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<+ T. Wangler, RF Linear accelerators, John Wiley & Sons, 1998

WILEY SERIES IN BEAM PHYSICS
AND ACCELERATOR TECHNOLOGY

RF LINEAR
ACCELERATORS

THOMAS WANGLER
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% US Particle Accelerator school (USPAS)
* https://uspas.fnal.gov/

Education in Beam Physics and Accelerator Technology
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%+ CERN Accelerator school (CAS)
 https://cas.web.cern.ch/

CERN Accelerating science ign i Directory ﬁ
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Accelerators for America’ s Future, DOE report (2010)
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mJ_ %JF&E 24.63K, B6.7K, =30.55%, EE24.5MV (ORNL)

BXE, INERFE, BeXE EE‘}_51 MV (M IT) S. Cousineau et al., USPAS 2014
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> BB hi®ESSE (RF linear accelerator)
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Fig 2.13

Ising's proposal for a linear particle accelerator. The high-frequency field is
supplied by a discharge across the spark gap F; K is the cathode; a; . ay . a3 .
connections to the drift tubes. Ising. Kosmes, 11 (1933), 171.

P. Lebrun, CAS 2019
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> BISNEZIIESS (RF linear accelerator)
< 1928 FE R IIEF 2 Rolf WideroeE1EiE &
« 88EXI<; 1 MHz, 25 kVAZiiEEIR
BN, FHEFINEZES0 keV

“My little machine was a primitive precursor of this type of
accelerator which today is called a ‘linac’ for short. However, |
must now emphasize one important detail. The drift tube was the
first accelerating system which had earthed potential on both
sides, i.e. at both the particles’ entry and exit, and was still able to
accelerate the particles exactly as if a strong electric field was
present.”

- Rolf Wideroe

N. Juntong, A brief history of Particle Accelerators (2014)
S. Sheehy, CAS 2021
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P. Lebrun, CAS 2019 S. Sheehy, CAS 2021



> [El5ENESS (Cyclotron)
< 1930%HErnest Lawrence}x HZ 4 Stanley Livingstongis

» IEIBEJ’J\—I—

B
wC_CIz

m

qB,wr = mw?r

enthusiasm, and pulled me over to the black board. He drew the
equations of motion in a magnetic field. * Notice that r appears on
both sides,’ he said. ‘Cancels out. r cancels r. Do you see what
that means? The resonance condition is not dependent on the

o

radius. . .Any acceleration!
- Lawrence’ s graduate student J. J. Brady
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M. Craddock and K. Symon, Cyclotrons and Fixed-Field Alternating-Gradient Accelerators, RAST 1, 65-97 (2008)
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M. Craddock and K. Symon, Cyclotrons and Fixed-Field Alternating-Gradient Accelerators, RAST 1, 65-97 (2008) :
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! D 2l R I bl e 42
PN 3 q«uw-ww ‘

» EEhES SLTES I

RYNER AR FIRHEA SR

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

> FAJEIHENMESS (Isochronous Cyclotron) - i2hERSEY
< FRFRIESRECHBEARR, BEIEYMARRE
- BEIE, -k, WIHEE
. Ill& B2E, ¢+k, BERE
o wZ=~—L%?+F?(1+ 2tan®s)

VALLEY VALLEY




W4 b db1? 940 4y

& (L) e {40 A

SUN YAT-SEN UNIVERSITY I\aﬂ RN Lr &KL F IR HEER S

Institute of Advanced Science Facilities, Shenzhen

> [ElnENNiE=S

> FAJEIHENMESS (Isochronous Cyclotron) - i2hERSEY

H1217.2 m, FEFHEEE520 MeV

BN, IERFEE, BEAS



> %Hjlﬁlﬁﬁ)]l]i_%% (Isochronous Cyclotron) - 3EEE!

7|‘Et|.’. FABEE IR EEESHETATE. FEfHaREN
SIS IEEE AN, EIHEEXEEA SR, HEES

%ﬁﬁﬂzir&%?}]ﬂ@a&, TRt E MR R

< nﬁ?ﬁh BEHGIEXESH, AaXEE%

00 00 00 00




ST . )~

*J’X% ;‘f,,..L:,.‘,.M,}

SUN YAT-SEN UNIVERSITY II\Q: ,ﬂ]ll?—j—‘éh%uﬁﬁﬁﬁnﬁn
cilities, Shenzhen

> FAJEIHENMESE (Isochronous Cyclotron)

=) %ﬁﬁ E{é72m R FBEEK4A50 MeV



» WERRRBE

Y 2l it o2 bbbl W e L2
’;‘ | W5 [l e g4 PR T
u Institute of High Energy Physics Chinese Academy of Sciences
2. ST £
%, &
Sy S

SUN YAT-SEN UNIVERSITY | I\Ql: RIS TG AT
Llr [ ] Institute of Advanced Science Facilities, Shenzhen

> (NS RPRIEERNMERIAFINERRRE

it ENiX=R ZIMEREEN

RENINIRES
BB NES= YRR E)!

FLREIICIR

EZXIE

A= NES

\4

| SRR REE
i .



b 2l it a2 Lo 10 2> 22

) | W5 [l e g4 PR T

SUN YAT-SEN UNIVERSITY | I\Ql: RIS TG AT
Llr [ ] Institute of Advanced Science Facilities, Shenzhen




! D 2 Rz bbbl e
) n;_q«lb.“xuul\

I\Ql: RIS AR T IR
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

Accelerators for America’ s Future, DOE report (2010)
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Machine Statistics

Total magnets in machine: 2838 | - | fietros |

___,1.

Magnet size: 8 feet high and 8 feet
wide.

Machine composition: 1,700 tons
of steel, 70 tons of copper.

Four magnet quadrants, each
with a radius of 30 feet, separated
by faur 10-foot straight sections —

1 I
: 11 IRTIFFUSION-a0 BACKING PLAPS
Proton injection source: 3.5 ; ":W_ E‘ a
million electron valt (Me') Van de ELLURM&EﬁEH.&TDR i W
Graaff electrostatic generator. [ '
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BXNE, INERFE, FEXFE N. Juntong, A brief history of Particle Accelerators (2014) :
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Size comparison between the
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}/\,1;[,' 4 [ L 19

» EEHmES SLEES. I—

RYNER AR FIRHEA SR

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

>ﬁﬁm
< SRR S ER 558 LR E{ER
o ERODAIRRF (FRIFoieetER])

° W’ = EO < WZ-I-;OEO - 1)

o Eopp=2W' = 2E0( o 1) ~W 2w

0

N BAERRsE B
SCIGEARFRE JRIOMIRE
/74 w' w'
BNS, INE:SEE, BRXE S. Cousineau et al., USPAS 2014



g I &b 1?9
#) rq«u (R

» FEEhNiEsS =
Azl
s/ s I\Ql: RN AR TR TR

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

> iﬁsm
< STRINENSREER S RIS REHINREIRERNS—
SREERIFXIE

» EROAIRRS (FORTHAEIER)
e W' =W 100000
. Eeff N ZW’ = 2w 2 10000 LHC
<+ ERNESREERIN S5 LEEEEER E i ==z
s W*=2 ( )W > W % 1000 P collider
: ;:i 100 // /— —Fixed target
- FEICRIEREEFXIEN (BEPC) h, BFSERFH = -~ v st
SRR GeV, SHTIMAER 7671 GOVREBFER
THERLCEE

Beam energy [GeV]

P. Lebrun, CAS 2019

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| —_
| * 75l
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I EYS, INESEFRE, BEF S. Cousineau et al., USPAS 2014



!/\u,t, Z I L 1R

» [EZIhERS

> R IhESIXIIEN,
< XHENIRARS R INESNGS ?FF' 7 EeIERRTRE
« 19618, =X FlFrascatiEZRSLE=EM250MeVIERBFE S InESEYIENLAnello Di
Accumulazione (AdA) , Eé1.3 m




bv’* 14 o b4 L db 1R e £

& L & q*le"Avui"
nese Acs

\',-\ |
I\Q: *ﬂ“ﬁﬁ*i?lzﬁﬁﬁﬁnﬁn

> [FAIZIhESIIHEN
< METIARSEZINRSENES TR 7 SRR RE
- 19765, CERN#ER(450GeVIEG[EFRELINESEXIE | Super Proton Synchrotron (SPS)

JE1<6.9 km

1984FE /RIS . RIWRIFSZHF




D tl ko L b1 o L

% P WG F L i {4 AT
* | R % 8AZ  Institute of Hioh Eneray Physics Chinese Academy of Sciences

SUN YAT-SEN UNIVERSITY II\Q: SRS R FiIS e
Institute of Advanced Science Facilities, Shenzhen

> R IhESIXIIEN,
< SENEARSEZINRSNES TG 7 SR R E
- HR FEKRIN7TeVIRFELEINESEX E | Large Hadron Collider (LHC) , E27 km

The CERN accelerator complex
Complexe des accélérateurs du CERN
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LHC - Large Hadron Collider // SPS - Super Proton Syne PS - Proton Synchrotron # AD - Antiproton Decelesator #f CLEAR - CERN Linear

Electron Accelerator for Research 4 AWAKE - Advanced id Experiment & ISOLDE - lsotope Separator Online // REX/HIE-ISOLDE - Radioactive

EXperiment/High Intensity and Energy ISOLDE i MEDICIS /f LEIR - Low Energ i f LINAC - LINear ACcelerator jf

/i HiRadMat - High-Radiation to Materiak i/ Neutrino Platform

201 3EFIEN/RYPIBSIR . HiggshiF

P. Lebrun, CAS 2019
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"On April 24,[1947]... some intermittent sparking had occurred and we asked
the technician to observe with a mirror around the protective concrete wall. He
immediately signaled to turn off the synchrotron as "he saw an arc in the tube."
The vacuum was still excellent, so Langmuir and | came to the end of the wall
and observed. At first we thought it might be due to Cerenkov radiation, but it
soon became clearer that we were seeing lvanenko and Pomeranchuk [i.e.,
synchrotron] radiation.”
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= Advanced Protein
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Fig 2.13

Ising's proposal for a linear particle accelerator. The high-frequency field is
supplied by a discharge across the spark gap F; K is the cathode; a; . ay . a3 .
connections to the drift tubes. Ising. Kosmes, 11 (1933), 171.

P. Lebrun, CAS 2019
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BXNE, INERFE, FEXFE D. Alesini, CAS 2019
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> BB hi®ESSE (RF linear accelerator)
< FURERXP, [XBARAKIE 7 SIUTI=RIERYH

\fr




» WMiBEBEZINERS

> BB hi®ESSE (RF linear accelerator)
& BENIENAGE (microwave) 79300 MHz-300 GHzZ [BIRIEERER

Wavelength
(in meters)

Size of a
wavelength

Common
name of wave

Sources

Frequency
(waves per
second)

Energy of
one photon
(electron volts)

THE ELECTROMAGNETIC SPECTRUM

,\a:

mﬂ"%‘é*ﬁ?lxﬁ’@ﬁﬁ

Institute of Ad

Band Frequency range
HF Band 3 to 30 MHz
\VHF Band 30 to 300 MHz
UHF Band 300 to 1000 MHz
L Band 1to 2 GHz
S Band 2to4 GHz
C Band 4 to 8 GHz
X Band 8to 12 GHz
Ku Band 12to 18 GHz
KBand [18t0 27 GHz
Ka Band 27 10 40 GHz
\V Band 40to 75 GHz
\W Band 7510 110 GHz
mm Band 110 to 300 GHz

10 102 10 1 107 102 10% 10* 10° 10® 107 10®% 10% 1070 101" 1072
| | | | | | | | | | | | | | |
longer shorter
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/ R This Period e
g Cell W ; Protein Water Molecule
;‘;lc;r Bacteria Virus
House
RADIO WAVES INFRARED = ULTRAVIOLET "HARD" X RAYS
B = T
MICROWAVES m "SOFT" X RAYS GAMMA RAYS
=
P
= W - o
‘ . a8
FM Radio M|(E;3;\f:ve Radar '—'ght Bulb Advanced Light X-Ray REE‘S:;IL‘;@
Radio People Source Machines
| | | | | | | | | | | |
10 10" 10% 107 10" 10" 10" 1013 10M 1015 10’ 10" 10" 10" 10%
- —_—
lower higher
| | | | | | | | | | | | | | | |
10° 108 107 10® 10° 10* 10% 102 107 1 10" 102 10®  10*  10° 108

© 1596, Regents, Universily of Caifamia - Preparad Dy 1he Advanced Ligh! S0urce, Lavmence Barkeey National LADOfa1ary « fof mone information, contact lane Cross (510) 486-2362 « ALS WeD page: Nip: wir-a. 100 00w

SUN YAT-SEN UNIVERSITY
Facilities, Shenzhen



Y1) 2l it a4 Jp 1R i L5
( ""A O L) R q« 'Lw-uui\

I\Q: /*im%ﬁ*i?lxﬁﬁﬁﬁfﬂin

> EZEIh#ESE (Drift tube linac, DTL)
< 19475, EEYIEZFZRLuis AlvarezHHRFIFIE ¥ E—E=MERDTL
e $E200 MHz

- H4 MeVERSEINERENGF, E12mIEERGEEERSZE32 MeV

» HiRBEZiEsR

\/|
i

https://americanhistory.si.edu/collections/search/object/nmah_700150 1|
BXNE, INERFE, FEXFE N. Juntong, A brief history of Particle Accelerators (2014) :
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> ’E—Ei?%)]l]ﬁ%% (Drift tube linac, DTL)
< BI{E AR INESSRYENES
X LHCE)\ExEI’JLINAC4
. $NER352 MHz
« ¥3 MeV (B =0.08) SSEFINHEZRS50 MeV (B =031) , BBARKEGS-264 mm
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> FiBEZMiERR (Linac)
< 1950FA£A, EEESZWillam Hansen5Russell Varian, Sigurd VarianZ A& 7 MARK |
BB AR E 2 NiEes
% $mZR2856 MHz, JNEEFZE6 MeV
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> WiEEZINERS (Linac)
< IHERFRESDTLA
<+ MAEERSAKERENRE (RERERFaTIEHERIE)

1

DTL LINAC

BNR, NERFE, BEAFE S. Sheehy, CAS 2021
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- WIRESIIEE (Linac)
% 19506F/F, HHEEERTIN A r TR L s & R AgrhL)
% EERL T —ZRBUREET5 MeV-50 GeVAYETA iEEE
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MARK-III 75 MeV
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> WiEEZIEE (Linac)
< HBEEZXTEN] (SLC)
< R FEKIEZINEEE, 3 km

Electron

. SLAC/LBL/LLNL Gun
SLAC-Based B Factory:

PEP-11 and BABAR

1990FENRYIEFR . [RFSFFISREN

High Enerpy Ring
(upgrade of existing ring)

Both Rings Housed in Current PEF Tunnel

BXNE, INERFE, FEXFE P. Lebrun, CAS 2019
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> EIHEFE
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ELEST: 1~N.N;

EHEFEHE: [~NZN?

T Synchrowons | Xeray Fls

Pulse energy

Relative
bandwidth

Peak brilliance
Repetition rate

User
accessibility

E. Prat, CAS 2021
BYR, INE:RFE, BEAS

ik

NnJ
>101

1025 - 1027
~500 MHz

Good
>50 facilities, up to 50
beamlines per facility

....mJ
~104

1035 - 1037
0.1 kHz - 1 MHz

Worse
5-10 facilities, up to 10
beamlines per facility

Peak brilliance

1034

10%

10%

1022

108

10"

1m°vﬁ

108

Free Electron Laser

Synchrotron radiation
sources of the:

ESRF 2nd improvement

3rd generation [ ESRF 1st improvement

ESRF design values

2nd generation —

1900

[~ 1st generation —

X-ray tubes

1950

Years

2000
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E. Prat, CAS 2021
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> E|HHFEHYS
< BEETER (LCLS) , FIASLCHE=S2Z2—INEE, IREFEEEE14.3 GeV
< 20095FIFNHYE, K1<0.15-1.5 nm

Near Expenmental Hall

-
s

RIRE &, (FoAXSILCRINERFRESERA) |, DiEKiEXF Rt (2021)
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LCLS-II

t Soft X-ray
Superconducting Accelerator ~  Warm Accelerator Undulator Near Hall . Far Hall
[

‘_.,—"'”.Ej. 'ﬁ Je— :"7" — = oz "—'.__* = =i .':

—

Undulator
Sector 0 Sector 30
Soft X-ray Beamline Superconducting
Hard X-ray Beamline Crossover
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|
|
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RIRE &, (SoHEXSILoCRINERFESKERN) | LEBEAZF R (2021)
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> EIHEB TR
< PRl BN RYIERREFMO R BEHE FRDCEETTR T REHRR
'1’ £ LSRR XIZITIRXG B HE FRDEEE (SXFEL) , 0.5 kmik, 1.5 GeV, RGN
+ IEMEZIR DSEXFE MR FEDERE (SHINE) , 3.1 kmi<, 8 GeV, BELEH
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RIRE &, (SoHEXSILoCRINERFESKERN) | LEBEAZF R (2021)
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> EIHHEBFE
+ BFPERTSXIRERTMSEIR 7 RERTEER (DCLS) , 150 mik, 0.3 GeV
<+ KEESEHEEFECEAFRE, 20165FHYE, Ki<50-150 nm
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. Dalian Coherent Light Source
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Microtron Rhodotron

S. Sheehy, CAS 2021
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P. Lebrun, CAS 2019



b"!(ﬂ//}/) 4y

> R SR TE I —

SUN YAT-SEN UNIVERSITY mi,'ll?—i—‘é*i?lzﬁ@ﬁﬁnﬁn

Institute of Advanced Science Facilities, Shenzhen

> REREBEVIEAFIIXEIHENAYES
< EHiggstIFHRUAIIRIEM F, SRR FIEICRSNESITUERTNERSE
* KRR FEE SR E R XIEN AR ARAIRLF
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< B ES8ERrE SR InESSXGIEH | Circular Electron Positron Collider (CEPC) ImH
o J__IJ;<1OO km, ERAXJIEREE240 GeV
N =r 5] xjjSuper Proton Proton Collider (SPPC), X31&gE&E75-125 TeV

Off-axis injection Off-axis injection

Booster

On-axis injection < - On-axis injection
Present
('] [=] (2]
— ™~ ~
o o [=]
o™~ ™~ ~
Pre-CDR & CDR R&D and TDR Construction
CEPC CDR (2013-2017) (2018-2022) (2022-2030)
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> PRI IHE
< HCERNFESRBEEINEzEXIfEH | Future Circular Collider (FCC) ImBE
% EH<100 km
< DR FIIENFCC-ee 558 FRHENFCC-hhFGE
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% HCERNF SRR INmEzEXTFE Future Circular Collider (FCC) ImBE
% EH<100 km
< DR FIHENFCC-ee 558 FRHENFCC-hhFGE
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< BHZESEEHBEZXEN]International Linear Collider (ILC) InH
é’ct31 km , SRAXIHEREE T TeV
» XFEESINEEME, INEEE~31 MV/m

e+ bunch
Damping Rings IR & detectors compressor

e+ sourc
e- bunch ource _ )
compressor positron 2 km
main linac v

11 km

central region
5 km

electron
main linac
11 km

”2km "

ILC TDR
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> mEeE XIS
< HCERNESHIEZXJ#EH | Compact Linear Collider (CLIC) IiH
& 248 km , RAITIEBEES TeV

< XAXKRESHESRINESD, IIEEE~100 MV/m

DR RN T B e & 74575
4

-~ Compact Linear Collider (CLIC) /f:,?
¢ BN 380 Gev-114km(CLIC380) .
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> DBEEZEYHEN
< HCERNFEMELZITHENCompact Linear Collider (CLIC) InH
< 2148 km , RAXJHEREE3 TeV
< XAXKERSHEERRINREY, INEEE~100 MV/m

797 klystrons

15MW, 139 | || circumferences | | | 15MW139ps
- delay loop 73.0 m -
drive beam accelerator CR12922m drive beam accelerator

.38 GeV, 1.0 GHz CR24383m 2.38 GeV, 1.0 GF

797 klystrons

2.5km 2.5km
delay loop » < delay loop

|
|
|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
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| decelerator, 24 sectors of 876 m
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|
I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

ooz T LI S-S -
B N E__BDS - BDS A A
2.75 km 2.75 km
TA e~ main linac, 12 GHz, 100 MV/m, 21.02 km P e* main linac TA

b 48.3 km ”
CR combiner ring Main Beam
TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

I booster linac, 6.14 GeV

e~ injector,
2.86 GeV

e* injector,
2.86 GeV

CLIC CDR

Loocooooooommmooo o e O DO O OO OO OO OO OO OO OO OO OO OO OO OO OO OO OO NN OO OO O o o o o e



b 2l it a2 Lo 10 2> 22

) | W5 [l e g4 PR T

SUN YAT-SEN UNIVERSITY | I\Ql: RIS TG AT
Llr [ ] Institute of Advanced Science Facilities, Shenzhen




lf\»tvlu g Il 1 g0 42

J ‘ NG F (L e {4 A T

SUN YAT-SEN UNIVERSITY II\Q: ,*illl?-i-‘é*i¥1xﬁ’@5ﬁnl3n

Institute of Advanced Science Facilities, Shenzhen

» FHIER

,’-gjwnﬁﬁ | I | | | | | Frele Ellect:on laselr I
« PR RAIRE

42 (AA/A)ALE Zy1Zy Ty 10%
* E=REZEIDER
- T, RIEOEEIR, REBARE (HIEH -
MR 7eas) roERsT

Synchrotron radiation
sources of the:

1 I
1 |
1 |
1 |
1 |
1 |
1 |
1 |
1 I
1 |
1 |
1 |
1 |
1 |
|
: ESRF 2nd improvement |
1 8 3rd generation [ ESRF 1st improvement 1
c |
: T T T T T P 1022 ESRF design values |
I S - 5 I
| B I~ - - _ - -g 1
: ) a 108 2nd generation —— !
| | |Undulator 9 :
I
: g L 1st generation — :
| o !
1 =
! =+ X-ray tubes !
1 Wiggler |
1 | 1 |
1 1010 r 1
| !
1 : |
| \VARV/ v = 1
Bendi t
| ) A A Ien ing Irnagne 106 ] | I ] | ] | ] | :
; 5 10 15 20 25 30 1900 1950 2000 |
: Photon Energy [keV] Years :
I

Y. Jiao, OCPA 2019
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SLAC’s superconducting X-ray laser reaches

FuXFEL operating temperature colder than outer
: DALS space
. g SHINE LCLS- |.| The facility, LCLS-1I, will soon sharpen our view of how nature works on ultrasmall, ultrafast

scales, impacting everything from quantum devices to clean energy.

LCLS-II
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X-Rays

ENERGY RECOVERY LINAC

A. Jankowiak, CAS 2016 Source



U ~ /L .19 4
#) W q«u WA T

‘ ‘ ' : 3 7 “:"’m‘;h - - \
Sen SU pa: *ijllg'?'ﬁ'*i¥lxﬁﬁﬁﬁ7h|}n

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee

> HELHITE
< BeEMEINESE (Energy Recovery Linac, ERL)
KRR INERINR, WIEEE, T N B RILERRHE, BNEE

}'Rf

Out Inj EInj
4—0— o> «O— —e > —O— —C— 4—.— <

L=n-s+3/2 E=Eg+AE
p~1)
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Beam Dump

Parameter Design value

Beam Energy 800 MeV
Bunch Charge 60 pC
Bunch Repetition 162.5 MHz
©Rey. Horl/KEK Average Current 10 mA
Merger RF Frequency 1.3 GHz
IG6tF LI EUV Wavelength 13.5 nm
EUV Power > 10 kW
KEKEEERLEE KEK 800 MeV ERLEEZIKZIT
A. Jankowiak, CAS 2016 N. Nakamura et al., Japanese Journal of Applied Physics (2023)
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FEfERE. XBHER, RSHERINERCR, YEFHR (2022)
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D. Zhang et al, Nature Photonics 12, 336-342 (2018) H. Xu et al, Nature Photonics (2021)
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https://achip.stanford.edu/
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* A laser generates a plasma wave from its ponderomotive force

i 2

* A charged particle beam generates a plasma wave from its

space-charge repulsion

S. Karsch, CAS 2019
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Laser WakeField Accelerator Plasma WakeField Accelerator
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electron density
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P. Muggli, CAS 2019 S. Karsch, CAS 2019
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. H L 2 - Y New concept for a PWFA-LC e
WO rkl ng M aCh INes .’ Mk & B (OW) {f e \ CW option with recirculation e+
6 * Q=1.0x 10%%- @ 15 kH DR o= 1T8Y, 11 610°, Ta1.0 e
108 |- g h : . ot :MS E | __Q-10x10%@ 15 k2
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[£4] <
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108 BNL Trains of 20 bunches, 4 ns apart @ 15 kHz mulator Each linac:3.16GV, 19 MV/m, 250m
% ring Eacharc:437.5m
& SLAC FFTB162 RAL U Mich ) —
1O ] = Drive beam (CW)
. ——2 E=25GeV,
102 |- RAL & Matching DB 10,
Q=2.0x 10* 15x40 kH.
. LHNL Osaka MB bunch to p™~1cm dump B M:: 2 !EZ?M\; :

@ 15kHz injection
ucLa g KEK o ¥ “ Main beam structure aCote
~ ~ ~ ~
10 L5 Plasma e A= e
» @ injection cadd Drive beam structure out of linac
. ol |@ g G
oL@ Accelerators _ z
1 1 1 1 1 w 1 8~10 mrad Drive beam structure out of acc.ring
1930 1940 1950 1960 1970 198 1990 2000 2010 W™ VOo6me—) e vV w '1 vew
YEAR P e

M. Litos, USPAS 2020
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International weekly journal of science

nacture

100 www.nature.com/nature

Dream beam

The dawn of act partigle accelerators

OH, YOU WORK AT
THE LHUC? NEATO/

Europe plays catch-up

The Earth’s hum
Sounds of air and sea

Proteiialding ’ ‘
Escape fr&W the ribosome '

Human ancestry
One from all and all from'one

CENTRAL EUROPE VIR! SCIENC! NTERACTIVE NO! L}
LIFE AFTER ASH, C T | &’ ‘C- ComiCS. Com
JA e h £ s

technology feature RNA interference 9'

M. Litos, USPAS 2020 V. Malka, CAS 2019
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< 1939-2009%F(8], 28%HIRIAFTIEES
< 1939-20094F(8], HNMEEREAFIERINARIESE3IF~4E—InE N

25 N obel Prizesin Physics that had direct contribution from accelerators

TIERERF

Year | Name Aceelerator-Science Contribution to Nobel Prize- 1980 | James W. Cronin and Cronin and Fitch concluded in 1964 that CP {charge-
Winning Research Val L. Fitch parity) symmetry is violated in the decay of neutral K
1938 Ernest O. Lawrence Lawrence invented the cyclotron at the University of mesons based upon their experiments using the
Californian at Berkeley in 1920 [12). Brookhaven Alternating Gradient Synchrotron [28].
1951 D. Cockeroft and Cockeroft and Walton invented their eponymous linear 1981 | Kai M. Sicgbahn Sicgbahn invented a weak-focusing prineiple for
rmest TS, Walton positive-ion accelerator at the Cavendish Laboratory in betatrons in 1944 with which he made significant
Cambridge, England, in 1932 [13], P in high on clectron spy p
1951 | Felix Bloch Bloch used a cyclotron af the Crocker Radiation [29]. :
L']‘:m:m at the }’I:"m' ty of Califormia ‘:.‘“?c"‘d“ 1983 | William A, Fowler Fowler collaborated on and enalyzed accelemstor-based
:g ";m'ﬁ:im'yn the magnetic moment of the neutron experiments in 1958 [30], which he used to support his
1957 | Tsung-Dao Lee and Chen Ning | Lee and Yang aalyzed data on K. mesons (B and 1) TR Tl W‘ h°‘°“ F"°°°_}’f°"']“ 1951 5?”
Yang from Bevatron experiments at the Lawrence Radiation —sre o Rubbia led a team of physiciats who observed the
Laboratory in 1955 [15], which supported their idea in Stmon van d inieemediate vector bosons W and Z i 1983 using
1956 that parity is not conserved in weak interactions CERN's proton-antiproton collider [32], and van der
114, ytcer . much of the ion needed
195% | Emulio G. Segré and Segré and Chamberlain the for these experiments [33]. :
Owen Chamberlain 1955 using the Bevatron at the Lawrence Radmnon 1986 Emst Ruska Ruska built the first electron microscope in 1933 hased
Laboratory [17]. upon & magnetic optical system that provided large
1960 | Donald A. Glaser Gilascr tested hus first experimental sux-inch bubble magnification [34].
chamber in 1955 with high-energy protons produced by 1988 Lean M. Lederman, Lederman, Schwartz, and Steinherger discovered the
the Brookhaven Cosmotron [ 18] Melvin Schwartz, and muon newtrin in 1962 using Brookhaven's Alternating
1961 | Robert Hofstadter ‘Hofstadter camried out electron-scattering experiments Jack Steinberger Gradient Synchratron [35]
on carbon-12 and oxygen-16 in 1959 using the SLAC 1989 | Wolfgang Paul Paul’s idea in the eardy 1950s of building ion traps
linae and thereby made discoveries on the structure of grew out of accelerator physics [36]
nugleons [19], 1990 [ Jerome I, Friedman, Friedman, Kendall, and Taylor's experiments in 1974
1963 | Maria Gocppert Mayer Gocpperl Mayer analyzed experiments using neutron Henry W. Kendall, and on deep inclastic scattering of clectrons on protons and
beams produced by the University of Chicago Richard E. Taylor bound neutrons used the SLAC linae [37]
:y(]ugmn m 1947 to measure the nuclear binding 1002 | Gearges Charpak Charpak's develoy of mul F—1
energies of kryplon and xenon [20], which led 1o her chambers in 1970 were made posslblc by accelerator-
discoverics on high magic numbers in 1948 [21]. based testing at CERN [38],
1967 | Hans A. Bethe Bethe analyzed muclcar seactions imvolving aecel 1995 | Martin L. Perl Perl discovered the tau lepton in 1975 using Stanford’s
protons and other nucle whereby he discovered in SPEAR collider [39]
T 1939 how energy is produced nstars |22l 1 [5500 ™ [ Dyvid ). Gross, Frank Wilcack, | Gross, Wilczck, and Politzer discovercd asympiotic
uis W. Alvarcz Alvarcz & large number of resonance statcs - . Ay
using his fifteen-inch hydrogen bubble chamber and and freedom in the theory of strong interactions in 1973
high-energy proton beams from the Bevatron at the H. David Politzer based upon re_sulls from the SLAC linac on electron-
Lawrence Rudiation Leberatory (23], _ proton scatering [40]. —
1976 | Burion Richier and Richier discovered the 1/ partcle in 1979 wsing e 2008 | Makoto Kobayashi and Kobayashi and Maskawa's theory of quark mixing in
Samuel C.C. Ting SPEAR collider at Stanford [24), and Ting discovered Toshihide Maskavea 1‘”31:'“15 Ciﬁﬁzﬁgw ff"t'hckx ?(1;‘ A
the J/Y particle independently in 1974 using the acceleralor 1 Loergy Asceleratof Aesearc
BFM]('I:?CH Altern. ﬂulpiDE Gradient S:'nch‘rr:‘l%m 251, and Yoichro Nambu Organization) m "Isy]mba, Ibaraki I’retleclu.re‘ Japan,
1978 | Shelden L. Glashow, Glashow, Salam, and Weinberg cited experiments on and the PEP II {Positron Electron Project ITy at SLAC
Abdus Salam, and the bombardment of nuclei with neutrinos st CERN in [41], which showed that quark mixing in the six-quark
Sieven Weinberg 1973 [26] as confirmation of their prediction of weak madel is the dominant source of broken symmetry [42].
neutral currents [27].

2013: Frangois Englert and Peter W. Higgs "for the theoretical discovery of a mechanism that contributes to our understanding
of the origin of mass of subatomic particles, and which recently was confirmed through the discovery of the predicted
fundamental particle, by the ATLASand CM Sexperimentsat CERN's Large H adron Collider"

Nobel Prizes and Accelerators, L. Rivkin, PSI & EPFL
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> WESFREAFTHEEZESTNX
<+ HECEREEBIIS 08 ETNERNSSEICR, REEW. HF. HF. BBRSRSER

16-BM-B + 16-BM-D « 16-ID-B + 16-1D-D (HPCAT-XSD)

Advanced Protein
A P S v - S 164D-8,C,D (ChemMatCARS) 17-BM-B_(XSD) - 17-1D-B (IMCA-CAT) umwm“m
> - :1

14-BM-C (BIoCARS) - 14-1D-B (BioCARS)

18-ID-D (Bio-CAT)

13-BM-C + 13-BM-D + 134D-C,D « 13-ID-E (GSECARS) 2
19-BM-D - 194D-D (SBC-XSD)

12-BM-B « 12-1D-B + 124D-C,D (XSD)
20-BM-B  20-ID-B,C (XSD)

r—
21-1D-D + 21ID-F + 21-ID-G (LS-CAT)

\/ \ “' 22.8M.D - 224D-D (SER-CAT)
X

21

Source Key

Undulator/period
B172cm

~18cm

E23cm <D Canted
Undulators

23-BM-B + 23-1D-8 + 23-ID-D
(GM/CA-XSD)

Discipline Key
B Materials Science
M Biological & Life Science
M Earth Science

M Environmental Science

E27cm
: B Tandem
Bsoem g Undulators

E33em

[ Besmiine
35cm M Bending Magnet

ﬁ:‘;’;‘:"y Eascm [] Bending Magnet
7-BM-B - 74D-B.C.D (XSD) =
W Polymers E CPU125cm

% cPU128cm
@®scutscm

6-BM-A,B (COMPRES/XSD)
64D-B,C - 6-ID-D (XSD) ,

Experiment Hall, Bldg. 400

Storage Ring

5-8M-C + 5-BM-D - 5-ID-B,C,D
(DND-CAT) A

\
44D-C + 4-ID-D + 44D-E (XSD) \

8

\

27-D-B (XSD)
28-1D-B,C (IDEA/CHEX-XSD)
34D-B,C,D (XSD) —_284D-C,D (XSD)

30-ID-B,C (XSD)

31-ID-D (LRL-CAT)

324D-B,C (XSD)

33-BM-C » 331D-D,E (XSD)

34-D-C + 34-ID-E (XSD)

354D-B,C,D,E (DCS)

Utility Building,
8ldg. 450

;
i
,
( Conference Center, Bldg. 402 PSC_19.8
e e Budng, i, 40 Argonne &
Office of Science NATIONAL LABORATORY

APS Brochure
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> AFINE=REEMNHA

> RIFIliEzREEMNA
< BEEE (>10 GeV) : AIFYIEHSF
<+ FEEE (1-10GeV) : (F. £, #H. ER. XXEREMAR
< {KBEE (<100 MeV) : ERNTIADNE:S

Accelerators Installed Worldwide LApplication Systems (thru 2008)

50000

== Medical Accelerators lon Implantation 10,000

45000 —#==Industrial Accelerator Total Electron beam modification 7,000
40000 Discovery Science Accelerators

s —s¥=lon Implantation ; Electron and X-ray irradiators 2,000
% 35000  =e=E-Beam Material Processing lon beam analysis and AMS 200
) 7 Electron Beam Irradiation E
.£ 30000 Nondestructive Inspection Radioisotope production 600
v
v
S 25000 Neutron Generators High energy x-ray inspection 750
© Radioisotope Production >
% 20000 = «g==lon Beam Analysis Neutron generators 2000
15 | b
S 15000 A Radiotherapy 8000
= ;
§ 10000 Hadrontherapy 25
5000 LPhoton Sources (synchrotron radiation, ...) 80 |
0 Cﬁﬁclear and Particle Physics Research 110 >
1968 1973 1978 1983 1988 1993 1998 2003 2008 2013 2018 Total ~30.000 ‘
Year L ’

S. Sheehy, CAS 2021 S. Cousineau et al.,, USPAS 2014
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ECR-sources
Linac

Gantry- Treat Hor. Treat 1

Hor. Treat 2 \?".t? g y 7%
F ’»—v“ & i

QA-place ‘4\

Accelerators for America’ s Future, DOE report (2010)
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| |
1 |
L > EFERRE :
r =V \ TAN NAN —y =& 1
! < BETEREEMERN. ST hEAEEHEEERER :
1 |
1 |
" SIEMENS |
|
: - — Maximum Mean Max. SA I
i . Half-life . . ~ Max. range : I
| 3 Nuclide (min) Decay mode energy energy (mm) (theoretical) I
I Positron emitter . (MeV) (MeV) (Ci/umol)* !
| - |
vig
: Positron & C-11 204 100% B 0.96 0.386 4.1 9220 :
: siisl F N-13 9.98  100% B 1.19 0.492 5.4 18 900 :
! Avw - 0-15 203 100% B 1.7 0.735 8.0 91730 :
|
: F-18 109.8 97% B* 0.69 0.250 24 1710 |
|
; Cu-62 9.74 99.7% B* 2.93 1.314 143 19 310 |
|
: Ga-68 68.0 89% B 1.9 0.829 9.0 2766 |
|
: Br-75 96.0 75.5% B°* 1.74 0.750 8.2 1 960 .
|
: Patient Rb-82 125  955% B 336 L5 16.5 150 400 .
| |
122 3.62 75.8% B° 3.12 1.4 15.3 51 950 -
: Tumor o / P ‘ !
| 124 60192 23.3% B 2.13 0.8 10.2 31 l
I Detector :
: .
1 |
I T.Stora, CAS2015 :
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* (p,n), (P,2pP), (P,a), (P,X), (p,an), etc... p* A/q=1

* (d,n), (d,p), etc.. d+* Alg=2

* (°He,n), (HGCﬂ etc... SHe** Alq=1.5
* (a,n), (o,2N), (,p), etc... o Alg=2

« ("Li,Xn), etc . Li** Li**+ A/q=3.5, 2.33
* (n,y), (n,2n), ( ,p), etc... n% A/g=0

T. Stora, CAS2015
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> BEtarT
< BT EESHRGITEMAEDNA (FRS/aEREME, BIEIVER)
<+ EXNTIERMRE, RESFERIMEMAENEERTTZIERR (Z8ENE, EFIE)

FEL 8 0 A0 a0 e A% K 8 4 i 2
RER
A ouE

/ ,/

/ ’
kW L, T .
/ \' 5 5 S I AE )

2
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R

H. Zha, OCPA 2019
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BR¥. EFEFES ?EM‘&IHQ, _I/UZ DRENERBLRRA

100

PHOTON beam
6MV

50
modified PROTON beam

250MeV

native PROTON beam
250MeV

Dose (%)

0 10 20
Depth in Tissue (cm)

H. Zha, OCPA 2019
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" BLEE?—EJZ1§‘RTS'Z7K$DEE,¥L‘I'§7I‘TLTS'Z7KE’JLJ/, BT AILEEINEAE
EfZiafri/N (Conformal Radio Therapy, CRT)
TN (Intensity Modulated Radio Therapy, IMRT)
Elf55|587 (Image Guided Radiation Therapy, IGRT)
MRERLBTTIN (Stereotactic body radiotherapy, SBRT)
N7 (Flash-RT)

g s= 40 Gy

1950 1960 1970 1980 1990 2000 2010

CRT IMRT &VMAT IGRT &SBRT>

| R

0
o
‘ G)
R~ <

H. Zha, OCPA 2019
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R. Hamm and M. Hamm, Introduction to the beam business, World Scientific (2012)
Accelerators for America’ s Future, DOE report (2010)
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impinging ions sputtered atoms isotope/charge state o
P reflected + back- irradiated area / angle of incidence

® .\ ® ‘\ / scattered ions energy homogenity
adatoms vy O\ ¥ v \,‘

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
I ® ‘. temperature
I \ /'

; 0« v v [

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

shutter J_L target

int 0000000000000 'oaooooooooo
poin 0000000000000000 000000000
defects 0000000000000 0000000000000

/ o900 @ 000000000 OOOOO®
clusters @©0® e .....5..£.'..... coherent / incoherent
] @
@ ]
] @

:

bending
magnet

0000000 A
00000 00CGO® precipitates :
T Y TIYIXT) ion
S source

( end statio n

-
.

&.

amorphous
volumes

5t
$3%

YYYY)
beam —_

accelerator ’%

guadrupol ———_

X-scanner ‘“-~<I I

y-scanner —|—

SE
suppression

®
o
®
®
o 0000000 HV terminal

termina
® 0000000 gas box

interstitial/substitutional current density
impurities dose=fluence

J. Lindner, CAS 2005
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H. Zha, OCPA 2019
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TABLE 2. Effects of irradiation treatment on various

gem majerials.®
Material

Beryl

Maxixe-type

Corundum

Diamond

jonte

Pearl
Quartz
Scapolite
Spodumene

Topaz
Tourmaline
Zircon

e 11

5 Key, pers. C

je Drake, pers

Starting color

Colorless

Blue

Pale or colorless
Colorless

Pink

Colorless or pale to
yellow and brown

Colorless, “straw,”
pink, or light blue
Colorless to pink

Yellow, orange
Colorless, pale
biue

olorless to pale

omm,, 1988

comm., 1988

Ending color
Yellow

Green

Blue

Yellow

Padparadscha
Green or blue (with
heating, turns yellow,
orange, brown, pink,
red)

Various colors

Blue, lavender
amethyst, red
Orange, yellow, green,
PINk©

Intensify colors

Brown, blue {may
require heat o turn
blue), green

S. Sheehy, CAS 2021
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