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SLAC 27 1)L SW
DLS (T4 R O—KE) #2 F2 Nk 28

TW DLS for electron high energy machine for years

GpC—PoB~7) Jam. 1765

CG. Ditk Loacled Shractuve

INPUT OUTPUT
COUPLER COUPLER

MATCHING IRIS APERTURE
v

Disk Loaded Structure, 6MeV
Stanford Univ. 1947

‘ ~10 FT ‘

uuuuuu

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
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Synchrotron 10m ~ 1km

Started with early electron synchrotron
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Side coupled structure RS139, (1968)
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M. Shapiro et al., MIT, HGWS 2011 @SLAC

PBG (Photonic Band Gap Structure)
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Extracted from S. Tantawi, CLIC2014

Microwave Undulators with Large Aperture
KAOZEMEREEMIT>Undulatorft~DHE

Undulator Mechanical Structure

4444444

||||||

Electric Field Distribution
Undulator Wavelength=1.4 cm
Power required (for linearly polarized, K=1)=50 MW

Q,=94,000 SLACKIZTSERE
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Extracted from S. Tantawi, CLIC2014
B([Z5REKE~ >100GHz. <1mm
RF Breakdown Test of Metal Accelerating Structure at FACET

lectron
beam

1stiris — breakdown damage,
peak surface fields <1.3 GV/m
9th iris — no breakdown damage,
peak surface fields > 0.64 GV/m
pulse length ~3ns

V. Dolgashev and S. Tantawi
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Acceleration related parameters

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

V:_fEZ(z,t)dz

Wall loss by surface integral

Stored energy by volume integral

% f14as

P, =

tJ:%ﬂHﬂdV:%ﬂEﬂm/

2014/8/10

E..=V/L

2
R/L——ace
(R. /L)

E2

(R/L)/Q=——ac_

(R /L)
woU /L)
(F./L)

Q=

HHZ\dv
HHZ\dS

G=wu

R = [@H
20

2014 e BubiMiE s R

due to geometry.

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

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. s -
> 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

K @R
< ~4q |

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) = E, el In = mode cavity C =L

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,

V.2 :Sln(ﬂ/2)23z0.64
R,, = P , Vo=E, L l2 T
The acceleration felt by the beam decays as time, R=R,, T =04 R,
E,(z,t) = E, Cos(wt), z=ct
Voltage acquired by beam is then
VL =[" (E,Coswtyd(ct) =25 EO Sin (—)

Transit time factor. \ X=T

[TEV(L)/VO _2C 5in(@2Ly =3 here wa—L} |
w L 2C X 2C
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Surface lossand Q, [ h

Super conductor, Nb case: \_ )
_ 1 f 2 _@
Recs (€2)=2x10 * T (E) e ! Normal conductor:
f(GHz), T(°K) Equivalent surface current in thin skin

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

Higher freq = larger BCS loss, R, depend on mostly choice of material.

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

cryogenic power consumption.

60,=5.8X107(1/Q) > R,~28mQ

ACtua”y1 Rs = RBCS + 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

D it

Py

'i-i' v ;
. _ scc 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 wt/2
TW DLS Float@ng washe_r
TMO10 Couplln_g_ mode in
51/6-mode addlt_lon to
(figure shows T field) accelerating mode.
HDDS for GLC/NLC High Q, high R
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LEP ZER: BT VT SITRILF—T VT

RF input

Coupling
slots

~.

™~ Tuners

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

LEP cavity
with storage cavity
for efficiency improvement
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SW and TW

[ SW : e!“'Sin(kz) , e!“ Cos(kz) ]

Superposition of Cos +j Sin
Example pillbox TM010 mode
E, and H, is 90 degrees out of phase

SETCWZRTELN. C
N DSuperpositiond,
Maxwell 58X DEETH S,

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(wt+k2) ]
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AEEKENDIEEE—F/N\NZ2—
Solving wave equation with satisfying boundary condition

MEIZERET HTME—FHI

£, ——jn Cos(mo) I, (A1) | e

Jon
£, =i Thm sinmo) T 3,(5.r)|e " m
Yo r

c

E, = Cos(m@) J, (B.r) |e =

z

2
c

H, == 72 sin(mo) Lo, e
r

H9=—j% Cos(m@) J_(B.r) |e

c

H, =0

z
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MAAEEZLRLYEELT
ALFINEZAIEEICT D

Add periodical perturbation with its
period=d.

making large reflection, resulting in

If d=half wavelength, then reflection L d L
<€, €
a stop band. O 0O

from each obstacle add coherently, . 4.. <_.
- - a )_,
H B B O /

Then wave component with

harmonics B,=2n/d suffer from . - - ~ _
significant reflections, making a 'go)ﬂgﬁ *@ifzﬁ?f?ﬁ‘léi'@k
stop band. MHENR2REDIEES !

BEEDCLDIRFENRLMBTHZA>TLAMRETEET

B RIFBRLEDLGLES > AbYTNUF
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AN—X/ \—=E

ARDOFROEREDYE

Ez = Zan ‘Jo(krn r) ej(

N=—o0

where
L.=p,+2znld

k2 :k2_ﬂ2

‘J’JZEF"ﬂ

This is equivalent to the F

Now it can be tuned to have a phase velocity of light.

\
ot-pn1) \\
\
\
\
— =0 ) //./j]_
m—'l \\ //// m
\ /////
Y7 — 0 td omd B
loquet’s theorem. .
HBICHHAR—R
IN—F=WHRDHRAT,

This is required for high energy linac structure.

The accelerating field contains infinite number of
space harmonics, driven at frequency .

There are stop bands. No
2014/8/10

propagation mode exists.
20144 Ik g2 HitiHER LM

E—LDOGREEER
LE—FOHNIX, K
FYFHADEIZEY
iIb, BRIV OME
NEHT S

64



LiETA (8

If the perturbation becomes large,
reflection from the obstacle is so
large that each cell becomes almost
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.

BETADW, MILZERICE
ER->TEATHD
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In a cylindrical waveguide, two propagation

modes exist;
pl@t=F7 gnd  ail@t+f)z

Forward wave and Backward wave

Z2RH & ZERE (I:)l/

‘J7X)

sin(, z)

Sin(s, 2)
Cos (8, 2)

) Cos(s, 2)

For satisfying the E =— 'g Cos(m&) J,(K.r)
boundary condition at mﬂc _ 1

both end plates, the Bo=kz Snmo) TIn(Kn)
solution with the E,= Cos(m@) J,(K_r)
superposition of

these two counter- H, = iM% sinme) 13, (K, r
propagating modes in c r

proper phase and H,=—j C‘If Cos(m@) J.(K.r)
amplitude becomes H —o

SW in a pillbox cavity. whereK. = o /a, g =lz/d

Cos(5, 2)

20144F I 28 %
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04 r

02
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1 o5t

TMO1
Ez and Hr ’

105

Acceleration
Max at center and O at r=a Acceleration
More energy storage for

a given acceleration
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ENEREHFR=-TI-ODD
Ntz )L BE$ T 2

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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22 7l O <5 {ifi 2] %

____________ :
I
\
Ez I @ )EzV
\ A
\ Ho ® _l'
LR,

Current flow Magnetic field

Inductive ener Electric field
Power loss into wall gy

Capacitive energy

L. storage —xoxxxx
Resistive loss 9 BH00000 storage ||
| N
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.
— 0000000 WMNM—; ol 1
S —
|| J
|| |
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4 N
Resonant frequency in electric circuit

1 : :
Freqq=——— SCC cavity tuning
[ 2r4/LC J 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
[a) 2&)0 _J‘(HZ_EZ)dVJ
Wy N

jHZdvzl, 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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Fig. 25 The five-cell =-mode structure with magnetic coupling
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E—LA—T42 0 QOEKTEE(1/2)

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

2: When the second bunch comes in,
0=t Vc

superposition applies;

V(t)=V el

V1t
: . . =t
1: Point particle passed an empty cavity,
leaving a field, wake field,
Ve Vreference Vbl++vb2+
€
_ io
Vb Vb1+ T Vb €
_ jo 2
U 2+ = (Vb1+ € +Vb2+)
AE1+ que =( f Vb Beam energy loss :ZaVb2 (1+ Cosd
2
U1+ — O(Vb Cavity stored energy
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I\,

—LO—T42 0 QOEKRTEIR #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,)Cosf—qSing Cosf=0

This should always true for any 0, then

ce=0 v,=3 ¢t
200 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 No RF to load

“short” structure

(low Ohmic losses)
i} ) 1] i}
High current Most RF pBwer
beam to the beam

Figure |: 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

4>
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
mor¢ than 90 % of the energy contained in the useful part
of the RF pulse (1.5 ps). Virtually no power goes to the

- R.Corsini EPAC2004
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Figure 5: RF power levels at the structure input and out-
put for always one accelerating structure per module as a
function of ime
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WJIH
J

Lorentz contracted field
In free space

Dx—5DEXIL

VUU  smmonns

3F 7
—_ t's =.4n—.—

ﬂ ﬂ ﬂ—W(r s)_—jdz[E(r z,t)+cz < B(r, zt)]
t=(s+z)/c

Ap=q, q, W (s)
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Z (% y.0)=[ dOW (x y.s)e "

W) =% | dofRe{Z, (@)}Cos(e>)

Re(Z, () %ﬁ’r’foin many papers

1.0; ﬁﬁs Fs‘yj

i Trapped
! modes
s 22RO iR
os 7 Leaking to Q:E—F

f beam pipe >HIEDMHE
0.0 — J : Z L (a)) - R

o 1+JQ(, .
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Longitudinal wake function in DLS

Summation of resonant modes up to a certain frequency,
N
S
WS (s)=>_ 2k, Cos(w, -)
— C
n=0

Higher than the frequency, and in high energy limit y>>wa/c,
optical resonator model predicts

dk A, Cos(w7)
o co3’2’ —> W, (7)= 2Ao_[ Td

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 400t mode contributes in very
short range wake field.

8 S (RN S TR i
Total 7
§ —=== 416 Modes
3 ¢F —<+— Accel. Mode —
& -~
% = \\ —~
B AN
= AN
L N =
24 N
= N
z X
l'A_J - -
e X
w 2 =
o
£ —— e —— s
o 1 | S (. ? (S (R |
o 2 4 6 8 10
1-m TIME (ps)
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.

8

I )

n

WAKE POTENTIAL (V/pC/period)

-m

Fig.

T T T T

Total
—+— Accel. Mode

1 1 Jt 1 1 j

TIME (ps) N
9.4. Longitudinal wake per cell

for the SLAC disk-loaded structure
(0-300 ps).



Transverse wake functioninDLS .

e | — Total
s === 435 Modes
£ —+— First Mode
g 1.0
We follow a paper* by Zotter and Bane on transverse wake field ¢ |
calculation on disk-loaded structure. g% J
a —
Synchronous space harmonic component of the n-th TW mode, axial electric field is pils o
0 2 4 6 8 10

expressed as : TIME (ps)

r Fig. 9.5. Dipole wake per cell
m for the SLAC disk-loaded struc-
E,L.=E, (—)" Cos(mg)Cos{w, (t—2z/c)} ]
n On n e — Tota!
a = — = 56 Modes
Exation

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

E?2 I r
k. =—2  and u =k, (H)*"qg> .- —_2(9)"k
" AU n n(a) q Eo, (a) nd

0.5

DIPOLE WAKE [V/pC/l1q/0)]

o

n

=l

ry is drive bunch position o m ® ® o W

o5 l—L 1

TIME  (ps)

Fig. 9.6. Dipole wake per cell

Summation gives total from resonant-like modes, L. 90, Tigdle Wik s it

r k c ture (0-100 ps).
W (T)=2(ia)Z( .

) Sin(w, 7) R—
Over maximum frequency o,,, integration gives wake field using

a) a 235ps
dk A

n
dw_a)3/2

DIPOLE WAKE [V/pC/(rq/0)]

-2 1 1 1
0 500 1000 1500 2000
TIME (ps)  yran

* B. Zotter and K. Bane, “Transverse Resonances of Periodically widened
Cylindrical Tube with Circular Crosssection”, PEP-Note-308, SLAC, 1979. PR e aBedl il L o
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Hao Zha & Jiaru Shi CLIC-WS 2014
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FFfE < A1 >
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load

Wakefield potential M(mmmpC))

2.0mm -'
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4 1:
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"y R A i L Y AR
0 0.15 03 045 08 075 0.9

z of trailing change [m

010 20 30 40 50 60
feauencv (GH?)

2014/8/10 2014 ik AR 2 Bt S B 90



& Sl [a] s

Mode density p(f)
S o000 =

dn/df 1 "
] n- 'n
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: A A
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14.5 :
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Figure 7.4: Circuit model for DDS structures.
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RDDS1 Dispersion i 2nd dipole

_— Manifold
18000 - |

~_ 1stdipole

14000 - . .
Avoided crossing due

S N to the coupling of
12000 ‘ :
0~ 3 6 % 120 15 180  cavity dipole mode
Phase shift / cell and manifold mode.

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

2

10 g\\
- BHEAE
3
E ERIE
2
§ 107 -
REEVI—VG5HE SQRT[ Time(ns)]
18GHz X 16ns~300H 1 )LIZH1=>T "'-’"’ﬁﬁz .
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Animation by Arno Cancel for HG2014 at SLAC
CLIC 2mEva—J)L v=alb—y3Yy

Section of the slotted waveguide

8

CHOKE-MODE FLANGE

ON/OFF mechanism

FSA4TE—L > RF > &g > IEET >FXE—L
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OHO FwF=:/—bh,
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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