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:S. Stapnes, CLIC2013, CERN, 2013
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SLAC 27 1)L SW
DLS (T4 R O—KE) #2 F2 Nk 25

TW DLS for electron high energy machine for years

SLAC—POB~2) Tam 1765

C.G. Dick Loacleod SHractave

INPUT QUTPUT
COUPLER COUPLER

MATCHING IRIS APERTURE

Disk Loaded Structure, 6MeV
Stanford Univ. 1947

| ~ 10 FT ‘

------

SKETCH OF A TEN-FOOT-LONG CONSTANT-GRADIENT ACCELERATOR
STRUCTURE WITH INPUT AND OUTPUT COUPLERS. NOTICE SLIGHT
TAPER IN MODULAR DIMENSIONS ( DIAMETER OF INNER WALL )

Figure 26

SLAC:

Targeting highest
energy with electron
19675E R
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KEKB 508 MHz
1-cell Cavity
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1.3GHz 9-cell Cavity

KEKB 508MHz

Crab Cavity
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SuperKEKB Injector RF Gun
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M. Shapiro et al., MIT, HGWS 2011 @SLAC

PBG (Photonic Band Gap Structure)
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PAS

Ty
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diffractive Q ~ 18,000
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S. Tantawi, CLIC2014

Microwave Undulators with Large Aperture
KOFEMEEHHT->UndulatorE~DFHEE

Undulator Mechanical Structure

Electric Field Distribution
Undulator Wavelength=1.4 cm

Power required (for linearly polarized, K=1)=50 MW _ -
Q,=94,000 SLACKIZTEESE
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S. Tantawi, CLIC2014
B(ZE5FEEA >100GHz. <1mm

RF Breakdown Test of Metal Accelerating Structure at FACET

RF%u\t',

lectron
beam

15t iris — breakdown damage,
peak surface fields <1.3 GV/m
9t iris — no breakdown damage,
peak surface fields > 0.64 GV/m
pulse length ~3ns

V. Dolgashev and S. Tantawi
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Figure 1.2 Microwave Band Designations
From Microwave Tubes by A. S. G our, Jr.
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Acceleration related parameters

Basic acceleration-related parameters. In a cavity or in a unit length.

vszz(z,t)dz

Wall loss by surface integral

Stored energy by volume integral

RS
2

uzgﬂl—lz\dvzgﬂEz\dv

P.=—=[|H?|ds

2014/8/10

E.=V/L
R/Lz—E:CC
(P./L)
EaZCC
(R/L)/Q:m
_oU /L)
CTRID
6 = o [|H?|av
HHZ\dS

R = |@u
20
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due to geometry.

Surface
resistance due to
surface loss
mechanism.
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Efficient acceleration R/Q
a )

2
How to concentrate the E, field on axis to make R/Q= v
an efficient acceleration? - Increase R/Q. 2 wU

For higher R/Q - )
- Smaller beam aperture - smaller cell-to-cell coupling.
- Nose cone - same as above - need other coupling mechanism

ILC super-conducting cavity ( B
—> smooth, polish with liquid, high pressure rinse, etc. R -
> with circle-ellipsoid smooth connection, Lj

->nose cone is difficult
- less effort on higher R/Q, simply decreasing beam hole aperture
because storing large energy with longer period is possible

Choke mode cavity needs field at choke area to establish imaginary short
—> sacrifice several % loss in R/Q

Shaped disk-loaded structure
- only change R/Q by beam hole aperture



Loss factor

Loss factor K, described later

Kk @R
~%q |

The energy left after a bunch, with change
g, passes a cavity is

[Umsz,m qz}

Larger R/Q makes bigger energy left in the cavity.
It may cause various problems;
Phase rotation of accelerating mode
Transverse kick field
Heating beam pipe

In a ring application, such as storage ring and DR, sometimes
R/Q should be reduced.

In the linac application, it usually tuned to be maximized to get a
better acceleration efficiency.



Acceleration: Transit time factor

Assume TM010 mode in a pillbox of length L

E,(z,t) = Eoeja)t In = mode cavity CEZL

Maximum acceleration occurs if the electric field is

maximum when the beam passes the center of the cavity. Then transit time factor becomes

In case of thin cavity, where L<< c /f,

V2 T:SIn(ﬂ-/z):EzO.64
R,=—-, V,=E, L l2 7T
The acceleration felt by the beam decays as time, R= Run T 2 = 0.4 Run
E,(z,t) = E, Cos(wt), z=ct
Voltage acquired by beam is then
V(L)=[" (E,Coswt)d(ct)= 2CEo gin2hy
—L/2 @ 2C X=1t

Transit time factor:

T=v(L)/V, =2 sin(@2Ly =3 here x=2L
°  wlL 2C X 2cC




Surface lossand Q, [ h

Super conductor, Nb case: \_ )
— 1 f 2 _@
Rgcs (Q2)=2x10"" T (E) e T Normal conductor:
f(GHz), T(°K) Equivalent surface current in thin skin

at 1.3GHz, T=2K << 9K = pges=11nQ depth 6, with surface resistance R..

. R.d d tly choi f material.
Higher freq - larger BCS loss. s dEpENd on mostly choice of materia

: : : w U
Possible to increase geometrical R, = |——
factor, G by shaping. It reduces 20

cryogenic power consumption.

6c,=5.8X107(1/Q) > R,~28mQ

ACtua”)’i Rs = RBCS T Rresidual
Higher Rs makes larger pulse surface

Need to keep smaller R, by making heating during short pulse.

proper material surface.

Suppressing multipacting and field
emission loading.



Shaping of accelerator cell profile examples

.
-
. . SccC scc
Damped cavity for storage ring Typical cavity Reentrant cavity
With nose cone.
: SW TMO010
Single cell SCC 1 mode
Damped cavity Smooth
More E, on axis DAW cavity
Less H at outer TMO020-like n/2
TW DLS Floating washe.r
TMO10 Couplln.g. mode in
51/6-mode addlt!on to
(figure shows = field) accelerating mode.
HDDS for GLC/NLC High Q, high R
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|. Wilson et al., CERN 89-09

LEP ZER:IET VT ST RILFT—T VT

RF input

: & Coupling
T slots
ey /
™ Tuners

Fig. 25 The five-cell m-mode structure with magnetic coupling

LEP cavity
with storage cavity
for efficiency improvement
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Figure 7.4: Transparent view of the ARES cavity.
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SW and TW

[ SW : e!“'Sin(kz) , e'“' Cos(kz) ]

Superposition of Cos +j Sin
Example pillbox TMO10 mode
E, and H, is 90 degrees out of phase

VxH:@
ot

SETWERTEA. C
N DSuperpositiont,
Maxwell 52X DEE TH 5,

Forward or backward wave F+B or F-B
E, and H, in phase to make Poynting vector

Cos+jSin - exp [j(wt- kz)]

[ TW ej(a)t—kz) ’ ej(a)t—l—kz) ]
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AREERERNDIGEE—F/N\F—2
Solving wave equation with satisfying boundary condition

INEIZRYE T HTME—FHI

Er=—j% Cos(mé@) J._(B.r)|e”

c

E, =il Sinme) 3,81 |e (r0)
B :
E, = Cos(m@) J_(B.r) |e r=a
H, =— i ™2 Sin(mo) ~J,(8.r)| e
r

c

H0=—j% Cos(m@) J_(B.r) |e”

c

H, =0

z
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Add periodical perturbation with its
period=d.

If d=half wavelength, then reflection

making large reflection, resulting in
a stop band.

from each obstacle add coherently, () H (_f(_! (_L L <-. \

<
llllll

Then wave component with
harmonics B,=2n/d suffer from

significant reflections, making a %@B’%%#@i’é;ﬁot;ﬁ\iéi’él:
stop band. SN 2ED RS !

BEEDCLSRHEAECHETHA>TAFERTEREY
B&RIFFRLEDLEGED > AbyTNUER
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AN—RXA/I\—F ‘/OXEF;EJ

AEDOFADEREHE \ 5
N\ 4t
= i(wt-fn2) AN ?
E,= Zan J, (k. 1) e \ |
N=-c0 ; \ [
where AN I
B.=p,+2znld N .
2 2 2 1 \ ! m=0 - m=1
— =- N _—
km = k - ﬁn m \ I -
L/
ond  —gd o wd  owd P

This is equivalent to the Floquet’s theorem.

HBICHIARN—R
/ \—:E:“Jaxa) I:l:l —6s
E—LOLIREE LR
CE—Fdh(E. K

Now it can be tuned to have a phase velocity of light.
This is required for high energy linac structure.

The accelerating field contains infinite number of ?U%#hé‘%l:ﬁﬁu
space harmonics, driven at frequency o. 1"-;'5~ R/ DMNE
MNEET S

There are stop bands. No propagation mode exists.
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LETAV (ERER) > IMILZERF

If the perturbation becomes large, ‘ ))7
reflection from the obstacle is so

large that each cell becomes almost ‘ d ‘
W B BN

isolated cavity. ( )

Power propagation only through a
very small aperture.

In this extreme, the system can
better be analyzed by a weakly
coupled cavity chain model.

Now let us start from isolated
cavities.
BESA D, IALZERICH
ER->TEATHD
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MSIZEAfl FIRZER (ELRYoR)

In a cylindrical waveguide, two propagation
modes exist; a

pi(@t=-P7 gnd  ailwt+p)z

Forward wave and Backward wave

For satisfying the E =— 'If Cos(m&) J,(K.r) | Sin(p,z)
boundary condition at mg, . 1 _

both end plates, the S0= Sin(me)  TIn(Ker) | SN, 2)
solution with the E, = Cos(m@) J_ (K.r) | Cos(s, 2)
superposition of

these two counter- H,=— M2 ginme) 13, (K. 1) Cos(s, 2)
propagating modes in K. r

proper phase and H,=— “ég Cos(m@) J.(K.r)| Cos(s, z)
amplitude becomes H -0

SW in a pillbox cavity. where K. = o /a, S, =lx/d
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TMO1
Ez and Hr ,
TMO2
Ez and Hr

Acceleration
Max at center and O at r=a Acceleration
More energy storage for
a given acceleration
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TM11
Ez and Hr

Transverse kick
Two polarizations
Zero at center and linearly
Increase as r increases.
Big kick at center H field.
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____________ :
I
\
Ez I @ )EzV
\ A
\ Ho ® _l'
PRS- S

AAAM -/ N\
Magnetic field

Current flow :
Inductive energy

Power loss into wall

Electric field
Capacitive energy

L. tor
Resistive loss storage m storage o
||
This system can intuitively be The differential equiation is mathematically
expressed with series resonant equivalent and the system can also be
circuit in electric circuit presented by parallel resonant circuit.
UMM E
PS PS
| | B
|| |
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4 N
Resonant frequency in electric circuit

[ Freq:#J SCC cavity tuning
274/ LC Blue nominal freq

_ _ Freq up green
Cavity frequency can be tuned by changing L and/or C by Freq down red

perturbing magnetic field and/or electric field.

Slater’s perturbation theory states;

2 2
[CO —20)0 _J‘(HZ_EZ)dVJ
2 &N

jHZdvzi, jEZdvzl -
Cavity Cavity Dlmple tuning

Actual cavity tuning can be done by deforming cell shape, local
dimple tuning, inserting rod, etc.
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E—LO—TA4VT DEKTEE

0: Assume a cavity field in phasor
diagram with one dominant mode

(1/2)

2: When the second bunch comes in,

_ =0t Ve superposition applies;
V(t)=V e
& Vb1+
\2\+ — t
1: Point particle passed an empty cavity, Vi @
leaving a field, wake field,
Ve Vreference Vb1++vb2+
V
_ io
Vb Vb1+ - Vb €
— i@ 2
U2+ = (Vb1+ € +Vb2+)
AE1+ que =( f Vb Beam energy loss =20[Vb2 (1_|_ Cosd
2
U T 24 Vb Cavity stored energy
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— LAO—T40 DEKRKTEE #H=(2/2)

While loss of the second bunch;

AE, =qV,+qV, Cos(¢+0)

Since particle energy loss = cavity stored energy;

AE1+ + AE2+ — U 2+
Therefore,

2(qf —aV,)+(qCose-2aV,)Cosfd—-qSing Cosfd=0

This should always true for any 0, then

ce=0 v,=4 -2
20 2

When a bunch passes a cavity,
it excites the cavity with the field in a decelerating direction,
or it remains a deceleration wake field in the cavity.

The bunch feels half of this excited field.
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RF in i = Mo RF to load
shart” structure

(low Ohmic losses)
i |} ] 1]

/
High current
beam

i G
3 5 Mest RF power

to the beam

Figure 1: Principle of full loaded acceleration: a high-
current long beam pulse extracts most of the RF power
from a short travelling wave structure.

R. Corsini, EPAC2004

BEAM OFF

+—r
1.5 s

BEAM ON

Figure 4: Scope trace showing the RF pulse at the output
coupler of a structure. When the beam is on. it extracts
more than 90 % of the energy contained in the useful part
of the RF pulse (1.5 ps). Virtually no power goes to the

*dR. Corsini, EPAC2004
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function of nme
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fEhis: MmN FICKEST—2

1/0

/

Lorentz contracted field
In free space

Dx—75NERIE

U U U BHHEHTFORIF5

Vo — FTyOE

—-—- -—-_-_J—-

sct

ﬂ ﬂ QW(E,S)—— jdz [E(rl,z t)+cz x B(r, z, t)]
t=(s+z)/c

Ap =0 qzw (S)
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Z (% y.0)=[ dW (x y.s)e

L Wels) =% | do{Re{Z, (@)}Cos(w)

Re(Z, /(o) %ﬁ’r’?in many papers

o M. ;SvT

I Trapped
0'87 modes
06t Eiﬁ@#ﬁ
oal Leaking to >EF—FK

i beam pipe 9#",%0)&2
L Z, (@)= X

o 1+JQ(, L2
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P. B. Wilson,

Longitudinal wake function in DLS

Summation of resonant modes up to a certain frequency,

N
WZ(s)=>" 2k, Cos(a, >)
=0 C

Higher than the frequency, and in high energy limit y>>wa/c,

optical resonator model predicts

Cos(w7) deo

3/2

dk A,
G > Wa(0)= 2A0j
Total wake field calculated for the SLAC
disk loaded structure became as shown in
right figure (P. Wilson Lecture)

Fundamental mode dominates for long-range wake,
with some high Q modes superposed.

Much higher than 400" mode contributes in very
short range wake field.

8 T T T T T T T T

Total
==== 4|6 Modes
= Accel. Mode —

» ]
I !
s
1

r
T

!
]

WAKE POTENTIAL (V/pC/period)

ob— 1 1 a1 b 1 4 |
[e] 2 4 [ ;] 10

TIME  (ps} s
Fig. 9.3. Longitudinal wake per cell
for the SLAC disk-loaded structure

(0-10 ps). Cell length = 3.5 cm; beam
aperture radius = 1.163 cm.

B8 T T T T

o

—— Total
—=+=— Accel. Mode

e
1

WAKE POTENTIAL (V/pC/period)
. =] N

/

D

D, |

4
1 |<. o

-4 L | 1 1 / ——
o] 100 200 300
TIME (ps) ik
Fig 9.4, Longitudinal wake per cell
for the SLAC disk-loaded structure
(0-300 ps).

SLAC-PUB-2884



Transverse wake functionin DLS

We follow a paper* by Zotter and Bane on transverse wake field

calculation on disk-loaded structure.

Synchronous space harmonic component of the n-th TW mode, axial electric field is .

expressed as
E . = Eqn (2)" Cos(mg) Cos{a, (t—2/c)}
a

Where E,, is the field at r=3, iris opening radius. Loss parameter is
2

n

4u

n

rq is drive bunch position

Summation gives total from resonant-like modes,
I k C
Wr (1)=2(-1) 3 ("
n

@, a
Over maximum frequency o,,, integration gives wake field using

dk A

da)_a)3/2

)Sin(w, 7)

* B. Zotter and K. Bane, “Transverse Resonances of Periodically widened
Cylindrical Tube with Circular Crosssection”, PEP-Note-308, SLAC, 1979.
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.
k si, and u,=k, (H)*"q*> . E0n=—2(r—“)m K, Q
a a

P. B. Wilson, SLAC-PUB-2884

|
—_ | — Total 1
3 === 435 Modes 1
= —+— First Mode
S 10
2
2.
w
= |
b=t
* |
w 05 1
2
o
a |
a _ ﬁ
. ! J
0 2 4 3 8 10
TIME (ps)

Fig. 9.5. Dipole wake per cell
for the SLAC disk-loaded struc-
e ]
£ — Total
= == 56 Modes
—+— Anolytic 7]
Extension

0.5

DIPOLE WAKE [/pC/lrq/0]]

(=]

sl

T N
[¢] 20 40 60 80 100

TIME (ps)

Fig. 9.6. Dipole wake per cell
for the SLAC disk-loaded struc-
ture (0-100 ps).

3 T T
= 2} 235ps o
3 =
>
! i
w
=
$ or
&
R -
-2 I 1 1
o 500 1000 1500 2000

TIME (ps)

Fig. 9.7. Dipole wake per cell for the
SLAC disk-loaded structure (0-2000 ps).
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|-7 1—7175',- O) 3 DE‘I‘ﬁ Hao Zha & Jiaru Shi, CLIC-WS 2014
BRRASY

S12 Absorbed
load

3,

B T g

Wakefield potential [V/(mmmpC)]
5]

2.0mm :
10
" 1.6mm E
0"
0
z of trailing change [
----- CDSA
new-choke

fecuency (GH2)
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Figure 7.4: Circuit model for DDS structures.
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RDDS1 Dispersion - 2nd dipole

<> Fd1 (97-102)
O Fd2(97-102)
(] Mahifold(97-102

_— Manifold
18000

16000 . » b ;. 1st dipole

14000 ' .
Avoided crossing due

000 P to the coupling of
0~ % 60 % 120 15 180  cavity dipole mode
Phase shift / cel| and manifold mode.

Example cell shape

2014/8/10 20144 I AR e Rtz g 92



FMmEEETEDED

RDDS1 Wake Data (Wx = x, Wy = o) and Prediction (Line)

2

Wy T T S T
g 10" ‘ ,,,,,,,, ,,,,,,,,,,,,,,,, S S S [
BHEfE
S - | %
2 xua
< -
< ks
= f 1
10‘20 ,,,,,,,,,,,,,,, o -
REBEVI—VGHE SQRT[Time(ns)]
18GHz X 16ns~300H 17 )LIZhHT=>T -lz;l«ﬁ'EE: i
BREDR LA RBMBICLSFroEL—avE %gqﬁ;t%\ﬂ—h
18 DPCTEREETHETRE AT
ST % i E B
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Animation by Arno Cancel for HG2014 at SLAC

CLIC 2mEYa—)L < 2alb—3i3ay

\fztion of the slotted waveguide

CHOKE-MODE FLANGE

>
}_;
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OHO &&xE/—H,
http://accwww?2.kek.jp/oho/index.html

P. B. Wilson, “High Energy Electron Linacs:
Application to Storage Ring RF System and
Linear Colliders”, SLAC-PUB-2884, (1982)

J. C. Slater, “Microwave Electronics”, March
1950

E. A. Knapp et al., “Standing Wave High Energy
Linear Accelerator Structures”, RSI 39, (1968)
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