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Other Lecture Notes A
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Yujong Kim's Other Lecture Notesat Idaho State University, KAERI WCI,
and POSTECH:

A BasicAccelerator Physics

= Magnetsand TransverseMotion in Accelerators
= RF Systemand Longitudinal Motion in Accelerators

A AdvancedAccelerator PhysicsTutorial for XFEL Projects

A Accelerator BeamDiagnostics
Korea Particle ol
Fkccelerator School
(KoP7tS 2015)

H38 SHTETIh

A Linux Basicfor Physicists

P aily 28(Tue) - 31(Fril, 2015
2015\ 74 28wzl - 319(2)

201 o zemizl - 319(7)

There are alsomy lecture notesfor KoPAS2015

You can obtain them by sendingan email to Yujong Kim::

yjkim 3488@gmail.com, yjkim@kaeri .re.kr
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Short Review of Relativistic Particle Motion (r/ﬂ _

A Particle Accelerator Physicsis a region of applied SpecialRelativity:

. Law of physicsmay be expressedn equationshaving sameform in all frames.

. Speedof light in free spacehassamevalue for all observers

define the relativistic velocity /3, and the Lorentz factor ~

3 — v v~ 1 Non-relativistic N. R.
| C v > 1 Relativistic —
v = (l _ },-32)—% v > 1 Ultra-Relativistic U. R.

total energy, momentum, and kinetic energy for a particle of rest mass, m.

U = ;--mc-gj g=U/mc* =U(MeV)/0.5109990dor electron
[7 please note that acceleration ifinac gives
p = [ymec=[3—, and a growth of kinetic energy. At an electron gun exit,
C energy gain = 50keV Y W = 500keV
W=(y—1 )-??1.(72. U ~ 500keV + 511keV Y 2~ 1.97847358
U ~ pcfor Ultra -Relativistic case.
— EE@&L?“‘O‘—;@ Yujong Kim for nTOF Facility @ Nuclear Data Center & DIAC - KAERI L




Energy of Rest Mass mc? & Isotope S <

Mass and Rest Mass Energy 0 0) < upr quarc +Ze o m IR
Mass = 1.6726x 10  k
D) = "down" quark - 5 e = 938.27231 Mewfz
m, =9.109389& 103'kg = 0.51099908eV/c? for electron

Proton =1.00727647 u
m,=1.672623¢ 1072’kg = 938.2723MeV/c?for proton
~1836.15272™, Chemical symool
Mass number =
m.c?= 0.5109990MeV for electron @ @ @ E |
m,c*= 938.2723VleV = 1836.152728n.c* for proton i} 2p 2 pr— x
m,c2= 939.565@MleV for neutron Protim  Deuterium  Tritim | mumber of protons FZ
myc? = 1875.613MeV for deuterium (D or 2H) with one proton & one neutron

N = neutron number

P . . Particle Mass (u)
Unified Atomic Mass Unit (u or also known asamu) — 0000645
1 3 14 Neutron 1.008665

12 C C C Proton 1.007276

1u — mu — m{ D) /I{ 1 '.2 N?tali-on forll?a ditferent i?mnpes Hydrogen atom (1p+ + 1 e-) 1.007825
ofthe chemical element carbon Helium atom (2p+ + 2 n + 26-) 4.002063

1 uc?2= (1.66053892178 10 2kg) & (2.99792458 10° m/s)? a particle (2p+ +2n) 4.001505

8 1. &89daRg (m/ s) |& 16 1 A& (BN8e¥ A1H021773 10 13) ~ 931.49MeV

1u=1.6605389217@ 102" kg = 931.4940612MeV/c* = 1822.88839n,~ 1 m, or 1 m,

6
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Short Review of Relativistic Particle Motion E 4
/KAERI —

, U
g=U(MeV)/0.510999060r electron B =
C
g=U(MeV)/9382723for proton » 1
y=(1-p)"2
%\ 1000 : C Ve I L A B | l T r 771 l | T EeN B | I T 5 %\ 2
p ! > W = (vy—-1)me
< 800 [ 4 3
S : 3
é 600 [~ 3 é
o ; =
Q a0 e =
< : p
g 200 |— / 11 E
§ 2 —~ : o
o 0 b .,:I—-'i"./{l_..—,-—:—r-‘l" e A Pl 0 @
0 0.2 0.4 0.8 0.8 1 w

B (v/c)
b ~0.99@W = 3MeV for electron
b ~0.43@W =100MeV for proton

b ~0.99@U =6651MeV for proton- W = U - m.* ~665%F 938° 5713VeV

— CFR A X241
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Applications of RF Electron Linacs

E ERP Market
E $200 M/ Year

E 14% Growth /Y ear

E Security, CIS, & NDT Market
E $500 M/ Year
E 30% Growth /Y ear

. RFEléctron
CIS/NDT

LINACSs

)

E RTS & Diagnostic Market
E $3 B/ Year
E 16% Growth/ Year

E Ultrafast Electron Diffraction ( UED)
E Ultrafast Electron Microscopy (UEM)

E Ultrafast Pulse Radiolysis (UPR)

E Large Size Facility (XFEL, ILC, ETC)
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Beam Acceleration- DC Accelerator o L)
/KAERI —

Electrostatic (DC) Accelerator with a battery

_e__g_% ElectricfieldE @-s-.m F=qE+7xB)
\

\

VARTAN

medical systems

Vacuum

I

1 Volt

Electrostatic (DC) Accelerator with multiple batteriesto geta higher beamenergy.
But there is alsoa limitation in this method due to the arc betweentwo electrodes

E‘g _______ Q _______ //Le
\Vacuum KE =(V, +V,) eV
A=A
v, A

etc.
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RF Accelerator (r/,/’ _

To avoid arcsand to geta higher gradient, RF acceleratorsare used

RF electric field suppliesan accelerationby Lorentz force:

— — . — L-band: f ~ 1.5GHz (age~20cm)
F = Q(E + v X B) S-band: f ~ 3 GHz (e~ 10cm)
C-band: f ~5 GHz (ax~ 5.2cm)
X-band: f ~ 912 GHz (ege~ 2.6cm)

RF power source (ex, klystron, magnetron)

\SASASAS)

motion of positive

Included E

field RF Current

B field i
Cont'lnuotl_JS bunches in a TESLA
acceleration type SW SRF cavity

/
v
O O in an RF cavity
180 deg. later

- T . T~ 7

Courtesy of Fermilab T e T e

\SASAS\S N
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Acceleration - Standing WaveRF Accelerator -7

/waer

Bucket : stableregion where particles canbe grouped or bunched
Beamscan be acceleratedwith the longitudinal electric field (E,) in a SW

RF cavity. _ _, _
/ F=q(FF+7x B) Courtesy of Fermilab, SLAC, & DESY

for @ high power RF source (= oscillatingeM field)

910 930
Frequency [MHz]
Included E

"
\

l Klystron 3 dB BW =5 MHz
. e S L e S

RF Current o

B/ﬁeld

foro~ fre motion of positive
continuous acceleration bunchesin a TESLA
in a " -mode SWRF cavity type RF cavity
phase = 180 deg. later
[t d
mﬂgm] + | behind the bunch — amount of energy boost

Position Y—— T T e

. Aiﬂ‘-’& particles
E!E—'Ctl"lC [] - - - T~ TR A e~ T
Field - N Negative particles
L
a4 N ahead head = lowerE
o

b ! .
o T— an fime
=

o behind tail = higher E wave is only oscillating without traveling
SRR X201 Q) 11
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The transversephasespaceis describedwith the beamposition (x or y) and angle(x' or y").

beam diameter = full width beam size ~%i, , for Gaussian beam

BeamPhase Space & Keep Bunching

Similarly, the longitudinal phasespaceis describedwith the beam longitudinal position
and energy (or time and energyspread,or phaseand momentum)

(z, E), (dz dE), (dz= -cdt, dE/E = dp/p), (dt, dE/E=dp/p), and (df = wdt, dp/p)

[koward )
theright] |  behind the bunch —p amount of energy boost

Electric A'h"’e particles
dz

dt Feg O . Megative particles
l'_ N ahaad
head head - o B an fime

< > [toward behind
the left) -
full width bunch length ~ 60, for Gaussian beam

dE/E

tail

Fosition

http://www.slac.stanford.egg
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Resonance Frequencyf a Pillbox RF Cavity 7

< /kaeri =
If a chargedbeam crossesan RF cavity at t, then an accelerationby the RF c‘aV|ty IS
Gdcog2pf:t + ), where G is gradient of the cavity, d is length of the cavity, ¢ ;is the
initial RF phase,f; (~f,,0 IS RF frequency. In this case,the longitudinal electric field

E, and resonanceangular frequency w,,, of the TM ., modeis given by d
E.(r,p, 2, t) = EyJ,,(kr) cos(my) cos (pu é) cos(wt) 1
1 I?RTI })2 w2 ‘
“mnp = " /E,u\/ R2 T (2 B = e’ — p*r?/d’ 2R
Here, X, is the nth solutionof J,, J,(X,,) = 0,and pis O, 1, 2, .... !

For the lowestTM ,,,mode, the resonancefrequency f,,,and
EM fields of the cavity is given by

33()17” _
010~ T T .
Pp R P B,(r,p,t) = JepEyJy (O—é) sin(wot)

dol2
d ~Vg”‘ci=b0rf / 2 for pmodeS WREF cavity ' s \

Note that m,n,pare the number of nodesof the modein the /, r, zdirection.
SeeResonantCavitiesin J.D. Jackson'sClassicalElectrodynamics. g 13r

(o} 290 . . L1
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Resonance Frequency of an RF Cavity el

(/ KAERI
For the lowestTM ,,,mode,the resonancefrequencyf,,,and ;
EM fields of the cavity is given by « R
o1T
C . 405 W EZ (/r.7 Z? t) — EO JO ( R ) COS(th); 1
1:010=2,0d2R ' 2,; Lo1T\ .
B,(r,p,t) = JepEyJy (—) sin(wot)
/.12 h
d~vOl—=pyG . /2for pmodeSWRF cavity
C
v
M ti
?ige?c? . Magnetic TEM TE ™
//; field : :
//’r; : E | : E
78 - Electric /'*_Egé_" ]
Caaran iz field e
LT ) 1 "%g“ ‘; \‘g
i Al IRHE s
(,/f:/ ’i l x:ax” : * = ’:
:QV Wave TE20
Electric propagation o o
TEmode  field TM mode
Magnetic flux lines appear as continuous loops :
Electric flux lines appear with beginning and end points T4, RF Cavity ™, RFBPM
E LINES
HLINES= = = =

(o] =30 : ; ™ -
— H%‘:?Extﬁ‘jhﬁ% Yujong Kim for nTOF Facility @ Nuclear Data Center & DIAC - KAERI —




RF Frequency, Microwave / Radar Bands )

% / KAERI

Radio Frequency (RF) is arate of oscillation of electromagneticwavesin the range of
about 30 kHz to 300GHz. FrequencyRangesof Microwaves= 300MHz to 300GHz.

|IEEE US Bands

30-300 kHz : LF-band
300- 3000 kHz : MF-band
3-30 MHz : HF-band

Frequency Range | Microwave / Radar Bands
2160 450 MHz P-Band
10 2 GHz L-Band
20 4 GHz S-Band
40 8 GHz C-Band
80 12 GHZz X-Band
120 18 GHz K,Band
180 26.5 GHz K-Band
26.50 40 GHz K ,-Band
300 50 GHz Q-Band
400 60 GHz U-Band
508 75 GHz V-Band
600 90 GHZ E-Band
750 110 GHZz W-Band
900 140 GHZ F-Band
1100 170 GHz D-Band
1100 300 GHz mm-Band

— CFR A X241
Korea Atomic Energy Research Institute

30- 300 MHz : VHF-band
300- 1000 MHz : UHF-band

Bands for
RF Accelerators

Standard American Frequency

UHF or P-Band : 357 MHz
L-band : 1428 MHz
S-band : 2856 MHz
C-band : 5712 MHz
X-band : 11424 MHz

15
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RF Distribution of Linac - lU ALPHA Linac )

< unen —

RF input of klystrons comes from RF driver ~ 200 W
Gun Pulsed HYV for klystrons comes from modulators.
Each RF source has its own RF amplitude & phase controller.

5W phase shifter & attenuator x '

) O Pp—
O Pp—

Thermionic RF Gun 2 m Standard TW linac structures

Layout of RF distribution of [lU CEEM ALPHA Phase -1l Linac Option-IV

e O 21 X}2101 104
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RF Distribution of one Varian Medical Linac )

" —
/ KAERI
C1, C2 Shunt Tee Systems with Digital Gun Drivers Erergy St
[—
FD REFL P& [VEWR - o et
| '—T-f:' Ta Menitai Para| Tis Mot Pased uid Wadar Lowd e Accelernor Guide
L W32 —— Fauit Bignal Censiiening 2 e — O 5 plae
Poec ol T —— PCE in Cardreck e
EH =Ty LOAD P 2 i
T Kairen Tie Wurier Parl -1
uHGEa 10 &8
a2
10 4B 1048 RF Rotary Dusl S0-28 b
lap Crrmutianal RF
REFL Coupiat Window _@
f
—
Dol B84E Dretai
Flyalinn hmum: 55 MW I:lnll.in:lnl l ) FaD REFL il A
Curart Mositer B = Ceasplar e — ot T AFC & Gun Pulcs Control PCE
- 1232 [ ] g Tew fa Liweprinii Fillors E1: U = Vi Pl
h ‘oz ®  Faffita Plads Stifer Dovwn = Sampls & Held
i .g " F DRV PWR _T_ ® S Oumsatune Hybid
W [ 1o Monlof Fanel ™
|E | RS Coupied Proase Enifiai 'H—Lg 21 0
3
_Fn.'lllF\.lh! —H— T g ’ A
rarbim 10 e 10 4B
:}W“"ﬂﬂ T g Mot ez 08 pae [
/% X 3-8 Cundnalure Hybiid
DAD PR
B 200 W _:"h'.__“u“""'q—e—q—é—n Shurt Tas Power Variator
41
wF T
Fraquarsy Adjusiimmal =7 Driver Logie Triggar ingut 2 Wakar sl
Saraithity Adjuatmant_ gl (1 Mede Pregramming TE1—4 " Detail B
== AFC Inisgraior PCE
: M' FI-' )
. Stand Eignal Fafoh Fansl l Pansl
- ) et w13 5 4 WED
1: For Klyston Curesnt and VoEage wayefors, see : . = _ Gy
Micciuiator System Schematic Drawings. r""a,.ﬁ.' FRER CONT u iR |r ::::-' ATEA Tu |r |
2 Al waweforms taken in HHE on freguency (ypical. v ATCE ] S [*] i
3 RF Driver peak power oufput capabilty: 320 Wais Min. e
Typical: Mode A- BI-120W. L
Mode B: 160120
Average Power Output Capabiity: 1 35W Min.
Frequancy: 2356 MHz = 200 kHZ (Tuning Rangs). [e] e
4. Kiystrom flament rectfier circult was added In 2002 It s Fro PCE
S Form e ﬂ e
ﬁg[lﬂ
- M
Monlber Fanal m’l‘ { |owa Larce =
+15 yols AFC Infsgrator PCE Keota: I 1 Clhazs, Bk PCE &
FF FREG CONT B AR T e Datal B called the [Dfeieros Inlegiato
MAN.OF, hH T + | [ ASc con HIGH ENERGY C-SERIES CLINACS
T RF & AFC SYSTEM DIAGRAM
Backplans
o = I‘_“I RADPARTS we:|  FOR TRAINING PURPOSES ONLY
com
ORI X}2101 Q) ; ; - L/
m— i B T S Yujong Kim for nTOF Facility @ Nuclear Date Center & DIAC - KAERI I—
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RF Driver for Varian Medical Linac )

front panel of RF driver

$C RF DRIVER o eomes — s ——

. R FREGUENCGY [N, '.} :»A . K | Y ° LoED ° ‘ -
_. power meter SIEILE
o R —
6 o 2SI
RF?requeng/ mod;s

for ~ 2856 MHz s ' -

AFC sensitivity adjustments

total output ~ 360 W

max output for klystron ~ 200 W
pulse length ~ 12rs

water temperature ~ 40 deg back panel of RF driver

e —— e

control & tuning

|/ -

max 200 W RF output
Type N connector

o)

ext servo trigger in output moniter .
remote prog * )
o Wwater outlet ; i waterinlet operation hour counter

e 012 X} 2101 714
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Modulator and Klystron for RF Linac )

(/KAERI —
Modulator is a pulsed high voltage (HV) power supply for the klystron gun.
PFN charging DC HV power supply PFN CABINET
CHARGING | “ﬁ?ﬁlé" COPPER Pul F i Net k PFNl
rpratrge PROTECTI TE ur To soxvoc  PUlse Forming Network ( )
HY OUT L 50 OMM 50 OHM _ L: series
@E' C: parallel
. . PFH=2x8 calls |
- —_—
EDL 1
| REF
| i H].‘I"BTI‘DH.
L_J N : ’J‘I% MLY ¥ ~
! ] 1:15.3 LY )
. | el E {ﬂ 'HI.TEI FLOW -~
M IHHTEHI | _1:12..5 . ,-E \ WATER TEWP. -, ;
__THYRATRON | BAFEVY i 1l SR LS
/77 trigger signal R adk [' oUTER >

\J | ~ T.I

UP TO 300kVI00A PULAE

Klystron & Modulator ofAPS Linac - Prof. M. H. Cho

19
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Duke FELL - PFN Upgrade (74
Non-uniform and short HV pulsein modulator 3 makesa long energytail.

19-Jul-87
19:34:07

1y e e s I
2 N i/
1 ps T
18 OmY \ ///
3 L R N e
5.8 V
1 ps I
g 5 v oc
2 10 my 500 1 GS/s
3 5 v OC — Ext AC BAmY 5080
4 50 mV AC [l NORMAL

4, 4 4 Ed =nLforseries

Before PFN upgrade
capacitance= 10 nF, inductance= 0.63nH
flat HV pulsewidth < 1.0 ns

m F F E g =nCforparallel
Here n is number of PFN circuit

ETTATHHT Fip= 3

Yujong Kim for nTOF Facility @ Nuclear Date Center & DIAC - KAERI I—
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Duke FELL - PFN Upgrade A

Uniform and longer HV pulsein modulator 3 will reducea long energytail.

24-0ct-07
12:27:33

2 LeCroy T
1 ps I
- 2

11 is Yo BAR
E 5 v IC 1 GS/s
i R 1 7 DC 1.58 V e
I = | _ -
After PFN upgrade | E 4. = nL for series

' ' : E £ =nCf llel
capacitance= 50 nF, inductance= 2.15nH U F. = nCfor paralle

flat HV pulsewidth <3.5ns

e OF 2 @4 X} 2101 10
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Here n is number of PFN circuit

ETTATHHT A= T F
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More Formula on PFN

Formulae

All the mentioned formulas are useful for rough calculations. In practice there is a influence of
parasitic elements like capacitors and coupled inductors.

Klystron

3
I, = kaA p= perveance, a factor that depends on
the mechanical layout of the klystron.
The pfn-design depends partly of the chosen klystron level and transformer ratio (n).

Pulse forming network;
The used discrete pulse forming network 1s discussed in great detail in the work of Glasoe

and Lebacqz[2]. The pfn is of the Guilleman B type.

Characteristic impedance;

IL
Z{,=\‘| secton (1)

" section

Reflection coefficient due to the mismatch between PFN and load;
z
27
R v a
n’ +Z,

The sign of the reflected voltage;

z
%: >Z, positive (positive mismatch)

Z%: =Z, zero(match)

Z, ) . . )
o2 <Z, negative (negative mismatch)
The reflected voltage;
V, = me
Voltage on the primary;
Voo +V,
&ft f
Viad = 5
Pulse width (75%);
t,= 21/ L ion Cosction n; = number of sections  (2)

The number of section has influence the rise time {,;
3

(N
n, ~| 1.1%!: 3)

From (1),(2) and (3) can be derived the L.ccsion @and Caecicn. The most economical way to tune
the pfn is to work with a constant capacitance value and tunable inductances. Tuning is a
must to exclude the influence of parasitic capacitors and coupled inductors.

e /7
< /KAERI

For inductors on printed circuit boards the next formula can be found;

L a’n’ H
seeion = g0 1 11e (uH)
OD+1ID _ _
a= T OD = outer diameter in cm
OD —1ID ) ) ]
c= T ID = inner diameter in cm
k = form correction; round k=1
i
square k=A%

used model k=1.17
n = number of turns

Resonant pfn charging
During charging the inductance of the pfn is neglected in opposite of the charging choke;

|

L
7 _ | ohoks
charge “v' C,I=

r

charge

The same formulae can be used for the SLS-system.
Energy in SLS capacitor;

Ll 2.1 2
"'r:J‘..f -2 C’s{sz: +3 Lr}mkejrhcrrgs
P

I, SN
Verzlz %ﬂ;]

< PFN Design Formula> )
IEE CET HCHT HEGHHE 4 E4D nL
1"Bd "B'H1T HHi "TH "HH ¢ E g=nC
A \/;I"|7I='| = \/;j F L T
4 ETTRTHHET D Fp= o3
i J||| AR o . J||| e
RiseTime of PFN4ly 8 Jy 4 (= 1 )

=7\ LjieCope (without SLS action)

Vs = voltage power supply

—_— —

22
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Modulator and Klystron for RF Linac (74

modulator is a pulsed high voltage power supply (L)
for the klystron gun (applying cathode and anode).

klystron is an RF power amplifier.
(several hundred W RF input- several or tens MW)

In a klystron, the velocity modulation of electron beam is
convertedto the density modulation. The electron beampower
is convertedto RF power at the output cavity. More cavitiescan
improve bunching and klystron efficiency. Solenoidsare needed
~to focusingbeamalong cavities

|-7 Crift Space —-—|
oy Ve Va Ya Ty
Density of Electrons
Cathode \ Collector
By 0000 —_—
J\ Electron Beam
Yo Annde—ml A A A —ml
pulsed HV }  solenoids
@ Microwave Input Microwave Cutput
RF driver ~ 180 W ~ a few or tens MW
PLS 80 MW klystron + 200 MW modulator http://www.wikipedia.org
23
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C /kaERi

Inut Power from RF Driver ~ 200 - 300 W

RF System
Pulsed
AC Power Modulator == Klystron
RF Power
AAC 60 Hz ADCHYV + Pulse Condensor ARF ~ GHz
ACw + Pulse Switch + Pulse Trans. APulsedPower
ALow Power + RF Amplifier AHigh Output Power
APulse Operation (5 ~ 150 MW)
AHigh Voltage

24
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Klystron for Varian Medical Linac

L3 L5822 or CPI VKS-8262 Sband (2856 MHZz) klystrontube

Performance

RF Frequency = 2856 MHz

Peak Output Power = 5.5 MW (min) @ 0.1% duty
Beam Voltage = 127 kV (max)

Beam Current = 92 A (max)

RF Drive Power = 55- 200 W

RF Duty Factor = 0.104%

Beam Pulse Width = 5.81s (typical) Operational Requirements

Beam Pulse Width = 9.0rs (max) Coolant, Water

Heater Volts = 7.5 V (rms) Inlet Temperature = 3586 15C

Heater Current = 30° 3A (rms) Body-Collector Flow Rate = 5.0 GPM (min)
lon Pump Voltage = 3.0 kV (min) Solenoid Flow Rate = 3.0 GPM (min)

Solenoid Voltage = 108 V (dc, max) Oil Bath Temperature = 60 C (max)
Solenoid Current = 35° 1A (dc)
Mechanical Characteristics
Physical Dimensions = 38 103 18.25 inches (typical)
Weight = 120 pounds (max)
RF Input Connector = Coaxial, typeN female
RF Output Waveguide = WR-284

25
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Klystron - Varian Medical Linac Vs. Toshiba (r/ Q

Economical & Compact Expensive

Varian Medical Linac Toshiba 50 MW E3730A Klystron

5.5 MW (peak) Klystron + 100 MW IHEP Modulator

11 MW modulator Pulse length? 4 ns

Pulse length ~ @rs Max repetition = 50 Hz

Max repetition rate = 400 Hz ~0.4 M$

~ 50 k$ 26
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Typical 4-Cavity Klystron e

C / KAERI

Broken gun due to quick heating & long operation

Collector\
Output
Window
Water
Cireuit ——|
From RFE Driver  To Circulator & Cavity
Collector,
Pole Piece\stl i
: Output Control Buncher RF Bunch of RF Catcher
IZE 4_-—-—"'_—#___’"15 Grid Gap Input Electrons Qutput Gap
3 Output
. a o \_“Cavity
Diap.lt-#glgnrﬁ\ o (Catcher)
-
— d el Il |
: [~ Electron
Water. - Bunch
Circuit B— :
\"‘C ~~—~—_Third \ / Electrons
d F & Cavity &
Magneti B
leﬁ\\ h_\'_—"h—___Second
Cavity
Drift - P
Tube | — g B Input
- J P Canity
“ (Buncher) Collector
Focus / :
Coils \—'—'—"‘———__Input
. C/ o Loop
Anode/
Pole Piece
-Anode
Heater Cathode  Anode First Cavity Drift Intermediate Last Cavity
(Buncher) Tube Cavity (Catcher)
Heater , )
From Modulatof | ,
F—Electron Gun :E: RF Section :%1 Collector—Pé
IR QX301 Q) ; ; - 27
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DESY 7-Cavity 150 MW S-band Klystron 0

L. / KAERI ™

Input cavity Output cavity

/ /

Y
D. Sprehn, R. Phil Il i ps, G. -M@VaSrByamtda KKil sy,s t ir Benrof, o rAthdPn Co)nd f. @ r b
frp = 2996MHZ Power Gain= 55dB Efficiency 2 40%
P, = 150MW B~ 2100 G Pulse Repetition = 60 Hz
Group Delay= 150 nsec  Pulse length = 3 ms Jeath = 6 AlCn?
Vyear= D35kV | yearm = 7O0A
MicroperveanceK, =l canfVieart > =1.8 P
— DR RIX[2] AT 28
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Toshiba 5Cavity 80 MW S-band Klystron

uuuuuuuuu

Higstran

PLS 80 MW klystron + 200 MW modulator

— CFR A X212
Korea Atomic Energy Research Institute

574 —

Input & Output RF Frequency = 2856 MHz

- 2856, 2862, 2871, 2951, 2856 MHz for bunching
Peak Output PowerP,, =1.,72% Z.,,/ 2 =80 MW
Beam VoltageV,,, = 400 kV
Beam Current I .,,,= 500 A

I:)beam = Vbeam3 =200 MW

MicroperveanceK .= | ,canfViean 2 = 2 NP

Pulse Width = 4ns

Power Gain = 10logP,,/P;,) = 55 dB
P,./Pin = 3.16E+5

out

- P,= P / 3.16E+5 = 80 MW/3.16E+5 = 253 W

out

Average Output Power = 19 kW

£, | Efficiency =P/ Pyeam ™ 42A)
Wall loss at Output Cavity =
Coupling b at output cavity =P, /P, =

cav

I beam

P, = 0.663 MW
=120

A klystron with a high efficiency of 75% can be
operated with a low operational cost.

29
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Klystron Efficiency Vs. Microperveance f-Q
‘/KAERI —

Klystron efficiency (= P, / Ppeam) has a relation with the klystron microperveance 4/Vv3/2
A klystron with a high efficiency of 75% can be operated with a low operational cost.

T T | 1 1 1 T 1 1 1 | | I 1
801 360KV © This Design (CONDOR) .
* B ® Measured N
(>-_) 70 Perveance =1/ V3/2 —
=z - 85 cm -
(E) 60 cm
= 601 i
L
|.|.| p— —
10 cm
50} ° _
d N -
a0l 60 cm c
= Empirical 1FitJ
301 " 14+Per/1.33.10°¢
1 | 1 1 1 | |
1.0 2.0 3.0 4.0

uPer
Fig.1 The empirical relation of efficiency to the perveance.

R. Palmeret al, RSt at usMITeSL A eCIBuNsLt er Kl ystron Projecto, Al
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Space Charge Force Lengthening & Broadening-

/ KAERI

r
2 1—exp|—=—= 2
v 1erlam) 3 Md b
T eolpy 9)

under a low enerqgy, a high charge, a long bunch length
0 | » and a small transv_erse beam s:ize_

transverse beam size broadening is generated
due to the transverse space charge force.

» but large transversebeamsize
bunch length lengthening is generated due to
due to the longitudinal space charge force.

under a low energy, a high charge, a short bunch length
and a small transverse beam size

» bunch length lengthening & transverse beam broadening
are generated due to the longitudinal and transverse
space charge forces. a1
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C /KAERI

Solenoid against transverse space charge force in klystron

RF Input RF Output
Cathode | v i Collector
| e Ve W W W W W WY W W WP W O
HEATER EUEIEI PR
SUPPLY -l
I NS NSNS NN NN N
Current
Limiting
Resistors GORF'{DPELEEE';{Y ELECTROMAGNET
SUPPLIES
Body
Current
Crowbar O BEAM Meter
O SUPPLY
EI:E’;eamt éBeamt Eﬂ?}ént CCoIIec:tctr
urren urren urren
Meter Overload Overload Meter
f/‘\ ' ff\
«— L/ \_/ — L/
Direction of Electron Flow
— OF R X201
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Duke FELL - New Solenoid Power Supplies (P: -

( / KAERI "0

Energy wasstablllzed after upgrade power suppliesfor Klystron solenoids
e

S ¢ 13484
o o ™

AN NRERR RN R RA R

SEC. AMPS (1K)
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Duke FELL - Improved Beam Quality <]

g kAERi

January, 2007 with old klystron solenoid PS
Charge per macropulse ~ 0.51 nC
Energy ~ 35 MeV

Energy spread ~ 3.0% (pe#ikpeak)

September, 2007 with new klystron solenoid
Charge per macropulse ~ 0.51 nC

Energy ~ 35 MeV

Energy spread ~ 1.5% (pe#ikpeak)

34
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Acceleration - Traveling Wave (TW) Accelerator 2

/ KAERI

To avoid any arc betweentwo electrodes,and to geta much higher beamenergygain,

we usean Alternating Current (AC) type acceleratorY RF Accelerator.

To getthe bestacceleration,we needa good synchronization betweencharged beams

and RF wave (phasevelocity of electromagneticwave = velocity of electron beams)

Y Principle of Traveling Wave (TW) Accelerator, whoseposition of electromagnetic
waveis continuously moving.

— Vw
(o] — ’)
Velectron VRF,phase_ M//k Msam (a) )
v, = dw/dk

A

d _J-_..\:.._l_.l..,_; oA l"_'-';--_.‘.ll'_‘ — /—\.{pl/e
Vacuum v - = I | | _.'. .-'. _. :-'_.-.:':: FM
vp >\, without discs

E+ A ~V, W_i_’gh discs

e
- [ S
L HE

: : —» DIRECTION OF MOTION 2" /4 mode TW structure

++ ++

VARTAN . ® ELECTRON BUNCH

medical systems (P1—0 (P2 (pa (pd
U EII.Q. I}Edoq;l.q._l . . oo 35
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TW RF Accelerators

TW accelerator

SiC RF Dummy Load

INPUT QUTeUT for TW accelerator

CIUIPLER COUPLER

MATCHING IRIS AFERTURE

a higher RF power loss &
a higher energy along
structure

smaller iris fdr phase & gradient
waer controls

~ 10 FT.

Traveling Wave Sectio

36
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RF Distribution of TW Accelerators ;7/7

VARTAN

medical systems

— low power RF driver
KLY S-

TRON
high power outpu1tl
POWER
MODULATOR SUPPLY

- pulse forming network (PFN) & charging DC power supply

LOAD | CIRCULATOR
POWER PHASE
DIVIDER > | Erer =] ATTENUATOR
l{ v EXIT
ELECTRON
ELECTRON 5} - ACCELERATOR. _____l———1 ______ ACGELERATOR .______|____BEAM
GUN TW SECTION | SECTION I
LOAD [ToAD ]
- el == tea P = Lo P BT 37
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Energy Gain of TW Accelerator )

150 m long 2.5GeV S-band linac @ Pohang Accelerator Laboratory (PAL) in Korea
Forty four 3 m long Sband linac structures were installed at PAL in1992

2" /13 mode Traveling Wave (TW) structure
about 55 + 2 0.5 cells for 2 m
shunt impedance ~ 55 M /m
Q, = 1100013000
attenuation parameter ~0.42 =¥/2v,Q,
filling time ~ 0.6 psfor 2 m =L/yv,
gradient ~ 25 MV/m @ 50 MW, 3 m
~ 6.9MV/Im @ 3.0 MW, 2 m
~ 8.8 MV/m @ 5.0 MW, 2 m

VaanlMV ) = /P, R, L(1- exp(- 2¢)
G =V i/ L(MVIm )
P, = RF input power (MW)
R, = averageshuntimpdeanceper length(MWm) 1 inch (approx.)
L =lengthof structure (m) Veecron © Vre phase= W/ K
[ =attenuatian parameter v, =dw/dk
Ot R X204 Yujong Kim for nTOF Facility @ Nuclear Data Center & DIAC - KAERI =5




C-band TW RF Linac

. &

 /knerl =

) ) ) ) ) t 5
§
_ R Frequency 5712 MHz
Microwaye Absorher T ooling Water | Phase shift per cell 3n/4
Field distribution semi
C.G.
Number of cells 91 cell
Choke Filter LACtive length 1791 mm
Iris aperture (2a) : up-stream 17.4 mm
Ac{gﬁgg‘;g,’,g : down-stream 12.5 mm
Mode ~Cavity diameter : up-stream 45.3 mm
5712 MHz : down-stream 43.3 mm
Disk thickness: t 3.0 mm
I Choke Mode | Quality factor: Q 10.7-1 <103
Cavity 0.3
Group velocity : up-stream 0.035 ¢
: down-stream 0.012 ¢
Average shunt impedance: rs 53-67. MQ/m
3
19.7 \Eloctro-platedCopper" Attenuation parameter 0.53
Filling time: Ty 286 nsec
MITSUBISHI 2a~ 15 mm for SCSS structure 5
HEAVY INMDUSTRIES, LTD.
- 39
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C-band TW RF Linac

Miura ='§an, @ MHI
F

!
7
i
.
1 ".

i

o MITIUBISH

[ = e

Let's thank to C-band RF Pioneers

Prof. H. Matsumoto of KEK
Prof. T. Shintake of RIKEN/SPring -8
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C-band TW RF Linac

- = ban
C-band Main Linac System for XFEL
original : two klystrons to drive 4 structures
s e pu Aty current : one50 MW Kklystron to drive 2 structures

50 kV, 35 kW
Inverter HV Power Supply C-band System for 6 and 8 GeV XFEL

gl & Thyratron Final Beam Energy 6 GeV 8 GeV

b Active length 191 m 260 m
C-band system unit 27 36
Klystron&Modulator 54 72
Accelerating Tubes 108 144

Smart Modulator
Oil Filled Tank

50 MW C-band Klystron —.
Accelerator Length 243 m

Wallplug Power 2.6 MW

RF Pulse Compressor — Accelrating gradient 32 MV/m
Injection nergy to C-band is 450 MeV,

packing efficiency 80%,
C-band Waveguide 8 energy margin 10%
WR-187

Accelerator Tube

Multi-bunch Beam
~10 bunches

O
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RF System ofSwissFELLINAC Optimization -VI

5 / KAERI
Modified SCSS Cband TW Structures
klystron output power = 50 MW
pulse compressor gain = 3 (max ~ 3.8)
pulse compressor output power = 150 MW
forward power to tube ~ 70 MW
average shunt impedance = 56 NI (no choke)
iris diameter ~ 14.6 mm
energy gain per tube ~ 6éveV
gradient ~ 38 MV/m
50 MW, 2.5¢s 50 MW, 2.5¢s
. ~3.0m ~30m .

e OF 2 @4 X} 2101 10
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150 MW, 0.5¢s 150 MW, 0.5¢s

iris diameter ~ 14.5 mm

70 MW — 70 MW 70 MW — 70 MW
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260 m long Gband RF LINAC for XFEL/SPring 7

C / KAERI ™

43
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X-band TW Linac for SwissFEL

X-band Linac Structure with Alignemnt Monitor

developed with collaboration with CERN, ELETTRA & PSI
resonance frequency : ~ 11991.648 MHz

phase advance : p/6

cell number : 72

active length /averageiris diameter : 750 mm /9.1 mm
max energy deceleration : 3MeV

average gradient : 40 MV/m with 29 MW

sensitivity : 1.53 dB/mm for 200pC

cell 36 and 63 have radial coupling waveguides to extract

dipole mode signals, which can be used to structure alignmen \
, expected alignment resolutiort 5 pm {ms) 63th cell with radial coupling waveguides
., available signals : tilt, bend, offset, celto-cell misalignment
0.0045 s i ATEEEEEE uuuuuuuuuuuuuum_ruuuu
e 0.004 |} upstream coupler — [\ —_ upstream coupler, Th—
E . downstieam ¢oupler -\--- | E 0.01 e downstream couplerif{----- _
£ 00036 o] : Vi
S 0.003 |- b L S 0.008 R
2 00025 k- B DR S L] £ [ .'|'|' i
= ' s P IR < 0.006 ‘ " 'L|- T
£ 0002 - T e g BRI A
2 00015 |- ey 2 0.004 TR VLR Ay || i 1
oy | L P TAT :.\-:;"' Lo ||||' o | ' ' P '|I
< 0.001 fy P < 0002 - ! ,\,'
< 0.0005 |- T -_ . < ;
AYS P .-l - L
0 e O e —
o 1 2 3 4 5 86 o 1 2 3 4 5 6
t/ns t/ns 44
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Beam Acceleration- Standing Wave Accelerator

< KAERi

In caseof Standing Wave (SW) accelerator, there are two electromagnetuc waves
(forward and backward) as shown below. Therefore, one stationary standing wave
(black line at bottom-left figure) can be generated Beamscan be acceleratedby this
standingwaveat ~ phaseadvanceasshownright figures.

1 2 3 4 5
TIME PHASE \\ !.”.r ‘r
o T T<-T  T51
| nd BB o N b ad
1.\ ]‘l' 1.\1 ;Ii
) J‘i I|'l i
\ | \ [
E 1‘ ;ﬁ 1‘ ;r
v 4 1
l|| f’ i f‘l
\ i \ i
! Il 1 !
1 ] 1 I
i 1 L 1
. LT T 1T
t wt, + m i
two opposite waves | | .;.;\_ | | _ﬁ. | |
,f l\ ,’ lt
r; ll‘ll. J.;r II“l
E N ‘\ N \\
, I ] I ]
node . phase per Fwo cells A \ b \,
Y p/2 modelinac j Voo \
| | T 15T T
one stationary standing wave 8o evx |~ = |

Nl

http://www.wikipedia.org VA RfA N - S _

E FIELD MAXIMA
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_Coupling Cells in Standing Wave Accelerator _

C /KAERI =

T T — T T Sl T T
H:g = | | | = | S p/2 n | Iil | n Varian Linac

[\ [\ AR NYAR
N TN

o 0

457

N :

an- wi2

N 135

TN
~—
AN -
TN

N 235°

270 Imf2

w(|4TF|*TF|;Tj *
aj J_—hld—l—l-li—J_—Fl 1 f"'_'“\ /.u-"'_"\\ 1150

[\ [\ [\ 0
el VARTAN

—
» E FIELD MAXINMA
medical systems

/AR S
NN
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Beam Acceleration- Standing Wave Accelerator ;7

SW acceleratorshavea much higher shunt impedancethan TW acceleratot
Shunt impedanceof S-band SW = 80 Mg /m (effectiveaccelerationY rings usesthis)
Shuntimpedanceof Sband TW =55Mq /m

Varian Medical Linac

o8 0 6

: 5 il 1
- : :! ';Tup‘u : ..r\T ”T.

)

SW CaVIty --------------
e O 24 X} 2107 101
tomic Energy Research Institute
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Beam Acceleration- Standing Wave Accelerator(r/ <

In caseof Standing Wave (SW) accelerator, we do not needany output coupler.
But we needa circulator to protect klystron from reflected RF power.
Energy gain of ©~ mode Side-Coupled SW linac without attenuation: v, (MV )=,/P, R, L

-

KLY'S-
TRON
1 «— MODULATOR [~ gomore
EXIT
ELECTRON
ELECTRON —+ TWSECTION _ F— _ SWSECTION | BEAM
GUN (backward wave) (side cavity coupled)
I
—
LOAD | < CIRCULATOR T
’ l PHASE
VA R rA N SHIFTER —> | ATTENUATOR
medical systems
IR X}210119) 48
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Low b SW BoosterLinac <4

< /kaer =
$s=04m 0.65m 2.039m 2.993 m 4.615
X N = = = = = =
X = = =K = = =
CW RF Photoinjector BoosterLinac-| BoosterLinac- Il BoosterLinac-Ill
6.5 cellsb = 0.687- 0.906 21 cellsb = 0.906- 0.984 21cellsb=0.984-0.994 21 cellshb=1
cathode:Cs:GaAsor K,CsSb cell length =5.53 6.00 cm cell length = 6.00- 6.06 cm cell length ~ 6.1 cm
Q.E. ~10% @ 532 nm gradient = 1.18 MV/m gradient = 1.12 MV/m gradient = 1.22 MV/m
e, ratio = 0.22mm/mm (rms spot) L = 1.389 m L=1.454m L=1472m
max average current ~ /mA DE, = 1.634MeV DE, = 1.700MeV DE, = 1.800 MeV
Q=20pCfor 7 mA @ 350 MHz E,; = 2.334MeV E,; = 4.034MeV E,; = 5.834MeV
laser repetition = 350 MHz CW E; = 2.845MeV E;=4.545MeV E; = 6.345MeV
laser oscillator = 10 W Nd:YVOQ, fg = 2450 MHz frr = 2450 MHz frg = 2450 MHz
gradient ~ 2 MV/m R, ~ 85 MWm R, ~ 85 MWm Ry, ~ 85 MWm
lengthL =0.367 m power dissipation ~ 23 kW power dissipation ~ 22 kW power dissipation ~ 26 kW
DE, = 700keV
E;=1.211MeV
fF;eF: i‘?mHZ power dissipation at each RF structure < 26 kW
sh ~ m . . .

power dissipation ~ 29 kW power dissipation at all RF structures < 100 kW 4o
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SW BoosterLinac-l with b <1 )

L. / KAERI ™

A Both linacs used in this design are standing wave (SW)
type linacs due to its high shunt impedance (~ 85Wm)

A Linac-I:
A The size of each cell is determined by speed of
electron beam (see next page).
A Beam traveling time for a cell should be 204 ps

T T LT T foe = 2450MHz
) | _' I . L }/RF-408ps
PR p— — p modeS Wecavity

X f \ f - T/2=204ps

celllength=56 f./2

S-band sidecoupled SWIlinac structure

ra
Hl
[
>
)
re
1
[
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SW BoosterLinac-l with b< 1

Ll

g=U/mc? =U(MeV)/0.510999060r electron

p mode SW cavity
- T/2=204ps

cell length=56 /- /2=4.9- 59cm

Energy gain per cell = 77 keV

Yujong Kim for nTOF Facility @ Nuclear Data Center & DIAC - KAERI




SW BoosterLinac-l with b< 1 57%

“IAC 2450MHz [LOW BETA/ ASTRAdatfu1:2 —
g
g 0.2
04 -
06
08
K 0 DI.1 0.2 0.5 0.6 0.7 DI.B 0.9
z [m]
fieldmap of 2450MHz SW Linac-|
b<1
total No. of cell =13
cell length ~ 4.9 5.9 cm
— DR R X[2I 1T 52
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5 A

( KAERI

SW BoosterLinac-ll with b~ 1

normalized Ez

' A IAC/ 2450MHz_NOMINAL_ASTRA.dat" 4 1:2' ' A "\AQ‘_z'450MHz_(;ngMWAL'_ASTRA.'dat" U2
. [ | I 11 M R [ [ || "IAC_2250MHz_LOW_BETA_ASTRA.dat" (i 1:2
0.8 [ [ [ [ [ [ | 0.8 b | [ | (I I
| [ [ ] [ | | | | | I | | I
| | | | | | | | | | | | | | | | | | | |
. | | | | [ [ [ | [ |
0.6 [ [ [ [ I [ 0.6 w | | | | [
| | | | | I | | | I | | ‘ | | | | | | |‘
| | [ [ [ [ [ | | . \ | ‘ -
0.4 [ [ [ [ [ [ \ 0.4 | i | \ | [ ]
[ [ [ [ [ I | | | | ' ' L
0p .‘I [ ‘ [ | ‘ | ‘ | | | | \ o2 | ‘ ‘ | | |
: [ Y I R \ a4 | | | | | .,
/ Y T A I \ B I | | @] | I \
0 | | [ | ‘ | [ | | | | - 5 0 | ‘ [ | | \ ~
[ [ [ | | | g | | | \ |
0.2 [ N I A I € 02 | | | | l
[ | | | | | | | I \ | |
| || | I | | | '
04 | [ | | | I -0.4 | | | |
[ - [ | | ‘ | [ |
[ [ . | I \ \ ‘
-0.6 | | | I L | -0.6 | | | |
I L | | | | | [ | | [
| | | | | | | | | | |
0.8 | | | | | | .' 0.8 | ! | | | .'
-1 1 ! y 1 I"\. / ] I I L".}'; I 1 1 ’; I ‘I'w'l‘ 1 I"\. / ] I \ i L".}'; 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
z [m] z [m]

fieldmap of 2450MHz SW Linac-ll
b~1

total No. of cell =13

cell length ~ 6.1 cm

fieldmaps of Linac-I & Linac-ll
Linac-| : green
Linac-Il : red
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