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Outline

LPA basics

Scaling laws: Quasi-linear regime

Zeroth-order picture of LPA collider assuming idealized physics
Real-world physics that further complicate LPA collider

Other concepts: multiple pulses

Laser-Plasma Accelerator

Plasma wave
N\ Plasma channel

Electron
injector laser

Drive

Electron bunch / Laser pulse/
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:‘—”}| ’.”.\. Laser-plasma accelerator-based collider concept

,\ Schroeder et al., PR ST-AB (2010); Schroeder et al., PR ST-AB (2012); Schroeder et al., NIMA (2016)

* Plasma density scalings—minimize construction (max.
gradient) and operational costs (min. wall power)—
indicates: n ~ 10 cm™
Quasi-linear wake (a~1): e- and e+, focusing control
Staging & coupling into plasma channels:
« ~tens Jlaser energy/stage

‘ «  multi-GeV energy gain/stage
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Leemans & Esarey, Physics Today (2009)
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Laser technology development required: (s T - )
* High luminosity requires high rep-rate lasers (10’s kHz) ** |
* Requires development of high average power lasers (100’s kW)
* High laser efficiency (~tens of %) 3
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/—\I W Laser-plasma accelerators (LPAS)

Tajima & Dawson, Phys. Rev. Lett. (1979); Esarey, Schroeder, Leemans, Rev. Mod. Phys. (2009)
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Plasma wave: electron Laser ponderomotive force
density perturbation (radiation pressure)

|_p =200c/ | p— (Lrgt2) np_l/2 ~30 [m Uphase = Ugroup = €

short pulse, ultra-

T g
> intense laser: [~10!8
25 W/cm?
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0 Laser pulse duration
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electron plasma density perturbation
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/\I \'"‘ Wake structure depends on laser strength

Bubble/blow-out ™ Blowout reglme Quasi-linear
= gq,>1
= very asymmetric
= focuses e-

= defocuses e+
= self-trapping
= self-guiding

= Quasi-linear
" a,~1
= symmetric e+/e-
= dark current free
= channel required

= tailor focusing forces
via laser profile

radial E,
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"\l "/'} Laser-plasma accelerators can operate Iin
non-linear (bubble) or quasi-linear regimes

electron plasma density Energy gain® Ay~L __xE~n,/'~U__2?

- 25000 laser

-Bubble [a0=4.5]
20000 [ -Quasilinear [a0=1.5, kpL=2, kpW=4.5]
a
15000 |
- . "o
Quasi-linearregime - _
ET] [ E _f"."' _____
< 10000 | S o
5000L 7 T o
o ‘ points= PIC simulation
0 PE" 1 1 1 1 1
10 20 30 40 20 60

Non-linear regime laser energy [J]

» Guiding at lower density achieved in quasi-linear
regime with channel for fixed laser energy

*Passive (i.e.. no beam loading), short bunch (kab=O.2)
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"\l  Laser-plasma accelerators can operate in
| non-linear (bubble) or quasi-linear regimes

BERKELEY LAB

electron plasma density Accelerating gradient E, ~ E, ~ n "2 ~
I 500 U
-Bubble[a0=4.5,bi-G]
a 400f -Quasilinear[a0=1.5kpL=2 kpW=4.5 bi-G]
E 300
Q ._I. . }
uasi-linearregime g l.
| UJhN 2001] * points = INF&RNO simulation
v ..
o
100 e
E '--.- ----------
Ih‘».
D D""'ﬂl ---------- ;.......-.-i-...-...--i .......... 9. ..........
10 20 610) 40 o0 60

laser energy [J]
» Quasilinear regime operates at lower density:
» Higher bunch charge, higher efficiency
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/\l A Positron beam gquality preservation in
highly-nonlinear regime difficult

> In nonlinear regime, laser can self-guide in plasma and generate large accelerating fields

2
> Condition for guiding: @ ~ (kpwr)*/4

> Peakfield: E, ~ (mcw,/e) at/?

15

* High intensity (a?>>1)

* Forms ion cavity

« Self-trapping present (staging difficult)

" ion cavity e Strong laser evolution

* Electron focusing determined by
background ion density

« Positron acceleration and focusing (with
high beam quality preservation) difficult
(nonlinear accelerating and focusing fields)

e focus

electron
plasma
density




/\I +Independent control of beam focusing required:
Strong focusing from plasma yields ion motion

€n 2 €,

ks VK,

> Focusing due to background plasmaions: O,

5x10%F T r . -

0.1 um emittance
100 pC charge

i 4
c 2x10 :
= 10Y’/cc densit
> 1x10%
‘»
5 20001 Rosenzweig et al., PRL (2005)
O
lon motion
; | . 2M,;
0 (non-linear focusing b > 7
o 2000 <€— head-to-tail; no ~ Zme

emittance growth)

100 1000 10° 10° IpY:

Y (beam energy/mc?)
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/\I ’.ﬁ Quasilinear regime: e+ focus and acceleration,
_Independent control of focus and acceleration

*  Quiver momentum weakly-relativistic (a~1)

Accelerating field

« Region of accelerating/focusing for both
electrons and positrons

- Stable laser propagation

* Independent control of accelerating and
focusing forces:
- Driver transverse profile

F, xV a°

Cormier-Michel et al., PRST-AB (2011)

Plasma density

- Plasma channel profile

Schroeder et al., Phys. Plasmas (2013)

Focusing field
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/\I A Quasilinear regime: shape transverse laser
’ Intensity for control of transverse wake

BERKELEY LAB

? —k3faEc0£k (& - 5))&3 2V &

2—-n 2 2 2 2
a‘=a, HG% +a,° HG,

Add Gaussian modes:
(all modes guided in parabolic plasma channel)

Gaussian

— 1st-order

-3 -2 -1 y/ro 1 g 3

= Allows additional (independent) control of
focusing forces (and matched beam spot)

-1.5¢ 11
Cormier-Michel et al., PRST-AB (2011)




/‘\l . (near-) Hollow plasma channels:
rrerrrrr ]} . =
\ ‘ ultra-low emittance preservation

BERKELFY L ar I

Drive Plasma Channel ~ » Provides structure for laser guiding (determined
e e by channel depth not on-axis density)

, u » Excellent wakefield properties in plasma channel
. . A : .
e and independent control over accelerating and

focusing forces
. . Acgcelerating wakefield transversely uniform

Electron Electror, Bunch . Focusn_\g wakefle_ld I|_near in radial position
Injector Laser Pulse and uniform longitudinally

» (Near-) hollow plasma channel geometry provides emittance preservation
« Mitigates Coulomb scattering Schroeder et al., Phys. Plasmas (2013)

/A 62-—|— Ogrezwﬁth( _ ) 12 N Teﬁth’Vf 1/2
nf ni (Ez/Ew)Tc 7f Yi kp

For relevant 1 TeV collider parameters: €, f ™~ 10_9 m

« Control of focusing force and beam density — prevents ion motion

lon motion negligible if ratio of beam density to
e e (ny/nw) < M;/me

wall density is less than ion-electron mass ratio
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control of acceleration and focusing
‘ 0.15 A
z 3 0.10F " . n =5x10°n_
§ E C /\ n=10%n
£ G 0.05¢
g = |
< Me £ % 000
| g
radus 1 ¢ 2 _0.055_
§ r /k, (IaserI spotr)] = 2.13
. . . L th) =
» Accelerating wakefield set by wall density 010" s tena® @
9 _0152 _ Channel size: k, r,=15 ]
E, ~ E, =mcc’ky/e x /Ny 10 = AU 5
4x10°} e
» Focusing (for electrons) wakefield set by - [
. o 51 L ]
channel density g 207 JUPT -
< 3 [ _esileeeT '
i S o 0p===
% = o109 ---- =10,
S s oo n =5x10°n_
T aaod) n=10%n, (b)
0.0 02 04 06 08 10
k r

/\I » Near-hollow plasma channel: Independent

Modeled with PIC code INF&RNO
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» Energy spread minimized using shaped beams

wake to beam efficiency

/\
‘III

Ramped/triangular current distribution:

1.0F

0.8}

0.6}

0.4}

0.2}

0.0L
0.0

I'=(1+¢/Ly)ly

02 04 06 08 1.0

fraction of peak accel. field

Shaped beams required
for high-efficiency acceleration

Schroeder et al., Phys. Plasmas (2013)
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normalized field amplitude
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Examble:
pw=mn/3
,—-.‘-??zf‘Ew = EL,/g d
M7= 0.75
’ N
!l" \“-‘

] Se——

J" EzL

constant accelerating field

EzL + Ezb

"a 2 0 2 4 ©

normalized distance behind driver, ki, (z-ct)

> Beam charge: [V, 71,;1/2

Lower plasma density, higher bunch
charge
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’\l \Positron beams accelerated in hollow
plasma channel with external focusing

Drive Plasma Channel
Laser Plasma Wave \

Positron
Bunch

Positron Bunch /
Laser Pulse

» Acceleration of positron beam in quasi-linear regime in hollow plasma channel:

—_
o
L )
£

A
]

normalized field amplitude

- 0 5
normalized distance behind driver, ky (z-ct)

» Provide external focusing for positrons
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’\l A Bunch trains allow ultra-short bunch accel. with
high efficiency, without energy spread growth

1.0 =<

» Ultra-short beams suppress beamstrahlung

=
o

« Beamstrahlung photons/electron

1/3 _1/3
n,y o< L7/ 0,

normalized field amplitude
S o
tn =)

» Improved efficiency using bunch trains

LK
(=]

~

LT 0.1 6 4 2 0 2 4 8
w1 — Y.

normalized distance behind driver, ky (z-ct)

1.0F l/\\ 0 I/\‘ ',\\ I"\\ 1 ' 3

,' \ I \‘ “ ‘\

N\ ‘ |‘ .|
g o5\ | \ |
2 ‘. \ '
o | \
€ ool | 1 bunch: 6 bunches;
2 , n ~ 0.08 Niotal = 0.5
= I
° ' ;
D _ x/' x/' x/ x/ ]
Bt ! ! . X
S VA ¥ A v S v E. = Epcos(n/4) = EL/V?2
g—‘] Ok Y \»Il \\’I ‘\’I v .

-40 -30 -20 -10 0

» Using bunch trains, trade-off between
efficiency and gradient, with no energy
spread growth

Normalized distance behind driver
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LPA plasma density scalings:
Staging required

» Laser-plasma interaction (depletion) length:

Lace ~ A3 /A7 oc n™?/?

LPA Experiments (single stage)

L

5000

= Accelerating gradient: >
= 2000

E ~ Ey = (mecwp/e) x v/n £
< 1000}

= Energy gain: >
gy g g s0ol

W ~ (mcwy/e) Lace x 1/n °
$S 200¢

For high-ener?y applications, laser depletion <
(and reasonable gradient) necessitates staging © 100}

Scalings verified with simulations

LPA Examples (single stage):

W ~1 GeV W ~ 10 GeV
n~ 108 cm-3 n~ 10 cm3
Lacc ~ 3 Ccm -* Lacc ~1 M
Ulaser ~1J Ulaser ~40 J

Plaser ~100 TW

Plaser ~ 1 PW (eg,BELLA)

“+ @ LBNL 2014

1

" Ay ox —
™ / n
LY
T exas 2013 b
*\LBNL 2006

"u‘ [ |
LLNL 2010 “ ®
. RAL 2009
MPQ 2010 *. @
~,  U.Mich 2008
LOA 2006" o

APRI 2008 ~,
~
.

[
LOA 2004 .

LY

LBNL 2004
LY
RAL 2094‘ ‘-..‘

L]
»

5x101% 108 5x101% 10"
plasma density, n, (cm™)

| laser —=

17
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Beam loading simulations predicts
300-500 pC for 10 GeV stages

» Beam loading theoretical limit
» e-bunch wake = laser wake
Linear theory, k;oc,<1, kyo,~1
N, ~ 9x10° (n, /1016 cm=3)Y2 (E,/E,)
Ex.: N, =3x10° (0.5 nC) for ng,=10%
cm2and E,/E,=1

>
>
>

» VORPAL PIC simulations

» 500 pC at 10*" cm=3for k,L=2, k,c,~ 2
» 10% of laser energy to electrons

» Bunch length & profile alters field inside bunch
« flatten field across bunch — reduces AE
« focusing must be matched for emittance

» 0Ongoing: precise control w/shaped bunches

* Cormier-Michel et al, Proc. AAC 2008, **Katsouleas PRA 1986

- —Rl
2
] « ) -

~constant field inside bunch

—-a‘ -
5 S
J

/" Quasi-linear beam loading

matches linear theory

koL =2, a,=1
ny = 10 cm-

koL =2, ag=1
ng = 10° cm

koL =1, a=1.4
ng = 10%° cm3

100 L7 ]
+ 2D ’
oI x 3p ’
2 -- theor +£(
g eof y ’
€
8 40| *+
BS /*
20F L A
r
*
O le .
250 500
ny, /107 H
o[pC]-° £
E.JE, k.s:
density & k,L: Kpor = 0.3 1 18
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/\I . Collider Requirements: Luminosit
‘ Y

= Rate of events: (luminosity) x (collision cross-section)
= Luminosity: cross-section yg* = L[10* cm?s'] » (E [TeV])2

L= ﬂ\fz = Pb N
dps.s, A4pE, S.S,

= For fixed beam power, P .=2f N, (ymc?), transverse beam density must be
increased

= Limitations:
= Achievable beam emittance

= Final focus optics to IP: adiabatic plasma lens
= Beam-beam interaction (beamstrahlung)

= Emittance growth in main linacs (beam scattering in plasma)



-~

/\I ‘m Example set of LPA stage parameters for

collider

Plasma density (wall), nolem™] ]- > LPA stage density and wavelength
Laser wavelength, A[pum] scalings:

Normalized laser strength, ag 1

Plasma wavelength, A,[mm]| 0.1 1/2
Channel radius, r.[um] 22 b, xn

Peak laser power, Pr[TW] 34 —3/2y—2
Laser pulse duration (FWHM), 7 [fs] L stage X T A
Laser energy, UL [J] —1\—2
Normalized accelerating field, Er/Eo (0. Ustage XN )\
Peak accelerating field, E;[GV/m] 6 —1/2
Laser depletion length, L, [m] 5.7 Tlaser X M

Plasma channel length, L.[m] 1.62 _3/2—2
Laser depletion, 7,4 29% U, laser X T A
Bunch phase (relative to peak field), ¢ = 7/3 i 2
Loaded gradient, E,[GV/m] Plaser xXn "\
Beam beam current, I[kA] .

Charge/bunch, eN, = Q[nC] 0, X Tl_l/2
Length (triangular shape), Ly[um] §

RMS beam length, o,[um] 14.5 —1/2
Efficiency (wake-to-beam), n, % Nb gl

e~ /e™ energy gain per stage o Ge

Beam energy gain per stage 095 J

Schroeder et al., NIMA (2016)



Examples for 1 TeV and 3 TeV CM colliders
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Energy, center-of-mass, U.p, [TeV] 1 3 > Density and wavelength scalings (fixed
Beam energy, yme? = Uy[TeV] 0.5 1.5 Luminosity and laser efficiency):

Beam power, P,[MW]| 43 23

Luminosity, £[10°* s~ 'em™* | 1 10 Nstages x N\

Laser repetition rate, fr[kHz| @ 80

Horiz. beam size at IP, ¢ [nm] 50 18

Vert. beam size at IP, o) [nm)] 1 0.5 frep X 10

Beamstrahlung parameter, T 1.4 11

Beamstrahlung photons, n. 0.7 1.1 Py, x n1/2

Beamstrahlung energy spread, 4,  0.10 0.27 p ~1/2 -2
Number of stages (1 linac), Ngage 100 300 avg laser X T

Distance between stages [m] 0.5 0.5
Linac length (1 beam), Liotaikm] 0.21  0.64

Average laser power, P,,,[MW]| 20 ) 0.36 N, o n—1/2

Efficiency (wall-to-beam)[%)] 16 . .

Wall power (linacs), Pyan[MW]| 282 Zloie e MoeamTlod
eam/’|p

1 pu—
e [1/771aser - (1 o npd)nrecovery]

Assumed Njyser = 0.4 and Nyecoyery=0-9

« Electrical-to-optical of diode-pumped lasers = 55%
« Optical-to-optical of fibers = 90%
« Combining/stacking fibers = 80%
Schroeder et al., NIMA (2016)
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» Plasma-based accelerators accelerate ultra-short beams (~plasma skin depth )
» Plasma-based accelerators compatible with asymmetric (flat) beams

Short beams from LPA help control beamstrahlung

CLIC CONCEPTUAL DESIGN REPORT (2012)

CLIC LPA
CMS energy [TeV] 3 3
Luminosity [x103*cm2s1] 6 10
Particle/bunch [x10°] 3.7 1.2
Bunch length, rms [um] 44 14.5
IP beam size ratio, o,/0, 45 36
0,0, at IP, [nm?] 45 18
Beamstrahlung parameter 4.9 12
Photons/lepton, n, 2.1 1.1 P Chen and Te g
Energy loss [%], O, 0.29 0.27 Neoh A 4\f (a Oz ) E(T)
Coherent pairs/BX [x108] 6.8 0.8 / 25m e

» Better IP background can be achieved with plasma accelerators owing to the short
bunches
» Re-design damping/cooling system to be compatible with short beams
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Power requirements reduced at lower density
(Beamstrahlung limits charge/bunch)

Charge/bunch: Laser rep. rate (for fixed luminosity): Wall-plug power:
UL
—1/2
N x Ay X7 / = fxn = Pxy/n
7 Schroeder et al., PRST-AB (2010)

N X N2/302/3 x n~ /2

Schroeder et al., PRST-AB (2012)

Charge/bunch limited by
beamstrahlung:
Beamstrahlung limited Beam loading limited

3 . . . 300

<« \ Een=1TeV — = %
% \‘ L = 10% s2 cm? =
: \ :
o 5 \ . i o
.= 2 N 02=50nm? A0 g
o =
c o
= s
< IS
_ S 1t {100 =
Power scalings: % g
S c
3/2 o >
L T~y npwa,ll m ELE
-l
U2 5/2,1/2 0 : : : T

Plasma density [cm3]
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/\I \"" Improved efficiency using laser energy recovery

laser
[ ]

v

Drive laser deposits energy into plasma
wave (frequency red-shifts)
Energy-recovery laser absorbs energy from
plasma wave (frequency blue-shifts)

N

laser energy
recovery

* Re-use laser in another LPA stage

« Send to photovoltaic (targeted to laser wavelength) — energy recovery

» Additional energy-recovery laser
pulse allows for no energy to
remain in coherent plasma
oscillations after energy transfer
to beam — heat management

o 1.0F v T

g laser (\

E— 0.5¢ bunch

©

: (]

;‘q—_" 0.0

ho]

@

N

‘© —-0.5p

£

(@]

Z _10L ] . R ;
-20 -10 0 10 20

Normalized distance behind driver
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T (um)

x (um)

40

30}
20}

10

—10F
—20}
—30}

—40

40

30}
20|

10

-10
—20

—30}

—40

40

30}
20}

10

—10}
—20 |
=30

—40

BBU/Hosing: Similar behavior for similar wakes
iIndependent of driver

Beam-driven

¥ — 3 e

. e

—-60 —40 -20 0 20

z=4.0 cm

—-60 —40 -20 0 20

2z=5.9cm

] =

.

—60 —40 -20 0 20

€ (um)

30}
20 |

10

1 =10f
1 =20}
1 =30}

—40

30|
20 |

10

1 —10
1 =20}
1 =30}

—40

30}

20
10

{1 -10
{4 —20¢}
1 =30}

—40

Laser-driven

z=1.3cm

gqnp\

-

—-60 —40 -—-20 0 20

z=4.0cm

Vﬂ'/

-60 —40 —-20 O 20

z=5.9cm

»\p

—60 —-40 -20 0 20

€ (um)

Parameters:

- Plasma density: 2el7
cm-3
- Beam density: 50e17 cm-
3
(~ 800 pC)
- Laser a0: 3
- Laser waist: 16 microns
- Laser duration: 30 fs

Ponderomotive implementation of
laser envelope in Warp:

2

F=vrer@n’

- Driver (Beam/Laser) is not evolving

25



Ny,

Beam hosing (BBU instability):
Transverse bunch oscillation in wake

f(reeeer ‘w

BERKELEY LAB

Growth of centroid oscillations owing to resonance with wakefield

~140 -120 -100 -80 —60 -40 -20 O
£=z—ct (um)

simulation using WARP

26
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/\| Hosing limits plasma accelerator length
g limits p g

« Centroid oscillation evolution equation:

¢ wakefield mode wavenumber

0
O20,(6,2) + k3 2ol 2) = K /g sin(ry (& — €))e(€], 2) rpd€’

A

centriod $est betatron motion wake coupling

* Long beam, weakly coupled [Whittum et al., PRA (1992)]
« Short beam, weak focusing [Schroeder et al., PRL (1999)]: k% < kg
- Bubble/blowout regime [Huang et al., PRL (2007)]: kg = k. = kp/+/27

» Short beam, strongly coupled regime in quasi-linear LPA [this work]: k% ~ kg

12

Transverse direction

12

Longitudinal direction

T,

10° }

101 a

100 =

Number of Length of bunch

betatron periods\ &

Le

~ oN(kpz,kyC)

I
14,

Fin !
|

|
|
|

| ]
I I A ! 1

| |
| | I |

— Numerical integration
- - Analytical

50

100 150 200 250
k‘_gz
27



,s\l . Transverse alignment tolerance:
rLfr) M Beam break-up (BBU) instability (i.e., beam hosing)

» Can be a in regime where (BBU growth length) < (accelerator stage length)
« Focusing required: (betatron length) < (BBU growth length)

centroid off-set growth: T/ Tg ~ A~L/? exp(A)

,71/3
exponentiation: A4 — Cg {(kgz )( kpcq\ bunch length
Y

Constant (determined mainly by geometry) lasma accelerator length

« For a hollow plasma channel: [from theory of Schroeder et al., PRL (1999)]
o U8RI mker) ]
253 | T4 (kyre)? e

* In bubble/blow-out regime: [estimate from theory of Huang et al., PRL
(2007); note, < Whittum theory for adiabatic ion channel]

Cy, =13 (crc¢)1/3 ~ 0.6
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BERKELEY LAB

Possible BBU instability cures:
Staggered tuning and betatron frequency spread

» In hollow plasma channel fundamental (accelerating) and dipole (BBU) modes have
different frequeq—ﬁdﬁaémental wakefield: W” ~ €XP [wo(kp, TC)(t — Z/C)]

Dipole wakefield:

W ~exp|wi(ky,r)(t —2/c)]

Stagger tuning: dipole frequency is varied and fundamental is constant, stage-to-

stage

» Head-to-tail betatron frequency spread effective in suppressing BBU is single stage,

centroid offset at tail

X:(z, L)/x.(0, L)

but requires large energy spr%dys: I
— U~ = (kwLp)

30F
20}

10F

-10k
-20k

-30t

vy la

i [}
0 AWAWAWAWAY,
7 \4 i

m

%

0

20000 40000 60000 80000|(pz

2K (kywre)21 (kyre)
(kwrc)3K2 (kwrc)

~ 0.1

| > Linear head-tail energy chirp:

7(€) =0 [1 = 0(¢/Ly)]
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’\l ‘\ Head-to-tail betatron detuning leads to

suppression of hosing instability

R. Lehe et al., PRL (2017)

« Head-to-tail spread in betatron frequency:

kp(§) = kg0 + Akg Ky

nep
o N B

« Energy spread (BNS damping)
* Requires 1-10% energy chirp

* Focusing force spread (e.g., from finite
bunch length in quasi-linear wakefield)

2

k 0
k% p ﬁ Ap sin (kpg) + @/g sin(ky (€' — €))kpds’

no

laser driver beam loading

Quasi-linear wakefield regime:
Proper beam-loaded wake can have constant
acceleration and linear focusing chirp (Panofsky-Wenzel)

30
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to saturation of hosing instability

Wakefield spread in focusing force leads

New result: (quasi-linear wakefields)
Saturation of instability in strongly-coupled, short beam regime

« Analysis predicts saturation after distance:

« Exponential growth for z<<L_,

- Saturation for z>>L,

12 1/2
Lsa : -
t kg 0 AKS (kp]€])

Akg/kgo=0.2
10° ‘ ‘ .
4— N =
é 10° k5,0 Lisat i S <
 Z
§ 10 H n | €= Nsat
©
.'g 10”* — Numerical solution |
E 10-2 Analytic for z<<L,
8 , Analytic for z>>L,
107} ‘ : ‘
0 50 100 150 200 250
2 < Lot ks 0z 23> Lgat

R. Lehe et al., PRL (2017)

kez(ripl€])”

k3,0

31

>1/3
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Wakefield spread in focusing force leads

to saturation of hosing instability
without kg chirp with kg chirp
S — « Heuristically, N, is growth after
; detuning distance:
= § Akgzky|€| ~ 1
80 cs 80 . .
T « Saturation length decreases with
N oy chirp and head-to-tail distance
N 60 C¥ 60
o
. T . - Saturation amplitude decreases with
< chirp and increases with head-to-tail
o S distance
S
tail % head tail
—

R. Lehe et al., (in prep.)
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::'>| ‘\ BBU cures: energy chirp requires final focus using

r n

adiabatic plasma lens
P

» Shape bunch for 6~0.1 chirp throughout accelerator:

1.0} |b ..1
0.5} E, 1°5 » Linear head-tail energy chirp:
0.0 o V() =171-06(/Ls)]
Ezb_I_EzL

05— = 1-0.5
ob . --_—"'.’ EZL .__1

-2.0 -1.5 -1.0 -0.5 0.0

v

» Re-design beam-delivery system (BDS) — Adiabatic (plasma) focusing:
* mismatched beta-function (amplitude of lower-energy particles never exceeds
highest):

B(s) = Bs) |1 = asin? (v(s)/VT—3) | < B(s)

Chen, Oide, Sessler, Yu, PRL (1990)

 In principle, allows focusing system to overcome Oide limit (due to synchrotron
rad.)



|  Multi-pulse laser wakefield acceleration

John Adams Institute for Accelerator Science

S.M. Hooker et al. J. Phys. B 47 234003 (2013)

Drive wakefield with train of low-energy laser
pUlseS growing plasma wave
Resonant excitation allows driving laser energy
to be delivered over many plasma periods
Enables use of different laser technologies
capable of high-rep-rate operation and with
high wall-plug efficiency

Fibre lasers: 5.7 mJ, 200 fs @ 40 kHz

[Klenke et al. Opt. Lett. 39 6875 (2014)] .

Thin-disk Nd:YAG: 0.2 - 1 J, 1 ps at 5 kHz Ony A1aser pulses
commercially available shown. In reality
Potential for additional control over wake would use 10 - 100!
excitation

Natural architecture for “energy recovery”
Not a new idea
Many theory papers published in 1990s

, UNIVERSITY OF

Simon Hooker Bl @@ N @) 4D

University of Oxford




f Proof-of-principle demonstration

John Adams Institute for Accelerator Science

J. Cowley et al. Phys. Rev. Lett. 119 044802 (2017)

EL: 160 - 270 mJ atriaibt

Wo: (35 = 5) ym  hdicr bres tecch

Leet: 3 mm : Sagacatic

oot Mot sin
comarancs

Expts with Astra TA2 laser at RAL B .oiivie:
Astra delivers single 500 mJ, 40 fs Ti:sapphire b
pulses o ‘
Converted single pulses into trainof N =1 -7
pulses
Wakefield measured by frequency-domain
holography & TESS

Gas cell target

y UNIVERSITY OF

Simon Hooker
University of Oxford




/ Pulse train generation

John Adams Institute for Accelerator Science

pulse compressor

pulse train }
(stretched) i

chirped pulse

|
I
|
|
|
|
I from amplifier
|

Filter with
free spectral
range Aw =2n / &t

« Michelson interferometer inserted prior to compressor

« If total path delay is cdt then free spectral range of Michelson is Aw = 211/ 0t
» Partial compression

. modulated chirped pulse (pulse train)

* Full compression:

. pair of pulses of separation Ot

« Alternatively, can think of this as chirped beat-wave

n UNIVERSITY OF
Simon Hooker
University of Oxford




dn_in_ (%)

/

John Adams Institute for Accelerator Science

Multi-pulse driver

N=7
p—
1
=
2]
c
o)
E
£
(=]
- 2
0
-500 0 500
Time (fs)
2
16}

Pressure (mbar)

J. Cowley et al. Phys. Rev. Lett. 119 044802 (2017)

on dn
e _ e X
Te TieO | =1

sin (%prgci?)

sin (%wpgcﬁfr)

- Excellent fit to analytic expression for N =7
o1 = (116 %= 2) fs,
SSA:01=(112 = 6) fs
- Excellent agreement with fit of wake calculated
from measured pulse train with { — ad
» Find a=1.04 = 0.02

, UNIVERSITY OF

Simon Hooker
University of Oxford
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/\I A Wakefield maximized using optimized

r ]
pulse trains
. ) 4
« As wake amplitude grows nonlinear S [ () electrio field (E,/Eg)
) 3 ............. potential (x.—l) :
plasma wavelength increases = ey W e
« To maintain resonance, optimize pulse g U W ¢
train parameters E A WA W
« Pulse separation increases 'g? [
» Pulse duration decreases S ( h '
-2 M L A .
0 1000 2000 3000 4000 5000
t-z/c (fs)
8 T L ¢ T T
Q i e density (n/n—1) l 1
g [ ............ potential (x-1) i 1
E 6 :_ intensity (a*) g ]
(=} I .
£ -
« N
- _
S ]
2 .
=
Umstadter, Esarey, Kim, PRL (94) R st » ‘ ‘ 1 1
0 1000 2000 3000 4000 5000

t—-z/c (fs)

FIG. 6. Numerical solutions for the RLPA with sine-shaped
pulses at n. = 10'® cm ™ and ao = 1.2, showing plasma-wave
density instead of electric field.

8



-~

/\l G}Coherent laser combining: new laser technology
provides a path for high average power

Coherent combination of diode-pumped fiber lasers: path to high-peak power, high-
average power, high-efficiency lasers:

» Fiber lasers: sub-ps pulses, ~mJ energy, ~10 kHz, ~10% wall-plug efficiency
» Coherent combination of fiber lasers is proposed to achieve high peak power (energy)

« Challenge: Requires combining (control of all laser phases, group velocity delays,

dispersion) ~104 fiber lasers
e D

ICAN =
“International Coherent Amplification Network”

G. Mourou et al., Nature Photonics (2013) |\ !
‘ e :'j:,l

Figure 1| Principle of a coherent amplifier network. An initial pulse from a seed laser (1) is stretched
(2), and split into many fibre channels (3). Each channel is amplified in several stages, with the final
stages producing pulses of ~1mJ at a high repetition rate (4). All the channels are combined coherently,
compressed (5) and focused (6) to produce a pulse with an energy of >10J at a repetition rate of
~10kHz (7).

PHIL SAUNDERS
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lasers: path to high-average power

v Wakefield excitation by incoherently combined

= Wakefield driven by time-integrated gradient of electromagnetic energy density:
depends on the average properties of the radiation in the volume (~Ap3)

82
(o
Wakefield excitation does not require coherence, only energy density

Incoherent combination (of many low energy) lasers for wakefield excitation:
« Require only sufficient energy deposited in ~Ap® volume

laser field, a(()

P2

E 1
2 2
+wp) By —w, -V

mecw

( el

)2 R 7 —c/t dt’ sinfw,(t — t")]%v (

- coherent pulse, A =1.5
- 50 pulses

E

0

Benedetti et al., PoP (2014)

E_(C)E,

3
0o

LK 0.5

0.8

04L

0.0L

-0.4L

-0.8
-16 -12 -8

2
ek laser
mc2w

- coherent

- 50 pulses (random phases, set 1)
- 50 pulses (random phases, set 2)

region of
the driver

R ——

*ificoherent

4
kpC

9] 4

» |ncoherent summation easier than coherent (requires no phase control)
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/\I ‘m Beam self-focusing in plasma results in
dense bunches

. . 2 €n &
= Matched beam spot decreases with energy gain: 0, = —— = {/ ——
vk Y kp
5x10*f
0.1 um emittance
100 pC charge

© 2x10°F  10%7/cc density
> k,Ly=1 2

- 1x10%} a

>
= o

S 5000}
©

£ lon motion

®© .
8 2000p === == S S <_ (non-linear focusing Thp > MZ

-to-tail- ~Y
| hea_ld to-tail, no Me
emittance growth)
100 1000 1(')4 1(')5 1Cl)6 Rosenzweig et al., PRL (2005)

“Y(beam energy/mc?)
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/\I A Space-charge field of dense beam:
reeoeoceoc| | . ] _ .
lIon motion and nonlinear wakefield

simulations using INF&RNO I' =10.8

Background ion density, n,

Transverse direction, x
Transverse direction, x

Longitudinal direction, ( Longitudinal direction, (

Condition for ion motion: " = Zi(m/Mi)(nb,O/nﬂ)(kab)2 > 1.

42
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/\I " lon motion results in emittance growth

e-beam: E=25 GeV, ¢, ,=(¢, €, )*=0.6 um, L, =20 um, N,=10"° particles, n, ,/n,=12000

plasma: Hydrogen ions, n,=10 “ecm3

o 0.3 1.6

: Ae (0)/e. o~ (2

g n nO

£ e 14|

Q W

S 02 o

g - =

= UJ: -

S & 8 12|

3 g =

g o] £

S 8 10}

()] T

>

E 0.0

(¢b]

o . 1 1 L 08 1 1 1 L |
1000 2000 3000 4000 1,50 1,25 -1.00 0.75 0.50 0.25 0.00

kpZ k Q

Propagation distance Longitudinal slice P
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Analytical expression for the perturbed

;:::::11 rh
wakefield with ion motion derived
e-beam: long. flat-top (kab=1); trans. Gaussian
plasma: Hydrogen ions Emittance growth (saturated)
2.0 -
transverse wake s
& 04l .
1.5 < E
< C
- g F
o - . .
< 40 s = n, ,/n,=100 CUI
& X —n, /N,=500 e/
= nb,O n0 E
< o — N, 4/N,=1000 -
o SHOUL: ¢ [1 simulation
S A i - theory
o bunch ... theory 0-0001L 5000 10000
0.0 T.0 2.0 . 7.0
nb/ no

r'c
X

radius

1500C
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f‘\l \ Equilibrium beam distribution --
F\\"" Bunch propagation without emittance growth

e-beam: E=25 GeV, ¢ ¥2=0.6 um, L, =20 um, N_=10" particles, n, ,/n,=12000,

0 (nx ny)

uniform current

plasma: Hydrogen ions, n,=10*" cm 0.3
oo bunch density
0.2[ Gaussian distribution
&11:'
8 o
%1:
0.1
.ol | equnlbrlum distribution |
' kp*(z-ct) ’ u
* Requires exact preparation of initial O'OU 7000 5000 3000 2000
4D phase-space (non-Gaussian in space) k z
p

* Arbitrary longitudinal current distribution
45
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Approximate equilibrium distribution

shows moderate emittance growth
e-beam: E=25 GeV, ¢, ,=(¢, €, )*=0.6 um, L, =20 um, N,=10"° particles, n, ,/n,=12000
plasma: Hydrogen ions, n —1OX7 cm’3 o
02| Gaussian distribution
EEE
Approximate equilibrium distribution = ‘5:
Gaussian having the same slice-by-slice < 0.1 approximate equilibrium

rms properties as exact distribution  =—>

---------------------------------------------------------------

0.0
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LPA-based collider challenges

and potential solutions (requiring R&D)

 Laser diffraction
- Self-guiding in nonlinear regime
- Guiding in pre-formed plasma channel
« Laser - particle beam dephasing
- Plasma tapering
« Laser energy depletion (with high accelerating gradient)
- LPA staging
- Compact driver in-coupling
 Positron focusing and acceleration (maintaining high beam quality)
- Qperate in linear regime
« High laser to beam efficiency (without energy spread growth)
- Shaped particle beams
- Laser energy recovery
« Heating of plasma
- Use “energy recovery” pulse
« High average laser power
- Laser beam combining



LPA-based collider challenges

and potential solutions (requiring R&D)

« Scattering in plasma
- Strong plasma focusing
- Use (near-) hollow channels
« Emittance growth via ion motion
- Quasi-linear regime: Control particle beam density via focusing
« Beamstrahlung mitigation
- Short bunches
- Flat beams
« Synchronization
- ~fs laser-driver timing required
« Beam break-up
- De-tune dipole mode (stagger tuning)
- Strong focusing
« Compatibility with other (non-linac) collider subsystems
- Most, if not all, collider sub-systems would need to be re-designed
 Alignment tolerances
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A
3] B Multistage Coupling of two independent LPAS
ultistage Coupling of two indep

Stage |. gas jet - injector

Coupling | (e-beam): active plasma lens

tage |- “ap 1: TREX:
Zaasg,-it' Plasma fens laser 1: 1.3J, 45fs
PM tape
.-/\_ laser 2: 0.6J, 45fs

Coupling Il (laser): tape-driven plasma mirror

Stage Il: discharge capillary - accelerator

dipole magnet

lanex screen
(removable)

lanex screen

*Steinke, et al., Nature (2016) 49



Staging Experiment: Energy gain of witness beam by timing of

second laser (wake phase)

Modulation period of 80 fs consistent with a plasma frequency at a
density of 2x10'8 cm-3

' 50 - 2k ' ' (€)1
: 2 01 reference -

. P 2~ ) , X0.1 1 %!
% i 140 : 4?0 Mevie % 2
p ! S Bz (d)7 ol
: i 430 89‘ E-Z i 1N ]OO_'%;, i‘
5 S 2h o —~ 2 e
g %ﬂ § 0 ~ (D 9 = I}
iy 4205 z ® @ : I
é Q - o[ 6 5 : --100 ;\l

= EO =
B 410 K S @ : §
1 g 2 (g) S
Ls 3 13 E 0 E Q
-200 400 ? 200 4(|)0 6-00 ot
delay (fs) 0 MeVic g
~
\O
S
640 A /l\\)
Previous plasma lens calculation suggest =
50 8

that 1.2pC of trapped charge g o
corresponds to a wake trapping s
efficiency of 30%, '
but it's not that easy (unfortunately)




Simulation reproduce staging signatures at correct

maghitude

Comparison of experiment and simulation

%
4 - 20 a 0

0 E@
- Q
-100 > 100 -100 = S
s =
-200 Sl B i\
200 -200 4 Q
~ | ~ &‘

g -300 - & -300 - 3
Sy 7 £
Z -400 = 2 -400 = N
]
-500 - -500 - o
e
S
-600 - -600 - —
S
=700 -700 : ~
400 200 400 N
energy (MeV) energy (MeV) =
reference subtracted D

* Recurring post acceleration (100 MeV) at the plasma frequency
e ~1pCof charge at energies > 200 MeV
* Analysis of simulation results unravels details of the acceleration/ deceleration



~10 GeV electron beams from STAGING experiment using
BELLA: simulations show high efficiency capturing and

acceleration in LPA2 of the bunch produced by LPA1

~30cm 10cm 8cmlcm  20cm ~30 cm
4(: X < > <
Laser LPAL o LPA2
[no=(2-3)x10"c¢m3] \iinch [n,=(2-3)x10Ycm3]
J, 80 fs)

injector

Laser2
A/2 (15 J, 80 fs)

[GeV] - dE/E [%]

bunch

E

/

Bunch dynamics in LPAL

7

6L
Bunch energy

5[0

af: )

e Relative energy
spread

11

0 L 1 1 1 1 1

510 15 20 25 30 35

s [em]

\ N

o, [um]

Bunch transport LPA1 — LPA2

10 32 30 20
s [cm]

E, .. [GeV] - dE/E [%]

12

10|

dQ/dE [pC/MeV]

100

Energy
spectra

« injector

o]
o
T

[e2]
o

after LPA1
\ after LPA2

N
o
T

n
(=]

n

Ey
P

o

o

N

E [GeV]

Bunch dynamics in LPA2

Relatlve energy

delay=-434.6fs
delay=-430.8fs
delay=-426.9 fs

Bunch energy

-----

............................

spread

520 25 30 35

s [cm]
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A
n

Energy in electrostatic plasma mode is a small

» Assumes matched laser
profile:

(exact linear guiding is achieved

using a linearly-polarized

LPy,;mode)

0.08}
0.06}
0.04}

0.02}

0.00}

p—
-
~ <

EWE T'1.'4' 46 18 20
kw r, Normalized channel radius
0.04% at k,r_ = 1.32

» Fraction of energy in electrostatic mode can be <1%

1.0}-

0.8

0.6}
0.4}
0.2}

0.0}

fraction of total wake energy

\ Plasma profile
Laser profile \

1.5

0.5 1.0 2.0 2.5

Normalized radius

0.0
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laser —

Length of staged-LPA linac [km]

1.0 |

08

06 }

04}

0.2}

v Staged LPAs: average gradient determined

by driver in-coupling distance

Length of 1 TeV staged-LPA linac

» Number of stages:

2
Nstage O( nA

» Compact laser in-coupling
distance (enables high average

coupling distance:

0.5m
- == 1m
= » = s 5M

S
~
~~~~~~~

)
]
]
]
]
]
1
!
1
/
/

1015

'II016 I ’|I017

Plasma density [cm-3]

'i018

gradient)

Conventional optics: requires
many Rayleigh ranges to
reduce fluence on optic

(avoid Bamage) oc n >/ 4\!

Plasma mirror: relies on
critical density plasma
production (high laser
intensity): coupling <1 m
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Timing jitter tolerances achievable with present
technology

) » RMS beam energy spread induced
Po T+ 0P per phase error:
10.' ,,’,f" R (O-py/’}/) - f
: | /', 5 N (SOO)
0.5.' b /’ EzL Lp
ool E, 5 For beam loading at ¥ peak field
| E,tE, // f(7T/3) = 11
-0.5} -
3% //' energy spread
1.0} "m0 goal at end of
-2 ~1 1 2 3 linac

» RMS laser-beam timing jitter

required:

:> 0.5% energy spread at end of linac (100 stages) requires
<3.2 fs timing synchronization required

» fs timing demonstrated in LPA staging experiments at LBNL

O(6t) = [wpﬂ(kprc)]_l

oo (5)

f (o)

Steinke et al., Nature (in press, 2016)



"\l A Collider requires high efficiency laser

Frreeer ‘m

technology compatible with LPA density range

» Different operational plasma densities require different laser
parameters (laser technologies) with varying efficiency

1000
« Laser duration (bandwidth) requirements:

—1/2

100} T X T

- Laser average power requirements:

10}
—1/2y—2
12y O T /2 )\

0.1

Plasma density [cm-3]
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/—>| A Laser-plasma accelerators can operate in

r ]
non-linear (bubble) or quasi-linear regimes

electron plasma density

Laserdriver w/ given energy: a,=1.5, k L=2 (resonant), kw0—4 5, A,=0.8
— density: n [10'® cm?3] = 1.5 X U,...0D?"

— guiding provided by parabolic plasma channel
12

— accelerating gradient E, ~E, ~ n,
a ' — accelerating length: kPLacc ~n," (dephasing/depletion)
— Energy gain > Ay~L__xE ~n,'~U__ 23

0 laser

Quasi-linearregime

Laserdriver w/ given energy: a,=4.5, kPwahm=(4/3)\/a0, kpw0=2\/a0, A,=0.:
(optimal pulse duration and spotchosen according to theory by
Lu et. al PRSTAB 2007, assuming etching length = dephasing length)
— density: n [10'® cm?] = 6.9 x (U, []])*?
— self-guiding
— accelerating gradient E_ ~ Va E, ~a oMo
— accelerating length: k L ~~a oMo I(etchlng length=dephasir

p acc

Non-linearregime

— Energy gain > Ay~L__xE ~aynn,'~a U *»°

laser
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/\I ‘.h Future R&D to address challenges for
laser-plasma-based linear collider

» LPAs have made tremendous progress over the last decade (demonstration of high
gradient, multi-GeV acceleration, improved stability, etc.), but require significant R&D
to realize LPLC:

» Beam quality preservation
* Plasma targetdesign
* Plasma channels to mitigate scattering and control focusing (ion motion)
* Particle beam injection
 Shaped beam currents enables high efficiency withoutinduced energy
spread
» Coupling of laser and withess beams between stages
* Compacttransport of withess beam with emittance preservation
* Compactdelivery of drive laser beam (for high average gradient)
» Lasertechnology development
* High average powerlasers (beam combining)
* High efficiency (fiberlasers)
» Development of other collider systems compatible with LPAs
* Novel methods for generation and cooling electron and positron beams (replace
damping rings)
* Novel final focus concepts (plasma-based adiabatic focusing)
* Development of novel alignmentinstrumentation and techniques required



