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Transverse Deflecting Structures for Longitudinal Diagnhostics
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C. Behrens et al., ,Few-femtosecond time-resolved measurements of X-ray free electron

laser”, Nat. Comm. 4762 (2014).
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Potential applications of the variable polarization feature

> Next generation TDS

> Exciting new opportunities for e-bunch characterization (e.g. slice
emittance measurement on different planes, tomography ...)

e 3D reconstruction of the
charge distribution
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Variable polarization circular TE11 mode
launcher: E-rotator

Phase difference between port 1 and port 2:

E Field [Y¥/n]
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* 0 degree -> vertical polarization
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0 20 40 (mm) A. Grudiev, CLIC-note-1067 (2016).
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RF design
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RF design of TDS taking into account RF pulse
compression

Basic layout: TDS + pulse compressor (PC)
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Transient in a cavity -> pulse compression

2
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0
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Effective shunt impedance of

Deflecting Structure + Pulse Compressor

Time-dependentgradient*: G(z,t") =G, [t'—-7(2)]9(2);

t, =7(L,); t'=t—t,

( )'
G, (1) :\/VQPout(t ) = \/ngp

LS
V, = [d2’G(z t=t, =t,); 7,=al,=
0

out

V. (t')

“ L
2v,Q
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R, =="—[Q/m]; Py =

Effective shunt impedance™*™*:

in"—s
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* j.e. A. Lunin, V. Yakovlev, A. Grudiev, PRST-AB 14, 052001, (2011)
** R. B. Neal, Journal of Applied Physics, V.29, pp. 1019-1024, (1958)
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Effective Shunt impedance for Const Impedance (Cl) TDS

with and w/o RF pulse compressor

No pulse compression
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Basic cell geometry and H-field distribution
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TDS+PC parameters versus cell geometry, (A =120°)

d [mm], PMW], L_ [dm], Sc[W/um?]

PCCIAS: 12GHz, 0.05GeV, 2m
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Ls =927mm



Summary table of

AdO [degree]

a [mm]

d [mm]

Ls [mm]

tf [ns]

Qext

tk [ns]

Vd/Ls [MV/m]

Pk/Ls [MW/m]

Reff = Vd?/Pk/Ls [MQ/m]

Max Sc [MW/mm?Z]
vd [MV]
Pk [MW]
RsPC = Vd?/Pk [MQ]
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R [Ohm/m]

Effective shunt impedance versus structure length

%108

T T T T

= 120: CI TDS + PC
= 120: C| TDS
— 120: Cell

= = 135: CITDS + PC
= = 135: CI TDS

= = 135: Cell

| 1 1 1

1
L [m]

I‘sO

1.2 1.4

Effective shunt impedance per meter length: R

Optimum active length: Ly, = 0.927 m; R4 = 183 MOhm/m

* This is the optimum for a long system with many structure

* 120 deg RF phase advance (solid) is better than 135 deg
one (deshed) for Ls > 0.8m

R_[Ohm]

25

1.5

0.5

%108

T T T T T T T T

= 120: CI TDS + PC

= 120: C| TDS
— = 135:CI TDS + PC Parameters for TDS + PC
Lol 1Ll le===== R4MQ/m] 181 183 182
R, [MQ] 145 171 182
I V, [MV] 295 32.0 33.0
P, =6 MW
- Parameters for TDS along
RetMQ/m] 334 357 36.7
I — R, [MQ] 267 332 367
-
— V, [MV] 12.7 141 148
/ P, = 6MW
0 0.2 0.4 0.6 0.8 1.2 1.4 1.6 1.8 2
__[m]
L6

Effective shunt impedance per structure: R;= R 4L, increasing with L, till 1.6m

* For a single structure increasing the length results in higher effective shunt
impedance per structure.

e ltis better to increase L, if some length is available in the beam line

i los los |1 |12

176
211
35.6

38.8
46.6
16.7



Basic tolerance study
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Basic tolerance study

 Periodic structure support propagation of only operating modes TM11x
and TM11y at operating frequency.

* No mode conversion

* The situation is very similar to the situation in typical accelerating structure
operating at TM01 mode with the ONLY difference that there are two
polarizations

* BOTH of these two polarizations must be in synchronism with the beam,
otherwise the polarization phase will rotate and the integrated dipolar kick
in the operating plane will be reduced

* |[n the following basic tolerance study the effect of geometrical errors on
thedsyr&chronous phases of both TM11x and TM11y polarizations will be
studie
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Axially symmetric errors: same for both polarizations

* Axially symmetric errors are shape errors in the process turning.
* They affect both polarizations in the same way.

* They result in the same RF phase advance shifts for both polarization
which means:

* No rotation of polarization (i.e. no conversion of one polarization to the other
one)

* Loss of synchronism resulting in loss of effective kick in the same way as for
TMO1 accelerating structure

* In summary, the error analysis is the same as for TMO01 accelerating
mode

7/3/2017, A. Grudiev



f, [MHz]

fo [MHZ]
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Frequency sensitivity to the axially symmetric errors.
Ad, =120 degree, dserf=1um,

fovsh

y =-5.2906x + 12039
e ) R? =0.9869

815 82 825 83 835 84 8.45 85 8.55

11996.5
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Frequency sensitivity to the axially symmetric systematic errors.

df/f, = -v,/c*(Ad,-Ad,)/Ad, =>

d(Ad,)/dx = (Ad,-Ad,)/dx = Ady/(-v,/c)*df,/dx/f— RF phase advance error per cell due to geometrical error dx

All regular disks have the same geometry => High risk of systematic errors (dx the same in each cell => d(Ad,) as well)
Assuming maximum acceptable loss of total kick: dV/V,, over the whole structure with N_ cells,

the acceptable geometrical error dx in each cells can be calculated:

dV/Vo = (<V>'Vo)/vo ~ '(d(A(bo)*Nc/Z)z =>

dx = £2/Nc*(dV/V)2/(d(Bd)/dx) = £2/Nc*(-dV/V o) 2[Bdy* (-v,/c)*f, /(df/dx)

dV/V [%] -1 -2 -5 -1 -2 -5
d(Ady)*N.[deg] 11.46497 16.21391 25.63645 11.46497 16.21391 25.63645

L.=0.8m, N =96 L.=1m, N =120
X [mm] df/dx [MHz/mm  Comments d(Ad,)/dx [deg/mm] dx [+-um] dx [+-um] dx [+-um] dx [+-um] dx [+-um] dx [+-um]
1h -5.3 less critical -1.98879252 -60.0499 -84.9234 -134.276 -48.0399 -67.9387 -107.42
2b -766 most critical -287.436805 -0.41549 -0.58759 -0.92906 -0.33239 -0.47007 -0.74325
3a -291 -109.195966 -1.09369 -1.54671 -2.44557 -0.87495 -1.23737 -1.95646
4d 34.1 12.795816 9.333266 13.19923 20.86982 7.466613 10.55938 16.69585
5rr 282 105.818772 1.128597 1.596077 2.52362 0.902878 1.276862 2.018896
6 ae -36.6795 ae=e*d/2*(1-s) -13.7637576 -8.6769 -12.271 -19.4021 -6.94152 -9.81679 -15.5217

7/3/2017, A. Grudiev



Sensitivity to single cell-to-cell frequency errors

* Single cell frequency errors on have small impact on the total kick

* How ever they can introduce reflections causing:
* Reflection power back to klystron
* loss of effective kick (although this is probably very small) and
* standing wave pattern in the travelling wave structure

e This reflection has to be small: < - 35 or -40 dB
R~ 6S,, ~ &(exp(j@,)) ~ j 8¢, ~ j @ 6F/fy/(-v,/c) -

see more accurate derivation in N/IM, A 704 (2013) 14-18
=>

X [mm]
1h

&f = df/dx*6x => b
max|R| =0.01=> 6f=0.01fy(-v,/c)/py; => 6x=0.01 fy(-v,/c)/(p,*df/dx); 3a
4d

A bit less critical then systematic error 5 rr

7/3/2017, A. Grudiev 6 ae

Cell-to-cell error

0.01

Ox [+-um]
-288.088
-1.9933
-5.24697
44.77622
5.414429
-41.6273


http://dx.doi.org/10.1016/j.nima.2012.11.182

Axially non-symmetric errors: different for two
polarizations

* Axially non-symmetric errors are shape errors in the process of
assembly.

* They affect two polarizations in different ways.

* They result in the different RF phase advance shifts for the two
polarizations which means:

» Rotation of polarization could take place along the structure (i.e. conversion
of one polarization to the other one)

* The average kick can be rotated to the correct plane using variable phase
shifter (another reason to have it)

e What is left is the effect similar to the loss of effective kick due to loss of
synchronism but with two polarizations

7/3/2017, A. Grudiev



1.19952E+010

1.19952E+010

Non-axially symmetric errors: different for each polarization. Tilt

fO_vs_Tilt f0_emorAsymmetricShiftPerfE 4 Curve Info

—u— re(Mode(1)) -
1.19985E+010 Setup1 : LastAdaptive|| E Field [¥/m]

e Kick Vxis
perpendicular
to the Tilt plane

. 94zZ5E-B81
. G138E-881
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. SE4BE-BE1
L 4E4SE-BE1
. 295BE-B881
. 1655E-881
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. GB51E-BB2
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. 295BE-BBZ
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1.19980E+010

1.19975E+010

1.19970E+010

1.19965E+010

re(Mode(1))

1.19960E+010

1.19955E+010 —

I = T - T o o S S T S

1.19950E+010 T
-1.00 -0.75 -0.50 -0.25 0.00 025 0.50 075 1.00

Tilt [dea]
fO_VS_Tiﬂ f0_erorAsymmetricShiftPerfH & Gurve Info 7 -

—a— re(Mode(1)) E Field [¥/m]
1.20010E+010 Setup1 : LastAdaptive

Tilt

Kick Vy is in the
Tilt plane.
Frequency
sensitivity to
the Tilt is higher

L 2173E-BE1
L 1361E-881
.B5SEE-BEL
, 73BEE-BAZ
. 92E65E-BRZ
. 115BE-BRZ
. JB35E-BRZ
L 49zRE-BRZ
. GEBSE-BRZ
. GE9BE-BRZ
. B575E-BEZ
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C4345E-BEZ
. BE2SBE-BRZ
L1151E-B@3

. 3535E-BB5 M
R T e e e - ——— 1. Tilt

100 075  -050  -0.25 0.00 0.25 0.50 0.75 1.00
Tilt [deg]

1.20000E+010

1.19990E+010

1.19980E+010 —

1.19970E+010

re(Mode(1))

1.19960E+010 —

=T N T R C R T e
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Non-axially symmetric errors: different for each polarization. Shift

f0_vs_dY f0_errorAsymmetricShiftPerfE 4 Curve Info E Field [¥/ml

1.19975E+010 —#= re(Mode(1)

Setup1 : LastAdaptive
B71EE-BE1
GE69E-BE1
2621E-BE1
8573E-BE1
4525E-BE1
B47SE-B81
G438E-BE1
2352E-BE1
S334E-BE1
L4Z257E-BE1
B239E-681
E191E-BE1
Z143E-BE1
BI55E-682
BYTFSE-BEZ

Kick Vx is
perpendicular
to the Shifty

1.19965E+010 —

re(Mode(1))

1.19960E+010 —

1.19955E+010 —

B F @B B RMM W W FE £ £ onm

1.19952E+010

] lv """ W] 55380E-005
119950E+U1U 1 T T T T T | T T T I T T I
-1.00 075 -050 -025 0bo

Shifty [mm]

fO_vs_dY f0_errorAsymmetricShiftPerfH 4 Curve Info

—4— re(Mode(1))
1.19980E+010 Setup1 : LastAdaptive

L B I B

T T T
025 Ugﬂ 0.3 1.00 E Field [¥/m]

Shifty

. 9EEZE-BAL
. 3223E-8E1
 BoEHE-BEL
. 99RGE-BE1
L 3ZHTE-BE1
. BoEBE-2E1
. 9929E-EE1
. 327AE-BEE1
CBELZE-BE1
. 9953E-E81
L 3294E-BE1
. BE3ISE-BEL
. 997GE-BE1
. 3318E-881
. BEE9E-BAZ
. 72E4E-BET

Kick Vy is
parallel to the
Shift.
Frequency
sensitivity is a
bit higher

1.19975E+010 —

1.19970E+010 —

1.19965E+010

re(Mode(1))

1.19960E+010 —

wom B B R W oW F N m o s @ oo

1.19955E+010 ]

1.19952E+010

ShiftY
-100 075 -050 ‘obs 0.bo 035 0%o 035 1.00 I T
Shifty [mm] 0 10 20 (mm)

1.19950E+010 — 1 T

7/3/2017, A. Grudiev



Frequency sensitivity to the non-axially symmetric systematic errors

df/fy = -v,/c*(Dd,-Ddy) /A, =>

d?(Ad,, ,)/dz* = Ad,/(-v,/c)*d*f,,  /dz?/f,— RF phase advance per cell shows second order error due to geometrical

error dz (Tilt or Shift)

* There is reduction of both polarizations but by different amount: dV,/V, <dV,/V,
e This can be expressed as reduction of kick amplitude dV AND rotation of the kick da
* In the system with variable polarization da is compensated

Two polarization: V=V, + V, =V *sina + V,*cosa

dV/V, = - [sin?a*(d?(Ad,,)/dz?)* + cos?a*(d*(Ad,,)/dz?)?] * (N /2*dz?)*=>

dz? = 2/N_*(-dV/V,/[sin2a*(d*(Ad,,)/dz?)? + cosza*(dz(Acboy)/dzZ)Z])l/ 2
dV/V [%] -1 -2 -5
d(Adg)*N, 11.46497 16.21391 25.63645

-1 -2 -5
11.46497 16.21391 25.63645

L.=0.8m, N_=96 L.=1m, N.=120

7 o [deg] d*f/dz’ [MHz/deg’] Comments  d*(Ady,)/dz? [deg/deg?’]  dz[+deg] dz[tdeg] dz [+deg] dz [+deg] dz[tdeg] dz[tdeg]
1 Tilt Vx 90 3.13 1174513316 0.318876 0.37921 0.476831 0.285211 0.339175 0.42649
2 Tilt Vy 0 5.15 more critical 1932505936 0.248594 0.29563 0.371735 0.222349 0.264419 0.332489
3 45 4.261419951 1.599071718 0.273286 0.324993 0.408657 0.244434 0.290683 0.365514
d*f/dz* [MHz/mm?] d*(Ad,)/dz? [deg/mm?]  dz [tmm] dz [tmm] dz [tmm] dz [+mm] dz [tmm] dz [tmm]

4 Shift Vx 90 2.45 0.919347484 0.360422 0.428616 0.538956 0.322371 0.383366 0.482057
5 Shift Viy 0 4.44 more critical 1.666082787 0.267733 0.31839 0.400355 0.239468 0.284777 0.358088
6 45 3.585812321 1.345554096 0.29792 0.354289 0.445495 0.266468 0.316886 0.398463

7/3/2017, A. Grudiev

The same tiltin
each cell ->
“banana”

The same shift
in each cell ->
“book shelfing’

)



Matching Disk-loaded waveguide to a Circular
waveguide: dsurf = 2um and 5um

Matching using PEC

maxS11

MatchingSetup1_d3L8p5Sdmc2p5sem2 4

(dEE(1,1}

5
E_50.00
55.00 MaxS11 < -60 dB: MaxS11 < -35 dB:
am =5.0322mm, 6am = t4um,
1
-60.00 bm = 14.8873mm ! 6bm = +£0.9um
1
a1
-55_00....I....l..';.‘.l....|...
14.8860 14,8865 14.8870 148875 14.8880

b [mm]

T
14.8885

Similar to systematic error
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Curve Info

-l max(dB(3(1,1)))
Setup? : LastAdaptive
am="5.0322mm" dserf="0.002mm

== max({dB(S(1,1)))
Setup?2 : LastAdaptive
am="5.0322mm" dserf="0.005mm

=¥ max(dB(S(1,1)))
Setup? : Lastadaptive
am="5.029mm" dserf="0.005mm’

= max({dB(5(1,1)))
Setup? : LastAdaptive
am="5.03mm" dserf=0.005mm" F

=8 max(dB(3(1,1)))
Setup?2 : LastAdaptive
am="5.031mm" dserf="0.005mm"

== max(dB(S(1,1)))
Setup2 : LastAdaptive
am="5.032mm" dserf="0.005mm’

—— max(dB(S(1,1)))
Setup? : Lastadaptive
am="5.033mm" dserf="0.005mm"

== max({dB(S(1,1)})
Setup? : LastAdaptive
am="5.034mm" dserf="0.005mm"

—B max(dB(5(1,1)))
Setup2 : LastAdaptive
am="5.035mm" dserf="0.005mm"




Surface fields in the matchmg cell for Pin=4W

Distribution of the Sc, E and H fields along the polyline
shown below for Pin = 4W
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=5um

96, dsurf

14.8867/mm, Nc=

Field distribution in full length Cu structure: bm
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Polar Plot 4

a0 Curve Info

—— Hx
Setup1 : Sweep1
Freq="11.9948GHz' Phase="0deq"

f=11.9948 GH

180

180

Polar Plot 3

ag Curve Info

X
Setup1 : Sweep1

p
Freq="11.995GHz Phase="0deg"

f=11.995 Ghb

270 270
Polar Plot 1 A Polar Plot 5 A
90 Curve Info ) Curve Info

—— Hx
Setup1 : LastAdaptive

Freq="11.9852GHz" Phase="0deq"

f=11.9952 GHz

180

270

180

150

210

= Hx
Setup1 : Sweep1

Freq="11.9954GHz Phase="0deg"

f=11.9954 GF

270

Field distribution in full Iength Cu structure: bm 14.8867mm, Nc=96, dsurf=5um

Deflecting voltage for 1 MW input power
into the structure (no pulse compression)

XY Plot 3 2
5 300E+006 : Curve Info
] : — \Vymi/2*1000
i 1 Setup1 : Sweep1
] : Phase="0deq"
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Y1

S-pars of the full length Cu structure: bm=14.8867mm, Nc=96, dsurf=5um

XY Plot 2 MatchCu_Nc96Cu_bm14p8867
0.00 T Curve Info
! ; 1dB_'£‘.\E;rE1'1”
[ up1: Sweep
= 571 ; =
4 i “"'.'.‘.'.*.‘.1.'. Setup1d:BL£‘.\Ej;£:”
-10.00 — 1 ’
-20.00 —_
-30.00 —_
] S,; and S,, of the structure with Cu losses
] S,,(f;=11.9952GHz) = -5.21dB = 0.548 = exp(-t,) => 1, = 0.601
-40.00 —
] h2378]
5000 i | ' ' ' ' | ' ' ' ' | !
11.9000 1$.UUUU 12.1000 12.2000 12.3000 12.4000
! Freq [GHz]
11.8652
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S, [dB]

-5.21 1
2 /
5.23 !

S12, filling time and Q-factor in full length Cu
structure: bm=14.8867mm, Nc=96, dsurf=5um

11.9956 11.
f [GHZ]

Complex S, (f) =>

Cell parameters at f=11.9952 GHz =>

7/3/2017, A. Grudiev

:Z: \ Filling time:
oas| t;=104.5 ns

t= d¢/dw [ns]

11.9956 11.
f[GHZ]

t(f) = do/dw = d(-ang[S,,(f)])/d(2rf)

t(96c¢ells) = 96h/v, = 100.0 ns

6568
6567.5
6567
Q-factor:
6566.5 -
/ Q, = 6566.7
6566
65655 1 1 1 1 1 1
11.9948 11.995 11.9952 11 11.996 11.9962 11.9964

11.9956 11.
f[GHZ]

Q,(f) = mfty/t, = mft(f)/[-log(|S15(f) | )]

Q = 6490



fo [GHz] 11.9952
T [degree C] 30

RF parameters for ceitparameters
X-band TDS o X

Ad, [degree] 120
system Q 6490
v /c [%] -2.666
R, [MQ/m] 50
TDS along parameters Base line Option
N, 96 120 Number of regular cells
L, [m] 0.8 1 Active length
L [m] 0.98 1.18 Preliminary total length (flange2flange)
t; [ns] 104.5 129.5 Filling time
R, [MQ] 27.3 37.5 Shunt impedance of TDS
Vy[MV] @ P, =6 MW 12.8 15.0
TDS+PC parameters PC = Pulse compressor
Q, 180000 Q-factor of the PC
Qo 20100 External Q-factor of PC
t, [ns] 1500 Klystron pulse length
R, [MQ] 145 182 Effective Shunt impedance of TDS+PC

7/3/2017, A. Grudiev V,[MV] @ P, = 6 MW 29.5 33.0



H-field in Backward Travelling Wave TDS: N_=10

H Field [A/m]

. BEEAE +861
. BEEHE +881
. BEBRE +861
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. ZBBAE +881
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. BEEEE +AE1
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. HEEAE +861
. ZBBAE +881
. BEEAE +861
. BEEEE +A8E
. BEEEE +A8E
. BEEEE +A8E
. BEEEE +A8E
. BEEEE +A8E

[V B LN T i T T % T % T LN T o T % T 1

e-ped™

7/3/2017, A. Grudiev
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RF design of the E-rotator with beam pipe

Ansoft LLC XY Plot2 HFSSDesign6_r532_CWD16mm_bpdmm_rtc 4
E Field [¥/m] 0.00 Curve Info
b dB(5(1,1
] B0 50— s )
. BAABE +AE 3 ] =
Setup1 : Sweep1
. BERGE+A0 3 1 — dB(3(1:1,3:1))
-10.00 — Setup1 : Sweep1
dB(5(1:1,3:2
. BAAGE +HA3 f e éwfgem N
5. COREE +0E3 | gmd:B;V[‘)rgle—g:Converslon]
3, BREGE +B03 |
-20.00
. Z.5DBBE+DO3 Phase = Odeg 1
" > DoGEE+@ES = |
- J iﬁﬂm
1. SAEEE+85 3 E} =30.00
i 1 \EQ’EI
1. GEBEE+8E3 i
5. BEBDE +AE 2 il
8, BaadE+a808 ~40.00
-50.00 T T
11 12,5000

0 15 30 {mmj)
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arw [mm] 22.86
Geometry of the E-rotator with beam pipe wwmm
. . rrtc [mm] 0.25
:4 arw >: .< arw > </b:W e Ih %ﬂw > Kﬂh(lh—/z)l lh [mm] 12.21
4// | ch[mm] 24.27
' dh [mm] 15.02
WG cross-section . dy [mm] 8.37
'\ dy1 [mm] 5.41
EE bpl EEécszE rrt [mm] >
! rrtl i rrcl rrc rrl [mm] 5
i @\i N ¥ rr2 [mm] 3
: I FCWFO ]er : -- rr3 [mm] 2
--l ......... bpr_ Al | W . e — b rre [mm] 2.5
i --- rrcl [mm] 4
' rrtl [mm] 1
" cwr0 [mm] 7.25
. L . cwz0 [mm] 9.12
0 15 30 (mm) 0 15 20 (mm) 0 L]
Symmetry planel  °P" [mm] 4
' bprr [mm] 0.5

18/05/2016, A. Grudiev bpl [mm] >10



Y1

Two E-rotators face-to-face

E Field [¥/m] M
Full geometry for a face-to-face RF check of two Half geometry with PerfE B.C.
- 7. GIDEE4BES
E Field [¥/m] . 7.1215E+8@3
£, 6132E+003
s 6. 104E 003 .
| H150E+BE3 5. 5958E+0A3 I_a u nCh | ng
| BTB2E+003 5. B371E+383
| TARSE+AA3 . STAYE+EAI
| SOBEE +0E5 4. BEIFE+EE 3 Phase = Odeg Vx
| BETLE+003 3, SEBOE+BA3
.7174E+383 | Phase = Odeg 3, B522E4003
| 3778E+003 2, S435E4B03
. A3B1E+@A3 2. B3YBE+EA3
| BOBYE+D03 1. 52B1E+BB3
. 3587E+003 1.@174E+803
s
. J9GEE+@B2 8. BPDAE A0
, BOEAE +000

0 25 50 (mmy)

30 60 (mmy}

XY Plot 1 F2F_2Erotators_full 4
0.00 e E Field [¥/n] i
- urve Into
] = Half geometry with PerfH B.C.
T Setup1 : Sweep1 7.8678E+B@3
- — dB(5(1.2) 7. 3433E+B03
1 Setup1 : Sweepl 6. B157E+0E3
-10.00 - — aBs03) h
] St 6. 20128 203 Launching
5. 7637E+003
i — dB(S(1.4))
j Setup? : Sweep 5. 2452E+@03
] ’ 4. F2B7E+BR3 V
20.00 - 4. 1962E+083 Phase = Odeg
. 3. 67LBE+ER3
E 3. 1471E+BR3
1 2. 6226E+BB3
1 2. DIELE+DRS
-30.00 7 1, 5736E+003
] 1. @498E +663
i 5. Z452E+002
| @1, BRRAE +320
4000
50.00 . . . T : . . . ‘ . . : ‘ . . . :
11,5000 11.7500 12.0000 12.2500 12,5000
Freq [GHz]
11.9952
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Distance between E-rotator and the Cells: cwl

Y

A

37.5

22,8623 |

:

A

v
-"\.h'I
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[HY
52
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W
92

C

g
[

g

-30.00
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-40.00

K{UBLSU )
bl

ma

-50.00

55,00

60.00

maxS11

-50.49

cwl > 15mm

5.00

15’00

T I T T T T T T T T
25.00 35.00

CWL [mm]

] T T
45.00

Number of regular cells: N,
Active length (all regular cells): L, =h*N_ [m]
Total length (flange-to-flange): L = L, + 2L, [m]

0.8
0.978

0.927
1.111

1.0
1.178

1.2
1.378

Curve Info
== max(dB(S(1,1)))
Setup2 : LastAdaptive
Freq="11.8952GHz'




T24 PSI| x-band accelerating structure
prototype layout Beam pipe length
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Adding 90 degree bends to WR-90

dB(S(1,1))

rb=6.56mm
P
0 5 10 (mm) ‘K
XY Plot 1 90deg 4
-30.00 Curve Info
T ;1d8§1,1]1]
up1 : Sweep
_ S11 of the bend
-40.00 |
50.00
60.00
70.00
_SO-OU_IIIIIIIIIIIIII|I|IIII|IIIIIIIII|II

11.00 11.25 11.'50 11.75 12.00 12.25 12.50 12.75 13.00
Freq [GHz]

18/05/2016, A. Grudiev

Conversion

.
&n
=1
=

dB10{1-2*

1
&n
=
=
=

-55.00

-60.00

XY Plot 4

A

40 (mm)

Curve Info

— dB1{1-2*Conversion)
Setup : LastAdaptive
Freq="11.904GHz'

1 | I 1
4500 5000



Schematic layout of an X-band TDS system

Basic layout + pulse compressor (PC)

i

Layout 2:

- (KL) Klystron

- (VP) vacuum pumping port
- (WG) waveguide network

- (PC) Pulse compressor

- (DC) Bi-directional couplers
- (T) waveguide splitter

- (P) Variable phase shifter

- (L) RF load

PC

21/09/2016, A. Grudiev



Compact E-plane circular TE11 rotating mode
launcher (E-Rotator)

E Field [¥/m] Ansoft LLC XY Plot 2 HFSSDesign6_r532_CWD16mm
0.00 ! Curve Info
4, SEEEE +H@3 1 0T = 301 — dB(5(1,1))
4, ZAOBE+BB3 | SElup T SWGED !
I —— dB(3(1:1,2:1))
3., JBBAE +2E3 | Setup1 : Sweepi
T i
5. EREEE+EE S5 N 1 — dB{5{1:1,3:1))
3. 30GAE+2@3 2 +1000 7 i SEu - Sween]
somneeoes| 4 : =
I
2. 7BUBE +883 ! —— dB10(1-2*Conversion)
i i Setup1 : Sweep1
2. 4ooaE+oa3 | - Phase = Odeg Phase = Odeg . i =
2, 1AEEE +B63 -20.00 — !
1, SBGAE +BA3 . !
1, SEGEHE +8E3 1 i
b 1
1, 2AREE+AA3 - 1
9, BRBAE +BAz2 . 11.9[12.019 12273 12459
6. BEPEE+2@2 E T | ‘E, “““““““““““““““ —
5, BEGAE +Ba2 1 . 12,030 12.287 12 467
8, BEAAE +200 i
1
I
T |
-40.00 — :
I
7 |
|
1 4857
-50.00 — 7 ——— [ ———————
11500 11.750 121000 12.250 12500
Freq [GHZ]
L R R R R 1 904

0 20 40 (mm) 40{"1"1)

Design goal function: Bandwidth at -30 dB m Max Surface Fields m at Pin=100MW

Conversion = 0.5 = E [MV/m] 0.0051
|Re{513x}lm{Sl3y}+Im{Sl3x}Re{Sl3y}| 512 65 H [kA/m] 0.018 180

21/09/2016, A. Grudiev 1-2Conversion 50 S [MW/mmA~2] 2e-8 2




V/Vin; (|)/27'c

P/P.

Pulse compression: example

n

3 r r r r r r
. \ Vio | Example at 12 GHz:
2 -
R N R B - Y I R IR P o Q, = 180000; Q, = 20000
' Viad t, = 1500 ns klystron pulse length
1 N f—
sy - v | t, = 100 ns compressed pulse length
i |
0 ' == |
-0.5/
o 0.5 1 15 2 2.5 3 35 4
® o ] ' ' ' ' Average power gain =
n P'nt = average power in compressed pulse
6 \ / input power = 5.6
5 \ Average power efficiency =
4 = compressed pulse energy
3 / input pulse energy =34.7 %
2
1
OO 0.5 1 1.5 2 2.5 3 3.5 4

\I/re\,/ 2n x 10°



d [mm], PMW], L _[dm], Sc[W/um?]

TDS parameters versus cell geometry, (Ap =135°

PCCIAS: 12GHz, 0.05GeV, 2m

10 . ; ,
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al\
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d [mm], PIMW], L _ [dm], Sc[W/um?]

TDS parameters versus cell geometry (Ad =150°

PCCIAS: 12GHz, 0.05GeV, 2m
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3D design of the case 2 an
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VDRV

D
=
-

v

d/2

I

i ———

i

18/05/2016, A. Grudiev

d 3 TDS (HFSS)

fo [GHZ]
T [degree (]
A, [degree]
a [mm]
h [mm]
rr [mm]
b [mm]

d [mm]

11.9952
30

120

4
8.3309
2.5
14.9179
2.6

0.01
1.35
d/2*(1-s)

be*e

135

9.3723
3
15.0638
3

1.4



Dependence of the frequency

approximation dserf. (AnsysEM v17.2

1.199650E+010

1.199625E+010

1.199600E+010

fO_vs_b

Case 2: dphi=120deg

Setup1 : LastAdaptive

dseft="0.0015mm’

== re{Mode(1))
Setup1 : LastAdaptive

dseft="0.002mm

fo -
Curve Info
—— re{Mode(1))
Setup1 : LastAdaptive
dseft="0.001mm"
==~ re{Mode(1))
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K\ Case 3: dphi=135deg
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11999T5E010 \ —@ re{Mode(1)) g
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3 ]
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1.199475E+010 . >
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b [mm]
QO_VS_b f0 A& Curve Info
— (1)
N Setup1 : LastAdaptive
b dseft="0.001mm"
6495.00 7] Q)
4 Setup1 : LastAdaptive
i dseft="0.0015mm"
1 — (1)
_ 648500 Setup1 : LastAdaptive
- 1 dseft="0.002mm"
c ] — a
] Setup1 : LastAdaptive
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g Setup1 : LastAdaptive
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Curve Info

—— re(Mode(1))
Setup1 : LastAdaptive
dseft="0.001mm'
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Setupi : LastAdaptive
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Setup1 : LastAdaptive
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Nominal value for b=15.0638 is
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T T T
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Q0_vs_b
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Curve Info
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— Q1)
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Surface fields normalized to the deflecting field. dserf=1um

Case 2: dphi=120deg Case 3: dphi=135deg

250 T —— EsEd 250 — EsEd
] | f, [GHz] 11.9952
2.00 - 200 -]
150 T [degree C] 30
w ] il ]
400 4 ]
: o Ad, [degree] 120 135
050 msn{
000 S Q 6490 6940
000 500 1000 1500 2000 2500  30.00 70 P\ P S I
Distance [mm] Distance [mm]
Hs/Ed [AV] 0 A | Cwveinio Hs/Ed [AV] 0 & [Covers vg/c [%] -2.666 -2.063
— H=sEd K — Habd
4 i — HsEd_1
0.008 - — HsEd_1 08 ] &
; - R,/Q [Q/m] 7706 7076
0.006 —| 0.006
-] : Es/Ed 2.35 2.4
> 0.004 — ;0.004 —
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Frequency sensitivity to the axially symmetric errors.
Ad, =120 degree, dserf=1um,
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Frequency sensitivity to the non-axially symmetric errors.
Ad, =120 degree, dserf=2um,

fo [MHz]

z

1 Tilt Vx
2 Tilt Vy
3

4 Shift Vx
5 Shift Vy
6

12001
12000
11999
11998
11997
11996
11995

o [deg]
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fy vs ShiftY
fovs Tilt 110985
' y =-1.9904x* + 0.051x° +4.4366x - 0.0673x + 11995
" ° 119% o o R?=0.9916 N
y =5.1515x°-0.0229x+ 11996 119975 ‘@ .ﬁ
| oo : o 1197 e ®, o o°
¢ T \‘ ( ] o - ® VX
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‘-‘.’.'."‘,:'. x X8 R2=0.9997  ‘reeeeee Poly. (Vy) 119945 y =-0.3615x*- 0.0096x% + 2.4496x2 - 0.0193x + 11995
' R?=0.988
-0.5 0 05 1 15 -15 -1 -0.5 0 05 1 15
Tilt [degree] ShiftY [mm]
dVv/V [%] -1 -2 -5 -1 -2 -5
d(Adg)*N, 11.46497 16.21391 25.63645 11.46497 16.21391 25.63645
L.=0.8m, N =96 L.=1m, N_=120
d*f/dz* [MHz/deg’] Comments d*(Ad)/dz” [deg/deg’] dz [+deg] dz [tdeg] dz [tdeg] dz [tdeg] dz[tdeg] dz[tdeg] The same tiltin
90 3.13 1.174513316 0.318876 0.37921 0.476831 0.285211 0.339175 0.42649 each cell ->
0 5.15 more critical 1.932505936 0.248594 0.29563 0.371735 0.222349 0.264419 0.332489 “banana”
45 4.261419951 1.599071718 0.273286 0.324993 0.408657 0.244434 0.290683 0.365514f
d*f/dz* [MHz/mm?] d*(Adbo)/dz’ [deg/mm?]  dz [tmm] dz [+mm] dz [tmm] dz [+mm] dz [tmm] dz[+mm] The same shift
90 2.45 0.919347484 0.360422 0.428616 0.538956 0.322371 0.383366 0.482057 in each cell ->
0 4.44 more critical 1.666082787 0.267733 0.31839 0.400355 0.239468 0.284777 0.358088 “book shelfing”
45 3.585812321 1.345554096 0.29792 0.354289 0.445495 0.266468 0.316886 0.398463 g



Matching Disk-loaded waveguide to a Circular
waveguide

XY Plot 2 MatchingSetup1_d3L8p5Sdmc2pSem2_sweep A Curve Info
0.00 — dB(S(1,1}))

1 1 1
1 1
: 1 | ’ B . Setup1 : Sweep
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parameters: _ _
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Ny TN AN AT
i - S.1(ncell=4) Matching condition:
L ﬁ Envelope of three curves
]
) HT/ HT/ o above goes to 0 =>
ncell=5 ~ - )
™ ]
| I I i S,1(ncell=5) Max{S,,(ncell=3,4,5)} -> 0
N
¢ =7
(IJ 25 50 (mm)
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Field distribution and S-pars in full length structure (PEC): bm=14.8873mm, Nc
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0.669, as expected since L,
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exp(-t,)
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XY Plot 1
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S,; and S, of the structure with Cu losses

S,,(f;=11.9952GHz) = -5.21dB = 0.549
It is lower than the optimum t
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Polar Plot 1  MatchPEC_Nc96Cu_bm14p8873

ag Curve Info
—_— Hx

Setup1 : LastAdaptive _ The phase advance error of 6 degree over 96 cells
Freq="11.9952GHz' Phase="0deg

corresponds to numerical frequency error per cell:
6deg/120deg/96cells*0.02666*11.9952GHz = 0.2MHz
This correspond to 0.2um error in b,

120

150 20
Well within error related to mesh
Much smaller than the target machining tolerances
The effect on the RF performance is negligible
180 e 0 Conclusion: Dimensions of the cell found in
eigenmode solver are confirmed in the S-pars solver
Vy [V] for Pin=6MW
210 330 Vym*sqri(1.5)*1000
Freq [GHz] Setup1 : Sweep1
Phase="0deqg"
1 11.995000 12861891 596793
2 11.995100 12864489.886917
3 11.995200 12862455 911294
240 300 4 11.995300 12855803.262451
b5 11.995400 12844548.142562

270



Tuning matching cell with copper losses

fO_vs_b_1

 Effect of the copper losses on
the regular cell frequency

* Due to copper losses
frequency decreases by

df/f~1/Q0 => -0.9 MHz
* This corresponds to 0.9 um
correctioninb

* |[n order to correct the
matching cell frequency
(matched using PEC) in the
presence of copper losses bm
must be reduce by ~0.9um

e This is an estimate

18/05/2016, A. Grudiev

T 1.199350E+010 —

1.199700E+010

f0_PEC

1.199650E+010 —

1.199600E+010

1.199500E+010 —

1.199450E+010 —

1.199400E+010
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Imported
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== re{Mode(1))
Imported
dseft="0.002mm"

= re(Mode(1))
Imported
dseft="0.003mm"
== re{Mode(1))
Imported
dseft="0.005mm"

. |- f0_PEC_dslum
Imported

Curve Info
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Tuning matching cell with copper losses

S11 versus the matching cell radius bm

A

148874

XY Plot 2 MatchPEC_Nc96Cu
-38.00 1 I Curve Info
| —4— dB(S(1,1))
1 Setup1 : LastAdaptive
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Curve Info

— Complexiag_H
bm="14.8865mm" Freq="11.2052GH='

—— ComplexMag_H
brm="14.8866mm" Freq="11.2952GH='

—— ComplexMag H
bm="14.8867mm" Freg="11.9952GH="

— ComplexMag_H
bm="14.8868mm" Freq="11.9952GHz'

= ComplexMag_H
bm="14.8869mm" Freq="11.2052GH='

—— ComplexMag_H
brm="14.887mm' Freq="11.9852GHz"F

—— ComplexMag_H
bm="14.8871mm" Freg="11.9982GHz

— ComplexMag_H
bm="14.8872mm" Freq="11.9952GHz"

— Complexiag_H
bm="14.8873mm" Freq="11.2052GH='

Both the S11,522 (reflection from the matching cell into the waveguide) and the standing wave (reflection form

matching cell into the periodic structure) is minimized for bm=14.8867 mm to about the same level of -43 dB
It is still higher than reflection in the PEC structure: -60dB mainly due to mismatch in the mating iris radius

BUT corrections of the matching iris radius to minimize S11 and standing wave have different sign. So it is
impossible to set both to 0 in the symmetric structure, where input and output matching iris are the same.

Since it is very small (<-43dB) and the corrections would be below the machining tolerances level, we neglect this

tiny mismatch
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Field distribution in full length Cu structure: bm=14.8867mm, Nc=120, dsurf=5um

XY Plot 1 MatchCu_Nc120Cu_bm14p8867  #
50.00 Curve Info
T ComplexMag_H
: EE::4E1 1 ﬁgigi;zas e="0deq’
- S1,(f,=11.9952GHz) = -6.48dB = 0.474 = exp(-t,) => T, = 0.747 -
40.00 —
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S,, [dB]

512, filling time and Q-factor in full length Cu structure:

-6.45

bm=14.8867mm,

-6.455

-6.46 -

-6.465

-6.47

-6.475

-6.48

-6.485

1 Il 1
11.9948 11.9949 11.995 11.9951 11.
fId

Il 1 1
952 11.9953 11.9954 11.9955 11.9956
Hz]

S-pars solver: S12 fou

96 and 120 cells

give the regular cell parameters =>

Cell parameters at f=11.9952 GHz =>
from eigenmode solver
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Nc=12

= d¢/dw [ns]

&

129.75

129.7

129.65

129.6

129.55 -

129.5 -

129.45

129.4 -

129.35

1293 -

129.25

O, dsurf=5um

Filling time:
t;=129.5ns

1 1
11.9949 11.995 11.9951 114

f[GHZz]

Vg in regular cell from $12:
v /c = (120-96)h/c[t{(120) - t{(96)]
= 24h/c25[ns] = 0.02667

vg/c = 2.666 %

1 1 1
952 11.9953 11.9954 11.9955 11.9956

6554.6

6554.4

6554.2

6554

6553.8

¢]

6553.6

6553.4

6553.2

6553 -

Q-factor:
Q, = 6553.8

6552.8 . .
11.9949 11995 11.9951 11.9

1 1 1
952 11.9953 11.9954 11.9955 11.9956

f [GHz]

Q-factor in the regular cell from S12:
Q = nif[t(120)-t(96)]/[1,(120)-t(96)]

= tf[t(120)-t,(96)1/[log(

151,(96)/5,,(120) )]

= 1*12[GHz]*25[ns]/log(0.548/0.474) = 6497

Q = 6490



Dispersion diagram for 3 lowest dipole and sextupole TM modes

A

Dispersion A Curve Info

—i— re(Mode(1))
TM12 3.75E+010 Setup1 : LastAdaptive
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Dispersion diagram for 3 lowest monopole and quadrupole TM modes

HOM

Dispersion
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Dispersion diagram for 3 lowest quadrupole, octupole TM modes and
nybrid TE/TM mode

Dispersion A Curve Info
—d— re(Mode(1))
3.75E+010 Setup1 : LastAdaptive

e re(h‘lndeiijj_
Setup : LastAdaptive No modes at 12 GHz
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Beam line:
f=c/h*Ad/360

TDS dispersion curve (design):
In linear approximation near
synchronous point: f,=c/h*Ad,/360

f = fy + v,/n*(Acdb-Acb,)/360
=>

(f1'fo)/fo = Vg/C*(Ad)l'Ad)o)/Ad)o

For TDS dispersion curve with error df:
df = f,-f;
=>

df/f, = 'Vg/ c*(Ad,-Ad,)/Ad,

For tolerances study eigenmode setup is used with dphiO where df

f[HZ]

ftdf

vy

1.19952E+010

/

TDS dispersion curve (design): vg<0

is calculated for both polarizations as a function of geometrical

errors
7/3/2017, A. Grudiev

Relationship between synchronous phase and
frequency errors

Dispersion curve of operating TM11 mode
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