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APPROACHES FOR ACCELERATION
Two-Beam Acceleration (TBA) versus Collinear Wakefield Acc. (CWA)

TBA accelerating structure
.—»*

" “drive” beam excites wakefield in power main beam
extractor — powerful (GW) short (ns) pulses

" “main” beam is accelerated in a collocated
accelerating structure

drive beam

. A
Power extractor

CWA

= “drive” beam excites wakefield in
structure — high-field wakes

" “main” beam is accelerated co-linearly
in the same structure

main beam
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DB: drive bunch
INTRODUCTION

MB: main bunch
SWFA-based linear collider building blocks

injector optimization:

injection energy, ~ high-quality positron MB:
high-quality electron MB: _(V:ompression ~ sources + MB cooling
sources + MB cooling e S

22ns rf pulse
+267MV/m loaded gradient

Energy booster li
+Machine Rep=5Hz

staging of acceleration:

(Iﬁtq(tt\y “ g Cor iy {_._ilﬁ.)..g.éhf

design + beam/
# stages, MB phase- jeee || f .| wave interaction
space preservation, DB . o o
merging/extraction - . -

N ppton

150 GeV stage #1]

150 GeV stage #10 ‘ | 150 GeV stage #10|

DB tailoring: to imprové

| DB dynamics:
transformer ratio

DB generation: h|gh IP & BDS: “mitigating collective
charge trains of e- ~ NM-sizeé beams effects
bunches beam-beam effects
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ATTAINING HIGH GRADIENTS IN STRUCTURES
Limiting effects & pathway to high fields

" RF breakdowns limits reliability of
collider, damages structure
mitigation: short RF pulses,
cryogenic cooling, new structure
designs

" Field emission produces excess
electrons that load the wake and/or
can be trapped and accelerated
mitigation: short RF pulses, new
structure designs

Gradient

- Breakdown tests
. Acceleration

10 GV/m T-481 SLAC
dielectric
FACET 100 GHz E201 FACET =
metallic Drive beam @
1GV/m FACET 200 GHz
AWA Xgun TBA ﬁectric
AWA metallic TBA o
‘ E201 FACET dielectric
0.1 GV/m AWA dielectric TBA witness beams

CLIC

GHz

THz
Frequency
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t=0

>
TBA: POWER GENERATION | e DB
Principle X oz
(a)

" Drive bunch excites wake —— .
" Pulse duration is related to group velocity gRF i

of the mode and length of the structure L WWVWWM

) z=I0 z=lvgt (b) z=Ict z=IL oz

T o~ —

L (1 _iv_g;)group velocity

’Ug C _
" Train of bunch - *“coherent stacking of
the RF pulses from each bunch Y v
Advantages E
5 2
" Short-pulse excitation - high power =
" Can operate at any frequencies .
0 2 4 6 8 10
t (ns)
5 Argonne &
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TBA: POWER GENERATION

State of the art: ~0.6 GW peak power

Metallic X-band PETS (400 MW)

d

Dielectric X-band PETS (200 MW)
(a)
_/chromlum

dielectric

to rf load

center flange
absorber holder

rf absorber

7
coupler

supporling ring  copper jacket

ff flange tube holder

DOI: 10.1103/PhysRevAccelBeams.23.011301

MTM X-band PETS (565 MW)
=
1000 MW ____ linear-collider target _____AWA energy upgrade
15 MeV - 65 MeV
15 : 900 MW (higher energy +
1o o lower geometric emittance)
s I 800 MW
Z o0 ~
£ | 700 MW 65 MeV
0 20 40 60 s 600 MW | ~15 MeV' } X-band MTM (2021)
Zz position (mm)
o0 355 nC Experiment 500 MW /
L B 400 MW X-band metallic (2020)
7 X-band MTM (2019)
300 MW
C-band /X—band metallic (2018)
200 MW C-band dielectric X-band dielectric (2018
dielectric  (2008) -band dielectric (2018)
Time (ns) 100 MW (_2.2902__ — —2 —¥K-band dielectric (2010)
J. Picard et al., PRAB 25, 051301 (2022) 0 MW »
2000 2005 2010 2015 2020 2025
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PATH TO GVIM FIELDS IN STRUCTURES

Short high-peak-power RF pulses

" Breakdown is a major limitation to attaining high 1.2 x 102 T
electric fields in structures 1077

" Fitting of experimental data* (CERN) on
breakdown suggest a scaling

BDR x E3%7% — RF pulse duration

accelerating field

" So far pulse duration was limited by minimum
RF pulse duration available from klystrons

" RF-pulse duration produced via wakefield can
be much shorter (~few ns at X-band freq.)

E (MV/m)

102
*A. Grudiev, et al. PRAB 10.1103/PhysRevSTAB.12.102001 (2009)
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unexplored

Surface field
attained in recent
TBA experiments
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TBA-BASED ELECTRON SOURCE DEMO

Increasing brightness with higher photocathode fields

) train of high-charge g
waveguide “drive” bunches & =
and rf pulse * M1
diagnostics : @

PETS

X-band rf gun

o M6
ICT
X1—» LZ‘ M5 M2
dipole ’ ‘5 2 L1 » )
magnet % X2 solenoid M4 M3
CCD\\.). AgHEL ,/ optical
\ om main bunch delay

X3 x4

" PETS driven by 8 bunches (E=60 MeV,
Q~350 nC)

" Surface fields of ~0.4 GV/m on cathode
(beam-based and RF measurements)

field on photocathode Ey (MV /m)

B 387.76135553)
36317 15 58
339.41120-297

B 381.9671790

80 100 120
laser launch phase ¢g (deg)
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TBA: STAGING

Integrated experiment capitalizing on AWA multiple e- sources
" Staging of a TBA SWFA accelerator it Yty
demonstrated (2 stages) '

" 100 MeV/m average gradient attained = *nesss
with iris-loaded GHz structure

" Scaling toward a 500-MeV demo (possible
at AWA would benefit from energy upgrade)

[Jing et al., NIMA 898, 72 (2018)]

Stage |

Stage >

a
Drive beam off

100 C

b
Drive Train #1 on

50 F

c
Drive Train #2 on

Gradient (MeV/m)
=
T

OData
—Fit (11.7GHz)

S0 F

-100 L
90 -45 0 45 90 135 180 225 270

Main bunch injection delay (degrees) 7 8 ¢ 10 n 12 13 U 15

Beam energy [MeV]
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DRIVE BEAMS NEEDS FOR CWA

DB properties directly impact the field topology in CWA

" Scaling of wakefield peak amplitude
In SWFA Iongitudingl form factor

B. ~ 2o [QG )by 0 Q)

N _
9/( S .
structur transverse suppression factor

aperture (SWS geom. & beam distrib.)

" Exciting large E-field amplitudes requires Ry |

high charge, low emittance, short DBs

— 1||J|J:|'.~1'|\'||

—— unlificd doorstop |

100) 4

Wakefield (MV/m)

—50 1 .Eg',[al k ________‘__% L2

=100 4

" Improving transfer of energy from drive to 20 5 L0 05 00 05

witness beam demands

¢ (mim)

* low-emittance (eff. interaction length), JR=—

* Shaped temporal distribution (transformer ratio)

UCHICAGO !*‘ \, U.S. DEPARTMENT OF _ Argonne National Laboratory is a
! U.S. De rtr it of Ei laboratc
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CWA: RECENT WORK ON EFFICIENCY

Improving transformer ratio

" Enhanced transformer ratio
(TR) demonstrated using
shaped beam via EEX.

" Current research focus:
Demonstrate high TR with
high accelerating field

* Improve shaping capabilities
(e.g. shorter pulses)

" Synergistic with PWFA

“ % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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[Gao et al., PRL 124, 114801 (2018)]
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b () Baturin, PRAB 21, 031301 (2018)
CWA: TRANSVERSE STABILITY 7|_|Z
Improving beam stability
W.H.Tan,  _
" Embed structure in quadrupole wiggler PAC22 (2022) g o
with adaptive focusing; length of quadrupole 50 1 e
magnet scales as %: 0 )
L=Ly/1-az B o l— T et
_ —— slice2 —— slice5
with the DB deceleration (s, 2) =7 [l —az] ! : ; : ;

[Courtesy of
A. Zholents, APS (2018

(s) (m)
" Prepare a DB distribution to dynamically g

chirp the beam during deceleration and
insure it remains constant
— modified Bane’s distribution

" Experimental tests on these mitigation
techniques planned at AWA

@ENERGY g Naoat gt 12 [Courtesy of A. Siy, UW Madison]

[G. Waldschmidt et al. IPAC18 (2018)]
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TRANSVERSE STABILITY

.. . - : , l.
Mitigation and new observations... NAPAC2? (2022

" Acceleration in alternating slab structures
for beam control

" Preliminary experiment performed and | stiuctures [N | structures

ax=ay Wl ay>>ax

confirm simulations . | . '

" Observation of skew-wakefield in slab Rl
structure (driven by tilted flat beams)
A round-to-flat beam
¥ YAG2 doubiet e W. Lynn, et al.

o — g B

PRL (in press, 2024)

o . Reconstructed —
EI.RIXEJ%IZIZ, etal. - *" output beam

(W ENERGY (255 13




ADVANCED STRUCTURES

Exotic structures [Simakov, et al., PRL 116, [Yu, etal., PRL 123, 057402 (2019)]

—
s VYR A 064801 (2016)] B ) s ,
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dipole mode

gasin  gasin IPAC19 (2019)] 30 ™ " [—Exp. Backward
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BRIGHT FLAT E- BEAMS W/O COOLING

Removing damping ring from LC design C  cuC dgm
Reference [7] [8] [5]

" State of the RF gun produce 6D brightness larger e ¥ oy O o S

than required to reach emittance at IP g s ® 1
o, (mm) 0.3 0.07 231

" Cascaded cross-plane phase-space manipulation ki & Y e
can redistribute emittance of a bright beam to be B WA i =

consistent with requirement for linear collider

T. Xu, et al., PRAB (2023)

(Cms Em;s 52 ‘ g 200
(Exr €y fz) = (2[, é}f/?ﬁ ~z) 8 50
(£,,€.2/2L,2L) 100 H-h
. " s
2545 2550  25.55 75 10.0 12.5
" Application to e+ remains challenging ex (um) £y (nm)
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HIGH-FIELD PHOTOEMISSION SOURCE

Producing brighter electron beams

" Bright electron beam generation relies on

RF photoinjector field experienced
at emission

" Beam brightness scales as
EvY. depends on ab-initio
0 aspect ratio of the beam

MTE v mean-transverse energy [a property of the
emitting surface (photocathode)]

4D beam brightness — 2B x
(ideally invariant)

" Ideally, high field is favorable to higher brightness; however chemical and
physical topology of photocathodes sets a limit on the brightness

" The TBA XRF gun discussed earlier could be an option for bright-beam
generation in an advanced collider
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18km

CONCLUDING REMARKS (I) 7.5km linac 7.5km linac

CWA, 180 GHz
eV,

. . e generatio ¢t generation
Multi-user soft X-ra o, kg 2 pse ribensnae o
y e =1y = ‘conslsts of 20 beam pulses, |=6.54)
/ $ 2 +267MV/m loaded gradient nergy booster linac P S

SRE 650 MHz  / ; ™
free-electron laser — gy i —3=r 8 i 3
combining SRF with ™™ N=—; @5 (= e )
. LI %=1 [wmlto1 |1 li=]1 |wm
CWA Or NC Wlth TBA gﬁsg‘farﬁtdo\r/\;torzess) Array of = 3Tev -
. . beams colline_ar FELs, x-ray '
Improve efficiency B, Ep

Beam dynamics of main bunch
develop new structures .

15060Vl i 1506evModle 10 y 15060/ Mode 1)

AWA energy dbler TeV-class e+/e- linear collider
gpnspin (3XEE (currently TBA scheme)
et
[ BT = =y s . .
o BBU control Increase AWA energy, improve brightness,

add compression capability (THz structures)

TODAY: Developing enabling technologies

and concepts for TBA and CWA:

- precise beam control (TR, BBU supp., efficiency)

= bright beam generation

- novel structures for power extraction
high-gradient acceleration




CONCLUDING REMARKS (lI)

" Significant progress has been made on operating RF structure with surface

field close to GV/m within the last 4 years
" Short (< 10-ns) RF-pulses naturally produced in two-beam accelerators (TBA)

are critical to GW peak-power generation at X-band frequencies
" Concept for a 10-TeV collider still lacking (so far only a straw man design for a

3 TeV TBA based on the CLIC design)

" About collaboration:

* There are many common topics between PWFA and CWA-SWFA
(especially related to drive beam generation and dynamic)
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QUESTIONS

s,
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