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Motivation: Reaching high energy, compactly and efficiently

High particle energy required by several high-impact applications:
Hard x-ray FEL: 10+ GeV
|—| |ggS faCtOry ‘I OO‘l‘ Gev RF gun Drive beam accelerator

RF separator
Drive beam distributio

JQQ,Q g )

PWFA cells PWFA cells

Energy-frontier collider: 1000+ GeV

Single-stage plasma accelerators with high energy gain:
Solution #1: Very-high energy driver (e.g., protons as in AWAKE)
L/mlts LOW I’e,O rate / energy effIC/enC.yl O\/era// nOt COmloaCt Strawman design of a plasma-based collider with multiple stages.
Image source: Pei et al., Proc. PAC’2009 (IEEE, Piscataway, NJ, 2009), p. 2682.

Solution #2: High transformer ratio (shaped driver)

Limits: Difficult to go beyond 5—-10, very sensitive to current profile

Use of multiple stages (staging) is likely required for high energy + high efficiency + compactness.
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Challenges of staging

Proof-of-principle experiment at LBNL:

Demonstrated feasibility of staging.
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Used a compact active plasma lens Jas jot e plasma-mirror
- - A tape
Also highlighted many challenges -

Magnetic
spectrometer

(e.g., only ~3% of charge was coupled)
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Staging is non-trivial for four reasons: : |3 ]
% 0.05 ié/ Laser 2 (raer:sg\fglgelee)n
Reduced average gradient (compactness) 5 |2
3 HO,\éea\x/piIIary Lanex screen
" ' 0.00 : : ! . . ,
In- and out-coupling of drivers 000 002 004 006 008
Emittan ce growth from Chrom atl Clty Image source: Steinke et al., Nature 530, 190 (2016).
Tight synchronization tolerances
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Challenges of staging

Proof-of-principle experiment at LBNL:

Demonstrated feasibility of staging.

Stagell: Plasma

Used a compact active plasma lens gas jet lens  Plasma-mirror
- - A tape
Also highlighted many challenges -
(e.g., Oﬂ|y ~3% Of Charge Was COup|ed) Laser 1 Magnetic
- spectrometer
o N et I -
Staging is non-trivial for four reasons: : | onex T WLZ g
. g 0,05} S Laser 2 (removable) = A i
Reduced average gradient (compactness) 5 |2
3 710 MeV Lanex screen
| . 0.00 . Capillary 7
In- and out-coupling of drivers 000 00z 004 4 006 008

e Fmittance grOW’[h from Chromat|C|ty Image source: Steinke et al., Nature 530, 190 (2016)

Tight synchronization tolerances
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Novel solutions for staging
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Novel solution: Nonlinear plasma lenses

: : . nal
Collider final-focus systems already cancel strong chromaticity. ﬂ:\p&ﬁet R,
| | | Bend /\ ﬁ_\
Local chromaticity correction in conventional beam optics: Mﬂ (H ‘ X
D2 IP

SE| Vs, WA
Sextupoles close to quadrupoles (+ dispersion from dipoles) S W X/RF

Image source: Raimondi & Seryi, Phys. Rev. Lett. 86, 3779 (2001)

Active plasma lenses provide stronger focusing (kT/m).

Applying local chromaticity correction to active plasma lenses:
B f|eld (no taper) B field (trans. taper)

7 N
Weaker /ﬁ Stronger

focusmq focusing

The magnetic field is given by

1 (x*+y?) 1
B.=—g| xH B, = + —X
X 8( D. 5 y— 8\ Y D. y

where g Is the magnetic field gradient, and 1/Dx Is the
transverse gradient (Dx Is the required dispersion).

1

The added field is the plasma-lens equivalent to a
sextupole field.

Can in principle also use a passive (wakefield-based) plasma lens
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Novel solution: Nonlinear plasma lenses
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Image source: Raimondi & Seryi, Phys. Rev. Lett. 86, 3779 (2001)

Active plasma lenses provide stronger focusing (kT/m).

Applying local chromaticity correction to active plasma lenses:
B f|eld (no taper) B field (trans. taper)

7 N
Weaker /ﬁ Stronger

focusmq focusing

The magnetic field is given by

R 1 (x*+y?) B N 1
=—g| x4 = —X
i o D, 2 y =&\ D, ’

where g Is the magnetic field gradient, and 1/Dx Is the
transverse gradient (Dx Is the required dispersion).

1

X (Mmm)

The added field is the plasma-lens equivalent to a

SGXtUpO'G field. Plasma lenses solve staging problem #1:
High average acceleration gradient

Can in principle also use a passive (wakefield-based) plasma lens
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An achromatic lattice for staging

Plasma Plasma
accelerator Sextupole accelerator
Dipole magnet Plasma lens concels secondorder Plasma lens Dipole magnet
(transversely tapered) dispersion) (transversely tapered)
A1OO—|:|J3—D - Al —
Simplest lattice for achromatic and emittance-preserving staging: 2wl
Two dipoles (for dispersion) g o
Two nonlinear plasma lenses (for chromaticity correction) i,
One central sextupole (for second-order dispersion correction) g = -
Nonlinear focusing causes emittance growth: £
Use mirror symmetry to cancel nonlinear kicks o0 T

Longitudinal position in beamline (m)
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In- and out-coupling of drivers

~ Dipoles allow in- and out-coupling of both laser- and beam drivers.

~ A net angle is introduced (decreasing with energy): “linac” = “bananac”

~ Laser driven:

~ Beam driven:
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Dipoles solve staging problem #2:
Laser/beam drivers can be in- and out-coupled
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Achromatic optics, explaineo
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Achromatic optics, explaineo
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Achromatic optics, explaineo
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Dispersion
is collimated

UNIVERSITY
OF OSLO

| Front' view

600 |
400t e
200 .. KRS

0 :
200 ¥
-400 |
-600 |

-1000 -500 0 500 1000

X (p2m)
| Energy vs. ho'rizontal angle |
-6 -4 -2 2 4'1 6

Energy offset (%)

-1000

Horizontal dispersion (mm)
o

N
o

Dr. Carl A. Lindstram | 22 September 2022 | EuroNNAc workshop | Elba, Italy | “

Horizontal phase space

-500 0 500

X (p2m)

1000

w
o

N
o

-
o

4
o

—

First order

Second order |

15 2
s (m)

0.5 1

2.5

Proj. emittance (mm mrad)

—
o

— -
o o

-
o

-1000

Vertical phase space

-500 0 500

y (um)

w

N

—
T

o
T

o

15 2 25
s (m)

0.5 1

Solutions and challenges for a multi-stage plasma accelerator”

Phase spaces
are flipped

Page 10



Achromatic optics, explaineo
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Achromatic optics, explaineo
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Achromatic optics, explaineo

Front view

600 |
400 |
200 |

€ __

3 0 [+ oevewmmamig
200 |
-400 |
-600 |

Negligible effect 1000  -500 0 500 1000
of sextupole X (pum)
(small beam size) Energy vs. horizontal angle
2 L
-6 -4 -2 0 2 4 6

Energy offset (%)

UNIVERSITY
OF OSLO

Horizontal phase space

Vertical phase space

27 2
1 —~ 1 .
5 5 .
S | @ {
g 0 £ 0 !
% 4l >_1 _
-2 | 2
-1000 -500 0 500 1000 -1000 -500 0 500 1000
X (um) y (um)
= 30| l' 5 —
g First order 8 103 g —e,
— i Second order | g
c 20 €
y
{e) - )
n I
5 10| £ 10
Q. (1))
2 O
T 0| g
T £ 10"
5 ®
] -10 ¢ e
o
£ 20 | | | | | a 10° | | | | ;
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
s (m) s (m)

Second-order dispersion
flips direction

Dr. Carl A. Lindstram | 22 September 2022 | EuroNNAc workshop | Elba, Italy | “Solutions and challenges for a multi-stage plasma accelerator”

Page 12



Achromatic optics, explaineo
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Achromatic optics, explaineo
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Achromatic optics, explaineo
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Achromatic optics, explaineo

Front view Horizontal phase space
600 !
400 | L
200 |, i T ||
E S AR~ ©
S 0 ‘ E 0O
> RN S _
-200 f. - 5 < 41
400
-2 I
-600 |
-1000 -500 0 500 1000 -1000 -500 0 500 1000
X (11m) X (um)
Energy vs. horizontal angle
e . - T — 30 F l'
E First order
Z 20 Second order | |
Re,
w
o 107
Q
R
Dl O 0
° 3
' ' &
B 810
-6 -4 -2 0 2 4 6 %
Energy offset (%) -20

UNIVERSITY
OF OSLO

0 0.5 1

Dr. Carl A. Lindstram | 22 September 2022 | EuroNNAc workshop | Elba, Italy | “

15 2 25
s (m)

Proj. emittance (mm mrad)

—
o

- -
o o

-
o

-1000

Vertical phase space

-500 0 500

y (um)

1000

w

N

—
T

o
T

o

15 2
s (m)

Solutions and challenges for a multi-stage plasma accelerator”

2.5

Refocused by
second lens

Emittance growth
cancelled
(lby symmetry)

Page 14



Achromatic optics, explaineo
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Achromatic optics, explaineo
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Achromatic optics, explaineo
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Nonlinear plasma lenses solve staging problem #3:
Emittance growth from chromaticity cancelled

Achromatic optics, explaineo
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Stages separated by bunch compressors

The achromatic lattice has a non-zero longitudinal lattice dispersion (Rse): B?e*c’L’
. : : 56 —
Results in a compression/stretching between stages... 3E?
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Chicanes and advanced accelerators:
Sears et al. PRSTAB 11, 101301 (2008), Mayet et al. IPAC (2017), Ferran Pousa et al. PRL 123, 054801 (2019), Ferran Pousa et al. PRL 129, 094801 (2022)
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A self-correction mechanism in longitudinal phase space
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A self-correction mechanism in longitudinal phase space
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A self-correction mechanism
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A self-correction mechanism
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A self-correction mechanism
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A self-correction mechanism
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Passive stabilization: Significantly improved tolerances

Feedback mechanism self-corrects every aspect of the current profile:

Tolerant to errors in timing, charge, peak current, bunch length

In this example: 1 — 200 fs FWHM synchronisation tolerance

No correction
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Passive stabilization: Significantly improved tolerances

Feedback mechanism self-corrects every aspect of the current profile:

Tolerant to errors in timing, charge, peak current, bunch length

In this example: 1 — 200 fs FWHM synchronisation tolerance

No correction
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Passive stabilization: Significantly improved tolerances

Feedback mechanism self-corrects every aspect of the current profile:

Tolerant to errors in timing, charge, peak current, bunch length

Self-stabilization solve staging problem #4:

In this example: 1 — 200 fs FWHM synchronisation tolerance Greatly reduced synchronization tolerances
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Assuming it exists... now what?
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Plasma-based photon collider—a cheap Higgs factory’?

j i | 1 s
Plasma accelerators can likely provide high energy, beam bunch /\N\F
quality and rep. rate for electrons, but maybe not positrons. o,
IP
. . . e - Y(€e
Photon colliders can function with electron bunches only: i WV (e)

Generate gamma-beams by inverse Compton
scattering of laser photons off high-energy electrons.

The gamma-beam takes the properties of the

From: Badelek et al., TESLA Technical Design Report, Part VI (2001)
electron beam (e.g., emittance)

Advantage: gamma—gamma Higgs factory can operate

directly at the Higgs resonance (125 GeV) instead of at
Higgs+Z (~250 GeV)—large cost reduction.

Disadvantage: Powerful colliding laser requires R&D.

Beam distribution network
(rf kickers)

B2
= ks
© 13
S g.

Heavily Beam-loaded Electron Linac

1))

ks
s
(S

Plasma-based photon collider proposed already in 1998.

Compressor

Now we have may have the tools to realize it!

Rf photoinjector

From: Rosenzweig et al., NIM A 410, 532 (1998)
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‘Missing Middle™: A multistage facility for nonlinear QED
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Total length: ~100 m 6.2 GeV |
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Schematic cartoon of multistage plasma accelerator for strong-field QED experiments.

Nonlinear QED: reach Schwinger field by colliding ultrarelativistic electrons and intense laser.
Experiments at SLAC (E144) and RAL (Astra-Gemini): x = 0.3 (fraction of Schwinger field)
Planned experiments at SLAC (E320, x = 1+) and potentially EUXFEL (LUXE, x =~ 0.5-5)

Needs high particle energy, but modest requirements on beam quality and rep. rate.

|deal demonstrator facility for staging: Stepping stone toward a gamma—-gamma collider.
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‘Missing Middle™; A multistage facility for nonlinear QED
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9.2 GeV
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Total length: ~100 m 6.2 GeV |
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Schematic cartoon of multistage plasma accelerator for strong-field QED experiments.

Nonlinear QED: reach Schwinger field by colliding ultrarelativistic electrons and intense laser.

Experiments at SLAC (E144) and RAL (Astra-Gemini): x = 0.3 (fraction of Schwinger field) I\:Ia_?-?hot
nitiative

Planned experiments at SLAC (E320, x = 1+) and potentially EUXFEL (LUXE, x = 0.5-5)
Needs high particle energy, but modest requirements on beam quality and rep. rate.

|deal demonstrator facility for staging: Stepping stone toward a gamma—-gamma collider.
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Conclusions

Staging is likely required to reach high energies, efficiently. B field (trans. taper)
1

Four staging problems:
Compactness
In- and out-coupling of arivers

Emittance growth from chromatic mismatching

Tight synchronization tolerances

Nonlinear plasma lenses can potentially solve all the
above problems.

Future work:

How do we realize this nonlinear plasma lens”

What is the 6D dynamics of multiple plasma

accelerators + nonlinear plasma lenses? et Corcin
EEEEEE
' - - -[]-. \‘ ‘

Can we use this to design compact high-energy E - -

facilities —for nonlinear QED or a Higgs factory?
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