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Practical
Basic LINAC theory, design, and construction

Y/
al¢c{ | ahdWNRaKA
KEK, High Energy Accelerator Research Organization

NOTICE:
| am so sorry, there were several errors in the lecture notélsangsanwill help me to reupload them. Please download
them again after January 6th.
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CONTENT

1. Basic Components of a Linear Accelerator.
o0 Core Technology.
0 Basics of Electron Acceleration.

2. Characteristics of the Periodic Structure.
o Dispersion curve with various beam aperture 2a and cavity diameter 2b.
0 Phase synchronization with electron beam

3. Parameters required for accelerator structure design.
o Phase shift per cell

Shunt impedance r

Q value Q

Attenuation constant_

Filling timet,

Energy gain £

O OO0OO0O0o

4. Exercise on accelerator structure design
o 35 MeV, 2/3 mode
o Cavity dimension tolerance and frequency and phase sensitivity
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EXAMPLE OF LINAC CONFIGURATION
(Not scaled 2856"H2& AC power line 'Electrons accelerate with,.-& synchronize thghase
- 2998vHz BEN | ‘velocity.
(Pulse Forming Network)‘ /hi ‘ % ‘ 90 Lace ¢
L I 3 = / ex\I:{> v, Speed of light /(eb'\
Noww P By T\ v Speed ot
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| W L[H] | 2 Dé
= [— i v
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: I:%)UT_
E K O%Pa H H H%C-H,,lg/lwm E o —ixp(-2_10_57) 6.32 (3%
3 mHong 3 Vi=eV) _ abAte v/ —— .
] B ev-ftercant o g
Vacuum DHISgnd Support table N D][)Iflsgnd - The electron beam acceleration,
e e i :
lon pump (Vibration damped) - 0 it needsE,c.and,

- 0 the phase velocityw) of Ecdnust synchronize with
the beam Speed’e (In thiS Caseve = C)ﬂ'roshi.matsumoto@kek.j|
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o Electromagnetic & electric circuit design < The simulation program can provide the

MbElectromagnetic field analysis tools, for exampTandHFSgE~ distribution of electromagnetic fields in the
M a2 Rdz F 02 NI L2 6 SNI & dzLJLJ @ cavity, field strength, and relative changes dug

. : : to dimensional changes can be determined.
b mn  Lijofdeopredse capacitor charger. However,it does not have the accuracy to

determine the absolute mechanical dimension
of the cavity

M F2NJ SEF YL ST I Odzdzy RA2E&3SYy KAHK#@NJ\G@ O 2 LJL

o Machine tool technology
[H réecision dimensioning with a few micraneter.

o Copper material

The analytical calculations and the eleetra
magnetic simulation code arasufficient to

b +SNE rouyhaesdi(+30 nm @flat areafmachined obtain enough accuracy for the resonance
surface. frequencyof the accelerating tube.
o0 Bonding technigques Q
M =+ I Odadinng. (for ex.: Band 8GeV@KEK;@nd, 8 Actual measurementsising low power model
GeV@SAKULADSNd, 10GeV@PAKXFEL) cavitiesare required
M | @RNBISY 6 NbahdA50GeW@ILARNI SEPY {
M 9f SOGNAOI f {KAHKAD SGEVI@RKBEKY 3 6 F2NJ SE®Y T2NJ {
M wSt ISR St RAY3I LINPOSaaSad 09t SOUNRY o0SIY gSf

beam welding)
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ELECTROMAGNETIC FIELD ANALYSIS TOOLS

Fin Advantage 1: Doubleed couplers can make thedectric field (Ez) distribution ———
symmetrical this eliminates the need for increased beam emittance.

Short end
o = /=
l!l‘_' ZZ Zriszz irisl 3
'I L=nl ,(n:1,2,...)
| =9 9 . 2p
4 z(0=jz @ar?— |
g

Advantage 2: The surface electric field” [~

lower than that of a single Iris coupley \
| |
Thedischarge thresholdf the / \
Iris sectionis thelowestin the
 areas where the RF passes / \
I through.
e / \
|/ \
7777777777777777777777777777777 Waveguide Ilr,'s—;,v(\ Coupler cavity ,’\Kl;r\ls Waveguide
™~ \7" \~_Xl 7
~ \ pyaih
e N
-120 -100 -80 -60 -40 -20 0 20 40 60 80 100 120

| -Coupler cavity cente

-y,

*'H Ez distribution symmetrical
LN

Z [mm]

@SAKULA: Used for aldand accelerating tubes.
@PAEXFEL: Used for bunch compression accelerator tubes with strong bee
emittance effects.
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CANON 50 KLYSTRON TUBE

@ Space charge limitation effect
|[A] = 1A 5[V]
K

" eam @ 1.5~2.0 x 18(Perveance) ;
5712 MHz RFoutput F%QF = h F \pBeam _( P 3 V;J;m)g\/Beam 3 P\/Bzearh
n 40~50%

Conversion efficiency from bema to RF.

Measured rf power by |
absolute calnrymetrlc methode

E-fficie-ncy---fmm
beam to rf power o ®

RF pulse widfh: 2.0usec
Pepetition rate: 50 pps

KLYSTRON OUTPUT RF POWER [MW]

BEAM VOLTAGE [KV]
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TIME OF FLIGHT OF ELECTRONS IN THE KLYSTRON AND DYNAMIC PHASE CHANGE OF

S\ \J U Reference RF (2856 MHz ‘b Vbn+0 A
@ _ ( ) ) AAA, O h‘(@ ob N nj 8 [ +
0(@\/0) - [Deg] = 3 3 - 3
ELECTRON BEAM IN Phase comparisons N\ () /el (@Ven £]07 360 me < (- W .
THE KLYSTRON
STRO DRIFT SPACE LENGTH{L) U a (Vo [V) a
ANOD/E\j éJ = M+ 3 O
CATHODﬁ a8 0.511 10
— -4
HEATER & —>----r-oommommooee B D L ' ' ' '
] VOLTAGE STABILITY @200KV
[ \ —=— VOLTAGE STABILITY @250KV
VoV ° 1 INPUT CAVITY OUTPUT CAVITY L | ===VoLTAGE sTABILITY @300KV_
I . 1510% | [———VOLTAGE STABILITY @350KV. e
MODULATOR = VOLTAGE STABILITY @400KV
-
o 5.6e-05
POWER SUPPLY < 75.00-05.
® 1010° | 4.3e-05 <
M. .6T6Y tKFrad OKFy3IS O02NRAY3I (2 RNRG 3.7e-05
e [C]: 1.6 x 18, electron charge. at 3.1e-05
m [kg]: 9.11 x 18, electron mass. o) |
c [m/sec]: ~3 x 18) light speed. > 5010° bocceeaoooo IS - ]
L [m]: 0.645, drift tube length of TOSHIB3v12
<o [m]: 0.105, free wave length, c/f [f: 2856 MHz] | To achieve a phase variation of | = !
V, [V]: nominal klystron beam voltage. 0.03 in the output RF of the |
U1 4V]: klystron beam voltage change. Klystron, the beam voltage variatiop 5 '02 o '0 . 5 Ios 5 l)a o
must be less thas0 ppm(5 x 16P). R ' ' '

PHASE CHANGE [DEG.]

hiroshi.matsumoto@kek.||



FEL_Shc@NSRRC

Jan/05/2026

20 SECTION PFN FOR 50 MW KLYSTRON.

100.0 ——— —— T -349.0 — . _ . |
[ i . Over all view i § ] : Expanded view @top ;
> : : : ] s ! : :
-3 0.0 : SRS ST S x i
w ) PTR| 1:17 |  -349.5|
D I ' Veen chareg 41.14 kVj 3
= -100.0}-----}------- : - i
= [ IThyratron. 6.83 KA —~ -
O i _ i O -350.0
> - Vrevers O KV > i
<E( 2000} T e e S — =
B : . 4.8>5 @75% n '
R " ([ R - = = — m B
. : : -350.5
5 3000 - N : N A . E i
= L @ -350 kV 2 |
- : ; 5 . : i | Not final tuning : : T
-400.0L S SRR SIS SR S SRS B -351.0 L= T S S
0 1 2 3 4 5 6 7 1 2 3 4 5
TIME [US] TIME [US]
720 nH 720 nH 720nH 6K

#.,Izoq

20 n_

720 nH

il CVD monitor waveform
[ o200 OO —————————

720 nH

CVD (1/1€)

T TR

1

[ Jeond 2

720 nH6 K

50K, 1m @ SCOPE

NOTE: 200 """""" """""" """"" """"" 1

Theoutput voltageof the CVD is influenced by its

ool " ﬁgh

CVD OUTPUT [V]

intrinsic error as well as the length and capacitance™®® [ X @346V i) 1

of the coaxial cable; therefore, calibration must be _400' e

performed on the actual unit. ) 1 2 3 4 5 6 7
TIME [us]

HInudI II.IIIQLDUIIIULUMI’\C?\.”
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2510° ————

N
o
-
o
w

Surface voltage @a/2 [V/mm]
o
sw

Dielectric break strengt

~1e3(practical)

RF INPUT POWER AND SURFACE VOLTAGE @a/?

FEL Sch. 2024@NSRR(

7€3~19e3

1010° |

510° |

05/2026

[VImm]:| ~2.9e3@Sband (ideal) | (practical)
;Vacuum pressure region
I oot I oot o | |Air T T 1 1 1 T
@ 2 wHyn HOSbanl H 0 1 = 180C-‘f//c(),_, )
- )
- — Vacuum- - = = =|- — - — —. - o - - gl4oc~\ -
- 4 T : - —
b, >o 1200
< A7 1mm =
______ =
Closs sectional view of W, O
3orwv%/,//// = T
]
L
m 200 = 7 o]
: ) | H Vi’;\cuur’r] Plressur’zatlﬁq |
gl g qlnml - 4760 ¢ 4 7gked | 0 1 2 3
' Paschen’s Law Pax d[m]

— Air

50

100

Input Power [MW]

150

200
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CORE TECHNOLOGIES FOR ACCELERATING TUBE FABRI

0 Electromagnetic & electric circuit design
'bElectromagnetic field analysis tools, for examPelandHFSS
M a2 Rdzf F 02NJ LI2 6 SNI &dzLILI &

The simulation program can provide the
distribution of electromagnetic fields in the
cavity, field strength, and relative changes dug
to dimensional changes can be determined.

b M Lidfdeopresise capacitor charger. However, it does not have the accuracy to

o Copper material determine the absolute mechanical dimension
m tSNE AYLRNIFYyGs 48 Oryyz2id CdNFYsneyis ayiz 32
M F2NJ SEI YLX ST =+ Od dzY RA2E&é3ISYy KAIK LJzNRAG& 02 LI

o Machine tool technology
b récision dimensioning with a few micraneter.
M +SNE réuyhaezadi(+30 nm @flat areaf)machined
surface.

0 Bonding technigues
M + I O dading. (for ex.: Band 8GeV@KEK;l&and, 8
GeV@SAKULAPSNd, 16GeV@PAKXFEL)
M | eRNRIASY
M 9t SOGNAOI €
M wSf I GSR St RAY3
beam welding)

i K A@aid, SGEV@KBKY 3

LINP OS33aS3ao

The analytical calculations and the eleetrg
magnetic simulation code arasufficient to
obtain enough accuracy for the resonance
frequencyof the accelerating tube.

Actual measurementsising low power model
cavitiesare required

0 Ndbahd) 50Ge¥@ILAR NI SEDPY | .
OF2NJ SEdY T2N {
|

69f SOUNRY 0S5 St
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HYDROGEN ABSORPTION DURING CASTING

Presented by HITACHI COPI

Normally, humidity desolves into molten copper as
hydrogen and oxygen. Copper is deoxidized by CO
generated from charcoal, but hydrogen remains in
copper even after deoxidization due to a chemical
equilibrium among H,0O, H and O.

The vacuum degassing reduces all gasses in copper.

Melting furnace

® °o/

O@ O

Molten copper

C+0db / him

Charcoal powder

—

humidity
O . lo .
OZ O Oo .
O
O ©O®OO

HOM2HR b

Ordinary deoxidization process

<

Oy o8

O O
O O o

O O
O
O ®O
O o O

CO+Th /.

-

~

Vacuum degassing process

)

vacuum
OO

Oo
°oo®; % o

J
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ANALYSIS EXAMPLE OF IMPURITY

Presented by HITACHI COPI
Example of OFC Class1

Cu Min.99.99% 99.998% Pb Max. Sppm 1ppm
O Max. Sppm > 1ppm Mn Max. 0.5ppm 0.1ppm
As Max. Sppm > 1ppm Ni Max. 10ppm 1ppm
Sb Max. 4ppm > 1ppm Se Max. 3ppm > 1ppm
P Max. 3ppm 1ppm Ag Max. 25ppm 10ppm
Te Max. 2ppm > 1ppm S Max. 15ppm 3ppm
Bi Max. 1ppm > 1ppm Sn Max. 2ppm > 1ppm
Cd Max. 1ppm > 1ppm Zn Max. 1ppm > 1ppm
Fe Max. 10ppm 1ppm Hg Not Specified > 1ppm

hiroshi.matsumoto@kek.||
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o Machine tool technology
[H réecision dimensioning with a few micraneter.
M +SNE réuyhaezadi(+30 nm @flat areaf)machined
surface.
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MACHINE TOOL TECHNOLOGY
6.3

r de™ === 1 Memory may be easy.

. [Hz

The surface currents that RF power induces on the
metal surface inhibit RF penetration into the metal. d

Metal surfacq Inside metih

[m] —
Skin_depth

2856 M1 o | _ [ 15510°  6266°1G _6.266710 . . .
:‘Z e HG](Em]): |£E:0 36X§'e 6.33 ];7; 3[ml p @Z]@_ p1€)7 \/? \/28563 1(5 :
D ¢
% 0.6
=
§ 0.4
IS .
£ 02| Skin depth
% € -=- 1 ——>i
0 |

Depth (L)

g™ —
Skin_depth

Surface roughness of cooper disl&
: resistivity measured by an optical

—

1.55x 1@ [m1 [Y@100 Cfor copper  RTTETE Yo (=1 (Im bl ale = Re vy ;
1 H: permeability, p=pp* wavelength monochromatic light
e g g Diamond bit RO.J

~ . source. | | JERE
_u*: relative permeability, Copper=1 ‘ 1 j‘ i i X

ek.j|



T DISKLOADED PERIODIC STRUCTURE (HALF cut)

Front view
Cutaway view of accelerating structure

The reason why this frequency is one of the maj

@

- Frequency 2856 MHZAU.S. $and).

2" /3 mode: One wavelength in three cavities.

Lo
An acceleration electric field availability is

maximized. The most widely used for beam
acceleration.

Giight_speea  2:9989..3 1 & ts/mm

(mm]
| flHe 28560 1001 00
=) 165
72 T - o i
23 35" (One periodic length)

| ,: Free wavelength.
| ,: Guide-wavelegth in the structure

Easy to design and machining because it is

aninteger value in practica
This is the reason why tH&856 MHavas

selected.
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FEL_Shc@NSRRC Jan/05/2026

1. Basic Components of a Linear Accelerator.
o Core Technology.
0 Basics of Electron Acceleration.

2. Characteristics of the Periodic Structure.
o Dispersion curve with various beam aperture 2a and cavity diameter 2b.
o0 Phase synchronization with electron beam

3. Parameters required for accelerator structure design.
o Phase shift per cell

Shunt impedance r

Q value Q

Attenuation constant_

Filling timet,

Energy gain £

O OO0OO0O0o

4. Exercise on accelerator structure design
o 35 MeV, 2/3 mode
o Cavity dimension tolerance and frequency and phase sensitivity
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BASICS OF ELECTRON ACCELERATION

1-1 DC acceleration

Start the €lectrons (g 'HChemicalkenergy of batterif,) HElectrostatic energy (F)
@

ElectronkineticcenergyWw, )

Chemical-energy of battery

1.5 volt battery

Start the eleg s

-+
{A Kinetic energy.of:-electronsw, )
e bW =e 2y,

=1.6 310 35UV

] T =15

Electrostaticffield-energy
FIG. 11

(Electron charge [C]: 1.6 x 1)
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BASICS OF ELECTRON ACCELERATION

1.2 Electron AC Acceleratids awS a2yl yOSEé

Useresonanceto generate an Imagine a rubber band string stretched over two fixed
even higher voltage. upper and lower hooks.

Rubber bandih

=)

Start the electrons when they are jysist at
the polarity-(Left)and+(Right).

FIG. 12

FIG. 13

hiroshi.matsumoto@kek.||
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BASICS OF ELECTRON ACCELERATION

Theresonance phenomenoof
AC waves can generate further

higher voltages. Shake (or Swing) the ends a little.

| SE—
j> > |

Zj |
The center Is
shaking widely

Start the electrons when they are just
just at the polarity-(Left)and +(Right).

FIG. 34
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BASICS OF ELECTRON ACCELERATION

With only two electrodes, the energy diffuses into space, In an actual accelerating tube, a metal cylinder is connected to two
so the electric field strength does not increase. electrodes to confine the magnetic field energy.

P, 30MWIHE,s 176<V (5.2<Vmm@waveguide
= 1gvimmi \/FiinW] ? I, A A y//Q‘ppper cylinder
/

| S 7 Ercc caf@30MW:
19 2V/mmi o //Z\:}/ 1 QMV/m
T 0. G |
: g 1.5V battery:
e Bifte g L&) | | Need for 13 million

ngti™ = 0.08" 313 ¢

. . a: 72.1 mm =6.5 310
Electric field Vgsinwt c - > 35mm — G50
£+ [ LT M FIG. 16 T3
Useresonanceto generate an even o w7 ) S H By gV/mm] :\/4 P *Ze ssw ~
. " B " ] Peak@a/2 3 .
higher voltage. & AR &P Ty CINES & Ll
o bEyG ZTV\EA = = =55C <, free space wave lengtfmm]
FIG. 35 T T qm - €27 3 210 - () e
g , i) =) i <c <.: cut off wave lengtt?a[mm]
8] mm 2(~) f f U Y _ni07 [H/m]
- |, 2 8 hW = ny 277 | %,:8.854 10%2[F/m]
Gle - % hiroshi.matsumoto@kek.jj
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CONTENT

1. Basic Components of a Linear Accelerator
o Core Technology
0 Basics of Electron Acceleration.

2. Characteristics of the Periodic Structure.
o Dispersion curve with various beam aperture 2a and cavity diameter 2b.
0 Phase synchronization with electron beam

3. Parameters required for accelerator structure design.
o Phase shift per cell

Shunt impedance r

Q value Q

Attenuation constant_

Filling timet

Energy gain £

O OO0OO0O0o

4. Exercise on accelerator structure design
o 35 MeV, 2/3 mode
o Cavity dimension tolerance and frequency and phase sensitivity
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2.1: Free space wave

Electromagnetic waves (Free space) in HG. 2

propagating in free space, cannot be used to accelerate

electrons because they have component of the electric
field in the forward direction

E (Electric field

TEM wave

H Si
(Magnetic feld jHO wt)

FIG. 21

*TEM: TransverseHectric Magnetic

2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

2.2: Diskloaded structure

As shown in FIG:-2, loading a disk with holes at regula
intervals inside a cylindrical waveguide alloygdo be equal
to c, enabling electron acceleration. This structure is calle:
diskloaded structurghereafter referred to as an acceleratc
structure).

Eo0IC01

FIG. 22

When the disk period d is set to 1/3 of the structure
wavelength<; (e.g., 10.5 cm for 2856 MHz), the phase
difference between disks becomas™ kSuch an
arrangement is calledia = k 0  atéelerating structure.
Similarly, structures with disk periods of 2And 1/4< Are
OFff SR = Y2RS YR “KH Y2RS

hiroshi.matsumoto@kek.||
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2.3: Dispersion curve of rectangular waveguide.

Let's look at electromagnetic waves from the perspective of the

relationship betweerfrequency. and theLINE LJ} 3+ G A 2y 2 GZHy &0 |

(dispersion relation). First, for plane waves, singe [ . Kk thé@dispersion
relation is a straight line passing through the origin, as shovifi@2.3(a).

This indicates no dispersion (the property where material constants related
to vibration [in this case, the propagatlon constant] depend on frequency). In

this case, the group velocity (= d K R is also equal tdight speed ¢
For electromagnetic waves in a waveguide, the following equation holds

b <k K /=CW_2 % 2.1)

Here I@-Z K, & £Free wave length) ®R" k. & £Cut wave length). From thls
SOQYSa F2tt2pay ‘

W =C ,,5 (2.2)

c: light speed

The dispersion curve has an asymptote at Il ard forms a hyperbola
Ay (S NA S Gakid aft 3¢ =ic K(51G.2.3b). This means that,is always
greater than ¢

4

(a) o
vy=C
(a)
These two lines never interse ﬁ
4 L
N Co © ea radius

fo=—2—,
2p &

&, 2405

b s
A .
~ ’
A ’
~ s
~ .
A ,
s s
Al .
LS P .
FIG. 2.3

.Is called the cutoff frequency, and
electromagnetic waves with frequencies lowe
than this cannot propagate through the
waveguide.
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2. CHARACTERISTICS OF THE PERIODIC STRUCTURI

i \/ém % n& @m, n: mode number

Vg group velocity, RF energy propagation speed ! 855 9+ Bge OTE, m=1, n=0

'|'E1 mode /\\ Sincewaveguides one conductor the RF
0 N Signal propagates while beimgflected.
UNIT:mm  <; 108" WR284 @285)? MHz
c:3x\1011/)\I ‘ 43.1S\Jﬁ . (34.0)<— p
|
FIG. 2.4 : o % +HH ) Aax
i z F7( )_ Ez_TEOl (
o © (72.1)
a :& 38[ a |- : . AX )
- i i \ H(X)=H_reor @oéérL ¢
(@) | i | =
i ‘ i y (C)
, <g/2 76.8"M v Ql : o T
B < 153nm | ! Frequently used relational expressions
| T | i
| | l _ ‘ — <o
C ] ~TT° . ST,z < Guide wave length
: T : : 1-° g
(b) : | \ = 0
L 17 / irl A !
\:JF/// | —- = F——=== : < = 2a < Cutoff wave Iength
| | \_L/ 1
I i

v,=c 3sin q3=16 sifF43.1p _2.08 f0[3/n} [ Tag % 2 105 %
v,: phase velocity, RF phase speed Vo <C <:> Va=c /1 ge<_ 6 52 Ex '.'M[ i
¢ _ 310 o V,<C
Y TS Tapy )153?;-%1[’7’]5 G R — I
| <, 0 1. aos 8.>C
| e 07210 P
c=.Jv, %, 206 W 438 1%* 3 £ P /) | ¢<. = V' g207213
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2. CHARACTERISTICS OF THE PERIODIC STRUCTURI

2.4 RF PROPAGATION IN ACCELERATOR STRUCTURE

For the accelerating structure, néar I < EifRdbse to d. Thus, the Beam acceleration mOde\?
wave reflected by each disk and that by the nelghborlng disk add in phase, - L 2T S =
resulting in slowed wave propa n I ,a staritling wave forms Operat'on frequ’@r‘cy Yp €
andv, = Q The slope of |sperS|on curve also becomes zero. 1 2856 MHz '
_O Ae(]vvt 0) Ae(jwt + )F; n=-2 n:—1"‘~“ = ’,f', n=+..L
—— ‘ <

i Erce
< d >
FIG. 2.5
¢tKS RAALISNBAZ2Y OdzNIBS 2F | LISNA 2 R)\ CE[A :'\/(1_ 6;2;) 3FBN]‘ t“/tl‘] |
axis, and the dispersion curve of an accelerating tube is as showW@ir2.6 KLY _out Ac
The slope of the line connecting a point on the dispersion curve to the orlgln VieV) — ~Acc EY/m sginff dz

glves the phase velocity v with respect to frequency at that point, and the value ain
of R .k Rat that point provides the group velocityg. ‘
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2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

2.5 Equivalent Circuit of Accelerator structure 3 The following equation expresses the electromagnetic
An accelerating tube can be considered as a series of ~ fleld distribution of the TN,((r: 0, : 1, z: Onode in a
cylindrical cavities witfrMy;, mode arranged linearly ~ cylindrical cavity.
coupled by electric fields through coupling holes onthe  E =0 (25.1) &g e, "
central axisgIG. 2.7. E,=0 (252) 2, \m s
1 ¢ 5 E=E qacm 008 cﬁ(swo ) (253) %d';’/m]] 8. 854157378173 17
3 ™:4p 20
2b 2a n-1 n n+1 ‘H=0 (2.5.4) ;
1 ; The electric field, magnetic
v H,= +H ‘}acm (]W t) (2.5. field, and current in a figure.
L DJ ; illustrates the result shown in
FIG. 2.7 H=o (5.5.6) FIG. 2.9
The TI\@lQ (TM. Z)electromagnetic field components are  ° 2 EIG2.9 The first root
representedyln the coordinate system showrHiG. 2.8 3 ' 3 (fundamental wave) of
) o8 the Bessel function,J
FIG. 2.8 In the TM); mode, the cutoff wavelengtkor cutoff O8E NG .
r frequencyf.is the lowest value at which an RF wave can, 0.4 Jl -~ ‘“‘\\
propagate without losing strength. You can calculate th|& o2f .7 01 2'40§/
v value using the following equation. = ; I D NN
0 ~ i 02 Cavity inner V\gzidals
) B _C2p @) or § _cI: c(_; &:2.402 (257) i;Cawty center N O
01:2.405 C P (o, o5 1 15 )2 28 3 35 4
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The electric field, magnetic field, and current distributions
in the TM,,, mode of the cavity are shown FG. 510.

FIG. 2.8 2p O e
. = or E=0
I Co1:2.405 | Eq =0
7 f= C €O @G
O C - s
| . 2 prO |
H =0
X T — — ﬁa\ ‘
> > ®
(a) Electric field 2b — — @@(é)a@@
L= = NG H =0
Fleming's rightand rule-.
I ﬁ\?
(b) Magnetic fielcH 2b 2 z @ ;
i ® ® &J |
X X 1
(c) Current flow T $ K T\
Solid line: Real current 2p -} —— —— e
Dotted line: Image currenf K‘L/

FIG. 2.10

.= HIEe

field distribution of the Th,((r: O,
cylindrical cavity.

E=E qacm 'Ooddswo)

(‘W t)

2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

The following equation expresses the electromagnetic

:1,z:Omode ina

a

o =[S0 g7w

adh \M

SEEiml: 8.8541878173 167
&' 4 p 207

The electric field, magnetic
field, and current in a figure
illustrates the result shown in
FIG. 5.9

2f @FIG. 2.9 The first root

(fundamental wave) of
the Bessel function,J

0l Cgvity centgr N

Cavity inner wall

2.405

——

0.5 1 1.5 2 2.5 3 3.5 4

X
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2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

2.6 Equivalent Circuit of Accelerator structure \ | 5 2 & 1
O n+

An accelerating tube can be considered as a series of - %Elx C (2.6.1)
WG, ¢Iw
cylindrical cavities witf’M,,,mode arranged linearlycoupled
by electric fields through coupling holes on the central axis ApplylngFroquet stheorem,
(FIG. 2.1L | =l & (2.6.2
- ) s =1 © (2.6.3)
+U ; J i (g =D)
2b 2% n-l »~ n _nd - Substituting equation 2.6.2 into equation 5.6.1 and solving
, f | IAN@BSaY
l | |

D— FiG.2.11 W = yv\/i') 26(-:#(1- cosq) (2.6.4)

C

the cavity is Igssless) - w, A/WC (2.6.5)
L c' C L C
—— 00— 0000 —H— | [Froquet'stheorem]
R b L/ bl bl o 3 ¢KS 61 @S Fdzy QlAzy |0 Fye L2
T O BE O B T - | cell (of length d) of the periodic structure is identical to the wave
|FdzyQuAazy +Fid I O2ZNNBaLRyRAYy3 L
ﬁ FIG. 2.12 - | except for the propagation factor'efwhere’ is generally complex).
ApplyingKirchhoff's lawto the current flowing through the For example, in the case of the electric field,
nth cell yields the following equation: | Ex,y,z+d=¢"° &x,y.,z)

hiroshi.matsumoto@kek.||



ST 9 CHARACTERISTICS OF THE PERIODIC STRUCTURI

Usually, theC/CCralue for accelerating structures is much less  If you plot theEQ. 2.6.6we get the frequency dispersion
than 1. For instance, it 18.067for the Sband at KEK. SBQ.  relationship shown ifrIG. 213. The bandwidtHg,, of the
2.6.4can be rewritten as follows. ~ acceleration structure is,

W = yv?I}CE Q- cosq:
I \

37.9 88"") (2.6.7

(2.6.6) fow = fp(2865.472’“*Z ) 1 0(282788")

w A

C

For example, the dispersion frequency from thenode to the
" Y ArRaB accelerating structure operating 2856MHzin
the 2~ B modewith C/Cc #.067can be calculated as follows.

V/ Known value

<O

C
2856 =f, | qel 1+E(1' COS @20 |d3))

f2p/3
| c

@ Rearrange the above formula to calcul&te
Hz
f2(2856™) 5897 583 (MHZ]

f, =
s C ~ i
f1+c(1- coS %1207(0)) ﬂ FIG. 213
c Yy .
s C ~ L
£ =f, 191+€(1- COS Qoo 42) 3_2846 528 [MHZ] Bcg
| c Yy ‘
C ) |
= + : v :
fps =Fo :1 c (1- oS Grorppss) 32856000 MHz] 3 éA/n] _ \/(1 g2 3@l ¥/,
é C x — ~Acc
f) moce =Fo_model 1+E(1' COS G0 g,) 5:2865.472 [MHz | Ve{fnev)— E//M ssinff dz
| c Yy ‘ hiroshi.matsumoto@kek.j
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2.7 Phase velocity,, ,

The phase velocity, ,,in the nth mode is given by the
following equation.

v =W _ W
pn
b, b, 2pn
D
When n=0, y,=c. For n=1, +1, ..., y,=C/2, v, .= c/4, ...,

andv, =(1)c/(3n+1).

02KSY n X yY t2aA0A0S

o When n < 0: Negative (or backward wave)

02KSy i5 I n 2N~ @3 T
of traveling waves.

o The group velocity takes the same value for all n.

2.7.1) $

61 &S

ny

FIG. 2.14 2

02

az

2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

. (2°)
Beam acceleraﬂon mode: |

2ZT "\

Operation fred‘uency.
ex) 2856 MHz

n=-2

NJ ¥2NBbl
_90°

4
é. %\Ck)

é;/m] :\/(1' e-Zt) 3Flgl\l_ll(_out w/[ELc

o= A B 3sin'f, dz

ain
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2. CHARACTERISTICS OF THE PERIODIC STRUCTUR

The electromagnetic field in the accelerating tube is 80.0 f T f Id ' II """" | """"" ]
periodic and can be expanded afaurier seriesThe axial - Ret.: Stanfor IQn' € Liner Acce ?I(igsure ; data)
component of the electric field on the central axigr &), can 70.0 |
be expressed as follows. [

E (ra Z) = a. a‘l Q(krn CD) é&_ g (272) 60.0

n- o ST
2pn . |
Hereb, = b il (2.7.3) <Z: 50.0 |
D - [

K =K - b (274 2 |

The wave number with = Ois called the fundamental =~ 400}
wave, while waves with =+1,+2, £3, ...are called higher = -
harmonic waves. , is the propagation constant of the 5 300 |
fundamental wave. !

2 003 @usualgp mode disk-loaded structt 200 S p g

a a, i FIG. 2.15 NUMBER OF DISKé PERL WAVE LENGTH

_ _ _ 0A higher shunt impedance reduces the input RF power required t«
In an electron linac accelerating structurg]’ H = KiSO 5 achieve the same accelerating electric field gradient.

often chosen because the Shunt impedance becomes hlgheﬁﬂ'he absolute value ¢%, depends on the cavity geometry, so the
aroundm=3wheni ;R H ~, @s¥an be seen FIG. 2.15The :  values in the above figure are not absolUEK'SBAND (2856 MHz

following equation gives the phase velocity of he k o .Y 2XR & ~ k o b5admi S R

hiroshi.matsumoto@kek.||
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2. CHARACTERISTICS OF THE PERIODIC STRUCTURI

n=0,-1, + {YylILAK2Ga SOSNE mMky OeO0fSsI-lu ko Y2RS:Z

| t=0&t=7/8T

Fundamental (n9) )

1.5 20 20 50 ) 760 . ] G 15 ] ] ' 3 . ] 20 20 50 50 760
Z [mm) Z [mml
) t=4/8 T | ) t=6/8 T _ t=7/8 t=7/8 T

. ) M i L i L 1. )
1.3 20 ) 50 B0 100 - 20 a0 60 80 100 T 20 40 60 80 100 ' 20 30 0 ) 100

Z [mm] Z [mm] Z [mmi Z mmi

o Only the fundamental wave (B8 synchronizes in phase with the electron beam.
o The other higher harmonics (n-% n = 1) are out of phase, so they do not contribute to accelerating the electrons.
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUEF

3.1. PHASE SHIFTPER CELL - Operation frequency2856MHz H The frequency adopted by

5 - SLAC for the0-GeV2-mile linear accelerator in the early
v ( ) ' 1960s.
2b 2a | = | J: 10%m . [s/mm]
£ / g 0 2856I\/I:| _ Gight_speea 2:9989..3 16" 1850035  (3.1.2
v 0 flr 28563 10" -
L_D: 35mmJ FIG3-1 : I [gmm] = OI 16:5

The phase shift for each cell (or cavity) with resonant 2p | . - o
TNBIjdzSy ®8 Ol ¢ 65 RSaONROSR §& 4l RBE" (Precperodicilengtn) 5 ij dz- 6 1 G4

f[radian/CeI] =) CIQ =D (31]) | o- Free wavelength.
9 5

X g I, Guide-wavelegth in the structure o
i Aa OGKS LINRLI 3IIFdAZ2Y ozya%-%ﬁ ZTIGKS %t oGNJi\o lT?\_SfR
beam axis (axis),<; is the wavelength in the accelerator | e dimensional range used In the actual accelerating

structure, andDis the length of one cell (cavity) (or disk ~ : Structure.
| ( M) ( . 0 2a [mm]: Beam hole @&and:. 20mm ~26m™m

spacing). ; : . . _
When an accelerating tube with a resonant frequency of 0 2b mm]: Cavity inner diameter @#&nd:, 821 ~83m™

2856MHz (<, =105mm =<)) is set to a disk distan@=35 = ° tD [mm: E_Dilsk tl?ilcknerslﬁnjm@KE;<6_.35“m@SmLAZC ”
mm, the change in phase per cellis & 8 [radians] from = © D [mml:1celllength@ &mo 9-35-000”m@ 85 e
the above formula. - 0 33.333"™, @299

The operation mode of the acceleration tube, such?‘aﬁé Wh ¢ | hiaher than3000MHz?
mode, refers to the phase shift per cavity. i y notafrequency fower origher tha N

hiroshi.matsumoto@kek.||
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3.2 Cold model cavities with variou8a and2b

NETWORK ANALYZER

"'PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUR

ouT
Pout /\/
]:HNM—J

To obtain the basic data of the cavity, it was used tbrurEI ] i
(3 cells) cold model cavities, which have different dlmensmns [UNIT: mm]
(2a and2b) at the same resonant frequency 2856 MHzas
in Tablel. | | | @vp=c /\/ P U J U U
TABLE-1: Physical dimensions of low powe i [ 22 2b
Model 2a{ mm] 2b[ mm] D [mm] t [mm] | 15“ % ﬁnssh‘ Nts5 [
#1 19.893 81.812 FIG.3-2 '
#2 22.255 82.310 i
35.0x1pum | 5.0x1pum 6 Cell cavity
#3 24.049 82.746 Resonant frequency for each modt¢ )
#4 25.534 83.143 1.2

A loading disk sickness t and its distance Dbaren and35 |
mm respectively. At first, we usedSUPERFIS#imulation cord:
to find out each dimension for four cold models and do an rf
measuring to obtain the basic data such as the dispersion |
curve, a group velocity vg, a quality factor Q, and shunt
impedance r.

1) Dispersion curve: resonant frequen®t¢ ~ ) NHd. K RVQF'
2) Quality factor Q.
3) Shunt impedance r.

-
o

S
o

o ¢
»

o
N

TRANSMITTED SIGNAL AMPLITUDE
(Normalized)
o
(=7

-4 -3 -2 -1 0 1

FIG.3-3 FREQUENCY (Relative)
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3.3DISPERSION CURVE VHTAVITIES 3.4GROUP VELOCI\TgY
Measurement values in Table-B. |

2880.0 : | , , | i A microwave propagation spee corresponds t@a
[ —e— R/S-1 2a: 19.893, 2b: 81.812 i i i ; i i
i Rb2 20 221085 2b: 83,310 ; tangentlal_slc_)pe at an operation mode the dispersion curve
2870.0 [——R/S-3 2a:24.049, 2b: 82.746 - of the periodic structure.
[ —eo— R/S-4 2a: 25.534, 2b: 83.143 !
[ ® 4 V. =
2860.0 |- p
i 2856 MHz @\g:cl'b (
¥ 28500 [ .
= [
& 2840.0 | = '
S g W = yv\/D 2—=*(1-cosq (2.6.4)
o [ C
© 2830.0 . c N
- [ Solid line: Least squares fitting werdabove
2820.0 | f=m, m, cas g
r q=Db0
2810.0 : l i 1 L ! ! L i I i 1 [T
- | 0 w2 (2n/3 i
: 2 /3mode | FIG35 @D = |
2800.0 ' | | . | ; | |
00 300 60.0 90.0 120.0 150.0 180.0 Av,becomes small in proportion to the beam apertita
] /6 2n/6 3n/6 4n/6 57/6 6n/6 | Of the accelerating tube, and the dispersion curve disappea
FIG3-4 Phaseshift )i 5 8 - at 2a=0and becomes a single mode suchld4,, (Horizontal

- dotted line in the figure).
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3.5 Za-Vgcurve
The group velocity,, in the accelerating structure

depends on th&a dimension. It can be estimated with the

following expression, which is based on an approximate
dispersion curve oflG.3.4

Least squares fittir
f=m, M, cGs

q =D

g o
db d%g

_dw _d(2pf)

¢

~

W= W

dq

J

. _C
O 2€|=(1- COS (|

C

2 [D% © D IV

(3.5.1)
(3.5.2 .

(3.5.3)

Thus, the group velocity for ti& 8 mode is expressed
by the following equation.

g@ao/ 3

From the above equatlon the normalized group velocny

=2 pDom, 6= J_ 3 Dm

v//C is given by the following equation.

\Y

s _Voams N3D Q)

C

C

C

(359

(3.5.5)§

vglc

PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI

Secondorder polynomial fitting of the2™ 8 mode
measurement values for FIG.4.

24.0

0.0220 —
I —e—=\g/C
0.0200 [ Y =M0+M1*x+ . M8+ M9*®
I MO 0.025792
- M1 -0.0031929
0.0180 |- M2 0.00011688
i R 1
0.0160 |-
| Frequency 2856 MHz
0.0140 | @2
0.0120 _ B
0.0100 |-
0.0080 _ Usual range
00060-.1...|...|...
16.0 18.0 20.0 22.0
FIG.3-6 Disk hole 2a [mm]

26.0 28.0
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI

3.6 Comparison of Measurements and Simulation Results

The following table shows the Vg and cavity resonance |
frequency (@Vp=c) obtained from the data measured in the
low-power model cavity and from the data obtained from tﬁue
electromagnetic field analysis program. i

TABLE3-2: Comparison of measurement and simulation.
v /C Frequency @y-= ¢ [MHZz]

Group

Measuremeni Simulation Measuremeni Simulation

#1 0.0087 | 00096, | 2856.290 | 859,389

#2 0.0130 |//0.0135))\| 2856.293 | 2859821

#3 0.0170 |[\\0.0177//| 2856.365 | 2860859
#4 0.0208 | ©.0215 | 2856.371 | £859.855
\_'_I \ J
Sufficient accuracy.

Frequency accuracy requiremerit00 KHz
0 Model cavity measurements: 60 kHz
o Simulation500 KHz
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI
3.7CAVITY QUALITY FACTOR Q | NETWORK ANALYZER
A definition of quality facto@Qis the ratio ofstored energy , ;oo
Uin a cavity and avall current loss Wer rf cycle is expressed [UNIT: mm]

as the following equation;

; /\/ Oou T/\/
_ PN - = - - - Pour
Q= W%~14,OOO (@2856 MHx (3.7.1) = 2b j W

t: 5

N

15| 30 ||D:35

. [M2(=27 f): Angular frequency.
UL Stored energy in the cavity.

WWI: microwave power loss per rf cycle. FIG.3-7 6 Cell cavity
' Resonant frequency .

X

HereW is a microwave power loss per unit length per rf!
cycle in the cavity inner wall. The spherical body shape caV|ty
provides the maximun@).

The actual hardware uses higjuality copper material
machined into smooth surfaces to reduce unwanted
microwave energy loss in the cavity.

-
N

-
o

S
o

Here,l ; and! , are the coupling coefficients between the

e
By O

TRANSMITTED SIGNAL AMPLITUDE
(Normalized)

respective antennas and the cavity. The true resonant 0.2 .
frequency of the cavity is; =1 ,=0. In actual rrvleasAurerr,lents 00 o
UKS 0O2dzlJt Ay3 O2STFTAOASYUa Ng 3 2 1 0 1 2 3 4aS 1
reduce errors. IG 3 8 FREQUENCY (RGJI?}LVGL hiroshi.matsumoto@kek.||
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"PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUH

Increasing the number of cavities reduces endplateand 2 KSNB + A& GKS FTNBIdzSyoe
antenna effects, both of which contribute to the . following relationship.

underestimation of the Gactor in lowpower measurements. g w- N (3.7.4

In practice, 6 to 9 cavities are typically used in this ; o

configuration ! (i uKS NBEaz2ylryd aaldS oSE
The Transmission Method measures the change in RF: 3.7.3becomes

signal amplitude, or Q curve, as the signal passes through the _ 40p Ol

cavity. This method utilizes the cavity excitation antenna and T(w) = (1 v p o4 )E) (3.7.9

detection antenna illustrated iRIG. 37.
The relationship between JUnloaded Q) and L(:QLoaded DividingEq. 3.7.3y Eqg. 3.7.5and usindeq. 3.7.2

Q) is T(W )
Q=Q(1+ b %) (3.7.35 Tw) =7 & % (3.7.6)

A signal source, such as a network analyzer, maintainsi aHalfpower (at 0.5 irFIG. 38) points of transmission occur
constant RF output level. By sweeping the frequency, the when

signal passing through the cavity reveals the Q curve 20d =P 2 d—l: o I+ b+ (3.7.7)
characteristic of that cavity. : ' Q, Q, o
P, 40b ,0b The quantity oh 1 knO\_/vn as halpower bandwidth of
Tlw) = P (1+ + )b‘ 4 (j 2 (3.7.3 - resonance curve and given b3§ince thecoupling coefficient is zero
N @ 2 0 it is practically impossible to measure
Poutis the power delivered to a load ang s the maximum Df _ ' o
power available from the generator (to a matched load). @ 7 29 Qo= (1+ b +)o -Q 5 @ b.=0 (378

hiroshi.matsumoto@kek.||
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f i
QO:E(1+ b +2)b - Q :E @b =D (3.7.9;)

Since thecoupling coefficient ; =1 , =0, it is practically i
impossible to measurdBecause the coupling coefficient is
zero, direct measurement is challenging.
Consequently, the hallvidth of the Q cury Is measured
as a function of antenna length (see figure below) to '
determine Q. The resulting (urve isextrapolated to
estimate the Q value at, =/ , =0, corresponding to

NETWORK ANALYZER

Jot

[UNIT: mm], (Not scaled)

Pn | | L1 e — L2 Pour

15

"'PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUF

1.50x10* ——

1.40x10% |

o 1.20x10*

1.10x10* [

1 I T T T I T T 1 l 1 T T l T T T
' ' ' "

CQ Measurement I|m|t due to smaIL R

1.00x10% . |

0
FIG. 310

ANTENA LENGTH L +L_[mm]

TABLE3-3: Comparison of measurement and simulation.

Q value
Group : :
Measurement Simulation
#1 13,900 13,960~
#2 13,900 [ /13,980 \
#3 13,900 \ \ 14,000/ /
A 14,000 14,0207
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI

3.8 SHUNT IMPEDANRE[K/m] -~ 3.9 MEASUREMENT SHUNT IMPEDARCE

Shunt impedance is an element to fix an electric field Here, the shunt impedance is measuredampplying a
gradient along a beam axis driven by microwave power is | small perturbationto the target cavity ananeasuring the
defined as follows; ; resulting change in its resonant frequenckigure 8.1 shows

- the setup. (r RefSLATER&t 9w¢ | w. ! ¢Lh)p ¢

B _ K ;
3.8.1):
R W dP dz ( )E NETWOI;K AN?LYZER
Here,E is a dominant accelerating gradient along the bearh f (Not scaled)
axis, anddP dzis the microwave power loss per unit length..
. i 5 20~26mm  82~83mm i ﬂ
| T_ = R (= S S IR /
C:: C__ l ! ( . Pour !
=E

I
Varying the projection length
FIG3-11

We may imagine that a shunt impedanRg is a series
resistance in a circuit, and the voltage across its terminals -
corresponds to an electric field between a pair of loading djsks - .
in the accelerating structure. i FIG. 312 Micrometer head

3~5“mI
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600.0

400.0

200.0

0.0

FREQUENCY DEVIATION [KHZz]

-600.0 [~

-800.0 ——
-6

FIG.3-13

The general definitions of Q as follows.

-200.0 [

-400.0 -~

-1 2855.8

-4 -2 0 2

, Energy stored in the cavity

Energy lost per cycle

PERTURBER POSITION [mm]

_ V\/E,-qergy stored in the cavityw_

VEnergy lost per second

\

2856.2

2856.0

2855.7

2855.6

2855.4

2855.2

[ZHIN] ADNINDIY4 IDONVYNOSIY

2855.0

(3.9.1)§

. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUF

The shunt impedance R can be calculated using the

following equation. In the measurement cavity, the cavity

power loss (2W) is the total of the forward wave and the
reflected wave.

(Electrlc fielg” ,(ﬁzz d% (_ il d)22
W

Power loss dP
dz

(3.9.2)

R_ (FjIi d%Z (3.9.3)
Qo awU

Since the cavity length D, which is the integration lengtl

for Ez, is constant, R/Q can be written as follows.

~H Measure resonance frequency.

R_D. 5 (3.9.4)
Q ZN'\H/'

The quantity BEU can be determined experimentally by
placing a perturbing object of volunye into the cavity and
measuring the change in resonant frequency.
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TABLE -3: Comparison of measurement and simulation.

For the case under discussion H = 0, and the desired | :
Shunt impedance K/m]

relation is obtained fromt { € I 1 SNJ t S NI dzI‘ttIsI GA2Y Group

Measurement Simulation

kEEZ D (3.9.5); #1 55.0 BEON

AU #2 560 | // 580 \)

i #3 580 | \\ 605 /)

wheren is the volume of the perturbing object. Comblnmg 44 60 \&23
and R/Qqgives

650 —————————

—e— Shunt Impedance Rsh [MOhm/m]

R 2[396 25 D

= (396) ——y = 546.95 * x"(-0.72395) R=1
Q kd Dtk we | T 00| Frequency 2856MHz |
E 2 R
In MKS unitm k8. < 6Q Hence, 0 - @
! n:ﬁ I
R_120 ., D/ ‘@ -
— = JJ (3.9.7); 5 ;
Q K Dt £ Usual range
5

Thus, the ratio R/Q can be determined by finding the change 50.0 |

in the resonant wavelength <aused by the perturbing : _
object of volumen . The value k represents the geometrlcal " Measurement values of Table13™N
factor of theperturber. For spheres or short rods with small: aso bl oL N
diametersk is usually equal to 1 ; 18.0 200 220 240 260 28.0 30.0

FIG.3-14 2a [mm]
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Ref:SLATERGPERTURBATION THEOREM

The relationship between the change in cavity volume du@efinition of Energy

to the smallperturberand the cavity resonant frequency The energy density in an electromagnetic field is define
follows SLATER@&Perturbation theorent. - as the sum of the electric and magnetic field components.
. WF“_k H (nHZ I%)dt | N Eﬂi\r/ss)./_ density duelto the electric field and magnetic field i

i m(rer + BB)dv Magnetic energy; m F (4)

whereR is an element of the volume of the perturbing Electricenergy leg (5)

object, anddv is an element of volume in the cavity. The |
constant k depends on the shape of the perturbing object,: The total energy U of the entire cavity is defined as the

with k =1. volume integral of these quantities.
The numerator represents integration over the volume of
the perturbing object; the denominator is equal to twice the U_~a1 @ 81\, (6)
average energy stored in the cavitly Thus, 8%
) ’ V: cavity volume
W S 1 s - "
é/\%]_+ k S U : ( ); Characteristics of a Cavity Resonator (Equal Distribution)
: ; In an ideal (lossless) resonant cavity, energy is exchanc
If the perturbation is small. =. ,4 =( -. /. and | oscillatory between the electric and magnetic fields. Howe\
the time-averaged energy in the steady state (resonance st
kf{m—F - é) dt - is equally distributed between the electric and magnetic fiel

4U (3) components.
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Ref:SLATER&t 9w¢! w. ! ¢Lhb ¢ 9h

That is, the following relationship holds: - Standard definition:
1 1 U.., = (electric field energy+ (magnetic fietshergy’

U= 5 e dV L Ee Awerage Energy of E ar (6); = 8 (either one, E or H) 10
- Alternative Definition:

Thus, the total energy) can be expressed as twice the energy o )

of either component. - Ugeanic = (electric field energy)= 4 Q.

U = 2 {Average Energy of Electric Fielc Under above definition, the denominator term represents

= 2 x(Average Energy of Magnetic Fif (8) total energy, equal taU,,..i. rather than 24}, under the

- standard definition.

In Slater's perturbation theorem, the denominator represents penominator= 2U . =4y (1)

the total energy originally stored in the unperturbed vacuum.
Denominator= r"‘\](m-l2 + BB) dy (9)§

The contents of these brackets correspond to twice the enérgy

density mentioned above (the coefficient 1/2 is missing). This

IS because we are summing the tirageraged energy, not thé
peak energy. |
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. PARAMETERS REQUIRED FOR ACCELERATOR ST TRUCTUI

3.10ATTENUATION CONSTANT )
5STAYAGAZ2Y 2F (KS mYLJAya étzﬁma(é‘)ld%fﬂ—@ OF2aNJ KS FOOS8E S

structure. (L: Accelerator structure lengt

|_lPIN POUTT % Ln%f [ neper/n} The following rules apply to voltage (E) and power (P).
A IN - i

ccelerationcolumn Ly

FIG. 315 %UT:eXp( 2t,,;) ©:32(32 ~ E=§ &xp( -3 (3109
| . |  P=R @xp( 2 z (3.10.5
The decay raté per unit length of the accelerating structure
is described by the following equation. | The electric field strength along the axis of the accelera
- structure decreases exponentially with increasing distance.
dE_ - &(Voltage (3.10.1) this context," represents the inverse distance at which the
dz -~ electric field drops td /e of its original value.
dP_ 2 R(Powen (3_10_2)5 In many accelerqtlng tubes, O ik adjusted to keep the unit
dz - power consumptiondP dz constant These are called
Solving for Power P, . Constant Gradient (CG) accelerating structutethe power at

, the structure end (z = L) is callBd then
P=R &xp- 27 ) d} @103 w(@z 13, <g: 109

P, is the RF power at the accelerating structure inpudjfz= P _ P 28 i _ G- g
Ry 2)a 0 Bl @8 y dzt G AR
t

-H/\
o

| SNBx (KS ddGSydd GAazy NrdsS h R
Fa F2tt26ad P=pP @2
L 0
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI

3.11ELECTRIC FIELD GRADIENT PER UNIT LENGTH \4 Substitute Eq.3.11.3 into Eq. 8.11.2, then integrate
The energy gain of the accelerating tube is given by the with respect to z. The energy gain for an electron at a phas

relationship between Q and vg: Fy3tsS ¢ FINBY 0KS ONBau 27

dP_ w® i L
2. V@ 3111 V=RE

’ ? 1! )
and =k Dl—Qte— sinQor ¢psy)

w i

e R :\/ Ot@ 8 e ‘) si® (oqcos) (3.11.19

a~ _ W P dP 5
R %% wg 2P ; .
C Az Z ; For a ConstanrGradient (CG) accelerator tube, use

- equation 8.10.9:
To findh for aconstant impedance (Cl) accelerator structyre

substitute Eq.3.10.2 into Eq. 8.10.1) and solve foE ~ dP_ R(1-e?) (3.11.15)
.a W . dz L
E=E @5 55 @ (3.11.2)
C g - From equations3.8.1) and 8.11.15, (3.11.16
From equations3.10.7 and @.10.2, | P peria—
o - E:\/(l_ : L)“”o il (31117

E,=J20® § ,é%ﬁdg'/ T, 2 (3.11.3§
C dz

hiroshi.matsumoto@kek.||
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUI

Integration of equation3.11.17% with respect to z yields !
the energy gain for a constant gradient (CG) accelerating t:ube.

VZ\/(l- e-2t) @ @p L € Qor cqs (3.11.18);

hiroshi.matsumoto@kek.||
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. PARAMETERS REQUIRED FOR ACCELERATOR STRUCTUF

3.12FILLING TIME& ; In a constangradient accelerator structure, the group
The filling time of an RF pulse is the interval from the . velocity can be found using the following equation, as shov

leading edge entering the input coupler to the leading edge in (311.1), (311.19, and (310.6).

exiting the output coupler. When the trailing edge reaches the

inlet as the leading edge exits the outlet, the accelerating 1. 21 §
. ) . | B L (1‘ = )
structure is fully filled with RF, and electrons should pass | ,, =W Y # L (3.12.2)
through at that moment. 7 Q 1- e*'
RF pulse &P wd dP FBCQl- e’ t) y
- O | — = = ) - P - P -
Pin t ! % H%P:?UT 8[ neper/nj %r Pour éasz v,0Q"  dz L P (R ) L
¢ = " " mEq.311.1 mEQ3.11.15 " Eq.3.10.6
LII—II—H—II—IF ST r T jl—\l—ll—l!—llJ :
m AR — m - Using the equation above, the RF power filling tithgfor the
N N N N ) N IS N N g JJr ; .
- o)t ~0.05 . . accelerating structure can be calculated as follows.
f. . |
b Input @.:0.57,Q:1400Q f: 2856MHz b Output . N
coupler FIG. 316 coupler ¢ = fjit= "% 2RO (3.12.3)
For constanimpedance accelerating tubes, whe2a and | f OTI W T

the group velocity yare constant, the filling time equals the§
tube length L divided by,v The tion above shows that the RF power filling tim
L 2@ < (3.12 1)§ tf) for the acceleration tube is the same as for a constant

V, W impedance (C.l.) accelerating structure.

adP_ w ®5 The filling time does not depend on the
gedz - v, 0 physical length of the accelerating structufe.

L

hiroshi.matsumoto@kek.||



FEL_Shc@NSRRC Jan/05/2026

CONTENT

1. Basic Components of a Linear Accelerator.
o0 Core Technology.
0 Basics of Electron Acceleration.

2. Characteristics of the Periodic Structure.
o Dispersion curve with various beam aperture 2a and cavity diameter 2b.
o0 Phase synchronization with electron beam

3. Parameters required for accelerator structure design.
o Phase shift per cell

Shunt impedance r

Q value Q

Attenuation constant_

Filling timet,

Energy gain £

O OO0OO0O0o

4. Exercise on accelerator structure design
o 35 MeV, 2856 MHz and 23 mode
o Cavity dimension tolerance and frequency and phase sensitivity
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4.1 Design general flow.

1. Beam specification

o Beam energ¥y,,(35Mev)
o Beam current,]_.,(100mA)

In most cases, it is determine

Given

only by the wants of physics.

2O

2. RF source
o Klystron poweRJW] J

In many cases, compromises a

o Upper limit:20 MW T Given

re made due to budget limitati

o

4. EXERCISE ON ACCELERATOR STRUCTURE DESIG

The length of the acceleration columin () is
determined by_ is a quantity representing the rate of
energy consumed in the acceleration tube and is
defined by Eql

POUT> Beam loading power

—

(@i )@@i :

3. Accelerating tube
o Frequency f4856 MHJ
o Ez field along axis
o Constant gradient C.G.}
o Constant impedance C
o Phase shift per cel(/3)

0 LengthL, . (max. 3 m)

Given
l.

Determined by_ and P,y

0 Acceleration gradierEaCC(ma{x. 20 MV/n')}/

ons.
. Z
Bace f\/ Accelerating tube >
L, >
z=0 fG.o Z23acc
: 0
t 1 % L@gﬂ 5 (@)
Rewrite ¢inoT
Rur

Sometimes the designer's tastes make it a’bit of a maniac work of art. P p( -2 )t (2)
IN
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4. EXERCISE ON ACCELERATOR STRUCTURE DESIG

4.2 ACCELERATOR TUBE LENGTH

. I:)IN I:)OUTT
The length of the accelerating tube is determined by the _ %UT_eX (-2)
_ Accelerationcolumn L =Exp
whichis a quantity that expresses the ratio of energy ! Py
consumed in the accelerating tube and is defined as shown in FIG. 41 _: Attention parameter [neper/m]
the figure on the right. In a constant gradient accelerating 1
tube, the electric field Ez(z) is constant, so vg is a function of t E L, Four [ neper/nj
the accelerating tube lengthz" and is expressed as follows. | Grour +
[o] ) Z : .
" gel' (1 _eZt) 3% The value of (z) for which the
v.(2)= W Lace o Lacc <:| accelerating electric field,
’ Q & 1-¢€ constant regardless of thepc _, 60 0—rn—+77r—7————
ge of the accelerating tube (2). = | —e—Lacc @ vg: 0.0088 [m] | Range of vg used in _
Lacs Accelerator column length [m]  (4.1.1) - = 5.0 | —e—tacc@vg: 0.0058 [m] | SBAND accelerator ]
Vg group velocity = [ —e— Lace @ vg: 0.0034 [m] | column ]
Q: quality factor of accelerator column Eﬁ 4.0 | .
c: light speed, 2.9989 x 4fin/sec] o [ : 5 )
¥:° R OFY 2LISNI A2y TNJSIJ dzSy O 0 S 30 [ Upper limit column length
.Y 1GdGSydza GdA2y LI N} YSGSNI oo;[SLJSNJ(Y’G E VT
o [ ; ;
Lacc enp 2Q € a1- € © 20F ' j
ACC[m] ( W )) 3a o2 (4.1.2) § [
3 i 5 1.0L | — |
[example] v, 0.0058(at Lyccend), Q12,000 . {57 : § |
i < . ]
0.005 312000° c_ 2057 5 | b0 bbo0o—rror b L
P L oY - g 247 [m] ; 02 03 04 05 06 07
2p? 2856 10° c e | FIG4-2 T [neper/m]
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4. EXERCISE ON ACCELERATOR STRUCTURE DESIG

4.3 Accelerating gradient nd Klystron rf output powelP
35.0 g g — /E:Cal — y R p : p KLY v/m| :\/( 1 _e-2t) E;)N [W]3 I’[ \N'n] (3)
| J CC
e KLYPOWERMW]  ——y=32745 " x(-1) R=1 | Lacdm]
- —e— Acc Gradient [MV/m = 35 * xA(- =
I R ___[ ] y > (1) R 1 ] W] _(EACC[V/ m)23 LAcc[mq =35 MeyV E .|V ')1 4
30.0 EBeam 35 MeV, : 0.57 j F}{LY(: PH\) (4)

55¢ 10 [ W] f1 & %)

_=~0.57is often used to reduce |

25.0 |

g ____AC powerconsumption ' The energy gain in the presence of beam loading is given by t
gg ' following equation. In the case of C. G. accelerator column
= i Upper limit MV/m L 37 a t 8@

EE 20.0 @ 20 Esan[€VE Eicc® Lacc 3C0S é% I%ccéa % ()
2 [ ]
5 _ 18.7MW _ aq
28| > (25 e ) °Q T a1 o7 ©
X 3 15.0 | ] Lacdm]= W X o2
@ 11. _ ) C
100 Ko B ] L.c¢ Accelerator column length [m]
[ 10.9™7 Vg group velocity
_ g 1.75M I Q: quality factor of accelerator column
5O Lo N Y] c: light speed, 2.9989 x 4(in/sec]
1.0 1.5 2.0 2.5 3.0 3.5 ¥*:" R OFY 2LISNY GA2Y FTNBIljdzSyOe v
ACC LENGTlgck[mm] -

Bseam 39 MeVgea N1 YD 2 Y ndprT Escam 39 MeV, lggay 100Y' I 20.57Y
LaccIm] EaccMV/m] PcyIMW] LaccIm] EseamLoapindMV] Pcoawitheeam [MW]

1.75 20.0 18.7 1.75 2.2 21.1
2.0 17.5 16.4 2.0 2.6 18.9
Seems goo
g dl'b 2.5 14.0 13.1 2.5 3.2 15.6
3.0 11.7 10.9 3.0 3.8 13.5 iroshi.matsumoto@kek
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DISK HOLE 2a & SHUNT IMPEDARNCE

Measurement values of Table-1.

65-0 Ll | | T | ¥ T T | Ll T T | T T n | T T T | T T T
- —e— Shunt Impedarice Rsh [MOhm/m]
—y =546.95 * x(-0.72395) R=1

s 600r Frequency 2856MHz
5 @2 R
=, |
I:I:ﬁ [
g i
g -
2
E _ Usual range
5 500 |
73 i

45.0 1 | ' | i ' 1 | ' i 1 1 ' | | L | 5 L |

18.0 20.0 220 24.0 26.0 28.0 30.0

FIG.3-14 2a [mm]
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0.025 —

0.020 |

0.015 |-

vgl/c

0.010 |
0.005 |

0.000 L—
0.0

.
AN

\Q
N

\
!

vg @2m-long
vg @2.5m-long
vg @3m-long

y = 0.014667

—y =0.018334
—y = 0.022001

-4.9882e-0
- 4.9882e-0

-4.9882¢-06x R=1_|

6x R=1 4
6x R=1 7

\
/
/
|
1
\
\
N/

S/

N

y4

AXISD

Cavity location [mm]

500.0 1000.0 1500.0 2000.0 2500.0 3000.0

.

Jan/05/2026

Determine group velocity ¥z) to provide Ez(z) constant

In a case of Constant Gradient Ez field

a 2 Z (

- 1 -e 3~
W 3LACC 3§ ( ) I-ACC E
Q & 1- ¢ ¢
e (
g -

[ L.c¢ Accelerator column length [m]

Vg group velocity

Q: 14,000, quality factor of accelerator column

c: light speed, 2.9989 x 4[in/sec]

*:°"R O6FY Hypc allx 2LISN
N

Y L G0Sydzt GAz2zy LI

nopT2

M 18 oM Bdeyd | M) H-,h&:&l%ﬂ o

Cutaway view of accelerating structure
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NUMERICAL FUNCTION APPROXIMATIONd®a& 2a- 2b)

Second2 NRSNJ L2t 8y 2 YAl f
26.0 =

25.0 Vol

21.0

20.0

19.0 |
0.008 0.010 0.012 0014 0016 0018 0.020 0.022

NORMALIZED GROUP VELOCITY Vgl/c

M8*x® + M9*x°

Y=MO+M1*x+ ...

14.0549
758.3754

€

£ [ ;

E 24.0 --Frequency : 28861z i -
14 [

E R

T2 e 5 A e -
3

a H Secondorder Polynomlal
W 22,0 oo e T

w I

o

I

=

<

Ll

m

-9946.9483 |[----

CAVITY INNER DIAMETER 2b [mm]

1.0000

Jan/05/ 2026

FAOOUAYT 2F GKS H ko Y2ZR
2ac?2b
83.5F T T SEEEEE - R e e
Y =MO + M1I*x + ... M8*x’ + M9*x” |
MO 80.9901 ||
M1 -0.1104 ||
83.0 M2 0.0076 [ pfreeee 7
R 1.0000 |f
Fre'quency2856\"HZ
2~ Bmode
82.5™phase velocity,=c / D:3gm ]
B : : : [ E— .‘
82,0 e oo ZaI 2b————> 2 -
“m Secondorder | J_ ,
_ - Polynomial Fit ¢ L
81.5 L |: 1 i i 1 i L 1 i 1
19.0 200 21.0 220 23.0 24.0 25.0 26.0

BEAM HILE DIAMETER 2a [mm]
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Determine cavity 2b dimension

D=10-105_, (mm] @%p < 1 wave length<,)

"3 cavitiesk,
_C_2.998% 10" [mm/sec] _

| 105
°f 2856 10°[Hz] [mm]
3. Physical Dimensions of cavity D: 35 Bidirectionalwater channel
D: 35 )
{ water channel
T
_____ 2a—._2bAVE_.._.________________INI:E @
" 2b, 2b, H H Hj
] I I I |
2b, +2b, \

FIG. 31
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4. EXERCISE ON ACCELERATOR STRUCTURE DESIG

4.4 Cavity dimension tolerance and Frequency change . Example:

A change in the cavi§inner diameter (spacer) dimensioﬁn, For a frequency a2856 MHz, 2b = 80 m@ndn 6 H 0 U
labeled a2b, causes a frequency shift equal to the resonanceem. FromEq. 4.4.2
frequency of thelT M,,,singleelement cavity. This relatlonshlp .
IS shown in the following equation. | Df £Q2.405 _[h) (4.4.3)

; p (20
i 33 10°!™9 32,405 1 aA0PM™
9 2y . — 3
= \/ac‘” 34> § < i @41 NPpTRLY:
(20)V¢p = ¢2L = p (2b ; P » (802 10°™)
T™,c:N=0,m=1,s =0 =35.884..(36"™)
Coi: 2:405: The first root of the Bessenfttion (J | . The frequency accuracy of the accelerating tube used

- fundamental science is withi#tb0 kHz

Differentiating theEq. @.4.1) with the inner diameter Zb) 5 2¢EIG. 2.9 The first root

results in the frequency variation. A 1 1 (fundamental wave) of
Df c 2,405 FIG.2.8 e the Bessel function,J
_— T — —9—2 (442) —~ 0.6} N\, N
D(2b p (2b) r R RN e
—~ __,"J - \\._‘
y4 TMO].O '\_-’;3 0.2 ) -’ N 0]; 2_4P§/ “-\‘
0 ( I N
0.2 i Cavity inner wall T\
X o Azcavny center N T

{o/‘ 0.5 1 1.5 2 2.5 3 3.5 4
~
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4.5 Frequency sensitivity to cavity temperature change

described by the following equation.

2b(111)=(20) {1+ &'?)
a: 16.7310° , Linear expansion coefficit
D(2b)
= Oa 45.2)
o7 =(2b) (45.2).
Example:

o Temperature change: 1/ @

When the temperature of a single cavity changed ity
2b changes by..3> Yaccording tcEq. 4.5.1From this, the

frequency change with temperature is given by the followmg

values fromEqs 4.4.3and4.5.2
Df c 2,405

—= 225" 08"
DT p (2b) For basic science, the _
o = C 2805 | temperature of the accelerator
p (2b) structure is usually controlled
= 47 Y] (48[kHz]) within £0.1°C

(4.5.1)

4. EXERCISE ON ACCELERATOR STRUCTURE DESIG

4.6 Phase sensitivity to cavity temperature change
The linear expansion of the single cavity diameter (2b) is

The phase change ‘when the caV|ty temperature
changes by €Cis given by, = RKRI
df
V. =

g 21
di

1-O: Ot

2P

g

2p D
Ip (4.5.3

g
Because the accelerator structure operates in#é K o,
z =< BB. Therefore,

Da 2 p & ()f D 1 ¢
DT n( :3)for2p/3 V4 foessmz D
_p sl B @yl
3V, D2b) D f
C

By substituting=gs 4.4.3and4.5.2into Eq. 4.5.4the
resulting equation is obtained.
q_ 2 pnl C 5..405 1 da o 455
DT /c) p (2b) f

= 0.2[@’@0_0@ 02 = olf! 86%,,

hiroshi.matsumoto@kek.||
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ACC STRUCTURE TEMP. CHANGE AND ENERGY GAIN/L

1.72°
00
,.\" o nT'1=+0.10"/ 8
AD
E@go*J_rM o1 |"
E@L}S*J_rl.?z*
1<, (105", 2856 MHz /
g E, ("Eir(go_° 1 72T @ Beam energy gain/ioss Is small.
anir -] 2 =451 10¢ ( 0.045%
| oo E, 000 Osi90 ) . s
o Beam energy gain/loss lsrge.
BV Csi ° 1.
=1 Soas r(45 1.72] =3.05 107 ( 3.05%
oss B @as OSif45 )
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Thank you for your participation
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