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Introduction

RF Cavity Acceleration-Standing wave

An electron travelling close to the speed of light traverses
through a cavity. During its transit it sees a time varying electric
field. If we use the voltage as complex, the maximum possible
energy gain is given by the magnitude,

+L/2 .
j E, (z,t)e"" " dz
-L/2

To receive the maximum kick with multiple cells the particle
should traverse the cavity in a half RF period:

AE =gV, =¢ , V3, is accelerating voltage

__C ,Lislength of a single cell
21
Vb

Acceleration gradient =G = -

U is the stored energy,
P)oss is the power loss on
the cavity surface

U
Ploss

Quality factor=0Qy = w

. V2
Shunt impedance = Rgpynt = —2—

Ploss
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ll Introduction

. electrons ~1  RF Cavity Acceleration-travelling wave
(v~c)

* short pulses

* high frequency
>3 GHz

e typical
10~20 MV/m ‘ particle bunch electric field

« CLIC: o dy T
— 12 GHz " ’
— 240 ns o> — —> —— —o0p —— o> ¢ —ob — —op —
— 100 MV/m
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Introduction

RF Accelerating Cavities

P

CERN-PS 19 MHz Cavity (prototype 1966

&
@)
©
)
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Introduction

CLIC: Compact Linear Collider

circumferences M al n LI n aC
ggﬁMI;I\rstlrggs | I I delay loop 72.4 m | I I ggﬁMlbls'stlrggs
il o CR1 144.8m o
drive beam accelerator 2.38 GeV, 1.0 GHz CR2434.3m drive beam accelerator 2.38 GeV, 1.0 GHz C ’ M ' Ene rgy 3 TeV
T Tam Peak luminosity 2x10%* cm2st
delay loop » e ° 4 delay loop
@ @ decelerator, 24 sectors of 876 m Beam Rep * rate 50 HZ
mm Lm(-m m-)m-) m-lm-) Pulse time duration 156 ns
B } 1 1 1 BDS BDS £ £ ‘ i Be
245 2.75 km 2.75 km Ta5 . .
(T-ﬁ{adi:s_- 120m e~ main linac, 12 GHz, 100 MV/m, 21.02 km " e* main linac TA radius‘—/l\;lm AVG rage fleld grad Ient 100 MV/m
N\ [/ . ..
8.3k m v # accelerating cavities | 2 x 71,548

CR  combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC  bunch compressor
BDS beam delivery system
P interaction point

| booster linac, 9 GeV

e e et et
PDR DR DR FDR
365 m)| 365 m 365m f{ 365 m

The objective of the X-band activity is to develop the high-gradient, high-power X-band rf system for
the CLIC main linacs. The current focus is on constructing and operating 100 MV/m prototype
accelerating structures and establishing a significant high-power testing capability through klystron-
based test stands. Additional activities include studies of the fundamental physics of high-gradients,

the use of high-gradient technology in other applications such as XFELs and medical linacs and the
design of high-efficiency and high frequency klystrons.

€~ injector, 2.4 GeV e* injector, 2.4 GeV
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Introduction

B |

* Slow wave accelerators: Irises-loaded accelerating structures

I/rises form periodic structure h

waveguide:
¢ Irises reflect part of the wave;

s Irises slow down the phase

I I | | | | velocity so that it equals the
particle velocity;

** The group velocity is usually

Irises-loaded structure around 1% of c.

| ** In CLIC studies, gradient up to
b e o e e e e e | 100 MV/m has been
vy ool of of of \ s (o= =9

s s Eesssas! demonstrated at  X-band

1 i frequency with rf pulses of
100s ns.

X-band CLIC accelerating structure \ /
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CLIC-G Accelerating Structure

Without HOM Damping With HOM Damping
Rr ﬁ '3
R |
Z S
be
de
~le(s*d)/2
h/2 a
Undamped Geometry CST m
Phase advance 120° 120°
Frequency [GHz] 11.9949 11.9943
Unloaded Qo 7295.2 7245
r'/Qo [Q/m] 15892 15924

Design of the CLIC main linac accelerating structure for CLIC
Vg/C 0.018 0.018 Conceptual Design Report, Proceedings of Linear Accelerator
Conference LINAC2010, A. Grudiev, W. Wuensch
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ll Test Stands at CERN

e Xbox 1: 50 MW klystron, 50 Hz, connection with CLEAR (e linac)
e Xbox 2: 50 MW klystron, 50 Hz

* Xbox 3: 4x6 MW klystrons, 400 Hz, 4 structure test slots

e Sbox: 43 MW klystron, 25 Hz, S-band (2.9985 GHz)

50 MW klystron with pulse

' Pulse Compressors CLIC test platform
durationof 1.2 ps

o
‘

Courtesy of slides from Jan Paszkiewicz, CERN
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= Dielectric-Lined Accelerating (DLA) Structures
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Introduction

* Slow wave accelerators: dielectric-lined accelerating (DLA) structures

copper

L

r r:

vacuum

dielectric

Longitudinal
Electric fields

wwwwww

nnnnn

Er
|
CST
5

2
1 g
10408,
fet
o
Sta?
-y
1 5e08
=
25t
15008

ATTEY

L.

@vantages of DLA: \

s Simple geometry for easy
fabrication;

** No field enhancements on
irises;

+» Potential high gradient;

+»» Easy to damp HOMs;

Disadvantages of DLA:
s Low power efficiency due to
high group velocity >10% of ¢

. J
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DLA Structures

B |

E-field of the TMo1 mode (v, = ¢) Electric energy density

PARNR e r L YL ARSI r T R ARy VAN s a gy
% ***—#*d‘ie CCERIC s>+ rr 7t vttt brr s i A a s r s I s
LIRS S ok of TG S I Wt =, S . e I SRS, S D T b i S T W S, o L e e
ISR SR T L 2 e A e o A AP BRI SR DL 2 R R T e e o o S
R e e aE A A e 2 2 B 2 N S o ot SRR VIR S S 5 2 S
Vb ettt = \QCHEHR = + » « ¢ s ce e s s rdbpb o
O e e e R R . o . . 1 S S S e e M R e e e e e
IRy 2 L o LA N S R B G o o o R SRR A ey U2 T PSS N R L o o T Y
T s T e e R . = =T ~E S SR R e Ny
[ "’"‘:':d“ereatpl‘cﬁ"*"“‘ LRIV ok ah o A L S SRS R A A S dn e YR Y
P d v erwx R bt A arrs b Vb i deewnn A A sy

Ez of the TMo1 mode (v, = ¢) Magnetic energy density

1) The axial accelerating field is the maximum electric field in the structure;
2) The phase velocity of TMO1 mode can be slowed down to c;
3) Most of energy is stored in dielectric area, resulting in low power efficiency.
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Frequency f (GHz)

2

[
V
o

[y
e
o

0.0

ol
o

0.0

Dispersion Curves

6 The red line for CLICB

s—s—

—@—CLIC-G Iris Structure
--S0L
—@—DLA Structure

30

60 a0 120 150
Phase Advance A (degree)

TMO1 mode

180

2)

o

iris gradually saturates,
and group velocity
gradually decreases to
0 with the increase of
phase advance;

The blue line for DLA
structure gradually
increases, but group
velocity can’t be 0 with
the increase of phase
advance.

/
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ll RF parameters on DLA structures

CLIC-G iris Quartz Alumina
] (oy) | MeTe | Mesr

Dielectric constant &r 3.75 9.64
Dielectric loss tangent & 0.00005 0.0001 0.000006 0.0001 0.0001 0.0001
Structure length [mm] 8.33 8.33 8.33 8.33 8.33 8.33 8.33
Phase advance 120° 120° 120° 120° 120° 120° 120°
Inner radius r1 [mm] 3.15 3.15 3.15 3.15 3.0 3.15 3.15
Outer radius r2 [mm] 7.22 6.20 5.364 4.675 4.624 4.245
Frequency [GHz] 11.9943 11.9990 11.9958 11.9966 11.9984 11.9942 11.9919
Unloaded Qo 7245 6127 3998 4231 2468 2214 1691
r'/Qo [Q/m] 15924 10719 11166 10427 9489 8463 6878
r [MQ/m] 115 66 45 44 23 19 12
ve/c 0.018 0.273 0.183 0.111 0.068 0.057 0.034
Es/Ea 2.4819 1.0757 1.0755 1.0756 1.069 1.0760 1.0760
Es/Ea [dielectric] 1.0289 1.0024 1.0010 1.0 1.0152 1.0141

Power required to

generate 100 MV/m [MW] L2 1013 652 424 287 266 197
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= Dielectric Disk Accelerating (DDA) Structures

/

s TMO1 operation mode
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DDA Structures-TMo1 mode

copper

o | C1

Longitudinal electric fields Transverse magnetic fields

gl
/l We can adjust ro, c1, D and &r to get the\ a
desired frequency of 12 GHz. Lo
B Such a structure has a periodicity L
which can be used to slow down the
group velocity of accelerating mode. /

Electric energy density Magnetic energy density
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ll Dispersion Curves

20.0 13.5
172° 174° 176° 178°180°
= T e —— ¢
T 15.0 -
O O 130 |
S— —
(T Y
3. 10.0 3
c c
g =~ DLA Structure_TMO01 mode g
o o125
=4— DDA Structure_TMO01 mode
8 3.0 - 2 —-DLA Structure_TMO01 mode
L -@-50L L
3 —4— DDA Structure_TMO01 mode
—¥—CLIC-G Iris Structure
0.0 L L L 12.0
0 30 60 90 120 150 180 165 170 175 180

Phase Advance A (degree) Phase Advance A (degree)

/l The group velocity for a DDA\

Geometry parameters DDA_TMO1 mode

Dielectric constant &, 064 TMO1-mode structure gradually

Dielectric loss tangent & 6e-6 decreases to O;

Structure length L [mm] 8.333 B The phase shift of 172°-180° can
7 (] 1 be chosen to generate a low
= = group velocity for accelerating

D [mm] 2
k modes. /
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Comparisons

DDA_ 0. ~ 0.
96m-mode 997-mode
Dielectric constant r 9.64 9.64 9.64 9.64
Dielectric loss tangent 6e-6 6e-6 6e-6 6e-6
Period length [mm] 8.33 8.33 11.94 12.36 12.50
Phase advance 120° 120° 172° 178° 180°
Frequency [GHz] 11.9943 11.9924 11.9973 11.9973 11.9953
Unloaded QO 7245 4232 14815 14870 14872
r'/Q0 [Q/m] 15924 10423 9544 10027 10092
r (MQ/m] 115 44 141 149 150
vg/c 0.018 0.111 0.073 0.018 0
Es/Ea 2.4819 1.0762 4.3071 3.4399 2.8773
Es/Ea [dielectric] 1.0029 0.91723 0.64648 0.65432

Power required to

generate 100 MV/m [MW] 45 424 304 71
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Outline

= Dielectric Disk Accelerating (DDA) Structures

R/

<+ TMO2 operation mode
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DDA Structures-TMo2 t-mode

ﬁHigh order mode operatm

reduces the surface fields;

The electromagnetic fields can

be controlled by dielectric parts;

B Very high power efficiency;

B X-band frequency potentially

Endcell  Regular cel generates a high accelerating
Y. Wei and A. Grudiev, IEEE Transactions on Nuclear Science 68,

\8 radient. /
1062-1071, May 2021, doi: 10.1109/TNS.2021.3069110.
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Periodicity = L,

S—— T S

o4
[y
o
oQ

Tc Tc

o ToI

Most of the RF energy is stored in the vacuum region; \
The total RF loss including both the wall loss on the
conducting cylinder and dielectric loss in the DDA
structure can be drastically reduced, thereby resulting in
both an extremely high quality factor and a very high
shunt impedance at room temperature. /

Regular cell

H/E, [mA/V]
3.50->.

Electric fields magnetic fields
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al/)\0

al//\0

160000

120000

80000

40000

1000

500

250

Unloaded Quality Factor Q_

Shunt Impedance r' (M{2/m)

Optimization on a regular cell

Optimum parameters _

Dielectric constant &,
Dielectric loss tangent §
Iris radius 1y [mm]
Corner fillet radius 1, [mm]
Inner radius a; [mm)]
Inner radius b; [mm]
Copper radius ¢; [mm]
Disk thickness d; [mm]
Periodical length L; [mm]
Phase advance
Acceleration mode
Frequency [GHz]
Unloaded Q,

r [MQ/m]

9.64
6E-6
3.15
1.0
11.10
13.22
20.5
2.0
12.50
180°
TMO02 n-mode
11.9940
134542
781
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l Regular cell with copper plates

IR
Copper Plates

6Copper plates: 2.8%
RF loss comes from

dielectric loss, 97.2%

RF loss comes from .
copper wall loss; End cell is added

to reduce the
wall loss

O Periodic boundary:
27.2% RF loss comes
from dielectric loss,
72.8% RF loss comes
from copper wall loss;

\_ /
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Optimization on end cells

B

H/E, [mA/V]

End cell Regularcell End cell 4.0 >
1 LZ 1 L1 1 LZ 1 |
: : : ] -
1 OJ
0.5d, 0.5d};
| | 1
a.|by|cq eq|f1 X z
i’ c Tel
g1 Iro ToI
Z e; [mm] 14
[ \ L, [mm] 6.5
O The ratio of copper wall loss to total £, [mm] 16.58
power loss is reduced from 97.2% to
87 75%: g1 [mm] 4.15
Q The total power loss in a DDA structure Frequency [GHz] Lo BEr 2
with end cells is about 76% lower than Unloaded Qo 60323
\_ that of a DAA structure without end cells. / P [MQ/m] 503
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Multi-cell DDA structure

160000

O@
S 120000t
=
£
s 80000
o
-
2
S 40000}
=
o=
0 1 1 1
1 5 9 13 17
Number of Regular Cells ¥
1000 ' ' ' /l Quality factor Qo = 100000, shurh
g_ impedance r’ = 510 MQ/m for a 5-cell
3 cavity with same dielectric material;
3 M Quality factor and shunt impedance
E] increase with the number of cells and
=
< become saturated when the number of
=
z \ regular cells reaches 13. /

1 5 9 13 17
Number of Regular Cells V
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Considerations on the maximum number
of cells

Reference: Nagle, Knapp and Knapp, 1964 and 1968

13 : : . . .
12 f — ﬁ'
}1' 7 \/1 + k cos Ag
T 9l
S s vz
<l = Y20 _ 1074 GHz
g g /fnz + fo
= g
; :TMOlmode k = fii - fO — 0.198
(1) I —gphﬁgﬁ ;nf(}ijieght' f 7+ fo

0 30 60 9 120 150 180 Bandwidth BW = f.k = 2.13 GHz
Phase Advance A¢ (degree)
)

-

To avoid mode overlapping: N < /Q“Z = 256: N < “m2 Q“/an = 39221 Maximum

number of cells
can be 72

The frequency separation for modes: Afy_, y = f"m = 1.0 MHz;
2 k
\ Afy!Sy = fr oo = 23.5 MHz

J
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DDA structures with different dielectric
loss tangent

.

200000

150000

100000

50000

Unloaded Quality Factor Qo
Shunt Impedance r' (M€2/m)

0 1 1 1 1 L : L
1078 107 10° 107 1074 T 107® 107 107° 10 10"
Loss Tangent tand Loss Tangent tand

O Dielectric loss tangent & affects quality factor Q, and shunt impedance r’; )

O The highest quality factor and shunt impedance: Q, = 184000, ' = 1070 MQ/m;

O When loss tangent 6 = 1E-5, Q, = 113818, r' = 660.5 MQ/m. This can be
achievable in a relative simpler manufacturing process.

\_ J
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RF Properties

e V2 2
Pgis = —— = 2.881 MW T=A=316ns
NSO =26 ¢ NpPt=18 T ML v +F)
Pb == VaCCIb == 26775 MW
N =18 L =12.5mm Unload _ Pyr’
FLoad — 100 MV/m Py = Pgis + Py, = 29.656 MW Eace NI = 32084 MV/m
o o 10204 ¢
Vace = NLELS2d = 22,5 MV =5, 10 Eload = puntoad(y _ o=

200

|—The Gradient Proﬁ1e|

CLIC-G

(18 regular (18 regular
cells) cells)

RF properties (28 cells)

ot

n

o
T

Dielectric loss tangent &

Accelerating Gradient EIUa 4 (MV/m)

Acceleration mode 2n/3 U2 UL 100 ¢ | '
mode mode ! !
Shunt impedance r [MQ/m] 92 781 660.5 50+ trin | ty !
Load 00 l(I)O | 260 | 300
Loaded gradient Ez¢¢ 100 100 100 Time ¢
[MV/m]
A )
Filling time tg; [ns] 67 118 125.4 The average powers dissipated in the dielectrics are
ty [ns] 155.6 155.6 155.6 21.5 W and 26 W with different loss tangents of 6E-6

\ lengths with a repetition rate of 100 Hz
GSI Accelerator Seminar, 20t May 2021



Short-range Wakefields

Charge Density
(R L L [\
DLA-TMO1
UUUULIUUUUU_UUULILIULI#EQ_) -
DDA-TMO1 (Standing Waveh Z
OO0 DA OO AAAAAAAA

300 T T T T T
=Wake-CLIC-G-42-28 cells
== Wake-DDA-TMI-18 cells
=W ake-DDA-TMO2-18 cells
Wake-DLA-TMi-28 cells

AlEEEEEEEEEEEE e

DDA-TMO02-original (Standing Wave)

HENEEEEEEEEEEEEEEEN

200

DDA-TMO02 structure shows lowest
10or short range Wakefields: about 2/3 of ]
the CLIC-G

‘Wake field potential | V/pC/m/mm]|
=
i

[EI CLIC-G: 28*8.332 <> DDA TMO02-m: 18*12.5, so the\ 00
number of regular cell is 18, no end cells are included;
O Convergence studies: dx = dy = dz = 0.05 mm; -200F cc-G
O Bunch charge Q = 1.0 nC, bunch sigma = 1.0 mm, offset = DLA-TMO1— DDA-TMO1
0.5 mm. T 20 20 00 20 m 60
) Spacing [m] %107
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Long-range Wakefields

AThe same bunch and structh
103 T T T T T T T I I

i e parameters are used for Gdfidl
i simulations: dx = dy = dz = 0.05 mm,

bunch charge Q = 1.0 nC, bunch

sigma = 1.0 mm, offset = 0.5 mm;

= = BD requirement

]

=)

O The envelope of transverse
wakefields oscillate with the
wakelength due to high order
modes trapped inside the DDA;

_] 1 L 1 L 1 L .
107, 0.1 0.2 03 0.4 0.5 06 07 08 09 1 Q Damping schemes
Spacing [m]

Wake [ield potential |V/pC/m/mm]

—
=]}
=
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Adding Damping Waveguide

shunt 7 bunches Envelope [7 bunches]
W [mm] quality impedan
faCtor QO ce r’ FC FI’mS FWOrSt FC FrmS FWOrSt
[MQ/m]
0 134542 819 149 752 5051 4086 2836 19483
8 113810 680 6 37 174 213 149 999
10 103330 612 8 67 408 269 211 1420
12 84336 489 6 26 149 123 101 661
20 < 40000 <200 15 54 352 40 37 185
BD requirement
3 T T T T 3000 T T T T T T T T T
10 — Wake-CLIC-G-42 = Wakelmpedance-DDA-TM02-)
=—Wake-DDA-TMO2-W=00mm —WakelmpedanchDA -TMO2-W=08mm
= Wake-DDA-TM02-W=08mm == WakeImpedanee-DDA-TM02-W=10mm
= Wake-DDA-TM02-W=10mm === Wakelmpedance-DDA-TMO02-W=12mm
— Wake-DDA-TMO2-W=12mm 2500 F = Wakelmpedanee-DDA-TM02-W=20mm |7
10 e
E _
E £
‘.E‘ 5 2000
=3 ‘ g
—_ =
-é 0! l" A < 1500
H W E
= " } s
& I = 1000
% I z
z 10°F
500

n ‘ Lilll

0

0 10 20 30 40 50 60 70 80 90 100
Spacing [m] Frequency [GHz]
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ll Adding Dielectric Slots ( W=12 mm )

Number shunt 7 bunches Envelope [7 bunches]
of quality impedan
w . : D[mm] )
dielectric factor Q, cer F. Fre Fooret F. Froe Fuoret
slots (MQ/m]
4 2.0 45286 193 2.1 3.5 134 | 123 6.2 34.7
8 1.5 95052 457 2.9 4.6 19.5 7.6 5.9 33.6

BD requirement

/EIThe unloaded quality factor\

and shunt impedance are
decreased by 30% and 50%
" Wil AN respectively;
i Q Longer wakelength ( > 5 m)
needs to be calculated in order
to get accurate F parameters.

- J

i1 |\| (!
!& m.
i

Walke field potential [V/pC/m/mm]

A il H”l .H v’\l '!' “ e

Spacing [m]|
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ll Detuning (W=12mm, 16 dielectric slots)

Periodicity = L

dy G We can adjust b1 arh

dielectric slots width D

al‘bl . to detune the 18-cell
I DDA structure;

I Q Each  cell has a
frequency of 12 GHz;

0 The step size for D is

T
=== Wake-CLIC-G-42-28 cells
=== Wake-DDA-18regularcells-stepsize=0.05mm b I | 1 d
=== Wake-DDA-18regularcells-stepsize=0.10mm O . 05 m m ( u e I n e a n
= =BD requirement

| \ 0.10 mm (green line). /
]02 -

Number of 7 bunches Envelope [7 bunches]

i i

1

Wake field potential [V/pC/m/mm]

0 0.2 0.4
Spacing [m]
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Outline

= Design of an X-band DLA structure

/

s Simulation studies
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Dielectric RF property

= A TE,; silver-plated resonator with a
high quality factor, which is designed
for testing ceramics at an X-band
frequency, is used to measure the
dielectric constant . and loss tangent
tand of sample coupons.

= Four dielectric coupons made from the
same dielectric rods as for the
fabrication of the DLA structure are
measured.

= A dielectric constant &, = 16.66 and an
ultralow loss tangent tand = 3.43 X
10~> (having error bars 0.6% of the
nominal value) are obtained for the RF
design of the DLA structure and
matching sections which follows.
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RF Power IN

l

An X-band DLA structure

copper

Ry |Roue O & = 16.66, loss tangent 6 = 3.43e-5;
U Rj, = 3.0 mm, Ryt = 4.6388 mm;
O  Working frequency f, = 11.9940 GHz

vacuum

dielectric

DLA structure RF Power OUT

T

]

RF Power IN

N

O An X-band mode converter (Converting TE10 mode into TM01 mode)
O A choke geometry is added to remove the contact issue and bonding joints for
assembling two copper parts together

1

L

RF PoWer ouT
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Bl

copper

vacuum

dielectric

Es/Ea

1.@896E +A8
1.@128E+80
9. 5443E-@1
&, 9652E-A1
8. 3921E-01
7. 8168E-A1
7.2399E-a1
6. BE3BE-B1
6.@A377E-A1
5.5116E-81
4. 9355E-81
. 3595E-@1
3. 7AS4E-@1
3. 2873E-a1
2.6312E-81
2.A551E-A1

Hs/Ea [mA/¥]

9, 5196E+88
8. 6983E+00
5. A77AE+ER
7. 4E57E+ER
B, B344E+EE
6, 2131E+88
5. 591GE+2@
4. 97ASE+ER
4. 3491E+@8
3, 7278E+08
3. 1865E+00
2. YE52ZE+@0
1. 8639E+@0
1. 2426E+@0
6. 2132E-81
1. 16@7E-B5

Es vacuum/Ea 1.07

Es gielectric/Ea 1.00

Es metal/Ea 0.206

Hs vacuum/Ea [MA/V] 1.00

Hs_dielectric/Ea [mA/V] 9.32
Hs_metal/Ea [mA/V] 9.09

Dispersion Curve

20
~
I 15
e
by —o—o0—0 0o —0—0
T 10
c
g
-e—-50L
<3
o 5
= —-e-DIA
0
0 50 100 150 200

Phase Advance A¢ (degree)

B A DLA with a length of 100 mm
is used for fabrication studies.

RF parameters for a DLA

I T

Dielectric constant &, 16.66
Dielectric loss tangent 6 3.43e-5
Periodical length L [mm] 8.3333

Phase advance 120°
Inner radius Rj, [mm] 3.0
Outer radius Ryyt[mm] 4.6388
Frequency [GHz] 11.9940
Unloaded Q, 2829
r'/Qo [Q/m] 9368
r' [MQ/m] 26.5
vg/c 0.066
E/E, 1.07
Hg/E, [mA/V] 9.32

Power required to generate

100 MV/m [MW] 280
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Ro

L1

D1

Standard methods for matching between a
DLA structure and a circular waveguide

IRin ‘:Rout K . . . \
B Circular waveguide has a radius of

(1) Quarter wavelength waveguide

L1 L2

Ro

R1

R:2

Ry = 10.95 mm;
B DLA has a inner radius Rj, = 3.0 mm
and outer radius Ryt = 4.675 mm;
B Two methods are being used:
1) Quarter wavelength waveguide;

2) A matching cell.

IRin ‘:Rout

o

(2) A matching cell

o /
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S Parameter Simulation

S Parameter Plot 1

K Good Si11 can be\

- achieved;
f=11.9933 GHz = Further simulation
S11=-48 dB studies are

needed to reduce
the maximum field
— in  the matching

\ sections. /

P

f=11.9942 GHz
S11=-54 dB
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Adding dielectrics into matching section

Ro

L1

IRin

A
‘,Rout

/ /- L1=1.82 mm, D2 =3.135 mm; \

f=11.9936 GHz

= The maximum field in the matching
section is lower than in the DLA, but still
pay special attention to the fields in the
corners.

| S11<-42 qB | =  Bandwidth is much larger and it is limited

Freq [GHz]

\ by the waveguide cut-off frequency
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Electric fields in the corners

-

B There are two peak fields in the corner 1

B We need to reduce these two peak fields; | =

\ 25000

1500000 o

and dielectric corner 2, respectively;

ko sh L
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%

Adding a skew angle @ for Corner 1

Calculator Expressions Plot 1

8.00
Distance [mm]

o
40000.00 90
35000.00 |
1 —— ComplexMag_E_80
L Importe:
1 Freq="11.995GHZ Phase="0deg"
— ComplexMag_E_75
1 Imported
Freq=11.995GHZ Phase=0deg’
30000.00 —|
Ro D3 e _ q —— Complexhlag_t E_
-------------- Bl mported
Da req="1.995GHZ Phase=0deg"
IRin ' IRout
25000.00 —| ‘J
i - —
E
T
£ 1
520000.00 —
g
> 1 Freq=11.995GHz’ Phase=0deq’
T Complexhag_E_45
Imported
B Hz' Phase="0deg"
15000.00 - H,RSSMD'“M“-E-W
1 Freq=11.995GHZ Phase=0deg’
o / o ComplexMag_E_37.08
Importe
5 0 4 5 o Freq=11.995GHz Phase=0deg’
37.08°
10000.00 — 7 .
5000.00
0.00 —<= T T T T T T T T T T T T T
0.00 2.00 400 6.00 10.00 12.00 14.00 16.00

For each skew angle, it is perfectly matched with a S11 < -40 dB;
The peak fields in the corner 1 are decreased with a smaller skew angle 6;

When 6 = 709, the peak fields in the corner 1 equal to the accelerating fields in

the DLA structure; 70Y is a critical skew angle;
0 = 60" is chosen for the following optimization.

~

J
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'l Fillet Corner 2 at a skew angle of 60°

Calculator Expressions Plot 1 One siteenth stuctre 4

0000 e
A — Complaeg £
—_ Seupt -Lasidsie
f — . Freqe11 %95GH Phase=1deg |
— Complatieg__15mm
Impo
Froq11 353 Prase-Ddeg|
— Camplatieg__10mm
2500000 | R _— 1 0 o
Ro f Omm—__ e
D — Camplatieg_E_0mm
4 A f Inparies
H A / Freq=11 985GH? Phase=Ddeg|
Ri R R¢ = 1.5 mm
v I in JNout - f
>
2000000
5
5
! R =2.0m
51500000 f ®
S
2
E Field [¥/m
Lvml 1000000 |
2.5258E+04
2. 3574E N
2. 15308 -4
2. B205E 04
1.8522E+@4%
1.6838E+B4
1.5155E+84 500000 4
1. 3471E+24
1. 4787E a4
1.8183E+84%
B.4192E+@3
6. 7354E+@3
5.08515E+@3
5. 3677603 o0 | ] | |
1.6538E+03 o 250 50 750 1000 250 1500
R =2.0 mm Dl

9 (mm)

it

For each curve, it is perfectly matched\
with a S11 < -40 dB;

The peak fields in the corner 1 are
decreased with a larger fillet radius Ry;

R¢ = 2.0 mm is chosen for the following
optimization. /
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ll Chamfer Corner 2 at a skew angle of 60°
n 1

- R -_— 1 . 5 m m Calculator Explessmﬂ_s‘ Plot 1 a n One six:::um:s:mu &
1 ¢ R, =1.0mm T
= Setupi - LastAdapiive

R.=2.0mm .

Py

i R, =05mm =0
_R. =25 mm\\“\“ e | e

R, =3.0 mm—

— Complaailag €1 5um
imported
Freq=11 995GH Phase=Ddey |
— Complaailag €1 Onm
imported
Freq=11 995GH Phase=Ddey |
— Complailag £ 05mm
impo
Freq=11 9956H Phase=Ddey |

¥ | IR in ‘:R out

2000000

7

=
2
3
E

51500000 |
3
>

E Field [¥/m]

3.8981E+24
2. 8E41E DY
2, 6781E 424
2, 4721E+24
2. 266104
2. BEEEEOY
1, B5HOE+A4
1, B4EOE a4
1, 4420E +24
1.2360E+04
1.8300E+04
8. 24826403
6,1881E+23
Y, 1281E+23
2.BEOOE+D3

6, 8163E-24

R. =2.0 mm

Distance mer]

~

For each curve, it is perfectly matched

with a S11 < -40 dB;

B Only when R. = 2.0 mm, the peak
fields in the corner 2 equal to the

Ly accelerating fields in the DLA structure.

; \ /
5 2 & (mm)
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Skew angle 8 = 60°, Fillet Corner 2 with a
radius R¢ = 2.0 mm

S Parameter Plot 2 One sixteenth structure_matching section

z
| £l

m
2
E

f=11.9943 GHz
S11=-45.4 dB

/l Fillet Corner 3 with a radius of 0.5 mm; \

B The peak fields in the Corner 1, Corner 2 and Corner 3

n are greatly reduced so that the maximum fields are

located in the DLA structure;

o B For Siu1 < -30 dB, the bandwidth A = 12.0216 GHz -

- 11.9680 GHz = 53.6 MHz;

B For Si1 < -20 dB, the bandwidth A= 12.0855 GHz -
11.9131 GHz =172.4 MHz
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Chamfer the dielectric corner considering
robust fabrication on the dielectric corner

A

[¥/m]
Input power:1 W
. . E+@
5555555555
5555555555
5555555555
5555555555
3333333333
3333333333
3333333333
2222222222
2222222222
2222222222
5555555555
BBBBBBBBBB
5555555555
2222222222
9999999999
e
Calculator Expressions¥lot 1
b
Fann
25000
I
1 g' —
g:usml ;
!
of
S
H 5
E?EW(I
8 3780,
L 1! b ko ! b
istance jmmj
s

750
uuuuuu iy

B The fields in the matching section are still weaker than those of DLA.
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Design of a choke

Conflat Flange DN75

Lo0mm__ 2 ‘{‘
H, 4.5

i Hz 3.0
i i Ro (o] y By
1
fud .
O o] ,_.16._._> 3 =
@] :
a ; o L. 3.0
1 Lh 6.535
H
:
E S Parameter Plot 1 1in T2 choke &
E Field [¥/m] ! o i
1 Curve Info
! — B 1)
1 Seapi - Swesp
3., Y4SAE+A3 S e
3, Z157E+@3 ! o] seet Suem
2, 98G4E+BT :
2, 7571E+@3 !
2, 5278E+@3
2. 2985E+@3

2. BEIZE+B3 |nput power:l W

1.8399E+@3 :
. 1. 61A6E+@3 ‘

1, 3813E+83 -

1, 152BE+A3 ;>

[
9, Z270E+@Z ~ y E
£, 93LEE+EZ N JLLL
4. B41BE+@Z E Lk :’f__—_‘,;;;;;_;;#_ﬂ
wy = o

2. 3481E+82 e

I — f = 11.9940 GHz
S11=-57.15dB
e S21=0.0dB

T oW AW
150 15 1200 1225 2
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Port1

S11 is most sensitive to Wi, Ryyut,
and Riy,;

S11 is least sensitive to H,, 0, Ry,
Ry, &r;

Fabrication accuracy should be
better than = 0.02 mm in order to
realize a 511 < —20 dB.

-.>Z

Tolerance studies

& = 16.66
W; = 2.035
[mm]

Hy, = 2.74 [mm]
6 = 60°
R¢ = 2.0 [mm]
Ry = 0.5 [mm]
Rout = 4.6388
[mm]

Rin = 3.0 [mm]

Frrarai

[-0.079, +0.081]
[-0.007, +0.007]

[-0.015, +0.017]
[-2.59, +2.0]
[-0.042, +0.040]

[-0.061, +0.049]

[-0.0076, +0.0065]

[-0.006, +0.007]

M For S,; at f =\
11.9940 GHz, 3
dB bandwidth is

AN over 1 GHz.

J

[-0.139, 0.148]
[-0.012, +0.012]

[-0.027, +0.030]
[-4.3%,+3.7°]
[-0.076, +0.068]
[-0.118, +0.090]

[-0.0123, +0.0127]

[-0.012, +0.012]

S11 < —30dB Sy1 < —25 dB S41 < —20dB

[-0.24, +0.27]
[-0.022, +0.022]

[-0.051, +0.054]
[-7.3°,+7.0°]
[-0.140, +0.120]
[-0.245, +0.151]

[-0.020, +0.025]

[-0.024, +0.020]

GSI Accelerator Seminar, 20t May 2021




E-field propagation

E Field [¥/m]

5965, 1271
SEE7.4UT3
5169, 7729
4772, @981
4374, 4258
3976, 7495
3579,@75@
T 3161, YEEY
M . 2763, 7258
7386, @513

1988, 3771
1598, 7625
1193, @268
705, 3535
397. 6790
6. BE4S

>N

0 50 100 (mm)
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4

Accelerating field

'4- 6360 V/m

|
I

-FIH“T —

8000

Whole structure

6000 -

A DLA Length 100 mm
Voltage @ 1W 5773V
Average Gradient @ 1W 5773 V/m
Average Gradient @ 40 MW 36.5 MV/m

[§®]

]

(==

<
T

Electric Field Magnitude [V/m]
5
o
[}

1

50

Distance [mml]

100

150
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S [dB]

Simulated S-parameters

0 - T
For an input power of 40 MW, a pulse
20+ - width of 1.5 ps, and a repetition rate of 50
Hz
Si1 <-40dB
So1 -0.67 dB
40 F _
Power loss in dielectrics 36 W
—S 1
11 Power loss in copper 390 W
S surface
21
_60 1 1 1
11.50 11.75 12.00 12.25 12.50

Frequency |[GHz|
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Outline

= Design of an X-band DLA structure

/

** Fabrication and cold-testing of a DLA prototype
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Mechanical modelling

End part Centre part
H '"[ i _'

-

= Centre part is the DLA structure while two end parts are mode converters which are also used for

coupling RF power into the DLA structure;

" Centre part is connected with end parts through the choke geometry with a Conflat Flange DN75. )

~N
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Mode converters with a choke
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DLA structure

Courtesy of photos from Dr. Chunguang Jing, Euclid Techlabs.
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Assembly of mode converters and the DLA
structure
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Fabricated mode converters

O The 4-port mode converters are used to convert a TE1I0 mode from a rectangular
waveguide to a TMO1 mode in the circular waveguide;
O The choke structure is designed to remove the contact issue for assembling two
\ parts together. In this case, the copper disks have no bonding joints. )
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RF Measurement on assembly of two TE10-
TMO1 mode converters

—dB([S, ,'))-simulation —dB([S,,[)-simulation
o | —dB(\(Sll+Sll3+S31+SB3)/2|I)-measurement o | —dB(\(Sz1+SIZ3+S41+S43)/2|?-measurement
11.50 11.75 12.00 12.25 12.50 11.50 11.75 12.00 12.25 12.50
Frequency [GHz]| Frequency [GHz]
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RF Measurement on assembly of two TE10-
TMO1 mode converters and the DLA structure
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S-parameters comparison

0
201
&8 &8
= =
w w
-40
—dB(|S i 1'|)—Simulation —dB(] S, 1'|)—Simulation
—dB(\(Sll+S13+S31+833)/2D-measurement —dB(\(SZl+823+S41+S43)/2D-measurement
-60 ! : : -60 ! : :
11.50 11.75 12.00 12.25 12.50 11.50 11.75 12.00 12.25 12.50
Frequency [GHz]| Frequency [GHz]|
§ / \
Port 2’ d From the measurement blue line at

the frequency of 11.994 GHz, S{; =
—11.35dB, S;; = —6.34 dB;

1 There is a big discrepancy between
the measured and simulated S-

parameters.
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Power losses calculations from the
measured S-parameters

At the designed frequency
of 11.994 GHz:

S11=-3.624 dB
S21=-12.51dB
S31=-8.95dB
S41=-12.31dB
—=dB(|S, , )-measurement]| |
—dB(S, )-measurement For an input power of 1 W at port 1,

jB(\Sle-mcaS“mmcm Reflected power at port 1is 0.434 W
= {B(|S ,  |)-measurement .
Bu Output power at port 2 is 0.056 W

40 ' ' '
11.50 11.75 12.00 12.25 1250 Qutput power at port 3 is 0.127 W

Frequency [GHz] Output power at port 4 is 0.059 W

The total power loss is 1 — 0.434 - 0.056 — 0.127 - 0.059 = 0.324 W
It seems that most of RF power can’t travel to Port 2 and Port 4.
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Bead-pull measurement (Single frequency
f=11.994 GHz)

S11 = (Complex_S;;+Complex_S;3 + Complex_S;; + Complex_S33)/2

BP: dS from Input
o O I ] 0.2 T T T T T T T T T
o ||| |f'| |'| || || |"|| Iﬂ'
‘ ny o I |
AAT
= | II| \ f|'||.|| |u| || || || ||
S o4t llr\/J "\ \\ v I|u| ! I |1 -
w .
= | reflection
0.05 - | < 8
I|
0 mCPNJ i i i i | i L ke it b
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
z [a.u.]
BP: dS from Output
0.2 T T T T T T T T T
015 =
El
o, 01rF -
T}
I ~——/\| reflection | |
0.05 I
| - ||
0 | | | | | | L’.‘Tr-— ke i s
0 1000 1500 2000 2500 3000 3500 4000 4500 5000

z [a.u.]

S11 = (Complex_S,,+Complex_S,, + Complex_S,, + Complex_S,,)/2
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Outline

= Design of an X-band DLA structure

/

%+ Fabrication error analysis
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ll Geometrical error analysis

1.0 . .
0.8} | \
| |
\
| 1|
30.6 ,’ / /
=041 G R;, and W, denote the\
number of E-field peaks and
0.2} - magnitude of E-field in the
J —ComplexMag-E-simulation-WI:2.12mm-rin:2.99mm DLA StrUCture.
0.0 —IComplexMag-E;measurement—ln;?ut :
0 65 130 195 260 325
z la.u] d Ry, =299 mm, W; = 2.12
Designed geometry: mm for the input side (port
Ri, = 3.0 mm, W, = 2.035 k 1 and port 3). /
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Geometrical error analysis

si %

GRin and W), denote th)

number of E-field peaks and
magnitude of E-field in the

—ComplexMag-E-simulation-WI:2.08mm-rin:2.99mm D LA St ru Ctu re
0.0 —IComplexMag-E;measurement—Oultput : h )
0 65 130 195 260 325
z |a.u] U Rjyy = 2.99 mm, W; = 2.08
Designed geometry: mm for the output side
Ry, = 3.0 mm, W, = 2.035 k (port 2.and port 4). /
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S-parameters of W = 2.12 mm and W
ll 2. 08 mm for both matching sections, 1;,
I

2.99 mm

f Port 2’

0.5+L

dB|(Sy1 + So3 + S4q + Sa3)/2| = —0.96(dB
| 'dB|(S11 + S13 + S31 + S33)/2| = -11.35dB || dB|S},| = —6.34 dB ]

-40
dB|S),| = —11.8 dB
—dB(|S '|)-simulation —dB(|S '|)-simulation
—dB(l(b1 |+SW 1'-O-S“-%-S“)/Z\) measurement —dB(l(bz|+SN+S41+S4?)/2\) measurement
11.50 11.75 12.00 12.25 12.50 11.50 11.75 12.00 12.25 12.50

Frequency [GHz] Frequency [GHz]

.57
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Changing conductivity of coating silver

_dB(|SI ]'|)-simulati0n
—IB([S, ]'|)-simulati0n

—dB(|(S] l-f-S I 3+53 I +833)/2|)-measuremem
dB(|(S, 75,18, +S4%)/2|)-measurement

I I

11.50

11.75

12.00 12.25 12.50
Frequency [GHz]

For the simulation
modelling,  asymmetrical
matching sections with
W, =212 mm and W; =
2.08 mm for both sides,
Tip = 2.99 mm are used.

At the designed frequency
of 11.994 GHz, when the
conductivity of thin coating
metal is ¢ =5.5x%x10°,
Si1 =—10 dB, S;; =
— 6. 25 dB, which are
similar to those of
measurement.
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Outline

= Summary & Outlook
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Summary & Outlook

/ O DLA structures and DDA structures operating at TMO01 t-mode have been studih

DDA structures operating at TM02 n-mode:

= Extremely high quality factor and shunt impedance: Qo = 134525, r’ =781 MQ/m;
= High RF-to-Beam efficiency of ~50%;
= The number of acceleration cells can be up to 72 due to high bandwidth;

= Low short-range wakefields.

O An X-band DLA structure with matching sections and the TE10-TMO1 mode
converters is designed, fabricated, and cold-tested.

= The mode converters work well;

= The fabrication error may cause the big discrepancy between the measured and
simulated S-parameters.

O Further optimization and wakefield studies on DDA TM02 t-mode structure;

O Investigations into possible reasons for the discrepancy are ongoing.

GSI Accelerator Seminar, 20t May 2021 -



