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Proposed layout of a PWFA Linear Collider*

. Basis for this study + source of parameters.

~4.5 km

-
-

A

Main e- beam (CW) :
Q=1.0 x 10*%- @ 15kHz
Pus fina = 12MW

Magnetic chicanes: 4 ns delay

New concept for a PWFA-LC
CW option with recirculation
£, = 1TeV, L=1.6x10%, T=1.0

Maine+ beam (CW) :

6&- source e+ source

20 plasma stages, AE=25 GeV each stage

.

Q=1.0x10%%*@ 15 kHz

‘BDS and final focu's,
(3.5 km)

~
< r g

e
.~

Main e-plasma acceleration (0.5 km)

Drive beam after accumulation:
Trains of 20 bunches, 4 nsapart @ 15 kHz

“ Injection every halfturn,

Main e+ plasma acceleration (0.5 km)

C=1000m, Py /Pos=8%

M ace\

mulator
ring

4passes Recirculating SCRF CW linacs
Eachlinac:3.16GV, 19 MV/m, 250m
Eacharc:437.5m

AE=25 GeV

@/inchion = e & Q=2.0 x 10% @ 15x40kHz
DB 20-bunch train gu’; Ppginsa = 2X 24 MW
@ 15kHz §~10 mrad Drive beam structure out of acc.ring
....... v v u u e u u u R
a 66.7us >

Drive beamﬁhl) -
2S5m > E=25GeV,
M8 bunch Matching Z” Q=2.0 x 10*% @ 15x40kH:2
@ 15kHz injection t0P 1cm — Pos e = 2 X 28 MW
o - . Main beam structure = _
. Plasma cell v @ v @ rive beam (CW) :

Drive beam structure out of linac

* E Adli, JP Delahaye, et al. (presented at IPAC’13)
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Interstage optics

. Problem at hand:
Switch old with fresh drive beam,
keep the main beam focused

and preserve its emittance.

> Kicker system
DELAY CHICANE \ /
for drive beam >

Beam dump

- Cil e

INTERSTAGE
Yet undefined system of magnetic optics

Plasma >

>
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Formal requirements

Drive beam injection/extraction

. Collinearity
. Beta function matching
. Dispersion cancellation

. Limit bunch lengthening (Rse)

0
- Emittance preservation
— limit chromaticity Ae
.. _ — (L) < 1%
— limit synchrotron radiation .

« Minimize length subject to all the above
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Injection/extraction of drive beams

Using dipoles to create dispersion:
Separate beams spatially by energy.

« Injection and extraction are

symmetric processes = mirror symmetric lattice.

« Injection/extraction dipoles
must be first and last magnets,
as main beam quads would destroy the drive beam.

« Important: Dipoles do not scale with main beam energy
(only drive beam energy).

« Defines regimes:

— Low energy (E_ .., = Ey.) = Dipoles “visible”

— High energy (E, ..., >> Eg,v.) = Dipoles “invisible”

main

« Scalings:
- Dipole field & length: Ly, B ~ 2constamt
— SR power: P ~ B in
— Main beam dispersion: D, ~ L; . tage/ Emain ~ 1/ VE

~VE

main

(assuming focusing = L

interstage main)

€01 A 7> 54£9% UNIVERSITY
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Option 1: “C-chicane”
Weaker bending

DRIVE BEAM TRAIN

MAIN BEAM

Option 2: “S-chicane"
Stronger bending, more space for beam dump.

DRIVE BEAM TRAIN

Defocusing
quadrupole

Dipole
comes first
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Dispersion cancellation e aaatares
« Both S- and C-chicane has inherent dispersion cancellation. Quadrupoles change this. oouss | J Dy
o I without
- Cancel by: oonis. | quads
— Matching quadrupoles (not independent of beam matching) 00005 |
— Inserting extra dipoles (independent of beam matching) Yoo IR E BB B
A
. Low energy regime (large main beam dispersion) may require second order dispersion e o
cancellation. Zzé D,
oons I with
« Becomes less important with higher energies: Scaling: D_(s) ~ 1/\/Emain 00014 qu ads
Limiting bunch lengthening (R.,)
I e
. Not big problem due to relatively weak dipoles. S
= 0.006 -
zs 0.005 - |
. 1 T oo Rse
. Becomes easier with higher energy. o |
: 00031 with
Scaling: Rse(s) ~ Dy(s) ~ 1/\/Emain oo2{ | quads
0.001 -
0.0 - |

. If necessary, a method for matching Rs6 = 0: R R R A A N A ]
— Low dispersion in dipoles.
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Matching beam to plasma 0a(L) = ay(L) =0 Bo(L) = (L) = fa

V2 2epE
+ Matched beta in a plasma: Bmatched = k_"/ =1l 082 = 3.3cm @ E=100GeV,n, = 10'° cm’
p p

- Naive matching is simple: place quadrupoles, match strengths/separations.

Strong plasma channel focusing = small plasma betas

= strongly diverging/large beams
= long/strong quadrupoles

= large chromaticity (big challenge)

« Requirements similar to those of a final focus system, for every stage.

g™
;\\,6\006
Placie ool IETEEEERTTTTRIRRRRYY i QSL!%‘%%L%B%IEE 4‘ Plasma cell
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Chromaticity cancellation

 Small beams in plasma lead to large chromaticity. Example:

Initial phase space (x, x’)
. PWFALC study assumes a ~1% rms. energy spread. o
0

. Conventionally corrected using sextupoles. 100

-200

Seen in final focus systems (SLC, ILC...): very long lattices. 00

xp [urad]

X [um]

- We will consider a sextupole solution, and a novel solution. / \

Final phase space Final phase space
(no energy spread) (1% energy spread)

300

I | e D 'LM

Tradirional FFS

son, _fKS6000 - AIX \‘r’m‘urnlg 23/ace i . i i 19004400 103345 0 Ne FFS for NLC ' 19/04400_10. 12 = 100 =
] .SQL;TX SORTY ] Traditional FF, L* =2m o ] 5Ql§>’lx suz:,v/) New FF, L* —2m o % 0 % 0
:3 100, ‘I /\ L o4 § jf;:.mo y [0 % > 100 =
300, " [ \‘ ‘ | 300, ; 07
oy - —T - 0.0 , H [
28 “‘\ o 250, - : 06 X [um]
200, 4 \/\ 200, 4 0s
150. - / [ 150, “
I /\ /\ /\ /\ - -.06 ) 03
. \ " 1 0 P A -
\/ \/ \ \/ \ No chromaticity correction:
\ X \ ' - -
005 so 1000 1200 1400 1600 INo0 2000 ? 200, 225 250, 275 ’”j(fu”“ Emlttance INCreases by
Traditional FF @ 500GeV ~ 1750 m Improved FF @ 500GeV ~ 300 m many orders of magnitude

*Figures from “Beam Delivery & beam-beam” by Andrei Seryi (SLAC)
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1 * Pl by Xu et al. (2015):
Plasma density ramp 411 5502
. A plasma density ramp mitigates the chromaticity problem.
« Plasmaramp = larger/less diverging beam
= smaller beam in quadrupoles = less chromaticity
. Any adiabatic density profile will do. Use pressure gradients or partial laser-ionization.
. Scaling (for magnification factor ITp): Lramp ~ IIp VEmain

Beam enveloLS

Varying
plasma de

Uniform plasma density



http://arxiv.org/pdf/1411.4386v2.pdf
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Conventional solution: Sextupoles

Sextupole B-fields:
- Sextupole effect is stronger with:

. . Non-linear geometric terms Non-linear chromatic term

— Larger dispersion NEEDS TO BE SMALL NEED TO BE CANCELLED
— Larger beam size

/ \ 1 2 2 \1%2 2

B, ~xy+dDyy By~ =(z°—vy°)+ 26D, + =6°D;

2 2
- Long lattices for geometric term cancellation. N A
Linear chromatic terms
CORRECT CHROMATICITY

. Introduces new problems:
Geometric term cancellation:

— Dipoles must ramp with main beam energy

sextupole

= Dispersion / R/ SR scales poorly with energy

— -l transforms require repeated sections

= “unnecessarily” long lattices

sextupole vl + Ayl = —y)

— Thick sextupoles (imperfect -1 transforms)
= geometric errors (emittance growth) “Working” interstage using sextupoles:

- SeXtupOICS need large beam sizes -l transform -l transform -1 transform

= increased energy spread from SR (Oide eftect)
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“Working” interstage using sextupoles 100 GeV, Brat = 0.1m

Beta functions Dispersion W-functions (chrom.)
160. % 00150 % s500. fnex
] x Dy q 1 Dx D\' 1 X y
140. g i 1 0.0125 A ' ] 501 W W, ]
1 1 0.0100 - 1 400. | |
120. - 1 ] 4
] 4 0.0075 1 1 350. 1
100. 1 ] 0.0050 ] 300. 1
80. ] 0.0025 - ] 250. ]
0. ] ] 00 A\ ] 200. - ]
< : -0.0025 | ] 150. ]
40. 1 ] 4
] 4 -0.0050 1 100. - 1
20. 1 ] -0.0075 \\/ ] 50. - ]
00— AL~ NS~ NS NS N\ -0.0100 A 00— e
00 50 100 150 200 250 300 00 50 100 150 200 250 300 00 50 100 150 200 250 300
s (m) s (m) s (m)
Second order dispersion Rse Footprint (x-z)
- . T T T T T T T T T T =
0.10 inex ‘ ‘ ‘ ‘ ‘ 00 inex ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 001 ] X ]

re56 [*10%%(-3)]

o0s] P D ] -0.005 j A A
0.06 ] i -0.010 A 1 -0.02 1
] < -0.015 ] 1 1
0.041 A ] -0.020 ] -0.03 1
0.02 4 7 -0.025 ] 1 1
0.0 /\/\ -0.030 ] -0.04 i f
-0.02 - . -0.035 1 ] -0.05 | :
004 ] 1 -0.040 . ] |
] ] -0.045 1 -0.06 | 1

-0.06 1 1 -0.050 1 ] ]
-0.08 - 1 -0.055 A ] -0.07 A a
-0.10 ——— -0.060 R 1 1
0.0 50 100 150 200 250 300 0.0 50 100 150 200 250 300 -0.08 e
s (m) s (m) 0.0 5.0 10.0 15.0 200 250 300

Z

- This solution requires stronger sextupoles than currently manufacturable. Not a conceptual show-stopper.
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Novel solution: Getting rid of sextupoles

« We are developing a new method for finding
quadrupole-only lattices which cancel chromaticity
to the required order in energy offset.

. Benefits of using quadrupoles only:

Simpler version used in light optics:

— o geometric terms —3 keeps lt linear “‘Superachromat” by Carl Zeiss
- no -I transforms = much shorter seta vs.snrgy s
_ . . ﬂ o 038 \ o )
no ramping dipoles better SR scaling / - s
. Similar solutions in light optics: Superachromats e
. . . Alpha vs. energy offset
(however, beam optics is x/y-asymmetric). /
. Achieved by tailoring the energy offset (3) Vi
expansion of B and « to be flat around & = 0.

5 and a vs. energy offset 6.
Flat regions = no chromaticity
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Examples of chromaticity-free quadrupole lattices

Beta vs. energy offset

. 8 quads: cancel chromaticity to 1st order.

1.2

{Bx, By} \/ o8k — BBy
251 : .
06} ﬁylﬁy

04F
20+
0.2F
1 1 1 1 1 1 o'
-0.03 -0.02 -0.01 0.01 0.02 0.03
15 — Bx
Alpha vs. energy offset
By a
10}

1.0}

05k
51 ‘ — &
’ N\ IR S ST S T S ST SRR W' PR e rE ST R B S R ST R | ) ay

e ) ) -003 -0 ~0.01 0.01 0.02 0.03

2 4 6 8 =05}

For 0.5% energy spread: (Acc/€x, Acy/cy) = (0.000781, 0.000782) -or

For 1.% energy spread: (Ac./ex, Acy/€y) = (0.0141, 0.0142)

« 12 quads: cancel chromaticity to 2nd order.

[
|
6x. By} oaf \\.&_
— B.IB,
s osf N o
B,/B,
04f
20f 7 .
1 1 1 1 1 1 o‘
150 — Px -0.03 -0.02 -0.01 0.01 0.02 0.03
By Alpha vs. energy offset
10} a
J
‘ . 02 — &
o™ . L 1 1 L n 1 \1’ 1 " 1 h i \——’l/\ n 1 L 1 L 1 l i - s ay
2 4 6 8 10 12 . . - . Lo
0,63 002  -0.01 0.0T——T07 0.03
For 0.5% energy spread: (Ac./ey, Ley/€y) = (0.000186, 0.000186) —02k
For 1.% energy spread: (Aey/ex, Ley/€y) = (0.0119, 0.0119)
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Length estimates and scalings

. IS . , , 1.5
Any beta matching imposes: LGterstage ~ Emazn = Lcollider ~ Emain
. High energy regime: retains beta-shape, constant emittance Current best solution (9 quads):
. . 2 (Bx. By)
preservation, good synch. rad. scaling (Psg ~ E.in ")
60 - o Bx
- Low energy regime: complex lattices/many quads y J By
(high chrom. correction order), possibly use of sextupoles. \ /
« Interstage length estimate: ~30 m @ 300 GeV, ~ Interstage length vs. Energy
(E-spread: 1% rms, dipole length: 1m, plasma ramp: 10x, cos
. . 16 -3 ~gY
quads: 150 T/m, emit. growth: ~1%, plasma density: 10 cm ")
- Note: work in progress.
Approximate scalings for high energy regime:
Interstage length Emittance growth Emittance growth vs. Energy
Energy Emain0-° const ) Energy
spreads:
Quad strength -0.5 1.5 — o= 05%
Qmax Qmax ~const i
Energy spread 4
(1st order chromaticity correction) const OF \
Ramp magnification const ]Tp'3 I | S
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Summary

Chromaticity is a big challenge facing a PWFA interstage.

. Traditional chromaticity correction designs (using sextupoles) have
unfavourable energy scaling laws.

. A new type of lattice:
Chromaticity-free quadrupole-only lattices have been developed
(shorter, less SR, no non-linear terms).

. At high energies, same optics solution applies to any energy
(length scales, emittance growth is constant)

~J

Linterstage Emaz'n

- PWFA/LWFA interstage and collider lengths will scale as:

1.5
Lcollider i Emain

« Next up:
- Integration of plasma density ramps
- Emittance growth studies from SR/misalignment
- Detalils of injection/extraction optics



