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. Assume a working LWFA/PWFA cell (complicated black box).
. 'The main beam can only gain as much energy as is carried by the drive beam.

« To go higher in energy:  Daisy chain multiple accelerator cells (staging)

Laser
Main
Drive
beam
Main
beam
Dipoles
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Staging optics

- PWFA/LWFA requires beams matched to a very small beta functions:
Highly diverging beams exiting the plasma

Main Main

bearm Plasma cell beam Plasma cell
— >
—_— —>
Smaller longitudinal and transverse fields Larger longitudinal and transverse fields
Lower acceleration gradient, less diverging beam Higher acceleration gradient, more diverging beam

- Need magnetic beam optics to capture and refocus the main beam: staging optics

Beam Beam

capture W refocus
e GTAGING omcé) Plasma cell

Quadrupoles/magnetic lenses




Chromatic focusing errors
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. Imperfect focusing of offset energies is a big problem.

« This arises from:

— Tightly focused beams (small matched betas)
— Long drift spaces after the plasma (for injection/extraction)

— Large energy spreads.

Short L* wrt. B*:

B* f~L*

e

L*

AB

Relative focusing error ( Ad ) is SMALL
5
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Long L™ wrt. B*: f~L*

p*

Plasma cell

L*
(35)
Relative focusing error \ 29/ is LARGE
5
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Chromatic focusing errors

« Let’s define W-function (chromatic amplitude): o (0 _« 8_6 N ( 108 )2
(focusing error to 1%t order in energy offset 0) g 85 b 9o
. . B
. Each lens/quadrupole contributes to W by approximately: ~AWgyaa & e
qua
L+
. After a plasma cell, the beam drifts a distance: L* > §* —— B(L*) =~ T
i j - . L**\ 1 L*
o The chromatic amplitude added in the first quadrupole:  * ~ ( T ) =5
. The emittance growth of a beam with energy spread: Afproj L2, 22
€0
. Emittance preserved only for A€pro; - o ANeprar B
very small energy spreads: €0 2 e L

Very small energy acceptance
if W is not canceled
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Mitigator: Plasma density ramps

Using specially tapered (adiabatic) plasma density ramps increases the effective B*.

Lower plasma density => Larger B* = Larger acceptable energy spreads

Problem: Beam-plasma interaction occurring at different densities,
which ruins the beam loading, and therefore increases energy spread.

Estimated compromise: about 10 times larger matched betas. Good, but often insufficient.

Plasma Plasma ramp
> < >

----------------------------------------------------------- : /
1 m diver
: Beriore slowly
:
e >
:
1

Uniform plasma density :

1

Plasma cell
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Correcting chromatic errors with sextupoles

. Conventionally, chromatic errors are corrected using sextupoles in regions of large dispersion.

. 1 0
. Cancels the chromaticity € (energy dependence of the phase advance/tune), £ = — i
which also cancels the W-function. 2m 9o
Sextupoles: Dipoles T
focal length scales -
with transverse offset \/ *Shows principle, not realistic setup

Dispersion greatly exaggerated
Quadrupole  Sextupole

« Ideal for rings (avoiding tune resonance), but introduces several problems in linear
accelerators:
— Sextupoles introduce non-linearities: must be canceled by long, complex lattices.
— Strong dispersion is required: must be canceled.
— Bad synchrotron radiation power scaling with beam energy due to dipoles.

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrem — March 29, 2016 = 8
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Alter native: ApOChI‘ omatic fOCllSiIlg Article submitted to PR-AB: Lindstrgm & Adli,

“Design of general apochromatic drift-quadrupole beamlines”

(a) Ray optics : 3-color apochromat (b) Beam optics : 1 order apochromat
JB 17

4.0/
3.5}
3.0/
25|
2.0/

1.5}
1.0¢

«  Apochromatic focusing is how chromatic errors are canceled in light ray optics.
Same principle is directly applied to beam optics.

« Mechanism: A range of colors/energies experience different intermediate focusing,
but end up focused at the same point.

. Requires only quadrupoles, no sextupoles or dipoles!

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrem — March 29, 2016 = Q
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ApOChI‘ omatic focusing: to various or der S Article submitted to PR-AB: Lindstrgm & Adli,

“Design of general apochromatic drift-quadrupole beamlines”

» Apochromatic correction: Flattening the x(0) and B(d) around nominal energy (0 = 0).

[ D) 1¥ orger apochromalt
VB /s VB JE
5 5 5}
a 4 4 4
H 3 3 3 J - 4[3‘
a 2 2 2: v ,\ Qﬁ/
1% 1 1+
S S ~ S
0 2 4 6 38 0 2 4 [ 8 10 12 0 5 10 15
BiBy, @ B, a By, a
20 20 20
1.5 15 1.5
— 0
1 P— -___’_’/ 1.0 - ﬁ)’ ﬁ)
_— BBy
0.5 05 _ 0.5
..................................... . Ay
-...,.-"' S ULl i 13 TP PWUORREN SUUUURORPPPYY 2 & e I PPPPPTY L 5 a
-0.10 =005 0.05 010 ~0.10 <0.05 0.05 0.10 -0.10 -0.05 0.05 0.10 y
© .05 05 0.5
1.0 1.0 1.0

. Higher correction order results in increasingly energy-independent focusing,
at the cost of longer lattices with more quadrupoles.
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Apochromatic focusing: Mechanism (a) 5= —0.06
« In alinear accelerator, we don’t care about phase 10 )
advance/tunes, as there are no resonances. -
0.5
- Chromaticity & (energy dependent phase advance) v
is not canceled. K 0.0
x
- W-function (energy dependent focusing error) 0.5
is canceled.
-1.0

- Single particles trajectories: energy dependent (§ < 0) 10 -05 00 05 10
Beam distribution: energy independent (W = 0) i JBe
()  6=-0.06 (b)  6=-0.03 (c) 6=0 (d) 6=0.03 (e) &=0.06

1.0} 1.0 - 1.0 1.0 — 1.0
. @ . .
0.5 0.5 0.5 0.5 0.5 ¢
\ — X (beam ellipse)
v : y (beam ellipse)
0.0 0.0 0.0 0.0 0.0
; \ e X (tracked particle)
05 05 \ -05 -05 \’
-1.0 -1.0 -1.0 -1.0 -
0.5 1.0

-1.0

-0.5 \_/ ) y (tracked particle)
-1.0 -05 0.0 0.5 1.0 -1.0 -05 00

-1.0 -05 00 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
X/ +f BE x 1+ BE X/ | PE x 1+ PE x/,/Be
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Apochromatic focusing: Mechanism (b) 5=-0.03

« In alinear accelerator, we don’t care about phase 10

advance/tunes, as there are no resonances. .
0.5
- Chromaticity & (energy dependent phase advance)

is not canceled. 0.0

- W-function (energy dependent focusing error) -0.5
is canceled.
-1.0

x'/\/y_c-:

- Single particles trajectories: energy dependent (§ < 0) 10 -05 00 05 10
Beam distribution: energy independent (W = 0) ) JBe
X
(a)  6=-0.06 (b)  6=-0.03 (c) 6=0 (d) 6=0.03 (e) &=0.06
10 10] — 1.0 100 M7 A 10 |
0.5 . 0.5 K \ 0.5 . 0.5 ) ’\ 0.5 /—\

\ — X (beam ellipse)
> 00 0.0 0.0 0.0 0.0 Y (beam ellpse)
; \ e X (tracked particle)

-0.5 -0.5 \ -0.5 -0.5 \’ -0.5 \_/ y (tracked particle)
-1.0 -1.0 -1.0 -1.0 - -1.0
-10 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 00 0.5 1.0 -10 -05 00 0.5 1.0
X/ +f BE x 1+ BE X/ | PE x 1+ PE x/\/B_e
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Apochromatic focusing: Mechanism (c) 5-0
« In alinear accelerator, we don’t care about phase 1.0
advance/tunes, as there are no resonances. .
0.5
- Chromaticity & (energy dependent phase advance) v
is not canceled. 0.0
*
- W-function (energy dependent focusing error) -0.5
is canceled.
-1.0
- Single particles trajectories: energy dependent (§ < 0) 210 -05 00 05 10
Beam distribution: energy independent (W = 0) vt Jge
()  6=-0.06 (b)  6=-0.03 (c) 6=0 (d) 6=0.03 (e) &=0.06

— X (beam ellipse)

0.0 y (beam ellipse)
e X (tracked particle)
-05 \_/ y (tracked particle)
5 0

Y€

1.0 1.0 - 1.0 1.0 - 1.0

L . . .
0.5 0.5 0.5 0.5 | 0.5 .
0.0 0.0 0.0 0.0
% \ \
-05 -0.5 \\ -0.5 -0.5 \’
-1.0 -1.0 -1.0 -1.0 -

05 1.0

-1.0 -05 0.0 0.5 1.0 -1.0 -05 00 -1.0 -05 00 0.5 1.0 -1.0 -05 0.0 0. 1. -1.0 -05 0.0 0.5 1.0
X/ +f BE x 1+ BE X/ | PE x 1+ PE x/,/Be

-1.0

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 s ]300
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Apochromatic focusing: Mechanism (d) 5=003

« In alinear accelerator, we don’t care about phase 1.0 _
advance/tunes, as there are no resonances.
L
0.5

- Chromaticity & (energy dependent phase advance)

N
is not canceled. 0.0
*
- W-function (energy dependent focusing error) =05
is canceled.
-1.0 —
- Single particles trajectories: energy dependent (§ < 0) 10 -05 00 05 10
Beam distribution: energy independent (W = 0) / \/ﬁ_e
X
(a)  6=-0.06 (b)  6=-0.03 (c) 6=0 (d) 6=0.03 (e) &=0.06
10 10 — 1.0 1of M 1.0
05 . 05 K \ 05 ' 05 ) ’\ 0.5 /—\

\ — X (beam ellipse)
> 00 0.0 0.0 0.0 0.0 Y (beam ellpse)
; \ e X (tracked particle)

-05 -05 \ J -05 -05 K’ -05 \_/ y (tracked particle)
-1.0 -1.0 -1.0 -1.0 - -1.0
-10 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0 -1.0 -05 00 0.5 1.0 -10 -05 00 0.5 1.0
x/ +f BE x|+ BE x /! +/ BE x 1+ BE x/\/B_e
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Apochromatic focusing: Mechanism

In a linear accelerator, we don’t care about phase
advance/tunes, as there are no resonances.

Chromaticity & (energy dependent phase advance)
is not canceled.

W-function (energy dependent focusing error)
is canceled.

Single particles trajectories: energy dependent (& < 0)

Beam distribution: energy independent (W = 0)

(a) 6 =-0.06 (b) 6 =-0.03 (c) 6=0
10 — 1.0
0.5 ////,j\\\\\ 0.5
0.0 0.0
-05 \\\\\b‘//// -05
1.0 -1.0
-10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00

x/ +f BE x|+ BE x /! +/ BE

0.5

1.0
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) S5 =0.06
10 |
0.5 °r\
w
S
0.0
<
-1.0
-10 -05 00 05 1.0
X | +/ BE
(d) 6=0.03 (e) 6=0.06

— X (beam ellipse)

y (beam ellipse)

1.0 | . 1.0 .
05 ) ’\ 0.5 -r\
0.0 0.0
e X (tracked particle)
-0.5 \’ -0.5 \_/ y (tracked particle)

-1.0 -1.0

Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrem — March 29, 2016 = 15
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Main differences: PWFA vs. LWFA

- Main LWFA/PWFA difference (wrt. staging optics) is
the injection/extraction length L*:
— LWFA needs a laser mirror: L*twra = 1-10 cm
— PWFA needs long separating dipoles: ~ L*pwra = 1-10 m

. In addition: PWFA injection/extraction dipoles introduce
both transverse dispersion (n) and longitudinal dispersion (Rse),
which must be canceled (more constraints => more complex solution).

(lower energy)

- Drive
Laser m alzgljféti c beam

4 First lens

magnetic /\

LWFA /\ lens A .
cell 48 > Main
\/ beam
(higher energy)
Short L* Long L*

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 o ]
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Example 1: LWFA staging (BELLA-like parameters)

Stage Plasma
gas jet ens  Plasma-mirror
. . « . . N —al tape
. Inspired by S. Steinke ez a/. “Multistage coupling of S Ryl
. Laser 1 ( | — agnetic
independent laser-plasma accelerators” (BELLA 2016 B i — e
o . ‘ A, Seoei o (b‘ — <
Nature paper) {“ £ ’ :ﬁ—-:' 2’3 Ir S ! 7 ';"Cumh.y Vt
i} L —ooy
x . > -  — et
2 ‘. . . \_f/‘é_w Lanex screen
. Slngle lenS, VEery energy dependent focus. T Image source: Nature, S. Steinke et al. “Multistage
Prevents matching Of most Charge into 2nd Stage coupling of independent laser-plasma accelerators”
VB INm

(charge—coupling efficiency ~3.5%)

0.25F

— /B, 6=-10.%
0.20(
t _
. Approx. beam parameters after 1° stage: B, 6=0
0.151
— /B, 6=+10.%

— RMS size ~10 pm, divergence ~ 2-3 mrad
— Normalized emittance ~ 5 mm mrad

0.101

0.01 0.02 0.03 0.04

—  Twiss params.: &* =0, f*=5.3 mm
— Energy spread ~ 60% FWHM

. Radially symmetric active plasma lens:

- 3000 T/m .
- 15 mm long, 250 pm radius 203 -02 -041 o4 o0z o3 °
— Approx. 15 mm downstream of exit. o5

—1.0:*

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 s 70



Example 1: LWFA staging (BELLA-like parameters)
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. Suggestion #1: Wide acceptance, not very flat. 3 lenses, 58 cm long.

+ 5% energy offset

N

0.81
0.61
0.4r1

0.2r

Energy-dependence (suggestion #1)
Very wide g/go, a

acceptance \ 7
: — Bi/Bo
05- aQ
P R — "f'-‘.\ o "‘73‘"‘.“--‘--T-.‘-.‘.."'r-; NPT L "-“--‘-‘ 6
-0.3 0.2 "=Q1.7 ] 0.1 02 0.3
' ~0.5'
-1.0"

+ 20% energy offset

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom - March 29, 2016

N
1.2
1.0¢
— B, 6=-20.%
0.8
0.6- B ,6=0
0.4¢ \/ — /B, 6=+20.%
0.2-
‘ ‘ ‘ ‘ ‘ s/m
0.1 0.2 0.3 0.4 0.5
L L
Energy-dependence (no correction)

:8/:80’ a

2.0r

15"

e — Bi/bo
O5f .......... ar
et 6
-03 -02 -01 01 02 03
Los!
-1.0"
................................................ 18
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Example 1: LWFA staging (BELLA-like parameters)

. Suggestion #2: Very flat, not very wide acceptance. 5 lenses, 76 cm long.

+ 5% energy offset + 15% energy offset

JBivm VB IVm
0.8/ 1.5/
061 Br.o=-5% ol — JB . 6=-20%
Br.6=0 ’ B ,6=0
0.4+ —
B, 0=45% 0_5; — /B, 0=4+20.%
0.2 ’
s/m
Energy-dependence (suggestion #1) Energy-dependence (no correction)
Very flat Bibo. a Blfs.
(to 3@ order) : | ] ,
15/ { i 15
— Bi/bBo e — Bi/bo
........ ar 05; "",'¢o¢ . ar
6 T B T S Y SO S E BN R R ":*‘ “““““““““““ 6
-03 -02 -01 01 02 03
Los!
—1.0; ' s _1_0;

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 s ]
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Example 2: PWFA staging (high energy collider)

. Parameters based on E. Adli ez 2/. “A Beam Driven
Plasma-Wakefield Linear Collider” (2013)

~4.5 km

< >

New concept for a Al
¢

5 Main e beam (CW) ! ! ow oﬂ'?ﬂﬁh.lﬂ'l(r:l‘m )

L] Dr].Ve beam at 25 GeV: S.;'g ..;(X;;::': 19 b DR et Tev. |‘.x' "3, 11 0
- / ' ' @ source e source, —~—-
= Reserve L* =1 m for injection/extraction v e e 2 TRV

b o

g
/ BOS and final focus,
Magretic chicanes & ns delay (35 km P >
Main e-plasma acceleration (0.5 km) Injection every half surn Main e+ plasma accederation (0.5 km)
CH1000m, P Pog * 8%
I ; cu- .
)

Drive beam after accomulation
Trains of 20 bunches, & nsagant @ 15z

Main e+ Beam (CW)
Q=10 x 10%e* @ 15 2

dipoles.

4passes Recirculating SORF CW hsacs
Cach linac 316GV, 19M'm, 250m

« Main beam (in example): e 375

h h e |
t t T D'_ ve beam (CW)
— 100 GeV (between 4~ and 5 cell) : . i - ( | | )

— Effective B* = 30 cm (after a 13x plasma ramp) T e

® © 9 ¢ Orive beam (CW)
E=25GeV,

J
Orive beam structure out of hnac

— Assumed energy spread ~ 1% rms N | @esxng imeou
ot kicker ;’17‘-} = L :l o

- Linear collider requires ultra-low emittances Image source: E. Adli ez 2/ “A Beam Driven Plasma-

= Acceptable emittance growth per stage ~ 1%. Wakefield Linear Collider”

- We will ignore dispersion and R4-cancellation.

.. . ) Article published in NIMA: Lindstram et al.,
This is a complicated, still unsolved problem. > | “Staging optics considerations for a PWFA linear collider”

For more
details:

.................... Emittance pl‘eserVing Staging OptiCS for PWFA and LWFA _ Carl LindStI'@m _ MarCh 29, 2016 20



Example 2: PWFA staging (high energy collider)

Suggestion #1: Ve i
Strong normal conducting 8
quadrupoles (~160 T/m): 6

Length 32 m, 8 quadrupoles. 2 ':

4

First order apochromat +
normal matching in x/y:

4 degrees of freedom in a anti-
symmetric lattice (8 quads).

For a 1% rms energy spread:
0.96% emittance growth.
(just within requirements)..

Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom - March 29, 2016

N

0.5

.
.
.
.
.
PR
-
-
-
-
-

-
\\\\\\\\\\\\\\\\\\\\\\

=003 -00572001

-1.0"

~0.5"

UNIVERSITY
OF OSLO

—— B 6=-15%

B,,6=0
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Example 2: PWFA staging (high energy collider)
Suggestion #2: Plasma lenses @’ Vm
(~3000 T/m) (very long) 3.0

2.5

2.0-

. Length 10 m, 7 lenses. 5l

1.0f

o Third order apochromat +

normal matching in only r:
4 degrees of freedom in a
symmetric lattice (7 lenses).

 For a 1% rms energy spread:
0.000013% emittance growth.
(“achromatic” up to ~3% offset)

-1.0t

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 s D90
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Final remarks: Scaling laws with beam energy

. 'The matched beta-function in a plasma goes as: B* = ~ /7

« Assuming drift-quadrupole beamlines with
constant filling factor, constant magnetic field gradient:

Lyuad ~ /7 B(s) ~ VA

. Staging optics solution can be reused, if scaled by length: Lstage ~ /7Y

Higher energy

é,

= One staging optics solution for the entire beamline!

= Emittance growth per stage is constant.

N|Co

= Length of entire beamline scales as:  L;yt01 ~ 7

Always true for LWFA. Increasingly true for PWFA with higher energy, as dipoles bend less.

-------------------- Emittance preserving staging optics for PWFA and LWFA - Carl Lindstrom — March 29, 2016 s D30
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Summary

- LWFA/PFWA staging requires staging optics with chromatic correction.
. Sextupoles inadequate: Apochromatic correction is a good alternative.

 Can be applied both to LWFA (good cancellation) and PWFA (more difficult).

THANK YOU FOR YOUR ATTENTION



