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Wakefield-Induced lonization Injection

In beam-driven plasma accelerators

An Injection technique for the beam-driven plasma wakefield accelerator
in the blowout regime that utilizes only the wakefields
to induce ionization and trapping of high-quality electron bunches.




Beam driven plasma wakefield acceleration (PWFA)

Wakefield-Induced lonization Injection

A high-current e~ beam Driver beam (570 pC)

excites a strong plasma wake >> High-current: 10 KA
that accelerate a witness bunch »> Length (resonant): 7 pm

up to 3 GeV energy in 18 mm >> low-€n; 1.5 pm
e 1.

>> 1 GeV energy / e

Witnhess beam (6 pC)
>> High-current 5 KA

>> Ultra-Short 800 as
>> low-En 300 nm

>> 3 GeV energy / e

e@

|



http://dx.doi.org/10.1063/1.4929921

Wakefield-Induced lonization Injection

FLASHForward example

no=1.20x1§01ecm'3 Electron density 10:; e
FLASHForward ) e 5 s
. L E | =Y i — | o
Qb = 574 pC Wakefield Injection 2 of 14 5
Tp = 10 kA [--------mmmmmmeemnees > X 7
E, = 1 GeV plasma density -10F 10 52
_ L 1
6z = 7 pm ng = 12 x 10" ecm™? tHsave s FHEHIRREER A A IR R R ERIRERRREDREL =
or = 4 LM ksz = 1.41 E Total electric field (M g0p =
€n = 1 um dopant species: helium 600 =
: 400 9
TN | 200 W
He / H gas jet — — gas mIets e

l no =1 2x10180m3 I
electron beam | preionization laser

- Preionization laser with an intensity capable to fully ionize a
gas with a low ionization threshold (LIT), e.g. Hydrogen.

- Micro-nozzle fed by the same LIT gas doped with a high-
ionization threshold (HIT) gas, e.g. Helium.

C [um]
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The Blowout regime of beam-driven plasma wakes

Electron density

The Blowout regime " -

High-current, tightly focused e~ beams H Igh-CU rrent beams resonant length spot size
blow out all the plasma electrons from
their ions creating a clear ion cavity I b ZJ 1 kA pr' y — \/5 ]pr' r — 0.8

that propagates at the speed of light.

osiris
v2.0

J OSIRIS 3D simulations I

':T}CTEEEE [0] R.A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002); Ib — 1 O k A - 0 5 <

R.A. Fonseca et al., Plasma Phys. Controlled Fusion 50, 124034 (2008);
UCLA R.A. Fonseca et al., Plasma Phys. Control. Fusion 55, 124011 (2013). A _ 1 1 7 .
[1] J. B. Rosenzweig et al., Phys. Rev. A 44, R6189 (1991) n =
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The Blowout regime of beam-driven plasma wakes

Electron density

The Blowout regime e Normalized beam current
High-current, tightly focused e- beams ~ ..==="" e

blow out all the plasma electrons from .-~ -
their ions creating a clear ion cavity — ,.* ‘Oﬂ CaV|t>/ (bU bb‘@) . no ]
that propagates at the speed of light:’ Iy = 27e, e _ 959 KA
" - - e
"__— ) - - 3 i ~ N . .
- ) K - - resonant length
., I'm % p0 2 — \/§
/ S .
- -
! o

S|<iﬂdepth longitudinal semi-axis b

kp_l = \/eomcz/ngéz2

o, = 0.8

. [3] o p
- N - ' de b
. - .k;prm ~ 9 Ab’ o wide beam
Blowout “'size” o ’
[2]
kplm )? = \/327TA0 k,o ~ Dyt

( p m) b( p z) _) kplm ~ 3.77 (Ab) ..-=7" [I]1).B.Rosenzweig et al.. Phys. Rev. A 44, R6189 (1991)

. . e [2] K.V, Lotov. Phys. Rev. E 69, 046405 (2004)
Blowout size scales with drivers current [3] W.Lu et al. Phys. Rev. Lett. 96, 165002 (2006)
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The Blowout regime of beam-driven plasma wakes

Longitudinal Electric field

........................ 2
Eq = (mc”/e) ky e "Most efficient

wavebreaking field enerqy transfer"

i i TUs . Max. dec. field 2]
: ' ES
---------------------------------- —= ~ /Ny /2
E, VA
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1TE e I ———

[4]

From linear theory

Fmex 10
e ~ 1.3 A1 _
E, 5 A,
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s
F---------

'''''''' | . . . ~High transformer ratio
B kply, <--2=e---- Difference in magnitude  ---+ J
EO - 2 " 2] KV, Lotov, Phys. Rev. E 69, 046405 (2004)

] W. Lu et al., Phys. Rew. Lett. 96, 165002 (2006)
] W. Lu et al. Phys. Plasmas [2,063101 (2005)
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The Blowout regime of beam-driven plasma wakes

Wakefield potential

[>]

""" trapping condition

Vi — vy =1

Y = / (E,/Ey) k,d(¢ LTI Necessary (but not sufficient)

Trapping zone

Trapping from ionization
~ requires high current drivers

I;) > 5 kA

Y

Last contour
In focusing region

[5] E.Oz et al. Phys. Rev. L ett. 98,084801 (2007)
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The Blowout regime of beam-driven plasma wakes

Blowout model scalings vs 3D PIC (OSIRIS)

R Driver-beam................. “
ko, = V2 kpor, =0.1
resonant length narrow beam

Kp€n = (kpga?)Q v/2

matched emittance
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The Blowout regime of beam-driven plasma wakes

Electric field magnitude

The total electric field can induce

lonization inside the trapping zone

Beam current Appropriate ionization potential

I,=10kA |\  _._._._ E'" ~ 0.87 E

resonant length ,/'/ .\-\ Fryake > Fion > Ebeam
/ -
_ . N
koo, = V2 Y R
. ( 11. / \
Spot size - b ,- :
]{ZpO' r = 0.8 ' I . Back cavity Beam region \
| ' L (high field) (low field) |
' Y A /
. \. /
\ ’
'~ s
.y e Field magnitude
B - proportional to plasma density
EO X 4/ T
'+ Max. trap. e-field Max. beam e-field
N ¢ Eware/Eo ~ 1.25 Eyeam/Eo =~ 0.5

*
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lonization Injection

Field lonization (ADK)

ADK ionization probablllty rate *

10

Match the beam
to the plasma density o

kpo, &~ V2

— H(338) :
He (92.8) I
----- He" (235.0) !
—— N (37.9) !
----- N* (81.0) |
.......... N°*(139.5) : P .l .
..... N** (272.4 ) N 55 P

----- N** (351.6)
Ne (74.4)

4 — ... Ne® (143.7)
---------- Ne>* (234.7)
----- Ne’* (409.0)
----- Ne** (556.7 )

1017/cm?3 1018/cm3 | ;

Select the appropriate
dopant species

EO X /T 2

I
I

1019/cm3 1" ; 1’020/cm3

JP Jg.‘I'i’i%&Jz |
10° 103

E [GV/m]

lonization probability rate [’]

Wapk[fs '] ~ 1.52 " &ileV] (o0 5 v\ —6.83 & [eV]
ADK nT(2n%) E[GV/m] P E[GV/m]
[6] M.V.Ammosov et al, Sov.PhysJETP 64, | 191 (1986)

- 1/2
n" ~3.69 Z/& " [eV] [7] D.L. Bruhwiler et al, Phys.Plasmas 10, 5 (2003)
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Wakefield-Induced lonization Injection

Wakefield lonization and trapping

no = 1.2 x 10*® cm ™3
0 The total electric field can induce

lonization inside the trapping zone

Beam current Appropriate ionization potential

I, = 10 kKA (| 0000 E°" ~ 91 GV/m

resonant length 7 .\-\ Fryake > Fion > Ebeam
P :
- : N
o, = ( um Y «
. (Y. / \
Spot size - b : :
_ | : - \
Or — 4 joane o & Back cavity Beamregion | Elon 03 OV /m
1} | (high field) (ow field) | /
Y A /
] . \. /
N /
N N ././ E()—105 GV/m
_________________ N T s e =T Helum(@)_
__Neon(29) ________ - N\._.: _Maxtrap.efied Max.beam e-fied =
- - .:’ \:. Ewake ~~ 130 GV/m Ebeam ~~ 50 GV/m Helium (Ist)
Neon (15 e

l ............................................... Hyd rogen |
: “ / o
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Wakefield-Induced lonization Injection

lonization probability rate for He

Well-defined injection volume

Emittance is defined by
the transverse extension
of the volume of injection

~N

kpen & k229<33(2)>/4

[8]

ed

WIII bunches are short and low emittance
— by construction

kpo, ~ kpen, ~ 0.1

Narrow disc centered on-axis:

 (kprmax)”
12

[8] N. Kirby et al., Phys. Rev. ST Accel. Beams [2, 051302 (2009).
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Wakefield-Induced lonization Injection

Injection Volume

«—— He starts here The accelerating wakefields are so intense
that they can ionize and trap electrons
from a high-Z species (e.g. helium).

lonization volume

.f’!fimﬁh -

01 i1, 1
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Wakefield-Induced lonization Injection

Betatron oscillations and beam focusing

C [wm] C [wm]

C [wm]
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Betatron wavelength Ag = /27 A,
E™ /By~ 0.45 Ay ko

lonization by the radial electric fields of the beam
strongly depends on the beams radius,
which undergoes betatron oscillations.

9
The dopant high-Z species is confined i
in a narrow jet at the beginning of the plasma cell

He / H gas jet — {— aqas mIets

I no = 1 2x1018cm3 I
electron beam kJ | preionization laser

;/g |

It may not be necessary

[9] L.Schaper et al., Nucl. Instrum. Meth. A/740 208-211(2014)
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Wakefield-Induced lonization Injection
Injected bunch properties

Driver and witness bunch after 14.6 mm

" ny= 1.20x10'° cm?

z=14617.8 um
_» Driver

Injected Bunch

10
1
10
10

Witness properties after 14.6 mm

z= 14.6 mm 0.08
Q=-6.43 pC
AT = 0.24 um 0.06
Ay/{y)= 21 %
e = 2.60 100 nm 0.04
e | BR10,02
(p,) = 2.41 GeV/c 0

| Current [KA]
' —e— Energy spread [0.2 %]

20 0 20
C [um]

Transformer ratio
_ it dri N
R — |EZVI neSS/Ezrlver‘ ~ 3

Up to 3 GeV/e In 2 cm

' E,=136 GV/m ' -200

O ] . .
-31

. —e— Emittance [100 nm]

-30.5 -30 -29.5 -29

C [wm]
>> High-current (tunable): 5 kA
>> Ultra-short bunches: 770 as
>> | ow emittance: 300 nm.
>> Low uncorrelated energy spread ~ 1%
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Wakefield-Induced lonization Injection
FACET example A. Martinez de la Ossa et al. Phys. Rev. Lett. 111, 245003 (2013)

ACET™"

Qb = 2.7 nC Wakefield Injection

[ = 0.50%10" om? Electron dens.ty 1072

n/n,

Ib = 22 KA |---cmmmmmmeeeceeeaaas >
E, = 23 GeV plasma density

0; = 14 pm no =5 x 10" cm™?

€x = 50 pun J s heli

e, = 5 um opant species: helium
He/Hgasjet—¢ {— aas mIets

l No = 05x10180m3|
electron beam I preionization laser

[107]. S.Z Li and M. |. Hogan, SLAC-PUB- 1 4412. 50 0
[11]. M.J. Hogan et al, New J.Phys. 12 (2010) 055030. C [um]
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Wakefield-Induced lonization Injection
Injected bunch properties

A. Martinez de la Ossa et al. Phys. Rev. Lett. 111, 245003 (2013)

Driver and witness bunch after 20.8 mm

n,= 0.50 x 10'° cm’
20 - Injected Bunch ,

z = 20802.9 um

Driver

‘f
‘f
-

E:=133 GV/m

5

C [wm]

Transformer ratio
R = ‘E;vitneSS/ESriver‘ ~ 9
Up to 46 GeV in ~50 cm

10
41
102
10
|
10°
110
1

Witness properties after 20.8 mm

>>
>>
>>
>>

z= 20.8 mm
Q=-8.77 pC

(p,) = 2.70 GeV/c

Current [kA]
—e— Energy spread [%]
—e— Emittance [um]

. _5|6! .
C [um]

—igh-current (tunable): ~2 kA
Ultra-short bunches: 2.7 fs
_ow emirttance: 1.5 pm.
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0.04
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Charge [pC]

_ow uncorrelated energy spread ~0.3%
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Wakefield-Induced lonization Injection
Beam loading for energy spread reduction

o, [um]

<pz> [GeVic]l Ay/{y) [%]

Improved energy spread + higher current

400 F
200 |
of T | e 0'9:_ z= 5.8mm
Ty - ——————— . : 4 : Q =-8.04 pC
40:'( ) ] CS-’ 0.8F T Mgy S AZ;(‘E}"O'.‘?S'um' """
i h L W NNN)=45%
20: : ) i g = 2.11um
ole——e—e—"9 % _' O 0.7 !
———— B— T = .
() 5 :- He at 0.2% 5 -
5 _‘_‘_‘_‘—‘_M/_ 06: . ° i <p2>= 0.75 GeV/c

—— Current [kA]
—e— Energy spread [%]
—e— Emittance [um]

56 54
C [um]

Short (~pum), low-current (~2kA)
low-emittance (~pym) and
linearly chirped
GeV-electron beams
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Wakefield-Induced lonization Injection
Beam loading for energy spread reduction

Improved energy spread + higher current

— 400F
), :
2 200F
@) [ " |
Of e . N 09 z= 5.8mm 0.4
3 ] ' R _ N Q =-99.51 pC N
< 40 ® ] § ' AT = 0.79 um 03 Q
X [ 1 —
— ! ] Ay/{y) = 0.7 %
e o ; 3 e = 1.27 um 02 S
O __ _______________________________________________________________ —_ L — e o0 E
L L L L L e ) ) ) ) ] o N L TR T R e :
B I | ' T T T Q. . 0.1 O
£ (p,) = 0.68 GeV/c .
— ] ] ] ]
” —— Current [10xkA]
—e— Energy spread [9%]
—_ —e— Emittance [um]
<
DN

56 54
C [wm]

0.7 - .
0.6 M Short (~pm), high-current (~20kA)

— — ] low-emittance (~pm) and
1 10 quasi-mono-energetic
GeV-electron beams

<pz> [GeVic]l Ay/{y) [%]
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Wakefield-Induced lonization Injection
Beam loading for energy spread reduction

0'9: z= 5.8 mm [IO]
I Q =-8.04 pC N . . '
g 08 o 0,745;”, 0.015Q Witness bunch profile for perfect beam loading
L ' Ay/{(y)= 4.5%
o i ~ e =241ium |JM0.01 &
S o7} ? et = "pwl?t [k 1% W
o : : “""‘*-n 0.005 5 Ay = 2 + | =5 - kp(c _ Cw) '
06F nue/mo=0.2% (p,)= 0.75 GeV/c ) | Lo _ 2 Lo
0.9
I z= 5.8mm 0.15
T 08 e Q Witness/driver current ratio
% ' L A‘}'/-<“-'>: 1_9 % 0.1 ‘8‘ 4
P e — tp =139 um . o A, (Rw> 1
. b © o _
i - ’ 005 < ~
Q. .
: S Aqg V2
0.6
- NHe/No = 1% = 0.72 GeV/
[ | HeTo =% )= 0.72GeVle |71, for reduced energy spread
0.9F (c) z= 5.8mm | %4
1 Q=-99.51 pC Ty - <
) r £ e 03 Q .
S 08 z e = 079 um = High-current (~20kA)
| : e = 197 um Q > = :
S o7 o NP — R | R - low-emittance (~pm)
" o . 01 & quasi-mono-energetic
f, MHe/Mo=25% . (p)=068Gevlc [T GeV-electron beams
ar (d) i Current [10 kA] ) g
i —e— Energy spread [%]
S —e— Emittance [um)]
E o I;
2| High-brightness for applications B —
E €
1F
0 1 s . . 1 l. " g
-58 -56 -54
€ [um] [10] M. Tzoufras et al., Phys. Rev. Lett. 101.145002 (2008)
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Wakefield-Induced lonization Injection
Features and requirements

Requirements

>> High-current drivers (I.° > 8.5 kA)
to operate a strong blowout regime.

koo, ~V2  kpoy ~1
Resonant length \Vioderate spot size

kpen < (kpaw)2 /2
Low emittance

>> A Jet with dopant species
with appropriate ionization threshold.

Ewake > Eion > Ebeam

>> Plasma cell technology
for the experimental setup.

Features

>> Ultra-short, high-gquality bunches.
Injected beams are short and low-emittance

koo, = kyo, = kpe, = 0.1
>> High-current, low-energy spread
oy controlled beam loading

>> Energy doubling/tripling:
Transformer ratio > 2

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

WII bunches can do WII injection
INn higher plasma densities !!

-------------------------------------------------------------------------------------------
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Wakefield-Induced lonization Injection
Self-Similar Staging (new concept)

Experimental setup

1st plasma stage 2nd plasma stage

Dopant jet (H/He) Dopant jet (H/X)

P e e e

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

‘—/ /%I / | Preionization laser
Electron 5 -

beam
™ ~ (OS > ~ 100 .
no o Wit The withness e bunch is now the driver
e — Witness in the second PWFA stage
WII bunches can do Wil injection » | >> 10 times shorter and lower emittance.
in 102 times higher plasma densities ! >> Higher current.

>> 102 times brighter!
>> “Redoubles” the energy per electron.
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Wakefield-Induced lonization Injection

Self-Similar Staging: First simulations

lonization threshold 90 eV

p. [GeV/c]

no=4x 10" cm3

X [wm]

N>+ (IP 98 eV)

X [um]

The withess bunch
IS NoOw the driver

z= 5.8mm
Charge =-99.51 pC
AT = 0.79 um
Ap/p = 4.5%

€ = 1.27 um

(p,) = 0.68 GeV/c

(b) — Current [10x kA]
- —e— Energy spread [%)]
— —e— Emittance [um]

C [um]

2

0.4

0.3

0.2

0.1

n, = 40.00 x 10" cm

Charge [pC]

Properties

>> High-current 15 kA.

>> Ultra-short 140 as.

>> Ultra-low emitt. 60 nm.
>> Transformer ratio ~2.

Second witnhess

z= 0.4 mm

Charge =-3.89 pC
AT =43.29 nm
Ap/p =159 %

—— Current [KA]
—e— Energy spread [%]
—e— Emittance [10x nm]

62 61 -6
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Wakefield-Induced lonization Injection
Staging from a LWFA accelerator

Experimental setup

LWFA stage PWFA stage

Dopant jet (H/N) Dopant jet (H/X)

P S e

NN R T N - P —————————S=SSSEE S S R

Laser driver Laser barrier (VHS tape)
The witnhess e bunch is now the driver
Witnhess in the PWFA stage
Electrons beams from LWFA . | >> 10 times shorter and lower emittance.
can do WII injection! >> Higher current.

>> 102 times brighter!

if they have enough current ~10kA
y J >> “Doubles” the energy per electron.

Boost the energy and the quality of electron beams produced in LWFA accelerators to the next level
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Wakefield-Induced lonization Injection
Staging from a LWFA accelerator

.--- Laser driver ---.

4 A

Ao = 800 nm
Py =244 TW '
T = 25 fs

(FWHM on intensity)

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

Energy in the pulse: 640 md

Matched conditions

< -
----------------------------------------

High current witness from LWFA (experiments)
- O. Lundh et al., Nat. Phys 7, 219 (2011).

- S. M. Wigqins et al., Plasma Phys.

Controlled Fusion 52, 124032 (2010).

20

O3S

RIS 2D simulation

_ n,= 4.00x10'° cm?

z =559.7 um

| A A M A |

1

20 10 0

C [um]

Injection-jet: H doped with N

Liet = 100 pm

nn/ne=1%
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Wakefield-Induced lonization Injection
Staging from a LWFA accelerator

.--- Laser driver ---.

(FWHM on intensity)

" Ao =2800nm
. Py=244TW
T = 25 fs

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

Energy in the pulse: 640 md

....Matched conditions
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High current witness from LWFA (experiments)

- O. Lundh et al., Nat. Phys 7, 219 (2011).

- S. M. Wigqins et al., Plasma Phys.
Controlled Fusion 52, 124032 (2010).
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Wakefield-Induced lonization Injection
Summary

Wakefield-Induced lonization Injection

>> Hig

[(0N®

Needs

n-current electron drivers (Ip > 8 KA)

Derate a strong blowout regime.

>> A C
With

opant species  FEwake > Fion > Ebeam
appropriate ionization threshold.

>> Plasma cell technology
for the experimental setup.

Features

>> Controlled ionization-based injection.
Injects from a narrow and well-defined region

>> Simple experimental setup.

No

need for extra devices

>> Stable operation.
Not very sensitive to driver fluctuations

Produces

>> Ultra-short, high-quality bunches.
Naturally, Injected beams are short and low-emittance

kpo, ~ kpen ~ 0.1

>> High-current, guasi-mono-energetic electron-beams.
Dy controlled beam loading

>> Energy doubling: Transformer ratio = 2

Self-Similar Staging
>> The produced bunches could do WII injection
at 102 times higher plasma density.

>> Short and high-current electron beams from LWFA
could do it as well.

>> To produce 10 times reduction in emittance and
length with double the energy per electron.

>> 102 times brightness enhancement.
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Wakefield-Induced lonization Injection
Summary slide
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- Preionization laser with an intensity capable to fully ionize a | WII bu.nCheS. can do WII InJeCtIIOIn
gas with a low ionization threshold (LIT), e.g. Hydrogen. in 102 times higher plasma densities

- Micro-nozzle fed by the same LIT gas doped with a high- for the production of 102 times higher
ionization threshold (HIT) gas, e.g. Helium. brightness e beams
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