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Outline ram ]

o Characteristic of plasmas

o Plasma wave excitation

o Electron acceleration in plasma wave
o Different electron injection scheme

o Recent progress in LWFA
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High energy charged particles

Elementary Particles

o High energy physics:

fundamental structure of matter and energy

Leptons Quarks

ater
Genera(io"! of M

o Material science: semiconductor, phase transition

o Medical physics: cancer therapy -’/

o Coherent radiation and X-ray sources:
synchrotron and FEL

Bending
Magnet

Source: SRS

o State of the art technology: 3 |
vacuum technology, detector
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SLAC: 50 GeV
““electron

&\ #LASH +2005)"
) zo 300V

Large Hadron Collider >

LHC T TeV proto\

LCLS.
FarHall

je/10n Colicler: Experiment)

Drawbacks:

o large infrastructure:
extremely expensive

o limitted access

Novel accelerator concepts need to be found )
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LA3NET Advanc

RF cavities versus plasmas

o Linac — high power RF technology (A ~ tens of cm)
— accelerating field ~ a few tens of MV/m (vacuum breakdown)

3-1/2 cells Superconduting RF photoinjector ELBE-HZDR

design value:
2 74 Epeax = 50 MV/m
'3 TESLACel | - (TESLA cavities at DESY)
}) ’W) IJE) obtained:
7 Epear = 20 MV/m

o Plasmas — neutral particles, hot ions and electrons
— space-charge electric fields >> RF electric fields in linac

(+)® (+)® (+)® E, ~ GV/m =P > 103 higher than in RF linacs

@%@%@% Aplasma ~ t€NS Of uM | = 3 compact accelerator

HeDe(He E, oc \/n(p
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Plasma: the fourth state of matter

o A mixture of neutral particles, hot ions and electrons

o Characteristics:
— Collective behavior "
— Debye shielding, Debye length, Debye sphere 42—

- - PLASMA

k.T A, A @)
Ap = |—% Np=—22 .-
b 47zn0e2 A< L D 3 Ny >1 L
— Response time zi
C()p

n, =10cm™> T =10 eV(x1.16 x 10°K)
Ay = 23 nm N, = 54 electron:
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Plasmas as accelerators

plasma oscillations

@3@%}8@% g
o e

<+“— —»
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+ + +
+ ++ o+ +
+ + +

If you create a charge separation in plasmas,
plasma oscillations will be generated:

o It propagates with phase velocity ~ speed of the

driver:
laser-driven  V, = V,

4z n, €° 2
o frequency W, = A, =—

o maximum accelerating field strength
E, mlV /Cm] & 0.96 \Jn [cm™] \[2(y, ~1)

v, =1/ [1-(v, /c)’

n, =10cm™ E, .~ 800 GV/m A, ~ 33 um
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Propagation of light in plasmas

o Electrons wiggle in the E-field

E ®' ®. ®@ (via Lorentz force)

m @®@®@® - ions remain immobile in their positions

(e : :
.® @ - fast time ~ laser period
plasmas L
- the net charge separation is zero

2 2 2.2 . . .
w° = w,+ K°C” — dispersion relation

w * Phase velocity
"’ 2
,"r’ a)p C
7o V¢ = — = C™ + — —
N n
w = ck
o ™ Siope is & _ « Group velocity
* ow a)s
i =l A v g=—=Cl——2
\ w No wave propagation ak (£))]
- Slope is T = Vg ¢
U k
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Propagation of light in plasmas

C()2
o Plasma refractive index n=,1- —&
0

w, >0 = 1 Plasma refractive index becomes imaginary

— Plasma becomes not transparent
— Light will reflected by the plasma (like a mirror)

m® _ 1.1x10"

€
~

Arr €° A[um]?

o Critical density  n[cm™] =

A =08 m n =17-10" cm> | _, - 35 par Helium gas
@, >, N, >N, Overdense plasma

®, <o, N, <N Underdense plasma
— Regime for laser electron acceleration
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The Ponderomotive force

: .@o o Electrons wiggle in the E-field
@ @ (via Lorentz force)
- @@)@@
®e @0 @o - time-averaged force is not zero
plasmas - fast time ~ laser period

- slow time ~ laser envelope
- the net charge separation is not zero

o The ponderomotive force (“light pressure”) expels
electrons from high intensity region

X

intensity gradient 4
ponderomotive
acceleration
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Plasma wave excitation pvAS

laser pulse

O_.

background plasma

T.Tajima and J.Dawson, PRL 43, 267(1979)

40|
_‘.'\‘
—_— 20! '
£ 1 ,
5 0 ! !
e ' ,f
'T-UN L "l Il
-20 I
I \ . v
-40 | wakefield 12
100 80  -60 _ 40 20 0
z-ct(pm
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o A high intensity laser pulse can
excite plasma waves > 101’ W/cm?
o Driver pulse length <<},
o lons remains immobile

O Vplasma _
¢

§55, . 57
3

’ EZZ

1 do

B dg

Vlglser ~ C
1-D Laser wakefield equation
( )
1
2.2
Yg|P -1
grg|ls [1_ L a2
VTR

Arie Irmal
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Characteristics of laser wakefield: 1D

L VA [

100 | | . | |
50 - §
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£
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50} 3 —a,=0.5-
. - =-a=1
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The amplitude of wakefield increases
with increasing the laser intensity

Linear regime: the wakefield has a
sinusoidal shape

Non-linear regime: the wakefield
becomes steeper

Plasma wavelength increases with
Increasing the laser intensity

The resonance occurs when the driver
laser length is ~ 0.4
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Characteristics of laser wakefield: 3D

a.o = O.S'IO.O8 . .
°# o Existence of transverse force fields
Laser o
W~ o Focusing fields bring electrons to
08 )
the axis.
0.011
| o Defocusing fields scatter electrons
ort out of the axis.
6 Focusing ]
Fr=B.Ho-E- oefocuang @ I::-on
—=25 =20 0 -5 0 . . . .
F o The optimum accelerating region is
E. 2 d : J _ 3 .
6 bacig e %= 11 the overla_lp region betweer) the
. accelerating and the focusing

o region.

s in the non-linear wakefield.

W

°[ F=BoHg=Er Defocusing g 5

02

03 .

» o The overlap region becomes larger
1

0

=25 =20 =10 -5 0

S
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Wave-breaking gra=

o Wave-breaking limits the maximum accelerating field strength.

o Electron longitudinal velocity > plasma wave phase velocity

'Whitewater' of
plasma electrons

/"iLaser pulse
1

(
d*d 1
2 :ﬁ?/é ‘83 -1
d [1_ A 1+a2/2
Vo ¥

11+a%/2 d=® . J2ly, -1)
When —; +a2 =1 — — o0 Wave-breaking E._=E 79
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L VA [

LWFA: a compact electron accelerator

injected electrons

x wakefield

laser pulse

Decelerating 'aS€r pulse

2
L J"\ ’ ™ i
—w' ) X |1
% L i I i |
L]
‘-(_D-r' U l' ,\'l T f U
':A.-N | l" ] ". i i
=20+ \ b ow, 1-1
i "i-J'I -.r\ |
-40 wakefield Accelerating {-2
400 80 60 40 20 O
z-ct(um)

lerators, 28.9-3.5.2014

Electron orbit in phase space:
* electron trapping mechanism

* acceleration

* dephasing

Equation of motion of a test electron

—~ In wakefields with amplitude E,
5
=
:cg H(yeié)zye_yeﬂelgg_¢(§)
=
dH(y..&) g Hamiltonian constant
dr - along a given electron
orbit
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Electron. dynamics in 1D plasma wave rmn<ds

The separatrix:
orbit that separates the region of trapped and untrapped
electrons in the longitudinal phase space

0.2
0r '
0.2 — .Electric field (&)
e — Wake potential (®)
"
| | 1 1
untrapped
trajectories
I, H
’ H 1
10 | ; : — laser center
: separatrix H 1
S ]
! ]
1 J
=00 ' E B
§ 18 t  trapped E
- trajectories ]
[ :
]
. A
107 RN S L TTHNRNNNN S S SRS S i cmom i !
20 18 16 14 -12 10 8 6 1 2 0
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Maximum energy gain H<zDR

o Dephasing length: distance for electron to gain energy before entering
the decelerating phase

— Electric field (£,) |
— Wake potential (P) 3/9

2
uhtrapped ' E ' ' Ldeph ~ 7/9 ﬂp Ldeph - np

trajectories

: separatrix :
- i I s Maximum electron energy:
Em f trapped E E
 trajectories i 1/2
o |‘. p— Wmax - Ez I—deph EZ np
N— i 1
20 18 16 -14 -2 -0 -8 6 4 =2 0 Wmax np
— 3
I-deph

to gain more energy: lowering plasma density
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Reguirements to produce mono-energetic bunch FI<IR

1. Long dephasing length ~ acceleration distance

Z .
\\,_R/ o High intensity laser over long distance
/\ o Optical diffraction limits the acceleration

ﬁdep\h\ length to the Rayleigh length

Example:

A =08um w,= 10pm Z.~ 400 zm

o

untrapped
trajectories

- 18 -3 -
n, 10 cm™ L= 6 cm

10" L

107t
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Preformed plasma channel g VA [

gas in

v
|

+V

laser in

electrode

A.Gosalves, PhD Thesis 2006, Oxford University

o slow discharge: Hydrogen gas

o electron temperature higher on axis
o electron density lower on axis

n,(r)= n,(0)+A(r/r,)*

0.8

1, (a/ ao)z

d (um)

d (um)

\

\

— Electron density
--- Pulse intensity

\

2 1/4 -

Wlaser - (rch / T reA) “2106
0.4

0.2
OJIU
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B. Broks, et.al., physplasmas 14,23501(2007)
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Relativistic self-guiding

Intensity dependent plasma refractive index

1a)§[1+Ane_2Aw_a§j y=1+a2/2
n (0 4 ag.... ILX’ZL

e

intensity profile

Region with higher laser intensity:

Plasma
St : .

]p . J’ Sre= 7. . | Increasing * electron mass increase

z R TR TN density o _ _

Laser I:"-'.-':-'-'_'-"';“'i‘-’::_:n‘-_: " relativistic quiver motion ym,
o T ey \\ | decreasing ¥
. * local plasma frequency decrease
_ ~1/2

vacuum focus (diffraction limited) a)p (7/ me)

M.Kaluza lect. Note,Uni Jena

« electron density decrease

Requirements: _ T
ponderomotive force + relativistic effect

P>P, P = 174w /®,)*GW

215
w
L
aO

1 mm 10 ps
A. Maksimchuk, et.al., APB 89,201(2007)

@y
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Reguirements to produce mono-energetic bunch FI<IR

2. fs bunch and fs time for injection — the central problem !!
* Size < laser beam size
* length < plasma wavelength
* synchronization < laser pulse duration
* initial energy > trapping threshold

injected electrons N
x ARt ~ tens of microns

/~ tens of microns

laser pulse
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Self-injection in the bubble regime?.2:3many more FI&LIR

o A highly nonlinear mechanism: self
focusing + self steepening

o Electrons completely blown out by the F,

o No spatial and temporal problems with
Injection

o Inherent problem: shot-to-shot stability is
very sensitive to the fluctuation of laser’s
and plasma’s parameters

Lu, W., et al, PRSTAB 10,061301(2007)

1Pukhov, A., et al, Appl.Phys.B.,74,355(2002), ?Leemans, W.P., et al, Nature physics2,696(2006),3Mangles,
S.P.D., et al, Nature 431,535(2004),* Geddes, C.G.R, et al, Nature 431,538(2004), °Faure, J., et al, Nature
431,541(2004), many more
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Self-injection in the bubble regime?.2:3many more FI<LIR

Arbitrary Unit

= Monoenergetic with Low Charge

S

M.onoene?lic with High Charge

Monoenergetic + Mawsxellian

~
O
~—
-
N
~J
-~
-
-
~NJ
o0
-~
N
N
—
® o~
Q

Laser 200 100

SMLWF=>FLWF=>Bubble

Ne=3.5x10 Jem?

Ne=6.0x10"Yem3

20

Energy [MeV]

Laser

Maxwellzan (.T—‘Z} i

P

el
-Ne:=1;§,x10 Jem3

Mavvellian (T=14Me

Nez20810 " Jom3, 5.

Maxivellia (T=15MeV) ™

Ne=3.0x10" /o3
1 I =]
Maxwellzan (T-HMeV)"’ '
ke \l -

N=5.0810 Yem3 + +
200 100 50 A,
Energy [MeV]

V. Malka et al.,, Phys. of Plasmas 12,5 (2005)
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Injection by colliding pulse scheme?! 2?3

Pump beam
—— i —— . .
Plasma wave l‘ «¢=mmm [/ \ Injection beam
Pump beam _ Injection beam ‘ ‘
5 /\ /\ /\ M |||||”|||1II —— e
2 mm

o The pump beam to drive the wakefield, the injection beam to heat
up the background electrons

o Injection is local
o Better shot to shot reproducibility

o Better control over electron parameters, energy, total charge,

1Faure, J., et al, Nature 444,737 (2006), 2Esarey, E., et.al.,
PRL79.2682(1997). 3Kotaki. H.. et.al.. PoP 11 (2004)
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Injection by colliding pulse scheme

Tuneable electron energy

400300 200

Energy (MeV)

Faure, J., et al, Nature 444,737 (2006)
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pump

=

late injection

pump

el

middle injection

pump

==

early injection

accelerating distance «—>
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Density down-ramp injection

calculation by A. Khachatryan

083 | L ‘-.‘I I I [ l."I

Vp/ C-\''e Al © A, increase as n, decrease

043 * "" -' ar

e | o v, decrease faster, eventhough
16} ’ L . vV, INCrease

mmlt.nun -

L WYYV YU “” ' 1 o when v, ~ v, local wavebreaking,
V /C — injection and acceleration

_0'4—?0 30 —30 —10 1|D 3[] :’lJO I!‘U a0

Does not require non-linear
laser pulse dynamics

=P Detter stability can be expected
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Density down-ramp injection

10°

a ]t ~Focused Laser B8 !
peec] ___— Shock Front

e

e 1)
w

A
-

- ..
e o ,%e
-

-

10° ‘5.
: ) t = -
Razor Blade — > = 10tz =il
= f_ - =’
2 10 R &
~ =
DeLaval Nozzle g 102 r
= H
) o - = 0!
From Gas Reservoir [ITss— .
i 10°
3
Electr

0 100 200 300 400 500 600 700 800

“harge density (pC/(MeVIRSEININT 0

(a) Self injection

K.Schmid et al.,, PRSTAB 13,091301 (2010)
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(b) Injection at density transition
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External electron injection

ldea:

separate the production and injection of electrons from the
acceleration process =¥ similar as in conventional RF accelerators

ﬂ

Injector: Booster:
« full control over electron generation * linear to weakly nonlinear laser
 well-characterized electron beam wakefield
parameters: « optical guiding for high intensity
charge, emittance, energy and laser pulse
energy spread  operate at lower plasma density
» spatial and temporal control over » capillary discharge plasma channel

Injection
* RF photoinjector

How to inject external electrons into the right phase of laser
wakefield inside a booster stage ?
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External electron injection

Plasma channel o Linear to weakly nonlinear wakefield
Laser pulse _
W_; - > o No need ultra-short injected electron
Electron bunch_ bunch
V, >V,
P 5 No need fs synchronization

o No need precise transverse positioning

Easy control over the injection time

54
HI
3

o Scaleable to higher energies

o Promising candidate for a controlled
acceleration

1A. G. Khachatryan et. al/ Nucl.Instrum.Methods Phys. Res.A, 566, 244
(2006), A. G. Khachatryan et. al., Phys. Rev. ST Accel. Beams 7, 121301
(2004), A. G. Khachatryan, Phys. Rev. E 65, 046504(2002), A. G.
Khachatryan, JETP Lett. 74, 371 (2001).
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Recent progress in LWFA experiment

LEHEBS Nature PhySICS 2, 696(2006)

GeV electron beams from a
centimetre-scale accelerator

W. P. LEEMANS'*', B. NAGLER', A. J. GONSALVES?, Cs. TOTH', K. NAKAMURA' 3, C. G. R. GEDDES",
E. ESAREY™, C. B. SCHROEDER' AND S. M. HOOKER?

Diode1
ICT S~

o 40 TW laser pulse, plasma
density n, = 4.3 x 1018 cm,
30 pC at 1 GeV with 2.5 %
rms energy spread

o Acceleration distance < 3
cm, E, >33 GV/m

Laser
Beam Dump Magnet

Wedges

x108 (pC GeV-"sr7)

0.03 0.15 0.175 0.3 0.4

GeV
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Energy scaling with laser power

ARTICLE

Received 2 Dec 2012 | Accepted 8 May 2013 | Published 11 Jun 2013

=150 fs, 1 PW pulse

. . . T, I
Quasi-monoenergetic laser-plasma acceleration "= ( )
Texas PW

of electrons to 2 GeV
Xiaoming Wang', Rafal Zgadzaj', Neil Fazel!, Zhengyan Li', S. A. Yi', Xi Zhang', Watson Henderson', Y.-Y. Chang, sesocesee ‘
R. Korzekwa!, H.-E. Tsai!, C.-H. Pai!, H. Quevedo!, G. Dyerw, E. Gaul' M. Martinez!, A. C. Bernstein!, T. Borgert
M. Spinks!, M. Donovan, V. Khudik!, G. Shvets!, T. Ditmire! & M. C. Downer' injected

electron

™~
ccD

=120J ;4 Optical

150 fs T tilters i _
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Visualization of laser wakefields

« Wakefield acceleration with 40-TW JETI-laser @ Jena, Germany:. up
to 0.8 Jin 35 fs, f/13 focusing into H, gas jet

* Frequency-broadening of synchronized probe pulse in gas-filled
hollow fiber + chirped-mirror compression

VW O & e
| 104 H
a1 | L o)
£ 3 T -
= g robge
=
= \ To target chamber z p% kKe=—
=4 c
oo Q
= | Delay Stage 2 s
,3 s l l\ E
— — ) ' l 024
Legend '
Chirped Mirror ) _I
Silver Mirror —3 I 004
Concave Mirror = & l ! . ’ :
Fused Silica Wedges === \ =~ -100 50 0

time delay (fs)

1.1 um resolution with optimized imaging system

M. B. Schwab et al. Appl. Phys. Lett.
(2013), A. Savert et al. submitted
(2014)

y (Hm)

ﬁHELMHOLTZ TR

l GEMEINSCHAFT
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Snap-shots of non-linear, laser-driven plasma waves

,mm Helmholtz-Institut Jena
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Compact Xray sources

APPLIED PHYSICS LETTERS 99, 093701 (2011)

X-ray phase contrast imaging of biological specimens with femtosecond
pulses of betatron radiation from a compact laser plasma wakefield
accelerator

S. Kneip,'#® C. McGuffey,? F. Dollar,? M. S. Bloom,' V. Chvykov,? G. Kalintchenko,?
K. Krushelnick,® A. Maksimchuk,® S. P. D. Mangles,2 T. Matsuoka,? Z. Najmudin,’

C. A. J. Palmer,’ J. Schreiber,” W. Schumaker,® A. G. R. Thomas,® and V. Yanovsky?
'Blackett Laboratory, Imperial College London, London SW7 2AZ, United Kingdom
*Center for Ultrafast Optical Science, University of Michigan, Ann Arbor 48109, USA

electron

dipole dump

focusing high
power laser

specimen"

x-ray

detector==ullll
—

x-ray

atron oscillation

X-rays
y laser

FIG. 3. Single shot 30 fs exposure x-ray phase contrast image of the head of

rons propagatiyn a damselfly. Notice details of the compound eye (1), exoskeleton (2), and
] leg with hairs (3).
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LWFA: unigue bunch properties

m Ultra-small size (o, << Ap) and ultra-short bunch duration
(wahm << }‘p/c)

CTR technique Betatron Xray source size
- _— - a0k density :1:'I."|:||| :I]
[ ] 305 <] 4 5 & 7 ]
20 ': 1®
_ = 250} 1 £
) \ 3 3 1"
_E . _: E g
L O < 200t 13 &
] :['-%\ I T BT S 150} 2 §
= | { 1 ., Wawmbngih (im] E ] ;-_:
ost | § h}h"‘“a = 100t z
| ’/:-J TV T T 10
| L LT e — 50 i
T o 4 s s 7 8 9w 2 3 9
Wansdangih ) density [10"em ™)
O. Lund, et.al., Nature Physics 7, 219(2011) SKneip, eLal. Phys. Rev.ST. Accel. Beams., 15, 021302(2012)

m Normalized transverse emittance (ey<0.5 mmm-mrad) ~ linacs

&
L] data

-

E - matched density

E 4T

E

3

| ]

= 2z} : -]

U}-I. g

= %f +—

o

2 a 4 B 3 T B
danalty [10"%em ™)
5 Kneip, et.al. Phys. Rev.ST. Accel. Beams., 15, 021302(2012)
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Main challenges in LWFA HZzDR

m Improved control over electron injection into wakefields

Coliding pulse mechanism (J.Faure, et.al.Nature 444,737(2006))
Density down-ramp injection
(C.G.R.Geddes,et.al.,Phys.Rev.Lettl,100,215004(2008))

m Improved beam stablility: shot-to-shot reproducibility of charge,
energy and energy spread, emittance
Reduce the fluctuation of plasma’s parameters: gas cell
(J.Osterhoff ,et.al., Phys.Rev.Lett.,101,085002(2008))
Full control over crucial laser's parameters:pulse’s front tilt
(A.Popp, et.al.,Phys.Rev.Lett.,105,215001(2010))

m Scaleability to higher energies

Multi-staging technology (W.P.Leemans and E.Esarey, Phys.Today, March
2009)
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Self-consistent fluid model A

The huge number of particles in plasmas

— impossible to solve Newton’s equation for each particle
— hydrodynamic approach: study the motion of fluid elements

Main assumptions:

o plasma is fully ionized and initially at thermal equilibrium

o plasma is underdense: ®y,>> ®

o ions are immobile

o plasma is cold: plasma electron thermal velocity << plasma wave phase
velocity @ vy, << v,

plasma
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Towards master equations: starting point m<2Ir

Maxwell's equations Continuity equation
(EM fields) (conservation of the number of particles)
V-B= 0 — Closed loop magnetic fields on, 1V, (ne\T) =0
— ot
VxE = _l@_B — Faraday induction’s law
c ot
V-E = 4p  — Poisson’s equation
— — 1 = BE X X+AX
VxB=—|4r] +8_ — Ampere’s law
C ot
Sources Lorentz equation

(motion of particles in an EM field)

p=-e(n,—n,) — Charge density

S N
j=-en v, — Current density F= —G{E _{CX Bﬂ
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Towards master equations H<oOR

Fields can be described in term of potentials:

1 0A oo
E = -V —=5 where satisfles: V-A=0
B = VxA.

In normalized parameters: ¢=ep/mc’ a=eA/mc’

1-Dimensional case

Driver laser pulse

y 7
LV\/WWVW\/\AM a(z, 1) =apexp{—((z—ct) f{.rz)z} yexpi—ilkoz—wol)},

— the strength of laser-plasma interaction

a, < 1 Non-relativistic regime

a, >1 Relativistic regime(v x B)
1,=0.8 um, a,=1, I,= 2.1x10'® W/cm?
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Laboratory frame — laser frame
‘ &= kp(z _Vgt)

t T =t
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kpi[’}’[l—ﬁgﬁz)—(ﬂ = —w—piyﬁz,momentum eq.
0é ) c 0T
kpa% [ﬂ(ﬁg_ﬁz]: = MTP%H, continuity eq.
0B g kv gl Bt e
;; 7) —ﬁg % -1, Poisson eq.

Quasi-static approximation:
« evolution time of the laser envelop >> the plasma response time
« this requires 7, << Z,/C

ZR
A Lo
"'ﬂv"'ﬁ pulse length Lo=c1o

/ \
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With quasi-static approximation: 0 .
6 1 \fﬂp
k—[ 1- — = ———Ypz, momentum eq.
p@f Y( ﬁgﬁz) (f) ) 61'%83 q
PR ) Swp g -
— | n(Pg — = n, _
Y [ Pg—Pz) S,/ continuity eq
0° 32 w5 5 n a '
K2 (1 f2)— + 2kpeo, Pg P ] a =prki——, !aser propagation
P &7 9¢2 c 080T ¢? 0712 &P n,y’ inplasma eq.
02 n _
Rz ¢ =P o 1. Poisson eq.
1-D Laser wakefield equation
( \
e, 1 1 do
a2z PgYg|Pe [ 1L e _,5_§ dé"  Try with Runge-Kutta
VTR

Yz =10-p3) O=1+¢ Normalized to  E, =MV, @ /e
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