 0.0]
D?2 348.42 [+46.4] 347.88 [+40.6] 347.96 [+42.7] 353.50 [+31.2]




ESS Stability Design

and RFQ length ¢

u ns/T || vS. end bou ondition parameter Ss/T
imal RFQ length £’ \/ PO I syr=0, keN
Qo

‘ | \bt uuvaluesw/o dipole rods B
%@%

3.25 /
co b st stability
30 2_75—. @ﬁ"/// \
-2 -1|.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -04 -0.2 0 0.2 0.4




Sensitivity to Perturbations under Operation

| rfu
CW linacs . deformations due to RF heating / water cooling combination

low duty cycle linacs : thermal expansions due to water temperature variations

— spectral contents of perturbation is important
— In general alternating water flow direction from one module to the next is better

IPHI | |

1 *II* r *II* P *II* 1

\water loop #1 "\water loop #2 "\water loop #3

apply perturbation — capacitance basis function with adequate spectral index
— peak value of relative perturbation = 0.001 arb.
calculate peak value of resulting voltage perturbation

IPHI LINAC4 SPIRAL?Z2 ESS

number of modules 6 3 5 5
sup AVono/ Vaono 5.34 103 5531073 3.36 10 4.48 103

sup AVonst/Vono 5.2210™ 7.8810°° 3.18 10 5.84 1073




sl rfu

Voltage monitoring:

Measured Voltage Stability of LINAC4 (1/2)

pickup loops inserted in 16 slug tuners (4 quadrants in 4 cross-sections)
calibration: low RF power, nominal water temperatures, reference = bead-pull values
voltage reconstruction: TLM and sampling therory

Temperature variations:

water temperatures in the 3 RFQ modules are controled independently
5 temperature distributions: O 26.0 — 26.0 — 26.0 (nominal)

A 255 -
B 26.5 —
C 265 -
D 255 -

26.0
26.0
26.0
26.0

26.5
25.5
26.5
25.5

3 RF powers 38 kW, 100 kW, 430 kW (PD = 250 us, PRI = 1.2 s)



il rfu

-3

5 x 10 JBkW OAB 0 Q@ rel. error variation vs. z {m)
4 measured, 38 kW
2F
0
-2-_/ \_
4
-6 .
0 1 2 3

X 103 430 kW O A B D Q@ rel. error vaniation vs. z (m)

measured, 430 kW

% 0.5 1

Measured Voltage Stability of LINACA4 (2/2)

-3

x 10 1M0M0kW OAB

O Q rel. error variation vs. z {m)

measured, 100 kW

x 107

O AB D Q rel. error vs. abscissa (m)
L] L] L]

expected

25 3

15 2



4. Voltage and Frequency Tuning



The Voltage & Frequency Tuning Loop (1/3)

ldea: apply 15*-order perturbation theory to TLM to build dual bases:
— a discrete basis of tuner command functions
(tuner position or equivalently inductance perturbation)
— a truncated basis of voltage eigenfunctions
— both are calculated with given boundary conditions, which should be tuned first

IPHI's 6 first tuner I Q 1+1+]"1| “ I = spectral coefficients of
command functions in T | | ] “ H ' voltage perturbation
Q subset : : : : : ———aa il resulting from each
: | : - Q1+1-1 = command function
dim. = 25 (tuning |
devices in 25 cross-
sections) o Q1-1-1 ' Q4"
Q 0+0+0 T
"Qn" : frequency tuning — | ” N H H ” M H ” ” H H -
([l . salnl
" 'Q0-1-0 N
\ . \ ‘ TPUP Pl I TY
Q1 ' Q O_'O_O H ' Q1
_n_n_n_ILII_"_"_IHHH’_H_WI w | “ L naa
ST I P

0 1 2 3 4 5 5 10 15 20 25 30 35 40



The Voltage & Frequency Tuning Loop (2/3)

tuner command functions tuner positions voltage vector function abscissa sampling
transfer L U. =NV 2 S(7_
> &Tth > . —> function T Z T VT, T—>] 6(2 Zs)
- of true RFQ
— E-’SQtj 7 f—; ¢ — Us = chjvsj,s_> *6(2—25)
= 2 ° G
~ Sqoy > E . — Uq = ZCQiVQi,Q_’ *0(Z—Zs)
0
E.>QQtn 7 ] 7‘Qn
measured spectral coefficients
-1 — _~
Ko, I { Ho, |- Q‘ Can
1 + =
KQl H(_gl = Q: CQi 1Ly _\— il
+
-1 —_— ~
Ks, Hs, | Q‘ %, \_ [+
+ -
KTk D —— H'T'i- < Q: CTk LLLLY ~
loop gain inverse transfer + linear filter noise reduction
function of ideal RFQ Co. Co, 0 0 banks FIR filters
required spectral coefficients

specified frequency won — ||]]]] <—V\/(2) specified voltage function




~~~~~~~~~~~~~~~~~~~~~~~~ The Voltage & Frequency Tuning Loop (3/3)

Irfu working conditions

Voltage sampling:
— magnetic field samples (bead-pull) should reside far
enough from local perturbations A=0UT+1)  [1~07~-05
— tune vacuum ports in electrically neutral position prior I I
O ,

to braze if possible (Linac4) ® ® ® ®
— full-rank sampling P
— output of filter banks free from aliasing 'CA" | £~015~025

Inductance sampling:
— full-rank sampling (include RF ports in tuning devices set)

Tuner efficiency:
— use 3D simulation to determine individual tuner slope oL/oh for TLM
— derive capacitance vs. intervane gap fcn. from simulations
— transform mechanical tolerance into capacitance error polyhedron
— use TLM + linear programming (Danzig) to determine worst tuning case

LINAC4 polyhedron

Tuning loop:
— unbiased
— equivalent to fixed-point iteration of the operator A = | — G K H (with all the convergence properties of
fixed-point iterations!)
— converges iff A is a contraction, here satisfied iff eigenmodes are identically sorted for the ideal and the true
RFQs according to eigenvalue order
— convergence is monotonic if A is diagonal, but may be non-monotonic otherwise



IPHI and LINAC4 Tuning

sl rfu
IPHI
voltage peak relative errors (%0): Q S T
dummy RF ports, un-tuned 90 17.6 14.5
adjustable slugs, RF ports, tuned 0.78 0.28 0.63
copper slugs 3.97 1.32 2.07
tuner positions (mm):
specified +1.0/+19.0
specified, with safety margin —-5.0/+25.0
tuned RFQ -1.7/+125
LINAC4
voltage peak relative errors (%0): Q S T
dummy RF port, un-tuned 5.55 5.53 7.19
adjustable slugs, RF port, tuned 0.70 1.48 3.07
copper slugs 0.63 3.45 2.29
tuner positions (mm):
specified -4.0/+30.0

tuned RFQ +9.0/+12.1




mirfu

IPHI Voltage Tuning

spectral coefficients vs. tuning step index in initial pre-tuning sequence

Q12 '
- S
a7 ’ ’
e
Q10

H29 /\

. —~—

%Q:a / —
N —
AN

Q1




5. RF Power Coupling



The Structure of the 4 x 4 Scattering Matrix

i rfu In the case of ideal, quaternary-symmetric RFQ

l WCT, f, | Ko K1 {1 |wen T
50 Q coax WR2300 / \ WR2300 50 Q coax

l WCT, ¥ Ks \ / K4 ¥y |wer T
50 Q coax WR2300 WR2300 50 Q coax
(— voltage reference)

VNA-measured de-embedded VNA-measured

S1,1|[S1,2[(S1,3||S1,4 \/BiBj

(@) = T (147D ) 6@ (i~ 1K)

S1.2(152,2|(S2,3| [S2,4

$1,3|(52,3|(53,3| |S3,4 s5;.1(0) = _[m (1+ glo(®) )+ JmH(OD)j Gi ()

1+

C )) C S1,4|[S2,4|(S3,4||S4,4
~[1- P afo
sul Tsul s AN @) = (1- 7Fs (16 +JBH(60) Gii(®)

i cwclet
\< imaginary offset

propagation phasor (circular projection)




======================= A Few Essential S-matrix Properties
Irfu

1. quarter-wave transformers my be represented by K-inverters with excellent accuracy in the complex
plane (1078 in simulations)

2. S-parameters of asymmetric RFQ may be represented by S-parameters of quaternary-symmetric RFQ
with very small errors in the complex plane (10~* ~ 102 in measurements, even smaller in simulations)
— electrical asymmetries are non-observable in standard VNA measurements

3. Qo, wo and total coupling coefficient are correctly estimated, but partial coupling coefficients have to be
corrected for voltage asymmetries (derived from bead-pull measurements)

Pi = B U_IZ&

2
P~ u

1

4. multiport matching: total power reflection coefficient is I'> = (a*5*Sa)/(a*a) : the 4-port circuit is matched
when the excitation vector a is an eigen-vector a; corresponding to the smallest eigenvalue A; of S*S.
— a1 and A1(w) also give estimates of Qo, wo, § and Bi's, without reference to the matrix structure



The IPHI 4-Port Scattering Matrix

under vacuum

™o QO Bl BZ [33 [34 B
matrix reconstruction 352.1421 6875 0.2679 0.2795 0.3123 0.2782 1.1379
with correction 0.2693 0.2837 0.3107 0.2741
multiport matching 352.1422 6786 0.2797 0.2979 0.3218 0.2988 1.1982
~ S-matrix reconstruction errors N\ multiport matching ~
Transmission to adjacent quadrants (i,)) € { (1,2) (1,4) (2,3) (3,4) } 1 , , . ! . Smallest eigenvalue vs. frequency (VHe)
S-parameter reconstruction error  |Re As;j|, |Re Asjj| <2 1073 05 ¥ 3
polar angle error |otij — o] < 0.8° 0 * * R o eI
phasor closure error larg(£1.4823/C1.2C3.4)] < 0.8° 1 5
Transmission to opposite quadrant (i,j) e { (1,3) (2,4) }: o €1 (1)1
S-parameter reconstruction error  |Re As;j|, |Re As;j| <2 1073
offset function |Hij — Ho| <2103 06 -
| phasor closure error |arg(C1,382.4/C1,2834)| < 3.2° 5 ﬁfm
NP O
e (en)s
kc 351.8 351.9 352 352.1 352.2 352.3 352.4 352.5 35i2.6 35329

-35

3518 352 3522 3524 3526

~~ Estimated power budget

RFQ=1.17to0 1.18 MW
ideal B = 1.254 to 1.257

estimated I' = —26 dB (reconstructed matrix)
\ = =32 dB (multiport matching) -

~
Beam=0.3 MW




Final Comments

— the TLM creates accurate and invertible bridges between 3D simulations,
electromagnetic specifications and measurable/observable quantities

— IPHI and Linac4 are accurately tuned

— thermal stability of Linac4 is experimentally demonstrated to be in agreement
with design

— the sophistication of the electromagnetic perturbation analysis deserves an
Improvement of the way mechanical tolerances are specified



Thank you for attention !




