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Scope of the lecture — short and small

o Effects/techniques for creation of short pulses
— Bunch compression and Coherent Synchrotron Radiation
— Q-switching techniques
 Addition of beams for higher intensity
— Beam injection techniques
— Laser cavities
— Coherent addition of laser pulses & ICAN
 Focusing the beams to small size
— Final focus for beams
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Accelerators-Lasers-Plasma
Degree of synergy & topics

‘.,

Beam sources, laser beam generation

» Wave propagation (in structures, in plasma)

» Laser propagation in plasma (critical density)

* Plasma acceleration

* Radiation (synchrotron, betatron)

* Free Electron Lasers /

Focusing (chromaticity, aberrations, beam qualitm
Cavities (RF and optical)

Laser-beam interaction (ponderomotive force,
laser imprints on e- beam in wigglers)

Cooling (e-, stochastic, optical stochastic, laser)
Compton x-ray sources

Chirped Pulse Amplification

Bunch or pulse compression /

Instabilities (plasma osc., beam instab., e- cloud,
e-ion)

 Beam-beam effects

* Plasma focusing lens, plasma mirror

» collision-less Landau damping (in plasma, in beams)
Echo effects (in beams, in plasma) v

N
. Gas lasers
 Harmonic generation )

Are there any topics we want to discuss?
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Bunch Compression (1)

In many applications the length of the bunch generated even by a
photo-injector (few ps) is too long. Tens of fs might be required.

The bunch length needs to be shortened. This can be achieved with
velocity bunching when E-z correlation is created in the photo-gun

source
( ) initial ‘ final

Since velocity bunching is based on the velocity's dependence on
energy, it can work only for weakly relativistic beams
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Bunch Compression (Il)

In many applications the length of the bunch generated even by a
photo-injector (few ps) is too long. Tens of fs might be required.

The bunch length needs to be shortened. This is usually achieved with
a magnetic compression system.

A beam transport line made of four equal dipole with opposite polarity
is used to compress the bunch. In this chicane the time of flight (or
path length) is different for different energies

blue = low energy
red = high energy

The time of flight of the high
energy particle is smaller
(v~c...butit travel less!)

This effect can be used to compress the bunch length
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Bunch Compression (llI)

To exploit the dependence of the time of flight (or path length) for
different energies we need to introduce an energy-time correlation in
the bunch.

This is done using the electric field of an RF cavity with as suitable
timing AE/E AE/E AE/E AE/E AE/E

tail head
-al >z >z

An energy chirp is required
for the cgompression to work

The high energy particle at the tail travels less and catches up the
synchronous particle. The net result is a the compression of th bunch
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Bunch Compression (V)

Bunch compression can be computed analytically.

Inside the RF cavzlty tge energy changes with the position z, as

5, =08, + e\E/RF cos{ , —KgeZ, J

0
In the linear approximation in (z, d)

Zl ~ 1 O ) ZO I:{65 eVRF Sln((l)RF)
5,) \Ry 1) 13, E,

In the chicane the coordinate changes as
2, =2, +R 8, + T 87 + U5 ...
0, =0,

ZZ 1 R56 Zl
In the linear approximation R :
0, 0 1 O,
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Bunch Compression (V)

The full transformation is, as usual, the composition of the matrices of
each element and reads

Z2 ~M - ZO M = 1+R65R56 R56
62 80 R65 1

For a given value of Ry (energy chirp induced), the best compression
that can be achieved is

0)

Z

C

C is the compression factor. It can be a large number!

o, =1+ RR, |5z0 =

Since the transformation is symplectic (i.e. area preserving —
Liouville theorem) the longitudinal emittance is conserved

[ 22 2
€= \/6265 —GOy

The minimum reachable bunch length is limited to the product of the
energy spread times Rg,

}4!’ USPAS Course 2016, A. Seryi, JAI



Bunch Compression (VI)

Further limitations to the achievable compression comes from the high
current effect that we have neglected in the linear approximations.

These are longitudinal space charge, wakefields and coherent synchrotron
radiation (CSR)

When taken into account, these effects can produce serious degradation of
the beam qualities, e.g in simulations

Longitudinal phase space of a

Longitudinal Phase Space disrupted beam
4350 Yyritten Longitudinal Phase Space

4385
over under
.compressed . compressed o]

4300

4375

§ 4250 g
s 10 e bunches =l
with different |
| compression C ol

superimposed

4130

1 1 1 1 1 1 1 1 1 ] 4360
a00 -400  -300  -z00  -100 0 100 z00 300 400 500 -2

1 1 1 i, 1 1 1 1
-1.8 -1 0.8 a 0.5 1 1.5
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Coherent Synchrotron Radiation

We saw that for single particle SRis  1.000
S(m/mc)

dw 2 e’y* . 3cy’
= = = S 0.100
dS 3 R 2R

Power loss Characteristic

frequency 0.010

And the spectrum of SR looks like this:
0.001

0.0001 0.001 0.01 0.1 1 x=0/0,

Assume we have bunch with N electrons and bunch length is ¢

For certain frequencies c/o can be longer than o,
thus the beam at this frequencies will radiate coherently

G > P

c/lo < o - incoherent c/lo > o - coherent
radiation radiation
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Coherent Synchrotron Radiation

For frequencies where c/o is longer than c the beam radiate coherently,
increasing radiated power as N2

1, (@)=1(w)N|1+ N exp —(“’GJZ

C

As typical bunch population N~1079, this increase power tremendously

SR power spectrum emitted
by a 0.2mm and 1.8mm
bunch including single
particle incoherent radiation

102 10" 1 10 102 10® 10* 105 10°
Frequency (THz)
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Coherent Synchrotron Radiation

Two particle beam with length between head and | Tail i3 Head
tail is s=o, and lets look at beam core and its field 5
‘ —>-

Condition that field of tail radiated in point A |77~
will overtake the head in point B is i

Two particle model
ArC(AB)— S = ‘AB‘ of the beam
or and its field

RO-s=2Rsin(6/2) => s=R0°/24

<< LO
\ Thus the “overtaking distance”

) \
~
~
~
~

lr Lo = ‘AB‘ —RO= 2(38R2)1/3

And characteristic distance

r=L,0/2=2(0sR}"

Tai! I;lead

Following Ya.Derbenev, Tesla-FEL Report 1995-05
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Coherent Synchrotron Radiation

We have estimated the characteristic distance r=L,0/2= 2(932R)U3
Let’s estimate field of the bunch tail (radiated at A), acting on the head at B
Assume that the beam is uniform and has linear change density eNA

h =1/¢
where A b The field at the characteristic

distance
E =H, = 2N

| r
Ta'{ l?ead Longitudinal field acting
L on the head is E .0
1

Thus the longitudinal force acting on

the head
ehea INeL0  2Ne’h
F =eE, -0= = =

2
r (SSR )‘

|
2Ne*  2Nrmc’
I 3R 2354 = 3R 23543

Take s=¢,=3"2c andget F
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Coherent Synchrotron Radiation

The estimated longitudinal force

acting on the beam: 1.0
2
|~ 2N2r/egm§3 Fo — o0
3R"o y
F, comes from accurate math 4o 20 284
1.0

Head of the bunch accelerates
but bulk of the bunch decelerate

0.0

e Effects of CSR

— Bunch compressors
 Vacuum chamber can partially shield CSR effects

— Bunch instability
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Short laser pulse generation - Q switching

Low-Q High-Q
Mirror.. /
Laser pump y "‘,. Laser pumpﬁ
Mirror ~ Mirror Mirror “ Giant pulse

Laéer crystal

:‘ Laser crystal ‘

Basic idea:

« Laser gain medium is placed in the optical cavity

« Atfirst moment, Q is low, pumping creates population inversion
 Then Q suddenly increased => avalanche of stimulated emission
 Thus, a giant and short pulse is emitted from the laser cavity
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Short laser pulse generation - Q switching

ACTIVE Q - switching

Rotating mirror Electro-optic Acousto-optic
Rotating mirror Concavemirror . \ Concave mirror
[" Pockels cell /~ N\
Translucent « NZ) Translucent ‘ Translucent L7 G

[ ] 3 .
concave mirror 4 concave mirror concave mirror .
: . ' - Mirror v )

s
’ ’ Acoustic wave

transducer
Active medium

Active medium

 There are variety of active methods to switch Q of the cavity
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Short laser pulse generation - Q switching

PASSIVE Q - switching
Saturable absorber SESAM Saturable absorber

Bragg mirror
(SESAM)

,— s Quantum well
' absorber

’ Dichroic mirror

Actiﬁe medium

Absorber ... % Output ‘ WI I | I I I
Translucent / Translucent

concave mirror CO"CHVG mirror

Active medium

 There are various passive methods to switch Q of the cavity
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Q-switching and Regen

Q-switching also used in Regenerative laser amplifiers. In “Regen”, an optical amplifier
is placed inside a Q-switched cavity. Pulses of light from another laser (the "master
oscillator") are injected into the cavity by lowering the Q to allow the pulse to enter and
then increasing the Q to confine the pulse to the cavity where it can be amplified by
repeated passes through the gain medium. The pulse is then allowed to leave the cavity

via another Q switch

Principle of operation:
» First, the gain medium is pumped

* Then, the initial pulse is injected into
the resonator through a port which is
opened for a short time (shorter than
the round-trip time) with a switch.

« After that, the pulse can undergo
many of resonator round trips,
amplified to a high energy level.

* Finally, the pulse is released from the
resonator with a second switch

.~ Concave mirror
AR
(o &

Amplifier
crystal -

Translucent
concave mirror .

Pump
optics 5
Mirror

Laser
diode B
. (]
.~ Thin-film polarizer (TFP)
| Magneto-optical glass
BV}

Faraday rotator

-
Anisotropic crystal \ Input

Electrodes Thin-film polarizer (TFP)

Setup of a regenerative amplifier. A Pockels cell, combined with a
quarter-wave plate and a thin-film polarizer (TFP), acts as an optical
switch. The Faraday rotator is used for separating input and output
pulses
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Mode locking

 Technique for creating short laser pulses

At=2L/c b

Mirror

Gain medium
a

o _ — i ol |
I . Mirror ‘ “ ik W"l‘; \"“ “W' ‘; \‘ “ |i‘\w"

Moddlator

Amplitude

Fast modulator pulsing in sync with round-trip time in the cavity
Photons are clustered in time around modulator open moments

In frequency domain this is equivalent to selecting only some
modes from the range of modes which fits to the finite bandwidth of

the laser cavity => the term “mode locking”
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Laser interactions on beams in wigglers

* From FEL lecture

— we have seen that light of a resonant harmonic exponentially
amplified in undulator, taking energy from e-beam

e The inverse is also true

— Sending light (from a laser) at a resonant harmonic will affect
e-beam

— Inverse FEL

 This is the basic of many techniques for manipulation
of e-beam
— To make short pulses of radiation
— Or to generate higher harmonics

— Or to create two colour FEL pulse
- Etc.
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Self-seeding in FELs

Bending magnets
SASE FEL Self-seeded FEL

-—t

e- beam : e-beam
e |;||| .‘4 i °

P | P
N\lllm .5 Crystal monochromator ]_J_x

a SASE

T T Y MR SASE FEL spectrum Bl Seeded FEL spectrum

B o RO
" ~0.5eV
® Near Fourier Transform limit

n 5 0 5 10
x eV

0
12.35 1236 ‘123? 1238

E [keV]
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Laser heater

e |Issuein FEL:
— Energy spread from photo-cathode gun is very small
— CSR instability cause micro-bunching — bad for FEL

e The need to increase the uncorrelated energy spread to cure
CSR instability

— Laser heater (laser + wiggler = act as inverse FEL to heat e-beam)

'. .................. Laser beam Laser dump

‘/ 11 I 11
Undulator

Bending magnets Bending magnets

Mirror ..
E

[}

E
¥ Final 9-beam

H

Initial :e-beam
0

Z

N

Huang (SLAC), FEL 04
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Laser slicing

Laser slicing for generating femtosecond synchrotron pulses

Femtosecond Laser beam Femtosecond X-rays ...
electron bunch U
B e Collimator
.............................. = l - Mirror

Bending magnets X-réy beam line

e-beam

Picosecond electron bunch

" Femtosecond laser pulse
................. Bending magnet
e-beam

A) Overlapping short laser beam with bunch centre, meeting the resonance condition,
modulates the energy in the short “slice” A K2

7LL:}LS:2—V\; 1+7

B) In a dispersive bend the modulated beam is separated transversely from the rest of the bunch
C) Imaged short pulse radiation is spatially separate from radiation from the “core” (rest of the bunch)

A. A. Zholents and M. S. Zolotorev, Phys. Rev. Lett. 76, 912 (1996), R. W. Schoenlein et al., Science 287, 2237 (2000)
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Echo-enabled Harmonic Generation (EEHG)

Undulator Undulator
Inltlal e -beam Laser A
15 2 11411

.....

Y

1 0 1 4 0 1 0 1
z/\ z/\ z/\

First wiggler + laser modulates the energy

First chicane creates energy bands of narrow width (<<c,) at each z

Second wiggler + laser modulates all of the bands

Second chicane converts these modulations into density modulations at harmonics
of the laser

G. Stupakov PRL 102, 074801 (2009)
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Echo-enabled Harmonic Generation (EEHG)

}AI USPAS Course 2016, A. Seryi, JAI

A 0
z/\
Density (a.u.)

1

0.5

0
z/\

Phase space and density profile
of an EEHG modulated beam

G. Stupakov PRL 102, 074801 (2009)




Beam or pulse addition

e Particles
 Light

— This is the area where there are fundamental differences
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Liouville’s theorem

P Area = f pdq = constant

Liouville’s theorem:

“In the vicinity of a [charged] particle, the particle
density in phase space is constant if the particle
move in an external magnetic field or in a general
field in which the forces do not depend upon
velocity”

Some obvious consequences:

 Emittance conservation (if accelerating,
ve is constant)

 Cooling (SR, electron, stochastic) — OK,
as forces depend on v

e Cannot stack bunches on top of each
other in phase space — need to inject in
neighboring areas of phase space
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Injection & extraction

injected
beam

bending magnet

This bend must switch fast - kicker

X' 1. injection X' 2. injection X' 3. injection l‘ X' 4. injection
X 7] X X X
\I/ N -

[ X' 5. injection [ X' 6. injection ‘ X* 7. injection ‘ X' 8. injection
X X X X

Injected beam Transverse
stacking

¢

‘\ Empty phase volume

Longitudinal stacking
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Charge exchange injection

Bending magnets

Injected beam

g
ot
‘e

Stripping foil

......... Circulating beam

* Inject H-ions, ions convert to protons at the foil
e Can inject many times into the same phase space
* Limited by scattering of circulating beam in the foil
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Optical cavities

One can imagine various
types of cavities

One of important
consideration — how stable
the cavity (and light
pattern in it) with respect
to small changes of its
parameters

Practical cavity needs to
be as stable as possible

}4/ USPAS Course 2016, A. Seryi, JAI

R,=00 plane-parallel R,=00

- L >

R=L/2 concentric (spherical) Ry=L/2
R=L confocal R,=L
R,=L hemispherical R,=c0

[

R,>L concave-convex R,=L-R,




Optical cavity suitable for e-beam interaction

Electrons

]
|
|
]
[}
]
> - y)

Electrons Electrons

Two mirror cavities are possible

However, four mirror
systems were found to be
more practical,

and in particular more
stable to disturbances

\ . /]
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Laser pulses combination

 For high rep rate LWFA need high average and high peak power lasers
e.g. 10 kHzs for colliders, > kHz for medical/light source applications.

 Problem with current solid state laser systems (e.g. Ti:sapp, Nd:glass) —
high energy/short pulses BUT very low rep rate (1 shot/hr - 1Hz).

* Massively electrically inefficient (< 0.01%) - too expensive to run!
 Fibre lasers! - optical waveguide, good thermal properties, efficient.

Pump injection:
End or side-
pumping

Inner cladding:
Multimode waveguide
Core: to trap pump light
RE-doped, single-mode " SRR

waveguide 240mW pump, 35mW supe

Rare-earth-doped core converts multimode pump energy
to high brightness, diffraction-limited, signal beam 18
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Laser pulses combination

e Commercial fiber lasers reach 100 kW in CW
* Wall plug efficiency > 40%
e Photo below is from IPG Photonics
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ICAN and laser combination

(\"-
WA

%/)%; Can ICAN - International Coherent Amplification Network

Research on combining many fibre lasers (short pulses!) together for
high rep rate, high energy laser systems.

Concave mirror

Phase control and combine 100s — 1000s fibres

“The future is fibre accelerators”, Gerard Mourou, Bill Brocklesby,Toshiki Tajima & Jens Limpert, Nature Photonics 7, 258-

13)
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ICAN and laser combination

 Parallel or serial combining / //_,
ee (Pl (pz (PN

Parallel [ =]
combinationji — Hll 1 | | |
(| |
Fibres unphased M Mt
- r,, AI}I20 v Alljzv v
= || . Serial polarisation
— || Angle i combination
444 Nl

Fibres with phase control

Need to lock phases of beams.
Requires good spatial overlap.
Hard to scale?

e Need to lock phases of beams.
« Can’t completely fill aperture.

e o intrinsic sidelobes.

“Collective coherent phase combining of 64 fibers”, “4 channel coherently combined fs fiber CPA system”,
J.Bouderionnet, Op. Exp. 19, 17053 (2011) A.Klenke, Opt. Letts 38, 2283 (2013)

Pictures: T. Schreiber, A. Brignon
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How to focus to a smallest size
and how big is chromaticity in FF?

Size: (e )2
. 12 ey,
Angles. (S/B) ooooooo M
—_

é

 The final lens need to be the strongest
* (two lenses for both x and y => “Final Doublet” or FD )

* FD determines chromaticity of FF
e Chromatic dilution of the beam
size is Ac/oc ~ o L*/B*

) _ o -- energy spread in the beam ~ 0.002-0.01
Typ'cal- L* -- distance fromFDtoIP ~3-5m
B* -- beta function in IP ~0.4-0.1mm

* For typical parameters, Ac/c ~15-500 too big!!
e => Chromaticity of FF need to be compensated
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FF with non-local chromaticity compensation

e Chromaticity is compensated Final
by sextupoles in dedicated X-Sextupoles Y-Sextupoles &
sections / \

 Geometrical aberrations are 1] HM#' H*# H ‘
canceled by using sextupoles 500

10.15
in pairs with M= -| 1 ST lo10
400 - nB
o e . -"'.nx ! 1 )
Chromaticity arise at FD but i S A r S 4005
-~ : L/ \J . o ;! 1 1y
pre-compensated 1000m upstream % %] O Moo £
~ LI ITITID PP PR | - . o
Problems: !
-0.05
« Chromaticity not locally 10,10
compensated . | o1z
— Compensation of aberrations is 0 200 400 600 800 1000 1200 1400 1600 (18(30.
. . S (m
not ideal since M = -| for off
energy particles Traditional FF

— Large aberrations for beam tails

BAI USPAS Course 2016, A. Seryi, JAI
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Local chromatic correction

Y FD

0
R 0 1I/m 0 O
i 0O 0 m O | ¥ >
0 0 0 1/m

 The value of dispersion in FD is usually chosen so
that it does not increase the beam size in FD by more
than 10-20% for typical beam energy spread
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Compact FF

Final doublet e Yo

° .‘...
"

Interéction
point

..
...
e
cey .
. .
...
cees

<o

Final doublet sextupoles
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Compare FF designs

FF with local chromaticity compensation
with the same performance can be

Traditional FFS

I -

RS6000 - AIX version 8.23/a 19/04/00 10.33.45 z

] w. ~300mlong,i.e. 6 times shorter
S ] Traditional FF, L* =2m s
] ““  Moreover, its necessary length scales
;;fj » only as E?5 with energy! One can design

S | »  multi-TeV FF in under a km!

0
100, — %6
) -08
0.0 L= 0

¥ ¥ " ]
0.0 200. 400. 600 800. 1000. 1200. 1400 1600. 15%00.  2000.

s(m)

| I l

I il I
New FFS for NLC 19/04/00 10.32.55
. 2
n SOBTX SQBT)

< vy
450, * — =
E New FF, L* =2m
v %[ N
E 400 g
‘é' 0 =
“ 350 &
08 =2

e 07

250, 6

200, 5

o

150.
05
100

02

" ol

00

0.0 <L X 50 75 100, 125 150 175 200. 225 250, 275. 300.
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Crab crossing

X ) With crossing angle q., the
....... IP ’ projected x-size is
" A (Sx2+q02822)0'5 ~QS,~ 4mm
--’ - several time reduction in
el ™~
L without corrections
. I
N A v
"'\ B Iy
MJRF ek | ‘ B D\ e L A

Use transverse (crab) “\
RF CaVity tO ‘t"t, the 600 For crab cavity the bunch centre
bu nCh at lP is at the cell centre

when E is maximum and B is zero
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IR coupling compensation

When detector solenoid overlaps [URRA R g
- QDO0, coupling between y & x’ and 1l
y & E causes large (30 - 190 i =
times) increase of IP size
without (green=detector solenoid OFF, _ § 8
compensation ed=ON) T | 3
o,/ 0,(0)=32  gyen though traditional use of ] e
¥ vs X skew quads could reduce the )
al . | effect, the local compensation of 1 zﬂ[tis lenoid &
2 o iie, | the.fringe field (with a.IiFtIe skew N s
j; '-f'f*__;;*’n tuning) is the most efficient way to S§EEEFEEEEEGE G
ol VR ~..| ensure correction over wide range £
s T, D of beam energies 5 - ——— - - -
-1t ?,. e 4k — Detector solenoid -
oft gl . — + antisolenoid
ot | 1
-3 M2 1
2 w?th 2 = QD0 SDO |
compensation o \}*
by antisolenoid -1 p - 3 A = g - 3

o,/ 6,(0) <1.01
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ILC Interaction Region... l

Focusing quads are located just few cm
away from each other, and their
external field will affect the other beam

% .' - 0

‘ ~ T K Q0 e

0 - )

Detectors \P__ . _ _ oo ) _‘— - P
LumiCal ]

D QFEX2
IP Chamber i
EAI USPAS Course 2016, A. Seryi, JAI

‘ © ‘ ing .
00 ; 4stat 6rou® Incoming
S gocond ¢
) ya —
s 41 Grou®! : ‘/

Outgoing
beam

Vertex Detector

London



ILC Interaction Region... '

Cross-talk of focusing quads is avoided  Actively shielded quad
by use of active shielding by a winding
of opposite polarity

Shield ON"SSSS®S hicld OFF

Russian doll &
system-antisystem

¢ Grous™®

sFAl
ocA

Incoming

cryos
gecond beam

QFt

Outgoing

Vertex Detector IP Chamber
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0.0 6-layer main QDO

il pattern ... o . .
sao]- S0 pattery \\ Actively
ol SNBSS\ shielded QDO
-goo g' P
> 100 *‘

200/ Shield =

a single-layer ““T™" prosepve
coil pattern 5 mm radial

" N Shield ON

S a He-II .
I s poe Intensity of ¢ represents
-50.0 -30.0 -10.0 10.0 30.0
X {ram) o value of magnetic field.
First Cryostat Grouping Second Cryost S‘I:1I

sDo/ |

force neutral antisolenoid
"Two Coils; Different Radii

‘om0 ‘T T T -

} - Actively Shielded ' . -

! . I o=
f-UnshieIded § - \ QL

- Passively Shielded§ to be prototyped
"""""""""""""""" during EDR

* |Interaction region uses compact self-shielding SC
magnets
* Independent adjustment of in- & out-going beamlines

 Force-neutral anti-solenoid for local coupling correction
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Summary of the lecture

o Effects/techniques for creation of short pulses
— Bunch compression and Coherent Synchrotron Radiation
— Q-switching techniques
 Addition of beams for higher intensity
— Beam injection techniques
— Laser cavities
— Coherent addition of laser pulses & ICAN
 Focusing the beams to small size
— Final focus for beams
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