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Lasers and particle acceleration

E.< 100MV/m ) S
. E =mcw_ /e~100GV/m
Accelerating structure, metal z e P

(normal-.conductive or super- “Accelerating structure”
conductive) produced on-the-fly in plasma
by laser pulse

 Let’s discuss laser plasma acceleration in detail
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Maximum field in plasma
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O Ion Positive |
e Electron

Integral contour

Negative

Assume wave is excited by object moving with c

Recall how we derived ®,

1 _ nex
gas=Lffpov E-"
d*x ne’x
F=m—=-eE=-
dt €0
Oscillation 2 _ ne’
frequency: P £,M
r 1 €°
use: I, =
* 4ng, mc’

to rewrite as: coi = 4nnc’r,

C
If total charge separation achieved in plasma, max field estimated taking X ~ A~ —
nec mC(x)IO , W, (Dp
Thus Emax ~ = or eEmaX = mc —
EqM, e C

Use }, ~9000n"*(nincm®) —> eE,, ~1-—
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How to excite plasma

 We see that GeV/cm require plasma with n=1018 cm-3

10" cm™
n

/lp:i - /lsz.lmm\/
f

p
 Thus, short sub-ps pulses needed for plasma excitation

* |In absence of short laser pulses other methods suggested:

 Plasma Beat Wave Accelerator (PBWA) — -t
— Two laser pulses of closer frequencies beat at w,,

o Self-Modulated Laser Wakefield Accelerator (SMLWFA)

— Instability in a long laser pulse cause modulation at |,

¥

evolves f
into

J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979)
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How to excite plasma

e Availability of short sub-ps pulses of laser or beams
stimulated rapid progress of plasma acceleration

A

* Plasma Wakefield Accelerator (PWFA) P
— A short high energy particle bunch :

 Laser Wakefield Accelerator (LWFA)

— A short laser pulse of high intensity
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Beam and laser bunch/pulse compression

Compressor
Grating

Stretched pulse

el 1 TATAVAYAY AP
Mirror«—"

Compressed pulse

Grating

Stretcher
Mi .
lrror!l:. Original pulse ._’.._’_J.error
Stretched pulse
Focal plane
Grating : , Grating
< —>< > < S
L f F < _}L

Laser

................ Dipole
Beam ......... Magnet
Direction

—_—

~V

Beam

Both in laser and beam use z-Energy correlation
to compress/stretch the pulse — one more general principle of AS-TRIZ
Telescope is needed inside stretcher to create “negative distance”

5/\/ USPAS Course 2016, A. Seryi, JAI




CPA - Chirped Pulse Amplification

) n”” ”“ Initial
o fje
'l"“’l' || pulse Stretcher
Oscillator /
Shown same o
duration, but |
in reality 1000  Stretched ||’ s
times longer pulse ’—/UW i A“"""’"‘
Amplified
/ ’/\1 stretched
pulse

Amplified
ultrashort
pulse

Compressor

e CPA: pulse stretching and compressing using time-energy

correlation
— Amplification of chirped pulses was used in radars - the trend from microwave to
optical can be taken as one of generic principles for TRIZ
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Laser pulse of high intensity

Laser intensity (in vacuum)

1 1
|==¢g,E5 Cc  (s1) |=—E2 C (Gaussian)
2 87
Fields in practical units:
V | 1/2 | 1/2
E_. ||l —||=275%x10° B,...|G ~9.2x10°
rex Kcm ﬂ . (1016W/cm2j o[ GaSS| * (1016W/cm2j

(useful to remember that 300 V/cm is ~ same as 1 Gauss)

Compare with field in a hydrogen atom. Bohr radius and field:

2 o e vV

dg = h > =5.3x10"°cm Ea =— — > ~ 5.1)(1011—

me dg A ag m

(Gaussian) (S1)
~12 A2 '84
(Recall ¢&,~8.8-10 =)

kg-m . w
Atomic intensity | | = &oltq ~351x10° _
2 cm

A laser with intensity higher than that will ionize gas immediately
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Laser intensity

i 2
1023 | Intensity (W/cm?)
10%F ivisti ime : 1 g,CE? W
Relativistic regime : Qo |, = 0“a ~ 3 5110 :
ey’ o ey 2 cm
.. : L~
, Atomic intensity
1015 =

Rl R e |n fact, lonization
Field ionization can occur well below
of hydrogen this threshold due to:

— multi-photon
Year effects;

I 1 L 1 L 1 L 1 — tunneling ionization
1960 1970 1980 1990 2000 2010

Progress in peak intensity since laser invention in 1960

1010
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Types of ionization

Direct ionization %

Multi-photon
ionization

Tunneling ionization

With even more laser intensity — barrier
suppression ionization (BSI)
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Laser intensity for barrier suppression ionization

Coulomb potential of hydrogen atom distorted
V(x) by homogeneous field &:

Ex

eZ

V(X) =———eeX
X

Find position of the maximum:

_ (6/8)1/2

Equate potentlal value at max to hydrogen ionization potential
/2 e
=2e%f* = E, =——~136eV
24,

max

The critical field for hydrogen is therefore ¢, = =

Which corresponds to intensity |_=

c

a6 ~1.4-10"W /cm?
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Laser intensity

i 2
1023 | Intensity (W/cm?)

1020 |
Relativistic regime : Qo~ 1

. Atomic intensity )

ST T o _&%s L3510 W2
1015 - 2 cm
Field ionization \ |
of hydrogen ~~ 1, =—~1.4-10“W/cm’
256
107 Year

1960 1970 1980 1990 2000 2010

Progress in peak intensity since laser invention in 1960
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Normalized vector potential

The laser field can be written intermsof . _ 0A 5 o,
the vector potential of the laser field A as - cot’ B
For linearly polarized field A=A, COS(kZ — (D’[)eL
A,m

Weseethat E,= g

: eE
Compare momentum game_d eEAt ~ — with M_C
by e- in one cycle of laser field 0
We see that it is useful to define the . eA i itude a ek,

. . = > with amplituae dg —

normalized vector potential as m.cC m, mc

The amplitude a, will indicate if the electron motion in laser field relativistic
a, >> 1 —relativistic, a; << 1 - non relativistic

In practical 3 (I[chmz] 2TC

1
2
units 0~ 1371018 ] x[“m] where 7& — ?
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Laser intensity

Intensity (W/cm?)

1023 L

102 _—~ a,~1forred laser

2
— 1, = %% 2351501 WV
1075 2 cm
L Field ionization \ |
of hydrogen 1, = - ~1.4-10"W/cm?

1010 Year

1960 1970 1980 1990 2000 2010

Progress in peak intensity since laser invention in 1960
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CPA-compressed pulse

1 -—----- ﬂ- ———————————

«— Main pulse

10°°

Contrast ratio

-200 100 0 100  t(ps)

* Qualitative temporal profile of CPA-compressed laser pulse

— Pre- and post-pulses typically cased by nonlinear properties of the
elements of CPA system and non-ideal properties of the initial laser pulse
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Laser acceleration - conceptually

Trapped Intense laser
electrons

T, - pulse duration

“
*
*
‘O
g

.
.
.
.
L
L
‘e
.

.w
nn®
““““
.
nn®

Instantaneous
electron density )p- plasma wavelength
 Note in particular
— lonization front starting at the front tail of laser
— Laser pulse length similar of shorter than plasma wavelength
— Electrons trapped in the first bubble
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Formation of bubble — ponderomaotive force
First, assume laser field homogeneous: E = Eo COS((Dt)

. . F eE ek,
Motion of electron: y=—= = Y=- COS((D’[)

m Mo’

m
Now. ch OE
et iny, £ = Eoly)cos(ot) E, cos(ot)+ y = cos(ot)

oy
e e
F) - g2 EO%:_ e’ OE;
\Y  Laser Iy) 2me° Oy 4me® dy
o
FP Ponderomotive force pushes

electrons out from the high intensity region
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L aser-Driven Plasma Acceleration

plasma

electrons

 Ponderomotive force of short (50fs), intense (108 W cm?) laser pulse
expels plasma electrons while heavier ions stay at rest

 Electrons attracted back to ions, forming a bubble (blow-out regime) and
setting up plasma wave which trails laser pulse

e Electric fields within plasma wave of order 100 GV/m formed
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y (um)

-5 0 5 10 15 20 25
X (pm)

Simulation courtesy Prof Simon Hooker
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How e- gets into the bubble — wave breaking

« Wave breaking
— Self-injection of
background
plasma electrons
to the wake when
some particles
outrun the wake

e Other methods
— External injection (difficult for so short bunches)

— Methods which involve two laser pulses and mix of
two gases with different ionization potential

;A/ USPAS Course 2016, A. Seryi, JAI



Importance of laser guidance

 As laser propagates through the gas/plasma, several competing
effects are important
— Dephasing
— Depletion
— Longitudinal compression by plasma waves

— Self focusing

* Including relativistic effect — electrons of plasma at centre become
relativistic and have higher mass

— Diffraction
* Small laser beam (~30um) will diffract very fast
* Includes ionization caused diffraction (centre where intensity is higher

ionized first)
e A possible solution — create a channel with plasma density profile
n(r) to guide laser
— A particular solution - capillary discharge channel developed in
Oxford
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Importance of laser guidance

R

apphlre block Capillary with lower

L4 plasma density in the
e \% < Electrode centre

Capillary channel designed by Prof Simon Hooker

o Capillary channel allowed exceeding 1GeV
laser plasma acceleration for the first time
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First ever 1 GeV from laser plasma accelerator

* 1 GeV acceleration & monoenergetic beam
— Use of guiding capillary was essential

o

N

_—

x108 (pC GeV- sr)

003 0415 0475 03 04 0.6 0.8 1.0
GeV

1GeV acceleration in just 3cm of plasma

W. Leemans, B. Nagler, A. Gonsalves, C. Toth, K. Nakamura, C. Geddes, E.
Esarey, C. B.Schroeder, & S. Hooker, Nature Physics 2006

Plasma density 2.7x108 cm-3, 40 TW laser with 1018 W/cm?
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Recent energy record

0 400 800 1200
B

Charge Density [nC/SR/(MeV/c)] .
B

Horizontal Angle (mrad)
=

0.5 1 1. 2 25 3 35 4 45
Momentum (GeV/c)

4.2 GeV, 2014
W. Leemans et al., PRL 113, 245002 (2014)
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Transverse fields in the bubble

The ions are heavy and are inside of
the bubble. They produce focusing
force.

$E-dS =4 pdV

(Gaussian)

Assume cylindrical symmetry

=

Focusing force €E = 2nne2r

Assume electron is relativistic with ¥

2
e d’r  2mne’r o,
It will oscillate in this field as = —

ds?  ymc?  2yc

> I

The period of oscillation is therefore A = /2y A
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Betatron radiation

e Strong radial electric field within plasma wave cause
transverse oscillation of electron bunch

 Generates bright betatron radiation in 1- 100 keV
range

 Let’s estimate parameters of this radiation
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Betatron radiation

AN
I }9‘_._._._._._._._(_._._._._d._._._._._._._._._._._._._.i’.'_\‘._ _____________________ TN oW L) _
a) —r b) N _— c) o _A d) oA e) oMM

N

e Strong radial electric field within plasma wave cause
transverse oscillation of electron bunch

 Generates bright betatron radiation in 1- 100 keV
range

 Let’s estimate parameters of this radiation
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Synchrotron radiation
on-the-back-of-the envelope — power loss (recall)

Energy in the field left behind (radiated !):
Field left

behind \\U
=" T~ e
-7 ‘ ~ The field E~— the volumeV ~r”dS

N r
/, (l/ s \
/7

szEZdv

Q
Energy loss per unit length:

o 2
\\L i d_WzEzrzz E r2
R+r ds r2

Substitute r = % and get an estimate:

Field lines

Compare with dW _ 2%y’
exact formula: (dS 3 R?

Gaussian units on this page!
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Synchrotron radiation
on-the-back-of-the envelope — photon energy (recall)

For y>>1 the emitted
photons goes into 1/ y
cone.

During what time At the observer
will see the photons?

E S

zZ Observer

Photons emitted during travel
along the 2R/y arc will be observed.

Photons travel with speed c, while particles with v.
At point B, separation between photons and particles is

ds~ 2R (11)
y c

Therefore, observer will see photons during At~ LIS ~ E(l—ﬁ) R

C cCy cy’
Estimation of characteristic frequency Compare with exact formula:
1 c 3cy’
o~ LS 0, =251
At R 2 R
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Synchrotron radiation
on-the-back-of-the envelope — number of photons (recall)

, dw e*y* . cy’

We estimated the rate of energy loss: s ~ =2 And the characteristic frequency: ©_ = ?
&

3 3 2 2

hc e e r

The photon energy ¢, =7/m, = Y _ Ao mc? where [ =—— O0=— A =—

mc hc o
=>

N 1dw
Number of photons emitted per unit length d— ~ —d— ~ ay (per angle 0: N =~ ay@ )

dS ¢, dS R

Gaussian units on this page!
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Estimations of betatron radiation

We found that relativistic electron with y
will oscillate in the field of ions as

2
d’r  2mne’r o,

= r
ds* ymc®  2yc’

Period of oscillationis A =./2y A,

If amplitude of oscillation is r,, 3.2
then the radius of curvature R = >
of the trajectory is )2 4n°r,
Substitute and get the radius of curvature as R = Y 2p
2T,
_3¢ N A2
Substitute into ®_ Y and get estimation of _— p
R radiation wavelength © o 3ny’r,
dN avy to estimate N, photons , T
Use —~— Y N ~./2v 2n’a—t
s~ R emitted per & | v~ VST T

Assume 1GeV (y=2E3), A,=0.03mm, r,=0.001mm =>,.=0.25 A or ~50 keV

and N, per A is ~0.3
Many hard photons!
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Betatron radiation sources

20 pm Ag foil 12

-
(U]

5 Fr
= r 3 o8l
—_ L g
o i
3 i
’ \/\/\/ " T o 03P =
betatron i
radiation i 0
0r L . . L
1 10 100 -0.4 0 04
photon energy /keV position on detector /mm

Imperial College /Michigan groups: Kneip Nature Phys 2010

e Strong radial electric field
within plasma wave cause
transverse oscillation of
electron bunch

e Generates very bright
betatron radiation in 1- 100
keV range

S. Kneip et al., Appl. Phys. Lett. 99, 093701 (2011)
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LP acceleration for medicine

Small source size ideal for
phase contrast imaging

Towards light sources

Betatron x-ray source shown
to have comparable brightness
to 3rd generation light source

24 DAISY ESRF

10} ID9
Petra 3 X-ray undulats

Hercules10 KeV

N
N

-
@]

)]
[=]

SOLEIL
u20

-
@)

3. Generation

8
3 VuV undulator

L slicing undulator

AISY
Doris 3 wiggler

photon /s /mm? /mrad® /0.1%BW

LBNL c
i)
1 O1 6 I slicing bending - E
magnet qc)
()
bending magnet o
o
14
10 1 2 3 4 5 5]
10 10 10 10 10 10

photon energy / eV

090 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000,
© 00 00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000°

other light sources from A. Rousse et al, EPJD, 2008

S. Kneip et al., Nature Physics 2010 T ieeerecneencns eenens ip etal., Applied Physics Letters 2011 o
Z.Najmudin, et al
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Phase contrast imaging

Absorption < : > Phase contrast
|
|

(J

< _________ . .
Object el ! ~ Object
) 3 D D x- rays

| O
: S SRR -} - Wave fronts
Reconstructed
images

 Absorption (left) and phase contrast (right) X-ray imaging

— and comparison of reconstructed image (middle)
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LP acceleration for medicine

Imaging with Gemini laser-plasma I
acceleration and betatron radiation

Small size of emitting area => use of phase contrast
techniqgue => many applications in medical imaging

Laser-
Plasma X-ray Src
& FEL

Lopes N. et al. “X-ray phase contrastimaging of Cole J. et al., Sci. Reports (2015) “X-ray

biological specimens with femtosecond pulses of phase contrastimaging of biological

betatron radiation from a compact laser plasma specimens with femtosecond pulses of

wakefield accelerator.” In Preparation (2016). betatron radiation from a compact laser
plasma wakefield accelerator.”.

Z.Najmudin, et al
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Challenge of stability pulse-to-pulse

Gemini 10J, 50 fs, 20 um
(FWHM)

Energies observed > 1.3 GeV
Typical charge > 100 pC @ > 0.5

\ |Pointing Ang !

1 .

2 1275 -0.002 GeV
3 1156 -0.002

4

o o Density Scan of electron beam
behaviour, 1.5 cm plasma

Density —
Bloom, M. et al. Hard X-rays Produced by Betatron Motion of Self Injected Electrons
in a Laser Wake Field Accelerator. In preparation (2014).
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Challenge of efficiency & repetition rate

— Use a train of pulses separated by /\ a a | | |
plasma period to resonantly excite X X X X X X
wakefield - MP-LWFA T AL A AL AL Al

— Energy stored efficiently in plasma wave 1 1 1 1 1 1

— Can tune pulse separation to avoid train of low-energy
saturation (unlike beat-wave scheme) laser pulses ~

NNNNNNNT

TRy

I (| | [ emm
Stretcher / LU
compressor

Delay lines to create stretched pulse train

Pulse train

Main amplifiers
synthesis

&_ growing plasma wave due to
resonant train of pulses

— Fibre lasers: ~kW average power
Delay lines to recreate single pulse at Wa"-p'ug efficiencies > 20%

— Fibre lasers can generate trains

S.Hooker, R.Bartolini, S.Mangles, A.Tunnermann, L.Corner, J.Limpert, of short pU|SeS
A.Seryi, R.Walczak. Jan 30, 2014, J.Phys. B47 (2014) 234003
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MP-LWFA: outline concept

— 1D and 3D fluid simulations
show:
e Single pulse Eacc = 0.160 GV/m

 Gradient increases linearly up
to ~ 60 pulses

e Max Eacc =9.6 GV/Im (~70
pulses)

e AW=2.5GeVinLd=265mm

e Eacc rolls over due to loss of
resonance (relativistic mass

B .
_ increase)...
E & e ... but this can be overcome by
:ri Laser-plasma parameters re'tuning pU|Se train
- 4 E=10 mJ/pulse 1

E 1= 100fs 1D

L wo =20 um

2 ao=0.1

Ne=1.7x10" cm3
ad
0 2 40 BO &0 100
Pulse number JAI team, in collaboration
Simulations by Naren Ratan with Jena (Germany)
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L aser Plasma accelerator

Modern synchrotrons-based light sources
are big machines (several 100s meters)

Provided that we solve the challenges of
stability, efficiency and repetition rate, we can
create, based on plasma acceleration,
compact (~10m) light sources - betatron X-ray
and eventually an FEL

Electron X-ray .

Similar electron energies (3-6 GeV) as dump beam
in synchrotrons, can be reached in a %

much more compact plasma
accelerator using the “wake” created

L4

°

by a laser in a gas jet. Focusing
high power
laser
. X-ray
: . detector
‘.. ‘- _ %
( . Dipole Specimen
v . magnet
" Gasjet
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Evolution of cornpuiers
and light sources
!

G%d UNIVERSITY OF
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Motivation

= 107 eV — ‘7 -
o= 1016 eV r— . .
 “Livingston plot” shows
107 eV great history of accelerators
and great inventions
100 TeVj— .
... and shows signs of the
10 Tevle need for the next revolution
in accelerator technology
1TeV j=
100 GeV |

Betatron

b

... .0 Colliders:

10 GeV

1 GeV g ...'.::' ............ @ Linacs § § ﬁ
100 MeV 8 ... ......... -@ Cyclotrons /-_
10 MeV B AAACEEE L IRRTT RN @ Generators § § /-_ t

1 MeV

Equivalent energy of a fixed target accelerator { E;

100 KeV I N N [N SN N Y M
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
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Can the next collider be
based on plasma
acceleration?



A Plasma mirror

A|m|ng tO TeV Capillary 2 Capillary 1 Beam 1

) —— |

e-beam

Concept of 1 TeV linear collider
based on laser acceleration -

-
-

Lase Rig
r Ctr,
S On
9. a8
. 500\100 Beam 2
0
Pilg, Many stages of acceleration
are necessary
S M
S0q ‘
L 10 ,
0\ -0 Stages
“I\§ Qe\/
. G )
jeats \e) N F 4
(Leemans & Esarey Phys. Today 2009) F
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The need for multi-stage acceleration

 Inbeam driven acceleration, the driver has v=c and de-phasing of
witness from driver is not an issue

 For laser acceleration, laser propagating in media (plasma) has v<c
and accelerating electrons will soon de-phase from plasma wave

2
®

For laser drive the group velocity v =,/1- _g
®

Dephasing happen when electron outrun wave by half a period

For relativistic electron the dephasing time t, thus given by (c- Vg) t, = L

Substitute the above and get dephasing length L, = kp
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HE applicatiols in
~20 yrs or more
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Accelerators

* Lasers

Plasma

B IR
Compact light
sources /

Impact on
society withi
~5 years

Y ,..._,/ S
% : HEP discovery

a) Compton light sources machines
b) SRF based Compt. src. =
c) Laser-Plasma light src. ‘

/

f
¥ 4
&
£

}4/ USPAS Course 2016, A. Seryi, JAI 49 i § UnSEIREY. (2} GXFORD



Range modulator wheel
i Scatt
catterer ‘7 .

~

*_Electron sheath

s
o
®

or carved brass Accelerated protons

personalized

collimator Blow-off ot electrons

plasma

Proton beai'n

TNSA (RPA, light salil, etc.)

Multi-leéf steel
collimator

Polyethylene bolus
(Compensator)
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PWFA

‘e
.,
.
.
‘e
g
.
.
‘e
..

e Beam-driven plasma acceleration

Dispersion [mm] Charge
14 12 = = density
.2
[-e/um®)

Experiment
—— Simulation

—
x/“"\/‘—'\'\,\ﬂwb\

-3-10° e/GeV

Nature 445 741 15-Feb-2007

I

ey 10: 40 50 60 70 80 90100
...... Electron Energy [GeV]
\ \ Electron
~~~~~~ beam

e Max energy achieved 80 GeV (doubling

SLAC linac energy)

 Next gen experiments at FACET (SLAC)
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