Applications of e- Linacs, From Very Low to Very
High Energy, and From Warm to SC Technologies

Sami G. Tantawi, and Collaborators
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= Big science applications
* Linear colliders
« 4t generation light sources
= Advances in linear accelerator technology
« High gradient phenomena
» Distributed coupling accelerator structures.
= Applications Impacted by recent linear accelerator technology developments
« Security applications
 Compact light sources

- EUD/EUM
« Maedical linacs for radiation therapy

The Conclusion of the HG collaboration and the future: Advanced Ultra-High Frequency Acceleration 2



SLAC Linear Collider (SLC):
First Linear Collider for HEP

Zs per week

"

SLC construction: 1982-1987
SLC operation: 1987-1998 |
Z0 Meson (45.6 GeV e- x 45.6 GeV e+) - NG e
Luminosity reached 3 x 103° /cm?/sec ' NP R
~4x10'0 particles per bunch at 120 Hz
80 % average e- polarization
About 0.7 million Z% produced
MARK-II and SLD detectors
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CLIC layout at 3 TeV

€1 A s

B W
540 klystrons R . 540 klystrons
20 MW, 148 ps | | | | Drive Beam ' circumferences | | | 20 MW, 148 ps
delay loop 73 m
drive beam accelerator CR1 293 m drive beam accelerator

— e e e CR2439 m

2.5 km 2.5 km
delay loop » 4 delay loop
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Sy

BDS - BDS L &
2.75 km 2.75 km
TA e- main linac, 12 GHz, 72/100 MV/m, 21 km o e* main linac TA

- N\

50 km
CR combiner ring
TA turnaround
DR damping ring b tor 1i
PDR predamping ring ooster linac -
BC bunch compressor ‘ 2.86 to 9 GeV I Main Beam '
BDS beam delivery system

IP interaction point
[ | dump

e~ injector
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New CLIC’k RF unit layout ”
In a given (not yet optimised) example, the resent
developments allow for substantial increase of RF
Sl e oell ey power production efficiency (from 21.8% to 30.5%)
366 kV, 265 A L . :

and significant reduction of the complexity and cost

2% 68 MW (factor 47?) of the RF distribution system together

1.625 psec 2xKlystron  \ith improved reliability.

IV\J]),‘
Fkﬁ 2 x SLED
10x42.5 'l\/IWx325 ns

| 1 1 | | | 1 | 1 |
10 x CLIC_ASx 0 lS m x 75MV/m

¢ CC chain
Load#1 ><
s o

2x213 MW
325 ns |

CLIC Project Meeting, 21 January 2017 5 leor Syratchev, CERN



Linac Applications-Big Science-ILC

e+ bunch
Damping Rings IR & detectors compressor

e- source

e+ source

e- bunch
compressor positron 2 km
main linac -
11 km
-Tr
central region
km
electron
main linac e
11 km
2 km ™ Baseline 500 GeV Machine 1st Stage L Upgrade Few Upgrade
A B
Centre-of-mass energy GeV 250 350 500 250 500 1000 1000
Collision rate Hz 5 5 5 5 8 4 4
Electron linac rate Hz 10 5 5 10 5 4 4
Number of bunches 1312 1312 1312 1312 2625 2450 2450
Bunch population = 1019 20 2.0 2.0 2.0 2.0 1.74 1.74
Bunch separation ns 554 554 554 554 366 366 366
Pulse current mA 58 58 58 5.8 88 76 7.6
300mm Gas Return Pipe Support post Vacuum vessel Main linac average gradient (5 MV m—1 14.7 21.4 315 315 315 38.2 39.2
Average total beam power Mw 59 73 10.5 5.9 21.0 27.2 27.2
Estimated AC power Mw 122 121 163 129 204 300 300
RMS bunch length oy 03 03 03 03 03 0.250 0.225
Electron RMS energy spread Ap/p 0.190 0.158 0.124 0.190 0.124 0.083 0.085
Positron RMS energy spread Ap/lp 0.152 0.100 0.070 0.152 0.070 0.043 0.047
Electron polarisation P 80 80 80 80 80 B8O 80
Positron polarisation Py 30 30 30 30 30 20 20
i Harizontal emittance Yex um 10 10 10 10 10 10 10
Helium tank gas-cooled 1.3 GHz cavity Vertical emittance vey nm 35 35 35 35 35 30 30
(sectioned) sc quadrupole
(not shown) IP horizontal beta function [ mm 13.0 16.0 11.0 13.0 11.0 226 11.0
IP vertical beta function By mm 0.41 0.34 0.48 041 0.48 0.258 0.23
IP RMS horizontal beam size o nm 729.0 6835 ara 729 ara 481 335
IP RMS veritcal beam size ay nm 7.7 59 5.9 7.7 59 28 2.7
Luminosity L »x10* cm 35! 0.75 1.0 18 075 36 36 49
Fraction of luminosity in top 1% B87.1% 77.4% 58.3% 87.1% 58.3% 59.2% 44.5%
Average energy loss 0.97% 1.9% 4.5% 0.97% 45% 5.6% 10.5%
Number of pairs per bunch crossing x10% 62.4 93.6 139.0 62.4 139.0 200.5 382.6
Total pair energy per bunch crossing TeV 46.5 115.0 3441 465 3441 13380 34410




Ultra-low cryogenic loss (High Q0) from N2 doping
Developed at Fermilab (Grassellino, 2012)
-> industrialized €<

LCLS-II Dressed
9 cell cavity with

coupler and tuner

CM test results:
QO; E_acc meet expectations
3.0 e10 and 19 MV/m

Each facility will produce 1CM/6 weeks until fall 2018

Cryomodules are assembled
and tested at both Fermilab
and Jefferson Lab
—>following XFEL scheme <




LCLS-1(2009) and LCLS-1 (2020) SLACT B

Cu Linac and SnEpaC LCLS-I (uses 1-km eX|st|ng SLAC linac)

Repetition rate =

Electron energy = 3-15GeV
Photon energy = 0.3-11 keV
X-ray pulse length = 5-500 fsec
Operations: 2009 - 2017

LCLS-II (2 FELs, 2 Linacs, CW- SRF)
Repetition rate =
Electron energy = 4 GeV & 3-15 GeV
Photon energy = 0.2 - 25 keV
X-ray pulse length 5 - 200 fsec
Operations: 2019 -7

LCLS-Il —> 2 Linacs, 2 FELs, CW-SRF e e [

LCLS-Il Linac e o 0.1-10 keV (120 Hz)

4 GeV (< 1 MHz) 1-25 keV (120 Hz)
1-5 keV (< 1 MHz)




Planned/Existing X-ray FELs
FLASH at DESY, De (4.2-51 nm)

LCLS at , USA (0.11-4.4 nm)
Fermi in , Italy (4-80 nm)

SACLA at , Japan (0.1-3.6 nm)
PAL-XFEL in Korea (0.1-10 nm)
Swiss-FEL at PSI, Ch (0.1-7 nm)

LCLS-II at , USA (0.05-6 nm)
XFEL at Shanghai, (0.1-1 nm) ?

European X-FEL at DESY, De (0.05-6 nm)

%@@Llﬁl

PAL _» POHANG ACCELERATOR
" & LABORATORY

I_LgLs-u k’*

EEEEE



Core Areas of Research for the Advancement of RF

Accelerator Technology

A

«n
e e

Physics of Breakdown

Discovery of Magnetic Field’s Role in Breakdown
Triggered New Research Initiative

* a/A=0.105, t=2.0mm, SLAC-#1
10° L a/A=0.143, t=2.6mm, SLAC-T1
a/A=0.215_t=4.6mm. KEK -4

 Achieved through % 101 g
studies of surface ,:_f‘ 1072 Breakdown Rate ‘,.f’:i1
electric and £ '°°I Correlated with Magnetilg{-f"‘r 1
magnetic fields, g o Field pd ;
processing g 10 - ]
techniques, E 1073 100 200 360/ 400 500 6C

Qllr'fa(‘P flnlqh Peak Magnetic Field [kA/m]

Materials Science

Investigate Materials to Improve the Performance of High
Gradient Accelerating Structures

¥ 100 g T 3

» Enhanced % 1071p »=
performance with %10% a
increasing material  § .0 E
§10 rsoft Cu 1

strength 105 A hard 1

- Low temperature g 10 fd Cu/ 99 -
0 e s AR

operation also

increases the Accelerating Gradient [MV/m]

Innovative Electrodynamics

Geometry of Accelerating
Structures Optimized
Accounting for:

1. Our New Understanding

of the Physics of
Breakdown (magnetic
fields, materials etc.)
AND
2. The Beam Parameters
Required for a Specific

_=181MQ/m

¥
L
Geometry optimizations for
accelerator structures based
on reduction of the magnetic
surface field

Manufacturing Engineering
Manufacturing Techniques 2. -2
that are Compatible with
Superior Materials and

. \UniquenGeatetries
assembly with clamped
structures and welding

+ Split-block machining for
increased flexibility in

fabricating advanced
structiures and rpdlming

Novel split-block assembly
for novel gap acceleratoi0




Understanding the Physics of Breakdown at High Gradients has
Established the Limits Normal-Conducting Copper Structures

"
)
¢

« Material properties determine the performance of accelerating
structures at high gradient
« Dislocations caused by stress from fields form protrusions

= 10V ey e S
§ ¢ Reduced in highef strength materie
107" = =
g 102} Hard CuAg#3 - Cu@4sk o
5 10-3%— -
E 10-4; Soft Cu ~— _
é 10_6; Hard 7
i) 10-7§ A ‘C‘uAg‘#‘l P I R
50 100 150 200 250 300 350 Bead Pull Test 4
Accelerating Gradient [MV/m] Cryostat assembly

« Controlling material properties for accelerating structures has produced
dramatic improvements in the achievable accelerating gradient

HEP Institutional Review FY2016 AN n == . o
V. Doigasriev, S. Trariawri



Optimization of cavity shapes

Fs=179 [MLMm], Gradient=85.16[kFm], Pulse Lengthl Tx3=0.128535[Ls]
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Highly Optimized Standing-Wave Structures with
Distributed Feeding Allow for New Possibilities

Distributed coupling, split-block fabrication, high-shunt impedance and
suppression of breakdown combine to form new architecture for future facilities
Cost effective implementation of accelerator structures capable of operating
efficiently ;g;tggg gradients

X/Ku—band(11.424GHz)

2 : C—band(5.712GHz)
S—band(2.856 GHz
\q__; ]. 50 \} : L—bandgl.SGHz) ) .
= New Scaling Laws
== \N .
S 100, N Determine the Best
2. \\
k= Performance for
g 50 Accelerating Structures
& 0O 10 20 30 40 50 60 70

Beam Aperture (mm)

Scalable technology with enhanced shunt impedance capable of reaching
high duty factors

S. lantawi



Novel Distributed Coupling to Each Accelerator Cell Enables
Doubling RF to Beam Efficiency and Ultra-High-Gradient Operation

« Structure is much more efficient, easy to build and tune
» Successful High-Gradient Demonstration: 200 ne nuleac /M 190 Mal//m with

h__‘._,~—q-_--—n-—--~—ll

MU O g 0
- ﬁﬁ
‘ { | 1 5 E]\
Ui /

Position (cm)

Field amplitude (2

Solid-Model of Split-Block
Assembly
Only possib

~AarmniifinAa

) Single frequency rather than
Easy Tuning the traditional 20 resonances

rough modern virtual prototyping using

S. Tantawi. P. Borchard. Z. Li



Split Structure Accelerates Beam and Operates at High
Gradient Demonstrating the Predicted Shunt Impedance

s A

iy TN

- — |} Forward and Reflected Power ||  Beam Energy

Reflection [l 2

87.5MeV

4000 4500 5000 5500 6000 6500
Time(ns)

measuring 24 MeV

energy gain

« Operating with ~100 MeV/m gradient with 16.5
MW of input power and 300 ns pulse length

- Additional confirmation of RF performance by P et

: : : Measured Charge with Faraday Cup
measuring wakefield power to determine charge ettt bttt e

Charge calcRated from induced voltage in TS06 ()

* The structure is being processed at XTA to go beyond 120 MeV/m 15

S Tantauj C | imbora A _Cahill MM _NAacr
. 1TATITTUAVVIT, . LITTTIOVUTY, JUTTITT, TV, T VYOOOT
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Adapting the NC X-band Structure for SC L-band

5 As>
B s

1.3 GHz 1.3 GHz Magnetic Field Simulations
TESLA | Parallel-Feed TESLA Parallel-Feed

Max

\

RIQ 984 2570 -
E. il Eoce 2.0 5.3

B Eoce 4.2 4.0 a
Pioss 101 43 I
Qo 1.0e10 0.91e10 ’

*  X-band structure optimized for efficiency (high shunt impedance)

»  Translated to L-band with bulk-Nb surface resistance, dynamic RF cavity loss reduced by nearly 60% versus
TESLA cavity.

*  Surface magnetic fields reduced 5% for the same gradient. However:
»  Larger “packing ratio” possible with parallel-feed structure
-> active accelerating length is greater percentage of total length.
»  Utilizing multi-frequency acceleration will enable even higher gradients
(> 70 MV/m) for the same max surface magnetic field.

16



Modern Tools for Fabrication of mm-Wave Standing-
Wave Accelerating Structures

* CNC machining tool provide rapid fabrication of
prototype mm-wave accelerating structures

« <50 nm is state-of-the-art positional accuracy

stadnigiievappriaames ni < > o o

Structure @ 110 GHz /\\

structu

S,, (d8)

65
107.6 107.8 108 108.2
Frequency (GHz)

E. Nanni. V. Dolaashev

17



ASU Compact X-ray Light Source
9.3 GHz RF frequency

1 kHz rep rate @ 100 pC
First operations Fall 2017

Scandinova K1 modulators with
6:MW L3 klystrons

Tibaray 20 cell SW linac structures (3x)

WR-90 Flange
Splitter and “
RF Flange =%

4.5 cell SW '

Mode conveftie
with quad feeds
qm »

Alignment pins

Solenoid

%' ARIZONA STATE
UNIVERSITY W.S. Graves, April 2017



ASU Compact XFEL: simple upgrade to CXLS

Diffraction
pattern

Emittance Exchange rotates FU"Y COherent phase

pattern into time domain

| m and amplitude control

Aperture
selects (220)
reflection

Nano-pattern
Grating etched

i electron beam
) = . magnet i . . N
!:;Zt:;m [£015) y Back focal plane Image pIanVla dlffraCtlon

From attosecond pulses to .01% linewidth
Electron

photoinjector Si crystal Emittance Exchange Line

Final focus and
interaction point

- /
/v
. / /ot . 1 / \
9 _— / \ Beam dump
oL -~ / \ below 86
/ E a \ Dipole = = r 2 o
/ 1 1 / N\ = = — -
/ \ | 1 2 PHOZ 3 PROS. - -~ ~ o
| v L o W e’ T T ] 83 Ve / 10 ¢
\ o % a< ‘ 3 \ as as a7
\ , d T ol o7 g PROS
\ o - |
- =H=

Si crystal imaging optics

w X

PROS "
s .
e =
| I
/85 ovs. - =

ICS Laser Table

10 m total length

EI'ARIZONA STATE
UNIVERSITY W.S. Graves, April 2017



‘Bliﬁ!?t';?l,‘iﬂiﬁisym High speed/resolution scanning with SLAC linac

CX-Rail with 6000Hz

* High resolution/ high speed
e 2.5 mm at 30 mph
* >360mm penetration

* Significant cost reduction over rail
inspection systems with multiple
detector arrays required by current linacs

 Significantly improved
threat detection with high
resolution images

400 PPS 2000 PPS



(B)

ol

mameswm |Mproved SNM Detection with SLAC linac

h-Z identification with
se-to-pulse energy

selection:

Much better Zeff due to
wider energy separation and
higher energy reach (3-
9MeV)

More stable linac beams
allow detection of thinner
objects (<4mm)

* Photofission with 10MeV
* Single x-ray detection with

hig

h duty factor (3%):

Scatter reduction improves
penetration and detection of
shielded SNM’s

Zeff from average x-ray
energy

AK/o(K)
T

n
T+ T 1

o

Zeff signifi _

/—\/4MCV :

/(—_‘k\\\?/ﬂ!\/\c\/:
6/3MeV |

Separation in log-attenuation
T

/\5/41\/@%

i ‘ . ]
0 1000 2000 3000

HE

catter Reduction

Scattered photons

Transmitted photons E

2 r} 5
Photon energy (MeV)

Proposed
linac

Leading
manufact
urer

HE/LE

Beam stability .

0.88}

0.86—

k L]
Leading .
L -
[ manufact\‘9 .
urer . -
b . o me . 4 s proposed
. “ . $P p
m e TS e T -~~~ Vlinac
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COMPact Accelerator for Space Science (COMPASS)

Jeff Neilson

Emilio Nanni



The Magnetosphere — Earth’s Invisible Shield

« The magnetosphere is a shield that protects us
from dangerous charged particles from the Sun

« Knowledge of magnetosphere physics is
important for anticipating and protecting against
harmful effects of space storms

» Latest NASA Decadal Survey .. an accurate
mapping between the ionosphere and
magnetosphere for all relevant conditions is
lacking... Techniques to establish definitively the
instantaneous mapping are thus urgently
needed.”

Electron beam RF linac is primary
method proposed to do this mapping

23



Brighter e- Source =»Better X-ray & Electron Instruments

— Electron gun, — o &=

accelerator X-ray Free Electron Laser

electron beam

Condenser lens X

accelerator
bunch compressor

electron beam
SR REEE TR SRR
Condenser lens g

MJIMR K

TR N
o Sample photo cathode T e
Objective lens & light wave
... Diffraction
Projective lens & ?r:'la:gs EleCtrO source
lanes
* e  [mm — mrad ]
A [A]l=4
\/1 kAL, [m]
Source Brightness Contrast and Pixel Count
Ne Time Resolution
Brightness B =
Spatial Resolution Spatial Coherence X Wang




SLAC’s Vision for Ultrafast Electron Scattering & Microscopy

UEM FUTURE OF ELECTRON
User S DIFFRACTION
Ultrafast Electron Eacilit
Microscopy ye
<
Nano-UED
User Facility €
4 Recommendation: setup

The first step: MeV Ultrafast Electron Diffraction (UED)  Ultrafast electron scattering

& microscoii faciliti
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MEDICIN

Scope of medical problem e1 ag i

Cancer is the #1 single cause of global deaths

13M cases, 8M deaths yearly & increasing epidemically

Cancer, Cardiac, COPD, Stroke in top 5 causes of death
both in US & worldwide: 24M deaths/yr

Je

US Deaths
2010
- All other
138K

19.01M
36%

Globa. Deaths
S Ischemic

0 heart

7.03M

13%

All other
908K
37%

Siegel CA: Ca J Clin 2014
Lozano Lancet 2012

B Loo, E Perez - Stanford 5




P Stanford

MEDICINE

Importance of radiotherapy (RT) 1 g v S

* Cancer: 52-67% of patients benefit from RT, 52% of those with
potential for cure

* Cases will increase at least 45% in US & 60% worldwide by 2030
from demographic effects alone

%
Brazil India
- >100(9)
. 40-100(11)
4)
Australia =

2014 Installed base: ~11K linacs ' 2011 shortfall in LMIC: >6.9K linacs

Barton Lancet Oncol 2006; Datta /JJROBP 2014; Smith J Clin Oncol 2009
globocan.iarc.fr; www.rtanswers.org; www-naweb.iaea.org/nahu/dirac
GlobalData 2012 Report: Radiation Therap)%;es - Global Opportunity Assessment and Market Forecast to 2018

B Loo, E Perez - Stanford
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MEDICINE

‘Stanford heritage o1 Ag e P

qhﬂv ABORATOR

The first medical linear accelerator in the Western Hemisphere (LA-1) was invented at
Stanford by Henry Kaplan (Radiology) and Edward Ginzton (Microwave Laboratory)

LA-1: the flrst patlent a child W|th retlnoblastoma was treated and cured in 1956.

B Loo / Stanford 7 J:]_}:L E:)_';'Jf




p Stanford

MEDICINE

Stanford heritage et ag e

The first medical linear accelerator in the Western Hemisphere (LA-1) was invented at
Stanford by Henry Kaplan (Radlology) and Edward Ginzton (Microwave Laboratory)

Linear accelerator ’
‘mmﬁmm

rrrrrrrrrrrrrrrrr

BLoo* LRoBerTs ® STANFORD

LA-1: the flrst patient, a child with retinoblastoma, was treated and cured in 1956.

Today, millions of patients are treated every year with the same basic technology.

B Loo / Stanford 7 _/--{l’iL .Ef_\)jff




‘Stanford heritage

I ‘ h NATIONAL

= @ ACCELERATOR

B NN\ | ABORATORY

LA-1 on display at Smithsonian Institute

“Atom Smashers: 50 Years”
at National Museum of
American History

1977-1988

Ir b B
e || rr—r—

Courtesy Roger Sherman, AssoC

i

Forman IEEME1 ;r&ﬁs Nucl Sci
1977

B Loo / Stanford

Ydenn Physics Collection

B | el el |

Vgl d E4 YA
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‘Stanford heritage

VACUUM TANK

LIQUID NITROGEN
CHANNEL

LIQUID NITROGEN
COOLED SHIELD

LIQUID HELIUM
CHANNEL

PION BEAMS
PANCAKE COIL

BOLUS RING AND
WATER FILLED

TARGET s e @\ ¢ RUBBER BAG

Pistenmaa
Radiology 1977

TOROIDAL
MAGNET

35° BENDING MAGNET
500 MeV ELEGTRON BEAM
MOMENTUM SLIT

LEAD

Stanford Medical Pion Generator (SPMG) at HEPL (Mark Ill) completed in 1974

B Loo / Stanford ? _/--{I’:‘L .éf_\)jjf
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Stanford heritage o1 A s ¢

P b N\ | ABORATORY

Stanford conducted the first clinical trials in Western Hemisphere or World of
stereotactic ablative radiotherapy (SABR) for:

Pancreas, Nasopharynx, Lung, & Prostate cancers

BLoo*SWu e StanrorD

Invented at Stanford: CyberKnife robotic IGRT system, first patient treated in 1994

B Loo / Stanford 7 J_J .}% E:)_':Jff
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MEDICIN

'Pioneering new applications of RT -

Lung cancer

Binkley /JROBP 2014
Hypertension

Loo, Soltys Circ EP 2015 Maxim AAPM 2014
>y /& ¥

B Loo / Stanford 5 ‘: | _/Jf_/_/_) _f_/




Push for conformity

B Loo — Stanford Radiation Oncology



Push for conformity

Linear accelerator
qmotati n_g\dﬁtry\ 4 ‘

?/—u_\r

. -raydmaging
source
- | ~
J

N

= .
X-ray imaging e
i

_——_
— (R
BLoo ®LRoBERTS ® STANFORD = —

R
B Loo — Stanford Radiation Oncology

Hadron
RT



Technical focus of RT in recent history

Push for conformity

Push for accuracy/precision

*New realizations:
* Need to define role of RT in “precision medicine”
* Need for cost-effectiveness/global access

B Loo — Stanford Radiation Oncology



Push for accuracy/precision

Motion Management

1

Bloo® Stanrorp gﬁ

Motion inclusive Respiratory gating Tumortfacking

BLoo® Stanrorp Bloo® Stanrorp

B Loo — Stanford Radiation Oncology



The Stanford experience — Need for speed

CyberKnife manual breath-hold gating:

CyberKnife dynamic tracking:

Trilogy gated IMRT:

TrueBeam
Dynamicarc: | yMAT 6X FFF: ["yMAT 10X FFF:

‘What if RT becomes fast enough to freeze motion? ‘

RT treatment time (min)

B Loo — Stanford Radiation Oncology



The Stanford experience — Need for speed

Delivery time
Setup time

2000 2002 2005 200 2010 2012 2018

RT treatment time (min)

‘What if RT becomes fast enough to freeze motion? ‘

B Loo — Stanford Radiation Oncology



The Stanford experience — Need for speed

Solution: Speed

RT treatment time (min)

‘What if RT becomes fast enough to freeze motion? ‘

B Loo — Stanford Radiation Oncology



The Stanford experience — Need for speed

RT treatment time (min)

Solution: Speed
300X faster RT translates to:

 Ultimate precision

* Higher throughput/cost-eftectiveness

B Loo —




The PHASER solution

Gated Volumetric Modulated
Arc 1;herapy

e
e~ :
NN

Bloo® STANFORD

Current state-of-the-art

B Loo — Stanford Radiation Oncology

Electronic Radiotherapy (PHASER)









The PHASER solution

d Ultra-fast & Ultimate precision
Compact hi throughput > Global access

BLoo® StanForD

Current state-of-the-art Pluridirectional High-energy Agile Scanning
Electronic Radiotherapy (PHASER)

B Loo — Stanford Radiation Oncology



Achieving extreme speed

Requirements:
* 300X beam output

* Eliminate mechanical
motion

* Gantry
* MLC

* Fast, high-quality
volumetric imaging

B Loo — Stanford Radiation Oncology

Constraints:

* Compact - fits in existing
vaults

e Power efficient

e Economical to manufacture
and operate



PHASER team

v:q-“'

F-—T—_m' ii " II

(M sHM0N u
HEIGHTS

B Loo P Maxim RFahrig

o (R B SLAC National Accelerator Lab
; J/\ichewom\ ‘_ ¢ % .

{Acceleratorlatgratory

S Tantawi V Bharadwaj P Borchard

B Loo — Stanford Radiation Oncology



Reducing the cost of RF power is necessary to realize high
gradient and or high duty cycle accelerator operation.

* The prohibitively high cost of traditional RF sources are derived from both:

» Sources are complicated to built
« High voltage power supplies

 Limited by efficiency at high power

« Simplifying the RF system to reduce capital cost
» Standardized modular design to scale to higher power, enabled by multiplexing
« Exploit manufacturing and engineering advantages
 Utilize integrated low voltage electron beams (~60 KV)

* Reduce size, weight, and cost of modulator

Reducing the cost of accelerators requires reimagining the topology of the RF



Our Solution: MA-MBK takes advantage of low space
charge system to attain high efficiency at low voltages

oy A~

Extraction Waveguide
Input Waveguide

Collector
Magnet (green)

Iron Pole Piece (grey)

PPM Stack

Collector

MAGIC PIC Model 2
EBEee————x a 2~ o o & ) -

Parameter Near Term Goal

Beam Voltage (kV) 60
Frequency (GHz) 11.424
Output Power for 16 5
devices(MW)
Beamlets 16
Efficiency (%) 60+

N A O ©®

Estimated Efficiency (%)
o

Modular klystrinos:

» allow for permanent periodic
magnet focusing system

* Low voltage operation

» High efficiency

* Overall reduced cost

(=]

Q

o

o°

XL4 Klystron

MA-MBK
(array of 16)

pPerv (I/v>3?)

The MA-MBK is not restricted to the geometric limitations of a classic MBK

A. Jensen, S.Tantawi



The PHASER System Architecture: Multiple Linacs, Multiple
RF sources-multiplexed

(1))
5..
¢

* Multiple Linacs (minimum 16 Linacs)
* Effectively scan the beam around the patient, finer scan from each linac achieve desired resolution
* Linac are arranged on the surface of a cone to allow for in situ imaging system
* Distribute the average power for both the linac and target
* Requires very inexpensive linac production process

- Multiple RF sources
* Needed to deliver the power to each linac
* If multiplexed, the peak power from each source can be reduced

- Reduced power from each source implies reduced modulator voltage, hence less expensive system
- Requires very inexpensive RF source production process

- Requires efficient compact RF multiplexer ine scanning magnets
/CT imaging system

/Drimary beam stor
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The Multiplexer scans the beam around the patient without
any mechanical motion
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~ ~30 cm @ f=11.4 GHZ scanning the beam through scanning
the phases of the RF sources

16x16
“Phased Array”

%,

Inputs are numbered from 1-16









SPHINX - replacement for moving MLC
All-electronic intensity-modulation

B Loo, L Nicolas — Stanford/SLAC
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SPHINX - replacement for moving MLC

All-electronic intensity-modulation

g target plate
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Scanning Pencil-array-collimated High-speed
Intensity-modulated X-ray source (SPHINX)

B Loo, L Nicolas — Stanford/SLAC
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SPHINX - replacement for moving MLC

Geometrical accuracy of prototype

=

| S

'

Absorbed dose (mGy)

¢ 6-u
8 & 8 8 8 8B &8 8 8 &
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Conclusions

Next generation accelerator and RF power designs
provide much higher performance, compactness, and
lower cost, and can bring RT to low resource settings

Combined with CT, multi-oeamline/RF multiplexer,
electronic pencil beam scanning (SPHINX) — ultra-rapid
PHASER

* Ultimate motion management/precision

* High clinical efficiency/throughput/cost-effectiveness

* Potential paradigm-shifting biological advantage



Broader Impacts Resulting from Advancements in RF
Accelerator Technology

Cryogenic RF Photoinjector

. Cryogenlc(gu Wﬁ‘l/ a e fields
nearly twice room temperature Cu rf
photo-injectors with 30X increase
peak brightness wrt LCLS gu

J. B. Rosenzweig, et al.
ARXIV, 2016
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RF Undulator
(NSF)
* Microwave undulators with large

aperture, short period and active
pﬁrization control

Undulator Mechanical Structure

Electric Field Distribution

S. Tantawi, et al. PRL (2014)

Pulse Compressors
(LCLS/BES)
» Super compact X-Band SLED system,

doubles the kick in transverse
deflector at LCLS

J.W. Wang, et al. IPAC 2016

Single Shot THZ Spectrometers

* SBIR with RQ%B{)eam |n)support of
THz acceleratlon experiments

Pyro intensity
(blue=min, red=MAX)

Pyro channel #
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S.V. Kutsaev, et al. IPAC 2016

Accelerators Deployed on
te”’t > GVCIG t and

* Requires ex reme ye
compact accelerator to produce MeV

T P

Daily Mail, 2015 N

R. A. Marshall, et al. JGR: Space Physics, 2014
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