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COMPACT
Low energy spreader
CWA gradient ~ 100 MV/m
SC helical undulator

Low Cost
Low energy spreader
CWA (passive room-temp accelerator)
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Structures:

7 ± 0.025 ps

*) G. A. Voss and T. Weiland, DESY M-82-10, 1982;
K. L. F. Bane, P. Chen, P. B. Wilson, SLAC-PUB-3662,1985;
W. Gai et al. Phys. Rev. Lett. 61, 2756,1988.

Beams:
• Bunch Shaping
• Drive and Witness bunches from the same “source” bunch minimal 

timing jitter

a

p

t

Drive bunchWWitness bunch

group velocity = (0.7-0.9)c

Electric field map (20000-0-400 GHz) 00 G404
Cu

Collinear Wakefield Accelerator*

a ~ 1mm, p ~ 0.3 mm, t ~ 0.2 mm, , ~ 0.15 mm

Cu

77 ±± 0.0250 5 sps
corrugated waveguide dielectric waveguide

Structure WakeField Accelerator (SWFA)
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Potential of collinear wakefield accelerators

High h field d gradients
• UUp to o ~ 200 0 MV/m

High wall plug power efficiency

High bunch repetition n rate 
•

g p
Up to ~ 50 kHz (low energy SRF Up to 
linac

 50 kHz (low energy SRF o 
cc supplies drive and witness linacc suppls

bunches)

Main CWA accelerator component

Low cost device (likely)

3 mm

Tube with 
corrugations, 
ID is 2 mm
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COLLINEAR WAKEFIELD ACCELERATION
FUNDAMENTALS

• Acceleration Gradient and Transformer Ratio
• Drive Bunch Energy Utilization

• Efficiency & Cooling
• Beam Stability



The Wakefield Theorem and the Transformer Ratio

Collinear Dielectric
Wakefield Acceleration

DRIVE WITNESS

R< 2 
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Transformer ratio Wakefield Theorem:
R<2 for symmetric bunches
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Tradeoff:
Acceleration Gradient (E++) and Transformer ratio (R)* 
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*)  J. Power, Presentation at 2011 Argonne Workshop on Dielectric Wakefield Accelerator; 
S. Baturin, A. Zholents, PRAB, 061302 (2017).
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High energy gain by witness electron bunch

Ewitness= R ( Edrive)

• Drive bunch utilization
• Transformer Ratio (R = 5)
•

Transformer Ratio (R  5)
Extract maximum energy from drive bunch, ( = 80%) 

utilization of drive bunch 
energy Edrive

Edrive = 1 GeV
R = 5

Ewitness= 5 GeV

Example:

OOther distributions possiblee [2]

“Door step triangle distribution” [1]
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Efficiency and Power Management 
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R
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Energy efficiency ≤

Energy 
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Assumptions:
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witness bunch charge

Power management
Wakefield accelerator ~ 50 m

in 415 kW
80 kW drive

for 50 kHz rep. rate  

415 kW4
Drive +witness 75 kW witness

1 GeV 5 GeV

200 MeV

for 50 kHz
Example

s out
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Efficiency and Power Management 

Edrive = 1 GeV
Ewitness = 1 GeV
R = 5

= 0.8
QD      = 8 nC
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Energy efficiency ≤

Energy 
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Assumptions:

drive bunch charge

witness bunch charge

Power management
Wakefield accelerator ~ 50 m
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80 kW drive

for 50 kHz rep. rate  
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Drive +witness

Power load ~ 20 W/cm
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1 GeV 5 GeV
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Example

s out



TTransverse e wakefieldsds:

WWzWWz(MV/m)m), ), WWWxWWx (kV/m/m// m)

Beam breakup instability arises from continuous Beam breakup instability arises from continuous 
exposure of tail electrons to transverse wake field*. 

*)  ) A.Chaoao, “Physics of collective beam instabilities in high energy accelerators”, New York: Wiley.cs of collective beam instabilities in high energy accelerat
Snapshots of a single bunch traversing a SLAC structure

tail head

T ansversera e wakefieldw ds
Beam Stability

WWxWWx ~ 1/(kaa4a4)     (to be compared with h WWWzWWz ~ 1/aa2a2) 



Balakin-Novokhatsky-Smirnov (BNS) damping of BBU
• Use FODO channel to guide the drive bunch in CWA
•

Use FODO channel toUUUse FODO channeUse FOUse F l to g
Produce “chirp” in the 

ide theide the do guo guo guo g
betatron

rive bunch inrive bunch in CWunchune de d
tune along the 

WAWAAn CWn CW
drive 

AA
bunch 

using gg the energy “chirp”,  and 
• F

ngg he energy chirp , andthusi
FForce tail to oscillate out of phase from the head, thus F rce tail to oscillate out of phase from the head, tor
mitigating the impact of transverse wake fields.  

Transverse oscillation of particles of a Transverse oscil
chirped beam

Particles s of different energies s have different Particles f different energieof s ave diffeha
oscillation periods in the FODO lattice

Transverse oscillation of par
Illustration for drive bunch with initial energy of  400 MeV*

After 8 m of propagation 

IInitial energy chirp ~15 % (peakak-I
to
ni

toto-
al eneratini

oo---peak)

witness witness 
bunch

pp = = = ≈ E / mcc2

After 4 m of propagation 

drive drive 
bunch

head

tail

p

t (sec)

xx
(m

)

t (sec)

witness ness witnw
bunch

*) Shchegolkov, Simakov, Zholents, IEEE 
Trans. on Nuclear Sci., vol. 63, (2016)804. 19



A Stability Recipe for CWA* 
Ingredient 1g 1:     Adaptive focusingp g

Change the quadrupole length according to

with beam deceleration

and keep the magnetic field gradient at a maximum 

1/4~

*) Baturin, Zholents, “Stability condition for the drive bunch in a collinear wakefield
accelerator”, arXiv:1709.08583v2 20



A Stability Recipe for CWA* cont’t
Ingredient g t t 22:     Adaptive energy p gyy y cchirp

Keep relative energy 
chirp constant 

Accomplish it by employing 
the longitudinal wakefield
and special peak current 
distribution in the drive 
bunch.

SSmall quadratic compopo-Small m
nent

quadratic coall 
ntnt added here

Demonstration of the adaptive energy chirp using elegant code
21

= const



A Stability Recipe for CWA*               cont’t
Ingredient g t t 33:     Select energy gyy y cchirp p pp within the e stability y yy "window" 

0

max1 2 1 ( )
z

E w s
ka cB K

quadrupole pole tip field

Stable region is the betatron
phase advance of 
the head electron 
in FD focusing cell

1

22



BUNCH SHAPING

1. Manipulating wakefields via bunch shaping
2. Methods of bunch shaping

• Emittance Exchange
• photocathode laser-based
• self-wakefields,



Q: Why do we want to control the bunch shape?

24

A: Drive bunch shape controls the drive bunch wakefield to control 
transformer ratio R and acceleration gradient Ez.
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Q: Why do we want to control the bunch shape?

25
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Reverse triangular witness bunch* 

*) T. T. Katsouleass et al., ., Particlee Acceleratorsrs, 1987, Vol. 22, pp. 8181-1-99
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100
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En
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Can be further improved

A: Witness bunch shape controls the witness bunch wakefield to 
reduce its correlated energy spread.



5 nC / 48 MeV

Take initial x-horizontal profile

Side by 
side

Triangle Rectangle Trapezoid

EXPERIMENT
AWA/ANL

Emittance Exchange Beamline Converts  Emittance E
Transverse 

ce E
e e S

xchange Beamline Converts  Exe E
SShaping to Longitudinal Shaping 

G. Ha et. al., Phys. Rev. Lett. 118, 104801 (2017)



5 nC / 48 MeV

Take initial x-horizontal profile

Side by 
side

Triangle Rectangle Trapezoid

EXPERIMENT
AWA/ANL

Emittance Exchange Beamline Converts  Emittance E
Transverse 

ce E
e e S

xchange Beamline Converts  Exe E
SShaping to Longitudinal Shaping 

G. Ha et. al., Phys. Rev. Lett. 118, 104801 (2017)

Take final z-longitudinal bunch shape

TriangleOne after 
another

Rectangle Trapezoid



Masks ( ~100 0 m of W)

YAG



Problematic at a high bunch repetition rate

MMask

x

y

~ 1%
o

%~ 1
of part.

40% yy40% 
transmission transmissioo
efficiency

Transverse particle Transverse p
distribution 

particle se p
nn after mask

x (m)

yy
(m

)

After EEX

tt (s)

yy
(m

)

tt (s)

cu
rr
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t

AWA emittance exchange beamline

~ 60 kW will be deposited on a a mask, even at a low  60 kW will be deposited on aa mask, even at a low m
energy 5 MeV (below threshold for isotope production) 
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Problematic at a high bunch repetition rate
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tt (s)

yy
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t

AWA emittance exchange beamline

Typically z> x

~ 60 kW will be deposited on a a mask, even at a low  60 kW will be deposited on aa mask, even at a low m
energy 5 MeV (below threshold for isotope production) 
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Next to the cathode At the end of the injector at 100 MeV

space 
charge

0.8 nCI (A) I (A)

head tail head tail

Drive bunch shaping using photocathode laser *)

… was proposed to remove 
significant quadratic energy 
chirp at the end of the FERMI 
FEL linac

La
se

r p
ul

se
 in

te
ns

ity

measured

parabolic 
fit

*)  Cornacchiaia, a Di iD Mitri, i Penco, Zholents, s Phys. Rev. STST-T-TT-ABBB, 999, 9 12070101(2006); )  Cornacc
Penco

chiiaa, DDi D MitriM i, enco, ZholentsPenacc
coco, Danailov, Demidovich, Allaria, 

hys. Rev. Phtss, P
a, a et al.,Phys

SSTT AABB, 999, 2070121 01 2006); (2ev. 
ysys. Rev. Lett, 112, 044801 (2014). 

Without ramped Without ramped 
peak current 

With ramped peak h ramped pe
current 
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Drive bunch shaping using self-wakefields*

*) G. G. Andonianan, Advanced d Accelerator Workshop p -- AAC C 2014, San n Jose, e, (2014)

~1%

(z)

(z)

(z) (z)

(z) (z)

Explore nonlinearities 
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QFQD QD QF

Emittance exchange

T
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B
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QD QF
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QF B
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QD QF

TM110 TM010TM010

Deflecting cavity

Emittance exchangeFODO

QD
QF B

QD
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B

B
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-II -II

QD QF

TMM 01100 TMM 0010TM TM 00100

Deflecting cavitytiting caavcaD fflflD ff

QD
QF B

QD
QF

B

B

B

-II -II

QD QF

Make it more precise using Double EEX*)
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Before mask After mask At exit

mask

(d)

2      1       0     -1     -2
time (ps)

w
itn

es
s

1200
1000
800
600
400
200
0

cu
rr

en
t (

A)

z →x emit. exch. xx →z emit. exch.

At entrance (c)At
(a)

better transmission efficiency
*) A. Zholents and M. Zolotorev (LS-327/APS, 2010)

Under installation at the Argonne Wakefield Accelerator (AWA) facility



Bunch shaping using the entire accelerator

U=150 MV
Ph. 29 deg. 

U=50 MV
Ph. -10 deg. 

U=70 MV
Ph. 15 deg. 

U=250 MV
Ph. 30.8 deg. 

R56= 0 mm 

Drive bunch In Drive bunch In 

R56= 20 mm R56= 60 mm 

Drive bunch Out Drive bunch Out 

Time reversible tracking 

Includes:In
•
ncludes:nc

Wakefields
•

Wakefie
Long. 

efie
g. g s

dseldfie
sspace charge

•
Lon
TTT566

CSR is next

Uses no masks

Large energy chirp

~ 4 kA~ 200 A

e-
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PROTOTYPING AND 
EXPERIMENTING



High gradient hybrid quad
• Bore radius = 1.5 mm.
• Peak gradient = 0.96 T/mm.
• Sub-micron precision in the 

magnetic center position.
• Length = 40 mm.
• Weight = 2.5 kg.
• Magnetic force between top and 

bottom parts = 30.5 kg.

Accelerator module

NdFeB

gr
ad

ie
nt

 (T
/m

)

z (mm)

Quadrupole wiggler: array of focusing (F) Quadrupole wiggler: array of focusin
and defocusing (D) quadrupoles  

Gr
ad

ien
t (

T/
m)

z (mm)

Vacuum Vacuuum 
chamber

36



Quadrupole wiggler

Prototype quadrupole on Prototype quadrupole on 
the bench for magnetic the bench for ma
measurements

Demonstrated: subb-b-micrometer Demonstrated: subb micrometer mm
accuracy in determination of the accuracy in determ
magnetic center

Requirement: quadad-d-tooto-oo-quad misalignment tolerance ≤ 1 1 m

37



Vacuum chamber
RF main mode and HOM RF main mode and H
coupler every 0.5 m

RF coupler field RF coupler field 
transmission efficiency

RF coupler removes ~ 2 kW

p
RF coupler BPM

Power loss in Cu 20 W/cm

(single-mode wakefield
accelerator is desirable)

H2O
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Vacuum chamber cont’d

Crossss-s-sectional profile through a Crossss
raised 

ectional profile through a s eses
dd tooth marked by the blue raisedd ooth marked by thto

line in the above photo.

Crossss-s-sectional al profile through a Crossss eses
groove.

IImage under the microscope

203 3 ±±15 5 m

Digital rendering

MMMaking the waveguide with small corrugations: work in progress 
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Scaled up experiment at the Argonne Wakefield 
Acceleratorr (AWA) Facility: Tolerance Study

Error:  
Longitudinal Offset 

Error free Structure

280mm

Beam test to 
measure 

longitudinal 
wakefield

Error

Perfect

W=10V/pC

10nC
W=100keV

Spectrometer resolution=50keV



FREE-ELECTRON LASER



Small period undulator

… allows obtaining the same … allows obtaining the same 
radiation wavelength using the radiation wavelength using the radiation wavelength using the
electron beam with less energy electron beam with less enelectron beam with less energ
(shorter and less expensive 

gy gynergnerg
Linac)  

A promising technology is a helical superconducting 
undulator

x ray
undulator

2 2 1 K 2

2

Innovative concept of multiple helical undulators sharing one cryostat
Supplemental helical quadrupole winding will ensure a superior FEL performance 
Expected period ~ 10 mm (for 2 mm vacuum bore)

Helical magnet 
assembly with 
strong-back

42



FEL simulations (illustration)

Undulator
p

dulatorUn
pperiod, cm       1.8p riod, cm  er
UndulatorUndulator
parameter

or
erer, rr K    1.0paramete

Energy, 
rr,   K Keteer

y,y GeV
 1.0 
1.88Energyy, 

Charge, 
eV, GeG

ee pC
1.88
250Chargee, CpC 250

Current, kA       3Curre
Emitt

re
ittitt, 
ent ken
tt

kA       3 kt,n
m         1Emiittt, m         mm

RMS energy RMS ene
spread

ene
adad, 

rgy erene
%          0.3spreaad, %%

Pierce Pierce 
parameterer, 0.01
X
par
XX-

amerapar
XX--ray 

teerme
yy wave

r, 
veve-XXX ayaray wavw ve

length, nm         1
P

gth, leng
PPeak P akea
power, GW         5
B

wer, GW         5pow
BBandwidth, %   3.8
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Conclusion
Making progress s towards s a High Repetition Rate, Making progre
Multiuser, X

ogre
XX-

esssss owartoegre
XX--ray FEL 

rdss a war
L L Facility

gigHa 
tytyty.

CCCollinear 
y

r wakefield
y

dd accelerator
Limiting factors for accelerating gradients are definedg g g
High accelerator efficiency is favored over the high acceleration High acce
gradientg
Accelerator design mitigating BBU of the drive bunch has been Accelerator
proposedp p

Beam shaping and obtaining high transformer ratio has Beam shaping and ob
been demonstrated
Prototyping of the accelerator r components is quickly Prototyping of
progressingp g g
Small period superconducting g undulatorss are considered
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