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Part |I:
Wakefield in DLA structures
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[ref1] Ng, K.-Y., “Wake Fields in a Dielectric-lined
Waveguide.” Physical Review D (1990):1891-28.
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Dielectrc

The wakefields produced by the motion of a
charged particle are given by Maxwell’s

.

: : : ot
As a standard way of solving electrodynamics problems we introduced a scalar and a vector

potential ¢ and A, under the Lorentz gauge they satisfy uncoupled inhomogeneous wave equations
respectively as

—

2 2
V¢ + o’ us Zt? =—§, V A+’ us %tf\ = —uj
p =200 ") 50)5(z-wt), J=vp 5



Then we solve for the scalar and vector potentials and bring them into equations

O A - 1 so that we can obtain electric and
E = -V ¢ — E H = —V x A <« magnetic field components.
Y7

For a given n' mode (n=0 is monopole, n=1 dipole, n=2 quadrupole), the longitudinal EM fields are
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In the case of the particle travels at the center of the DLA structure:

When particle moving at center of circular waveguide ultrarelativisticly, that is, r, 18 zero, n=0

and p=1, then

4e Z |:00 (kz a)Yo (kz b)
a< d

2

H,(rz)=0__

TMON modes

In general, with assumption of a Gaussian line charge with rms bunch
length o, the wakefields can be expressed as the integration

N

E,)(r.0,z,) =
o2

J'_ZO E™(r,0,z)e (@) I dz

Here N is the total number of charges in the driving bunch and z,, is the distance
behind the center of the driving bunch where the field is measured.
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The classical example:

r T — r T T [ref3] W. Gali, et al, Phys. Rev. Lett. 61,
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2.Indirect calculation of the
wakefields in a DLA structure [refd] C. Jing, et al. PHYSICAL REVIEW

E 68, 016502 (2003)
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Equivalent
boundary
conditions i ’ X

are applied by
geometrical Open plane

symmetry of | SE(pen) & | SM(open)
the structure < mn mn

n—

A ITTTTMRRRY

T

(electrical symmetrical modes)

Ay
i

|
c, Ii

.

AW\

\ | : b
LSM_, (Hy: 0) — longitudinal section magnetic mode L | 0 a
LSE,,, (Ey=O) — longitudinal section electric mode = —~7 7 - ' Yy -

Short plane
|_S|5(sh0rt)mn & LSM(short)mn

(electrical asymmetrical modes)



Classify modes based on their leading-
order azimuthal harmonic

Ya yA
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ol > & ! >
0 X O x, X
Monopole Dipole

Electromagnetic dipole modes depicted according to the symmetry
of the characteristic voltage witnessed by a relativistic beam,
traveling into the page
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Mode matching

By mode pattern we
Monopole modes-----
X-dipole modes-------

Y -dipole modes-------
(k=1,2,3.....)

have
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Mode matching ---- monopole
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Mode matching ---- dipole
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Method Overview

Wake fields solution

72' o
E, =) A, cos —cosh ‘ky))‘ye A2 monopole

. (2k)x . . : .
Bk sm%xcosh\k?)\ye 7 x-dipole From field analysis

Rk =Dz

C(Zk—l)n cos X sinh \k§°’\ye“'ﬁz y — dipole

‘Ezi =V =2k, q (normalized)

Akzk—nn = 2k|mq =

2K) 7z

1) R
B(zk)n Sin(T X, Cos|1‘k§0)‘y0 =2k, Q= 49010 (o

l2k)n 2 Q
transverse

: ADak-nn Ry, : Panofsky-Wenzel
%o Sln}l‘k§0)‘y0 :2k'<2k—1>nq - (;k - ( Xéy )(2"_1)” y—dipole :;,ea:;es') theorem

)(Zk)n x—dipole

< k-Dz

C(Zk—l)n co

W

14



Fx(MeV/m nC)

0.25

02 r

0.05

0.05 1

Numerical Example

Transverse wake fields for dipole modes

— MAFIA simulation results

— Analytical results

Fy(MeV/m nC)

0 5 10

15

025 30 3%

distance (mm)

FXx

40

45

50

0.25

02 1

0.05

0.05 1

— MAFIA Simulation
— Analytical Results

N

e

Y%

10

520 % 30 3%
distance (mm)

Fy

40

15

45

30



3.Wakefield Simulation using CST Particle Studio

Wakefield Solver
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WiI(s) / (V / pC)

TABLE 1. Experimental cavities and beam conditions.
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Part Il:
Wakefield Acceleration



1.Collinear Wakefield Acceleration

W, = —ej E.dz

W+
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Electron Beam Driven High Gradient Wakefields

» A new way to power the accelerating structure

by transporting the power in the electron beam. | |

» Applications I Q

— Collinear wakefield acceleration

— Two-beam acceleration !___\
Cu

* Keys to the success: Drive beam, drive beam
and drive beam!

B Energy T, Charge T Bunch length ¥ Emittance {

Wakefield Amplitude Dependence on
2 Aperture or 1/f
W, (2) ~ % exp| —2 (7[ 9, ) cos(kz) 100000
a A, S 10000 %
| é 1000 * P
(gN jé E .
o, =|—/p = 100 - .
y 5 10 .
1 | | L 4
10 nC a=0.1 mm — 5 GV/m. 001 01 1 10
Inner Radius a (mm)




Wakefield Transformer Ratio

+
\N_max

Max energy gain of the witness bunch
Max energy loss of the drive bunch

Transformer ratio R =

Transformer ratio limited: R<2 (@ a longitudinally symmetric drive bunch, but it
can be enhanced greater than 2 using asymmetric bunch.

21



To Enhance the WTR

Scheme I---Single
Triangular Bunch

Scheme II---Ramped
Bunch Train

RBT: d=(1+1/2) A, acceleration for the second bunch, Q,=3Q,
WH=(3-1)W*=2W,*", W, =(3-2)W, =W, R=2R°
R,= nR,~2*n for the large number of bunches

22



2. Two Beam Wakefield Acceleration

High dielectric const;
small aperture; low
Accelerator charge;

Deceler%{%g?'I

Low dielectric const;
big aperture; high
charge;

18 T . 23
» High Energy




Part IlI:
Special Topic: dielectric based
wakefield power extraction

24



1. Principle

[ref5] F. Gao, et al. Phys. Rev. S.T.

Accel. Beams, 11, 041301 (2008).

A Single Bunch Excites an RF Pulse in the Waveguide

>
/\drive bunch

decelerating dielectric

metal loaded waveguide

—P

L
vacuum

AN
channel

t=0

T
ELEIERAANNRIRRNNNRNNN

I TITTIITS

BF output coupler

L ||
z=0 z=L
(@)
O<t<l]l/c Vg c
| | LN ]
z=0 z=v_ t Z=ct =i
e, g (b)
v c
i — L/’C [; lé
z=0 z=vgl_/c z=l
(c)
t=1/, |§
T T T
z=0 z=L

Pulse length:

()
ro=L/v,—L/cC



Probed RF Pulse at the Downstream End

single bunch
1(t) | 0 bunch train
A I Tb: I/fb
|
|
|
¢ L
> ) L

|
|

Eas :
|
|

t |
|
: the n-th
| » |
| L . the N-th
— — | 2l the RF pulse packet T
Ts L /Vg L/c | bs from the first bunch N = Ce'“ng(fs /Tb)

|
|
|

26
* Feng Gao et al, Phys. Rev. ST-AB, vol. 11, 041301, 2008.



Calculation of the Generated Power

Relation betwegn lossless lossy
power and gradient
Ea2 2 —a,l 2
P, = bunch  p _ K, [P L) g pogf |18 ) g
20,1, train C 4B, T, C A8 1Q0 afT,

Energy conservation
with a drive beam

_ 2kzﬂg L C 2 2 _ 2kz18g r C 2 2, 2agVgt
dr, — qE, ®-2a,P bunch =~ % 4 [Q}[l—ﬂg] ® RO=4 T{6}£1—ﬂj v

VAR

beam loading  attenuation due to finite Q

IS the bunch form factor which represents the spectrum

—'fmf(z)e‘jkzzdz _
o0 of the drive beam. 27




2.Design a dielectric-based wakefield power extractor with help
from CST

Analytical CST MW CST PS CST PS
Solutions Studio Wakefield PIC

DWPE
Calculate f, Verify, modes
abl O dispersion Verify Grad. &
Coupler :
RIQ, Vg, G, curves, EM S output rf power| | Study BBU
D eic o effect.
TDDWPE

Verify, modes
i . Coupler
ispersion curves, L
M fields, O, etc. 9




26GHz DWPE

a=3.5mm
b=4.53mm
L=300mm
eps=6.64
Q=2950 (TM01)
R/Q=97880hm/m

26GHz TDDWPE

6 damping slots
fully filled with rf
absorption
material.

S-Parameter Magnitude in dB

3 S1(2),1(2)
< a3y 108y
257 258 25.9 26 26.1 26.2 26.3 26.4
Frequency / GHz
S-Parameter Magnitude in dB
0 - 51(2),1(2)
2 i S2(1),1(2)
_4, s PSS ISROICIINEURS Y TIPSR AR IS TN (NP SN AIR. YT Eaca- SR ANLB Y T e
.5- i
_B, i
-10 =
-121 e i
-14{-- B
-161 i — b
18] S e
0
256 257 258 25.9 26 26.1 26.2 263 26.4

Frequency / GHz



Type
Mohi;or
Conmponent
Plane at x
Haximun-2d
Frequency
Phase

Type
Honitor
Component
Plane at x
Haximum-2d
Frequency
Phase

e Simulated
length=300mm

Ez of HEM11 mode (23.5GHz), ;
crins o Q=3417 .

z
a
2891.21 U/m at 8 / 3.5 / 285.862

23.5 ﬂ

8 degrees -2.00eo003 [ 00 TNEEN>-09e+063 U/n

Simulated
length=100mm

E-Ficld (o) Ez of HEM11 mode (23.5GHz), A
: Q=17

1975.91 U/m at 8 7 3.5 / 98
23.5

8 degrees

-toosecons [T N +-sse+003 u/n



Beam parameters at the entrance

Source type Face

Particle type electron

Charge -1.682177e-819 C
Mass 0.189398e-0831 kg

Emission Model Gauss
Kinetic type Energy

s SR Beam launching surface
Kinetic spread 1.008e+8808 2

Angle spread C.700e-pa2 *

Bunch settings

Charge (abs) Z.900e-8088 C

Sigma 2.008e+888 mm

Cutoff 6.000e+888 mm

Offset 6.00808e+8808 mm

Bunches L

Distance 2_.306e+802 mm




Particle Number vs. Time
1'6e+005 i A A ¢ i A ! . -
| i i | i ; § Particle vs. Time
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1.2e+005
le+005

80000

26GHz DWPE

Particles

60000
40000

20000

0 i i : i : ; :
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40000 -
26GHz TDDWPE 15000
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150001
100001
50001

Particles
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Time / ns



Movie of 4-20nC- bunch train go through the 26GHz DWPE




Movie of 4-20nC- bunch train go through the 26GHz TDDWPE




3. An Example: 7.8GHz DWPE

7.8GHz Decelerating waveguide + Output coupler

1

P g g -
— __ __ I S [ T T T e B E,=0.69MV/m
Ba oo oo oo oo
. e L e . - I [ S 0.5
R e L L e B L Lot o s
B e b - I S S S B B B B I N Y I =
Ll I P B B RO 3 o o el s B P 0
S R T T R R B ) SN _|
B o oy S e g o [Py o oy Il
R S NN R R g B R Y NN SR PP R Y SRR N
T T T T S s e e O T P w 0-5 q=|nCperbunCh,
w o_=2mm, 10 bunches.
-1 1 1
0 5 10

MAF'A time (ns)

Microwave Studio
Port 2

-3 -a-<

e-field — T .

A

Unit: mm

(h-v)/2| = = (h-v)/2

B b b
vacuum I L |

= >
q—‘—.VJ
Port | M4 b FPYY
L : ! 1d
= S S . ’ beam
> . - - - Z
hole

1% > 9 41 35




The 7.8GHz Power Extractor

F : 7.8GH
DL decelerating waveguide requency Z4

~4

Inner diameter: 12.04mm

Outer diameter: 22.34mm
Dielectric constant: 4.6
7' Waveguide length: 266mm

Group velocity: 0.23c

. ' 1
B o
'y LY

rf output port

2 Generated power (Gaussian electron bunch g, = 2mm):
P=| 1 P
Q

Single bunch: 79MW @100nC per bunch
44, Bunch train (T, = 769ps): 280MW @ 50nC per bynch
1.1GW @ 100nC per bunch

T



inserlotion loss S21 (dB)

HP VNA
8510C

Test of the 7.8GHz output coupler

+— output

<+—— input

SII

o g

Ry

/
ap
copper sleeve E,)L_,ﬁ_ \dielectric tube

center disc of mode launcher

grounded plug

Power coupling efficiency: 91%.

=—%
\821 =-0.41dB
@7.8GHz

— simulated
— measured

7.6 7.7

7.8 7.9 8

frequency (GHz)

reflection S11 (dB)

\ W

-——

mode
launcher
inside

— simulated
— measured

7.6 7.7 7.8 7.9 8
frequency (GHz)



Single bunch test — measurement v.s. simulation

200

voltage - Volt

measured measured voltage spectrum
2t
150

1 -

0 100 f

o b &

ol
N
-3 1 1 1 1 1 1 1 1 D 1 1
1] 1 2 3 4 ] G T g 4 F 7 g 10
t-ns f-GHz
(a) ; (b)

— ¥ 10
Q o ' ' ' ' ' i ' - - - -
w |simulated 12} simulated voltage spectrum
o 2r 4
o 101
|
g 81
50 :
8,
2 |
8~ 2
= .
- -SEI 1 2 3 4 5 G 7 g 9 DE 10

t-ns " f-GHz
(c) (d)



Bunch train test — electron bunch train generation

train A (8 micropulses) T
reesrreee motorized linear stagei I |
| |
- gun window 4~ 7 |

| | |

cathode

| .

| window
If from klystron

train B (8 micropulses)

» e-tolinac

N UV mirror

Configuration 1: two trains interleaved

I

I

|

' Configuration 2: one train following the other
|

® & & & & & & & & " 0" 0 W BN
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10ns long RF pulse generation experiment R:(&TBL{V}Dz

T,) 48,1Q

Beam for ~10ns RF pulse generation oceoececeoceoceceoce

—| |« 769ps
i voltage - Volt - voltage spectrum
1 bunch b
T ij\\/m
0F
-z L L L . 0 : .
u] 5 10 15 20 25 r Th a =X =]
2 bunches b
o it
10+
-z L L L . 0 : .
u] 5 10 15 20 25 T Fh =] 2.5 a
2 (=0
4 bunches al
3:"
- 1 1 1 L n] L L L
20 25 T Fh =] 2.5 a
8 bunches
-2 L L L . ] . '
u] 5 10 15 20 25 T Fh =] 2.5 a
2 T T T T 180 T
16 bunches 1ol
u]
5:'.
-2 1 1 1 L ] L
u] 5 10 15 20 25 T Th =] 5.5 =]
t- ns f— GH=z
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2.4MW, 10ns long RF pulse generation

Lo 300 | | )
1o ——% gﬂmn%_ggg,%d ol voltage spectrum

extracte

= 05 ) H 200 |

@)

> o 150 -

= 05y 1 100 -

1t - 50 |
% 5 10 15 20 25 0 o
t-ns f- GHz
) 3
q K I simulated W 2.4MW @ 4.8nC
Pt - (T) L2 4ﬁz |:Q:|CD2 % ; O measured per bunch
b g , I
o
o 1|
=
0
(W
1]
g 41

1 2 3 4
charge per bunch g- nC



22ns long RF pulse generation

Beam for 22ns RF pulse generation

train A

train B

combined

o (=~ o

o o o o

o o

o o

@)

@)

—-»| |« 1.538ns

©c o0 O O O o e

voltage spectrum
(]
=

7.5

g
f-GHz

8.5

power - MW

08¢

0.6

04

0.2}

simulated
O measured

1 2 3
charge per bunch - nC

0.77MW @ 4.9nC

per bunch

v/
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4-bunch test for high power generation

2
ceoe q k, | r
|} 769ps R {ﬁ} Lz@{g}bz
« Simulation shows the power V2w 2305
B " p = 3&! Tagerm— .(.}11_ o— !%_’ —-E,=0.69MV/m
reach “flat-top” saturation level < o5 |
when the drive bunch contains 4 = WUM
or more consecutive bunches  § os | e
SpaCed by 769pS i X qozzll_l;llljlf.l l)g}u;fllliclles.
.. . -1 : '
« To maximize this power level the 0 5 10 15
il;:glzs;urnbcuhne(;h was only split the 4th bunch  time (s)
1 - - c 80
e 44MW generated S
Q05 n~ 40MW extracted - += 6ol
= O
: 26.5nC per bunch D
o 0 & 40
o ®
=05+ D 201
o) 0
> e
_1 1 1 1 1 g D g ,
0 5 10 15 20 25 7 75 g 85 9
t-ns f - GHz
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* Feng Gao et al, IEEE Tran. Nucl. Sci. 56, pp. 1492-1497, 2009.



The CLIC Two Beam Scheme

Individual RF power sources ?
=>» Not for the 1.5 TeV linacs

Two Beam Scheme:

Drive Beam supplies RF power

* 12 GHz bunch structure
* low energy (2.4 GeV - 240 MeV)
* high current (100A)

Drive beam — 100 A, 240 ns
from 2.4 GeV to 240 MeV

Quadrupole Power Extraction
Quadrupole transfer Structure
(PETS)

12 GHz — 68MW
Accelerating
Structures

BPM

Main beam — 1.2 A 156 ns
from 9 GeV 10 1.5 TeV

44



The CLIC Two Beam scheme

Drive Beam decelerator, 24 sectors of 876 m

) )7 ) )
;\ ‘1’¢¢’|;VV /VVl/ ;VV V‘l’l;\ /‘l’l

< [ — 7, ]
- L /7 ]

Main Beam <4

n

<

2904 bunches Time structure of Drive Beam
83 ps (12 GHz)
\@II BRR 119 1Y R 110111 LA
+—> +—> +“—> 4+“—>
240 ns
< 5.8us

v

139us, 24 trains

A

v

Bunch charge: 8.4 nC, Current in train: 100 A
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PETS

Special development for CLIC

 Travelling wave structures 136 MW RF @ 240 ns per PETS
* Small R/Q : 2.2 k€3/m (2 accelerating structures)
g Sectors | (accelerating structure: 15-18 k€2/m) 0.21 m active length
* 100 A beam current total number : 35’703 per linac
damped

on-off possibility

ref: Igor Syratchev

Status:

Advanced design,

RF power testing at SLAC planned July 08
with beam in CTF3 in autumn 2008




CLIC PETS
Freq 12GHz
Effective Length 21cm
Beam channel 23mm
Dielectric const. N/A
Q 7200
R/Q 2.29kQ/m
Vg 0.453c
Gradient 6.5MV/m
Steady Power 135MW
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Homework: fill the blanks in the table

12GHz Quartz-Based Power Extractor Using CLIC Parameters:
oz=1mm, Q=8.4nC, Th=83ps

Freq 11.994GHz
Effective Length 23cm
Beam channel 23mm

Thickness of the dielectric tube

Dielectric const. 3.75(Quartz)
Loss tangent (@10GHz) 6*10"-5

Q

R/Q

Vg

Peak surface Gradient

48

Steady Power




