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Outline

 Plasma Acceleration

 FLASHForward@DESY

 European strategy - Granada in 3 slides

« ALEGRO - fast forward to the future
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Wake excitation Particle injection
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Charge density wave in a plasma

wavelength ~ 100 um
< »
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witness driver

Femtosecond pulse duration
Intrinsically short due to short plasma wavelength

GV/m acceleration gradients
No surface quality limitations — Ez in GV/m range
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FLASHforward @ DESY

FLASHFORWARD

THE FACILITY FOR HIGH-QUALITY, HIGH-PRECISION, HIGH-AVERAGE-POWER BEAM-DRIVEN PWFA SCIENCE

5MeV 150 MeV 450 MeV 1250 MeV
ACCH ACC23 ACC45 ACC67

- —
ACC39

ACC — SCRF modules

Photo
cathods BC — Bunch compressors
25 TW laser _
FLASHE i -
ORwy, -
> FLASH is an FEL user facility ARD =

- 10% of beam time (750 h / year) dedicated to accelerator research

> FLASHForward»» is a beam line for PWFA research
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FLASHforward @ DESY

FLASHFORWARD

THE FACILITY FOR HIGH-QUALITY, HIGH-PRECISION, HIGH-AVERAGE-POWER BEAM-DRIVEN PWFA SCIENCE

5MeV 150 MeV 450 MeV 1250 MeV
ACCt BC2  accos  BC3  accas ACCe?

=g o= e oo

gl Acc39
ACC — SCRF modules

Photo

cathods BC — Bunch compressors

25 TW laser

> FLASH is an FEL user facility

- 10% of beam time (750 h / year) dedicated to accelerator research

> FLASHForward»» is a beam line for PWFA research

> Both share the same superconducting accelerator based on ILC/XFEL technology. Typical electron beam parameters:

- = 1.25 GeV energy with a few 100 pC at ~100 fs rms bunch duration
- ~2 ym trans. norm. emittance
- Exquisite stability, timing, and reproducibility through FEL-standard feedback systems
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FLASHFORWARD»»

FUTURE-ORIENTED WAKEFIELD ACCELERATOR RESEARCH AND DEVELOPMENT AT FLASH \% .
> a next-generation experiment for beam-driven plasma wakefield accelerator research v 1.2 GEV BEAMS
FrRomMm FLASH

> unique FLASH facility features for PWFA
- differentially pumped, windowless plasma source

- 3 harmonic cavity for phase-space linearization
— shaping of beam current profile

'8

L=

- 2019: X-band deflector of 1 fs resolution post-plasma
(collaboration with FLASH 2, SINBAD, CERN & PSI)

- future: up to 800 bunches (~MHz spacing)
at 10 Hz macro-pulse rate, few 10 kW average power

AcCc1t  BC2  acces  BC3  accas  AcceT?

ﬁﬁ_w{_

Photo

Oe\&‘ cathode

— A. Aschikhin et al., NIM A 806, 175 (2016)
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1.2 GEV BEAMS
FRoMm FLASH

: electron beamline
enabling first experiments, summer 2018

- ARE . s

AcCc1t  BC2  acces  BC3  accas  AcceT?
——

ACC39

Photo
cathode

— A. Aschikhin et al., NIM A 806, 175 (2016)
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1.2 GEV BEAMS
\SH

: electron beamline
enabling first experiments, summer 2018

- ARE . s

plasma source
30 mm long (up to 450 mm possible)

-

— A. Aschikhin et al., NIM A 806, 175 (2016)
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1.2 GEV BEAMS
\SH

A electron beamline
enabling first experiments, summer 2018

Laawmsy | 11 | W N

plasma source
30 mm long (up to 450 mm possible)

— A. Aschikhin et al., NIM A 806, 175 (2016)

B. Foster - Humboldt Mayrhofen - 06/19 11



First results

FLASHFORWARD»»

FUTURE-ORIENTED WAKEFIELD ACCELERATOR RESEARCH AND DEVELOPMENT AT FLASH %
> first PWFA beam-plasma interaction on June 19t, 2018 : s
> commissioning successful and finished June 30t, 2018
> installation ready for first experiments since July 15t, 2018
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energy F (GeV)
> (12.3 = 1.7) GV/m wakefield generated in 30 mm plasma cell plasma source
L= — plasma cell scale length ~100 mm for GeV energy gain confirmed 30 mm long (up to 450 mm possib|e)

> 12.7% total energy loss to plasma wakefield
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Research Projects

FLASHForwARD»» collider-related scientific packages

CoRE STtuDY | — X-1: PLASMA CATHODE CoRE StuDY Il — X-2: PLASMA BOOSTER
Pl: A. KNETSCH Pl: C. LINDSTROM
| ‘ energy transfer
P SRR
- s el - - = i = == w2 - - e e el - - e e e
driver witness  driver witness  driver witness  driver

GOALS:
- 1 GeV energy gain of in-plasma injected beam - 1 GeV energy gain
- transverse normalised beam emittance ~ 100 nm - conserve beam energy spread
- peak current = 1 kA - conserve beam normalised transverse emittance
- femtosecond bunch duration - deplete drive beam energy
- 20% energy extraction efficiency from drive to witness

> Beam generation for collider > Energy boosting section for collider staging

CorE StuDY lll — X-3: HIGH-AVERAGE POWER PWFA GOALS:

PI: R. D’Arcy - GeV energy gain, beam quality preservation, depletion @ MHz
enerqgy transfer

Y - plasma relaxation studies
- o - investigation into multi-discharge plasma recovery time
-=amanns -mn s ey —P - ee e eem -
- MHz thermal management
witness  driver witness  driver - driver-witness beam separation

X MHz > Test bed to address high-average-power challenges
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X-1: Plasma Cathodes

X-1: Plasma cathode for high-brightness beam generation

GENERATION OF NM-SCALE NORMALISED EMITTANCE BEAMS FOR COLLIDER FINAL FOCUS

ACC1

ACC39

Photo
cathode

BC2  accos

— G.Wittig et al.,
PRAB 18, 081304 (2015)

— A.Martinez de la Ossa et al.,
PRAB 20, 091301 (2017)

BC3

ACC45 ACC67 ‘ »

----- e e - e e il

driver / witness  driver

> X-1 Plasma Cathode: beam-brightness converter = emittance shrinker
> 1.25 GeV energy, trans. norm. emittance ~100 nm, current = 1 kA, ~fs bunch duration
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Laser ionised, up to 45 cm long

> first studies comparing laser- and HV discharge-
generated plasma underway

> in summer 2019:
— transverse laser in-coupling
— 5 cm plasma cell with 300 pm transverse hole
— accelerator of internally injected electrons
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X-2: Energy booster

X-2: Plasma-based energy booster module

HIGH GRADIENT ENERGY BOOSTING, BEAM-QUALITY PRESERVATION, AND STABILITY STUDIES

Plasma density increases (beam—discharge delay decreases)

Driver/witness creation using a wedge-

shaped scraper in a dispersive section -

P P P 800 Witness bunch
T 10 ) (gaining energy)
5 iy = 750
508 J \\ plasma i \
g - N ] | interaction ~ — 700
g 7\ ‘ e
‘é 0.4 f \ [ ‘h E 11
Lol [\ 4 650 -l
£ 0.0 b’ w Drive bunch
= 20 -10 0 10 20 Il (l0sing energy)

Energy deviation - 10*
0 100 200

<«— Approx. 2 GV/m

TR RS O S W I WP 1 ) (00 G W DA GO U S DR P R RN ) R R Y S g Y TR A ST SR B PO [ Y S T (U R Y S Y O

300 400 500

Shot number

Double-bunch plasma interaction

First observation of witness acceleration with GV/m fields
(parameters: 1 kKA driver peak current, 30 mm plasma cell, 1015 - 1016 cm-3 plasma density)

in summer 2019: 20 cm plasma cell = multi-100 MeV energy gain + drive depletion;
beam loading control — explore energy spread and emittance conservation
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No shot selection or preferential ordering

Excellent stability over short and long
term (multiple hours) thanks to stability of
the SCREF cavities and FEL-quality
feedback systems
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X-3: High Average Power

area of phase space
essential for future facilities

108 T T
Accelerating gradient:
10 - @ 0.01-0.1 GV/m
A0.1-1GV/m

10°F O>16GV/m

/W

average power Pyyq.
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X-3: High Average Power

X-3: High-average-power PWFA research

MHz RePETITION RATE PWFA FOR HIGH-AVERAGE-POWER APPLICATIONS

Technical challenges Scientific questions

> MHz repetition rate plasma discharge > How is the lifetime of plasma relaxation affected by perturbations generated by

> Driver and witness beam separation a particle beam driving a wakefield?

> What is the recovery time of the system between the generation of a first

> Gas fl d high rep. rate pl I
as flow and high rep. rate plasma ce plasma through a high-voltage discharge and a second?

> | ing di ti ith high t I
maging diagnostics with high tempora > Can the deposition of heat into the plasma from the drive bunch be managed at

resolution
MHz rates?
HV discharge 800 HV discharge 2 HV discharge 1
pair 800 1ps pair 2 1ps pair 1 electron
............... S AT V.V & N U S— A e, SPOCTOMIGTEN
witness  driver witness  driver witness  driver
time
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Generation of plasma at high frequencies

Novel measurement of MHz PWFA

WP1
1 discharge
2 bunch pairs

plasma density

>
time

-7 =" WP2
' 2 discharges
2 bunch pairs

plasma density

time
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GOAL:

X-3: High Average Power

> 100 discharges

100 bunch pairs

Test validity of plasma-wakefield processes at MHz
rates and establish lower bound on repetition rate

steady plasma density
and acceleration state

3d HV. .. ... nth HY
2rd HV UAN AN AN T
1stHV

plasma density

>333ns |«

Xn

time
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First FLASHForward

Publication
Scientific highlight: Tunable plasma-based energy dechirper

REMOVE REMANENT ENERGY CHIRP FOR INTRA-STAGING AND COLLIDER FINAL FOCUS

HiPACE
Spectrometer measurement Dechirping simulation -
LOLA measurement L LoF p[ 1T g T ] T 11 lL0— P Ig T T x T —
10— 11— § I ‘ —— no plasma . I /\ —— no plasma ]
:: 0.8 ——0.8ps delay —|{ 0.8 E 5 x 104 (‘11]735
§ 0.5 | é r l\ —— 7.9ps delay I , \ —2x 10" em %]
s plasma  — (6| ! 4 06} ' ]
. . N i |
ool | interaction %L ’ W | i l \ 1
° —> 3§ o4 y | 1 o0af /\ .
2 g m r 1
8 _osl i © 3 ‘ : B ]
e | | 2 02l Iﬁ ‘ML 1 o2k / X){:\ .
b Z I A’J \k : JA\\ ]
—100 0 100 0.0 1 | 1 | 1 | 1 0.0 L | 1 [I— .
longitudinal position ¢ / pm -15 -1 05 0 0.5 1 1.5 . —1 0 1 2
relative energy 6 / % relative energy & / %
simulated plasma density n, / cm™>
= 10" 10'° > First experimental demonstration
T T T T T T L] T T . . .
§ | e data 1 of dechirping in plasma
X T +— simulation > Reduction of energy spread > Proof of principle results, utilising
S Mo i from 1.3% to 0.3% FWHM an artificially chirped FLASH
5| _ _ beam, published in January
| > Experimental demonstration of
8 1.8 GeV/mm/m dechirping strength, > May dramatically improve
5 05 orders of magnitude higher than applicability of PWFA beams to
g - other state-of-the-art devices future facilities
<
T 2 1‘1 : 1‘0 {‘) : é R. D’Arcy et al.,
time after discharge ¢ / ps Phys. Rev. Lett. 122, 034801 (2019)
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FLASHforward Future

FLASHFORwARD»» follows a staggered installation plan

PROJECT PHASE |: PLASMA WAKEFIELD BEAMLINE AND DIAGNOSTICS — PHASE Il: UNDULATOR INTEGRATION

pulsed dipole, July 2020

5MeV 150 MeV 450 MeV 1250 MeV
. beam scraper, June 2018
V VY v ACC4S ACCE7 P PHASE II: undulators, 2020+
— 1 : e (contingent on PHASE | results)
RF Gun ACC — SCRF modules o8g ;. Januay2018nr
Lasers BC — Bunch compressors : . © July 2019 1 -
& N : :
FLASHF ' pp—— .
T
ORWAR S o

> installation proceeds in FLASH shutdowns, typically January and June of each year
X-band RF deflector, July 2019

20
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Background - circles vs lines

Very approximate cost
LC vs circular based on
minimum of cost model
Cost = aE*R + bR
where a,b “fixed” from
LEP — two curves are
most optimistic and
pessimistic LEP cost.

BUT — luminosity of
circular machine in
this picture dropping
steeply with E.

B. Foster - Humboldt Mayrhofen -
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Cost (AU)

Granada in 3 slides

15- N. Walker & BF

10+ _
LEP scaling

ILC RDR
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Future e*e- Colliders

i FCCee ]

1034/cn123

10 - ]
5 fCEPC )A ILC L upgrade (10 Hz + NbxQ) %
- \* ILC baseli _
ILC L upgrad CLIC |

.

250 GeV Higgs Factolries | |
0 500 1000 1500

GeV
® FCCee/CEPC are for 1 IP (their CDR have 2 IPs)
® |LC Higgs Factory numbers do not include effective x~2.5 by polarization
® |LC 10 Hz collision requires ~ILC500
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Granada

— No consensus
« What sort of e+e- collider should be built
 Linear or circular
 If linear, ILC or CLIC
* |f circular, FCCee or CepC
« What to do in Europe if Japan did say “yes”
 etc.
 etc.
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Gamma-Gamma

Beamstrahlung at 15*15 TeV is appalling — accelerating e in PWFA difficult.
Obvious thought is gamma-gamma

Laser vy det%ctor Laser y
main linac __ ""\aﬂ! !.JJ"" __ main linac
—g_' _E___
c in mb | )
T y %M” ________ et E
? TR RS ]
| " ““ i | | VEGEV
T 10Ty | @1 TeV , “useful
i j L(yy)/ L(ee) ~ 10%
g/ ‘OJ&ﬁOﬁZ (;i:\—k 0.6 A‘"ﬁofﬁl—"ﬂj1
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Think big - ALIC

Alegro aims for a collider with 30 TeV in centre-of-mass

2'10*
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Reach

BUT — yy can’t access all new physics cf e'e’

Particle pair  Mass [GeV] o(e'e” — XX) [fb] o(yy — XX) [fb]
Circe2 + ISR, unpol.  Circe2, unpol.

dpd; 1009 0.61 0.07
ULl 1006 0.89 12
S5 1009 061 0.07
Loy 1006 089 1.2
b,b, 1997 019 0.01
i 1866 028 022
eLey 1869 095 0.37
‘7e LGe L 1867 - .
Ty 1869 025 0.37
VaLVaL 1867 01 Il
T 1328 030 0.93
V.V 1364 015 !
dgdg 988 013 0.08
lglg 989 053 12
SRoR 988 013 0.08
SRR 989 053 2
b,b, 2032 0.07 0.01
L 2108 026 0.16
€reR 1856 1.4 0.38
ViRVuR 1856 021 0.38
05 1365 031 0.86
PAea 954 ~0 Il
o0 954 ~0 Il
1 955 27 14
7908 1294 i F:
pavh 2262 053 !
%2 %o 2262 13 15}
H'A" 3046 0.04 7l
H'H™ 3046 0.10 0.08
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What is required?

CM energy, luminosity, and beam polarization are crucial.

Can advanced acceleration technologies provide this?

Figure of merit
for point-like 10° events/yr/10°° /(Ecy (TeV))?

Cross-section is
P
L0y
For ILC at 500 GeV, this scaling is
9 % 10% ~ 10 MW /beam
500 x 6 nm?
Scaling to a 50 TeV collider at 10°°
10 MW /beam
0.6 nm?

For linear colliders, L ~

1036 ~

To inject some realism here (!), | think if is fair to say that we haven't
the slightest idea how to do any of this — but it is great fun thinking about it!

B. Foster - Humboldt Mayrhofen - 06/19 29



Summary & Outlook

« PWFA is a vibrant and exciting field

« FLASHForward @ DESY is a new facility already
producing exciting results; unique capabillity to
explore some aspects relevant to collider applications

- “Everyone” agrees that e’e” Higgs factory is next best
step

* No-one agrees whether it should be linear or
circular, what technology or where to put it

* Looking into the (distant) future, perhaps PWFA holds
the key to the next steps in particle physics

Many thanks to Richard D’Arcy, Michael Peskin &
Philipp Roloff for figures and helpful discussions
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