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ACC.STRUCTURE COOLING COMPACT VACUUM MB
VACUUM (BRAZED DISKS) CIRCUIT LOAD IONPUMP QUAD STABILIZATION
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SYSTEM DB QUASRUPOLE VAC.RESERVOIR  PETS

CLIC 2m module
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SLAC?2 SW
DLS

TW DLS for electron high energy machine for years

GpC—PoB~7) Jam. 1765

CG. Ditk Loacfed Shractuve

INPUT OUTPUT
COUPLER COUPLER

MATCHING IRIS APERTURE

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 withelectron
1967
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Synchrotron 10m ~ 1km

Started with early electron synchrotron

— L —n

e
o

. ‘)/'
/ O )3 GeV 28 0 (8 T3~ IR SRR A

1961 1.3GeV
Vol 1, No 2, 2004
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LASL800m
SCS

SW Sideoupled cavity for proton
high energy machine

COUPLED CAVITIES

R R
R k k
LAL L/\L L L
[ 3 C Cc
in-1 i inel

n- n n
COUPLED CIRCUITS

Xa-1 *a
.LINEAR LATTICE

el
=T T T T
G T I D

I\_,ll\__,,u\_/_rr'_\_,_]
L™ 7] ™11 ™

(b)
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"

'
o f—|—
'

=y

Knapp et al.,
RSBY, (1968)
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LANL SCS:
Side coupled structure
LAMPF 1972 1,.=_\—,,(1+;—;-:—f)+§<xn-l+xn+1>
2014 ¥ ) k w
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Electron inac TW
10m In 1964A 1995 8GeV/600m
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i P/
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WLF 33 MeV BT BIORNEE EEranM RN RENISE W1 HLY)

1964 33MeV
Vol 1, No 2, 2004
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XFELTW Choke @ ®dand

1869

Input coupler
(J-type) Beam
|

@ T

I,Supperling structure Output coupler:

-
/g

Cooling water channels \ i gg
[s] 19.7 Cco\lngwater\?\‘ l

4(ccunter flow)

|
:

J

SiC absorber
‘q Choke-mode

cavity
Acceleration
cavity

Beam axis

S
s
i
% \\Coupling hole
0 |

iris.

M choxe Fitter
i Trapped
Accelerating

ST12 MMz
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DAW SW

Freq.(GHz) Freq.(GHz)
B
25 A 25te—e—,
» Q l \.\.

20t v

o::7
v /‘o .E; 0
) ’ : - 10
4 =
TUNER 442 TUNER ) il//—.
(:294-7324[2«\"\) ' NPUT COUPLER 05 Q=1 o5t
0 /2 T 0 w/2 T
12-CELL DAW STRUCTURE X W TMu, ik, wuch, av/2 B/ 2
( 508,581 MHz ) e
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KEKB0O8MHz
1-cell Cavity

2014/8/10

Crab Cavity

2014 «

KEK

CERIML
1.3GHz Sell Cavity
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X-band
1.8m TW for LC and 0.3m SW faa{ NDT
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9.4GHz assembly 1 MeV linac

RDDS11.8m
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KEKB

ARES SW

Two SiC bullets per Waveguade \ >

Input Coupler Port

Pumping Port iy
H

. GBP
! Tuner Port l |
SC | l cC AC
i ,’ [- Tuner Port
/
& | 0
----- -+ —{Pk o Ld——
S‘\I:fuoang 9_ 1 J /
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KEK 2014 8

SCSRF SW

SuperKEKB Injector RFu
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M. Shapiroet al., MIT, HGWS 2011 @SL/

P B Photonic Band Gap Structure)

O
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diffractive Q ~ 18,000

SLACK

MIT
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Extracted from S. Tantawi, CLIC201

MicrowaveUndulatorswith LargeAperture

HJndulator

Undulator Mechanical Structure

----

\\\\\\\\\\\

Electric Field Distribution
Undulator Wavelength=1.4 cm

Power required (for linearly polarized, K=1)=50 MW
Qy=94,000 SLACK
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Extracted from S. Tantawi, CLIC201

>100GHz<1

RF Breakdown Test of Metal Accelerating Structure at FACET

€ Fieldlv_por_n

4 mm

A 1stiris ¢ breakdown damage,
peak surface fields <1.3 GV/m
A 9t iris ¢ no breakdown damage,
peak surface fields > 0.64 GV/m
A pulse length 3ns

V. Dolgashev and S. Tantawi
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60 0 10 2.6c4 1cm 3mm
Wave length @ - | |

Frequency (Hz)

Frequency

Old Band Designation
s (ol 9 & DL W

New Band Designation

L l ) i 1 H J_ l | b l
14 L] T |4 1 4 ] L] 1

A BCDEFGHIJKLM

——

b 1
. ¥ 3

Figure 1.2 Microwave Band Designations
From Microwave Tubes by A. S. G our, Jr.
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A UHF 500MHz m A
AL 1GHz 30 A

AS 3GHz10 A

A C 6GHz5 A

A X 9 12GHz1 A
A Ku 12 18HGz A

A Ka 26 40GHz 3 A
A 100GHz A

Af mnn>AY
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Acceleration related parameters

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

V =1E.(z,t)dz
1 V2
F)

(]

R

V2
2ndJ
nwiJ G

RR

R/Q?1

Wall loss by surface integral
Stored energy by volume integral

_R
PC—?ﬁHZ‘dS

U :’E"ﬁH Z\dv:S' AE? dv

2014/8/10 2014 w

E..=V/L

2
R/L=_ace
P/ L)

E2
R/L)/Q=——ac_
(RIDIQ=75
_w@U /L)
TR0

mﬁHz\dv
G w

'ﬁHﬂdS

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/Q1 \4
an efficient acceleration? A Increase R/Q. 2nJ

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

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

A nose cone is difficult
A 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
A sacrifice several % loss in R/Q

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



L oss factor

Loss factor K, described later

[kL :,/’/_I-'2 ]
40

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

1

E,(z,t) = E el In p mode cavity CE =L

Maximum acceleration occurs if the electric field is

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

_SiNp/2)_2, 06,

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

V 2
Rn=5 Vo=EKL pl2 p
The acceleration felt by the beam decays as time, R= RmT 2= 0.4 Rm

E,.(zt) = E,Coqwut), z=ct

Voltage acquired by beam is then

V(L =R" (E,Cosut)d(ct) = ‘;/EO Sln( )

Transit time factor; ::\\ X_p
[ Tiv(L)/V, =25 S (= Ly =3I \yhere xt W"} T\ l
wlL 2C X 2C \




Surface loss and Q [ A

Super conductor, Nb case: \_ Y,
_ 1 f 2 - LG?
Recs(W) =22 10 * ?(1—5) e’ Normal conductor:
f(GH2, T(K) Equivalent surface current in thin skin

at 1.3GHz, T=2K << 9K A I gos=11nW depth d; with surface resistance R.

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

Possible to increase geometrical R =|—
factor, G by shaping. It reduces 2s

cryogenic power consumption.

S, =5.8X107(L/W) A R.~28mW

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 example

.
A
i " g
R / \ {
. _ scc scc
Damped c_:aV|ty for storage ring Typical cavity Reentrant cavity
With nose cone.
: SW TMO010
Single cell SCC b mode
Damped cavity Snﬁooth
More E, on axis DAW cavity
Less H, at outer TMO20-like p / 2
TW DLS Floating washer
TMO10 Coupling mode in
5p/6-mode addition to
(figure shows p field) accelerating mode.
HDDS for GLC/NLC High Q, high R
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A ARES
| R/Q @
A SLED



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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KEK

KEKB ARES
R/IQH

HOM WG

Storage Cavity
TEoi3 Coupling

Grooved
Beam Pipe

.\\
Input Coupler Cavity »
" Two SiC bullets per Waveguide \
a "’ ! > Ioput Coupler Port a
Acc
C damper £ i E i
:S for KEKB
avity for beam stability
RF Power
:
Figure 7.4: Transparent view of the ARES cavity. S t_
Shifting
Groov < |
\\:;A,.—ﬁﬁv ni((CF ) et
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SWand TW

[ SW: e Sink? , e Cogk?) ]

b3 H :Q
Superposition of Cos + j Sin i
Example pillbox TM010 mode
E, and H; is 90 degrees out of phase
EZ
SW . I
Superposition Cost+Sin T exp[j(- tk2)]
Maxwell

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

[ TW: ej(l/bt- kz) , ej(Wt+kZ) ]
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Solving wave equation with satisfying boundary condition
™

£ =-j2 Cogmg)

C

.mb,, .
E, =] e Sin(mg)
E,= Cogmg)
Hr __ J mw e

c

(D 1)

%Jm(bc )

J.(b.1)

. 1
Sin(m —J (b.r
e Iﬂ(67)rm(c)

. Wwe .
H, =- 1= Cogmg) J.(b.1)

c

H,=0

2014/8/10

2014 ¥ y

e\

=a
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Microwave Handbook

E. Marcuvitz ed.,

[SEc. 2-3

TRANSMISSION-LINE MODES
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H-mode / TE-mode

W

Fi1g. 2-6.—Field distribution for H-modes in circular waveguide.

1. Cross-sectional view

Kk

2. Longitudinal view through plane -l

3. Surface view from s-s

in circular
014 v

d.

Fia. 2-5.—Field distribution for E:

1. Cross-sectional view

E-mode / TM-mocZIe

2. Longitudinal view through plane I-!

3. Surface view from s-s
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g=b>-wem- b’

™
Ez: EO‘]O(bc r) ej(m-bZ)
j(mt- b, z) : 2 j(ut- b7)
€ E =1EZ,Q- (w./w)?) I (b.r) €
H, =1 Ey 3,(b,1) @
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Add periodical perturbation with its
period=d.

If d=half wavelength, then reflection
from each obstacle add coherently,
making large reflection, resulting in
a stop band.

Then wave component with
harmonics b,=2p/d suffer from
significant reflections, making a
stop band.

2014/8/10 2014 w
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n=o

Ez= a a'n‘]O(krn r) €

n=- o

where
b.=b,+2pnl/d
k2 :k2 _ bZ

j(wt- bnz)

This is equivalent to the F | o q uhedreins

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
space harmonics, driven at frequency w.

There are stop bands. No propagation mode exists.

2014/8/10

2014 ¥

\
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\
\
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\\ ]
\ = /
m=-1 \\ =0 - m=1
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If the perturbation becomes large, 40),

reflection from the obstacle is so

large that each cell becomes almost ‘ ‘

. . B W =

Isolated cauvity. 40.‘%
_ H B B B § W

Power propagation only through a i i

very small aperture. 49 I
AEEEED

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

Now let us start from isolated
cavities.
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In acylindrical waveguidgwo propagation

modes exist;

I(wt- b)z

g and €

Forward wave and Backward wave

For satisfying the
boundary condition at
both end plates, the
solution with the
superposition of
these two counter
propagating modes in
proper phase and
amplitude becomes
SW in a pillbox cavity

2014/8/10

whereK_=r_./a, b,=lp/d

e
a
i(wt+b)z
b . :
E, =- KZ Coqdmg) J,(K_.r) Sin(b, z)
mob . 1 )
E,= KZZ Sin(mqg) ?Jm(Kcr) Sin(b, z)
E,= Cosmg) J,.(K.r) | coxs,2)
H, =- | T2 sinmg) Z3,(K.r) Coss,2)
c r
H,=- j-2° Cosmg) J,(K.r)| Cos(s,2)
H,=0

2014 ¥ ) k w
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S S S S S S S S B
0.0 05 1.0 15 2.0

TMO1

Ez and Hr |
TMO2
Acceleration Ez and Hr
Max at center and O at r=a Acceleration

More energy storage for
a given acceleration

2014/8/10 2014 v W k @

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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Hf

Current flow Magnetic field

Inductive ener Electric field
Power loss into wall gy

Capacitive energy

storage il
Resistive loss 9 BEO0000 storage o
| 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.
i /‘f\/<\/\/\\ /\ /\\\__ | |
UUUUUUL MN\/WM l L 1
PS PS —
| B
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4 N
Resonant frequency in electric circuit

1 . .
Freg=——— SCC cavity tuning
[ 2pLC 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.

Sl ater6s perturbation theo

[”’2,;,/2”/02 = f{H’- EZ)dVJ

av
fH2dViL FEZdVil ‘
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 z-mode structure with magnetic coupling 8
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Poyntingvector EXH

EXH
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Cell
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LI -

_ w5, k
[ In_xn(1+ J WQ M/2)+2(Xn-1+xn+1) J

1.10 —_————

1.05 o O O —

1.00 é
0.95:* O O
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Freq.(GHz)

Freq.(GHz)
25¢ A 25t e~av, B
0=l e,
£ E
—=Td =
H S ol Tr |
=i
Rc 4
~Tw
Rd
Rw
]
Rn ¢ |
Rh
A 8 |
G-
[ ——

| 0 /2 T | 0 x /2 =
I_b rb BX/2
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I b Phaser

I Causarityl'h
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1/2

0: Assume a cavity field pinasor

diagram with one dominant mode .
9 v 2: When the second bunch comes in,
g=wt Ve superposition applies;

V() =V e /\7

1
Nl*
AWt

1: Point particle passed an empty cavity,
leaving a field, wake field,

Ve Vreference Vbl++vb2+
e
— iq
Vb Vb1+ - Vb €
— iq 2
U,,=a V. €7 +V,,,)

DE1+ = qu - q f Vb Beam energy loss =2a Vb2 (]_+ COSC]

_ 2
U,=aV, Cavity stored energy
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2/2

While loss of the second bunch;

IJE2+ - qu + qvb COi@"‘ C7)

Since particle energy loss = cavity stored energy;,

DE,, +DE,, =U,,

Therefore,

2(qf-aV,)+(qCose- 2aV,)Coxz- qSineCosxg=0

This should always true for angythen

[ \ e=0, Vb:i, 1‘:1 J
24

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.

2014/8/10 2014 v W k @
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RFin ¥ No RF to load
short” structure

8 (low Ohmic losses) 14
T T T i} L
/

: \
High current & d 4 % Most RF power
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.CorsiniEPAC2004

- BEAM OFF

i

|

‘|‘ ‘
' 1.5ps |

/'/. I \

~ 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.CorsiniEPAC2004
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l Souct 03 - P

».e N .

=e | l
i i | .
| (3] struer 05, 06,07 - P,

»e )

B e LA struct. 03~ P not tuy beam loaded
» ™ Struce. 05, 06, 07 - P = 0: uly boams loaded

s Aam ~m
E— a
Figure 5: RF power levels at the structure input and out-
put for always one accelerating structure per module as a

function of nme.
P.UrshutzCTF3 LINAC2006
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Uy

Y
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Longitudinal wake function in DLS

Summation of resonant modes up to a certain frequency, _
N Bl SR ey
I(s)=3 > RN
W(s)=4 2k, Cos(w;,~) F N :
n=0 C g 4 \\\ -
Higher than the frequency, and in high energy ligritwalc, 'é’ S~
optical resonator model predicts - ) IS -
dk o Coqdw % 2 e é - ; o
= A) - > W (l‘) 2,% q O d TIME  (ps)

’ 1m0 e
dW ,/’/’3/2 mm '/,/3/2 Fig. 9.3. Longitudinal wake per cell

for the SLAC disk-~loaded structure
(0-10 ps). Cell length = 3.5 cm; beam

Total wake field calculated for the SLAC MEEERE RSSO S5 s
disk loaded structure became as shown in T
right figure (P. Wilson Lecture)

o
1

Total
—+— Accel. Mode

F'S

n

Fundamental mode dominates for lomgnge wake,
with some high Q modes superposed.

WAKE POTENTIAL (V/pC/period)

T T

z
N

1 1<

Much higher than 400 mode contributes in very | °° (;fl” | -
short range wake field. . 3. tempteotinl ke per coll

(0-300 ps).




Transverse wake function in DL S

! oA 1 [ T "’
We follow a paper* byotterand Bane on transverse wake field “ |
calculation on diskoaded structure. 1
° —7
Synchronous space harmonic component of thla MW mode, axial electric field is s i
expressed as LR
r Fig. 9.5. Dipole wake per cell
for the SLAC disk-loaded struc-
E,.=E, ()" Codmf) Coq w, (t- z/c)} T |
a T 56 s

—+— Analytic
Extension

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

0.5

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

o

2 r r
kli,andu:k —9y)2m g2 —_ o(_9ym
n 4u n n(a) q \ EOn 2(a) knq

n
r, is drive bunch position oW W W@
S TIME  (ps) Presyie
Summation gives total from resonatlike modes, PR . IS WA e
ture (0-100 ps).
g« - , K C, ..
W (t)=2(-)a (=) Sin(w, 1) S E——
a n V,/n a 235
ST
Over maximum frequenoy,,, integration gives wake field using o
dk _ A : |
dw w2 £ L ]
-2 1 1 1
0 500 1000 1500 2000
* B.Zotterl YR Y® . }FySS G¢NIyadSNES wSazylydsa ;i - e
Cylindrical Tube with Circul@rosssectiof = -No&-808, SLAC, 1979. e e o bl s e
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Figure 7.4: Circuit model for DDS structures.
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