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The ILIL@CNR laboratory

265 MeV and >1\GeV hlgh-quallty [dEIE-O 5%,\ Q 08 mm mrad]

electron bunches v |th tl{nable duratlbn e
Higher harmonics of Ti:Sa (Ionizé‘tion _pulse)* %
FEL preliminary results \\_}) /4

Towards experimental demonstration at ILIL-PW
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10 TW Interaction Laser front-end

Power amplifier

Existing layout (10 TW)
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} Naowaeon 250 TW Ti:Sa laser commissioning

Pump Energy (J)
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7oy ooot The Resonant Multi-Pulse lonization i A
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injection scheme outlook N

ReMPIl is a SINGLE LASER System (e.g. Ti:Sa) LWFA scheme that
can dgenerate extremely good-quality bunches with tunable
duration.

250 TW Ti:Sa

Intense Laser Irradiation Laboratory-Pisa
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We start from the ‘“two-color” ionization { '//'//g
o injection scheme Mo

Two-colour injection [L. L. Yu et al. PRL 112 (2014)] is a very promising scheme
aiming at generating extremely Ilow-emittance bunches but requires two
[sinchronized] laser systems: a long-wavelength (e.g. CO2) for wake driving and a
short (e.g a frequency doubled Ti:Sa) for electron extraction.

Doubled Ti:5a C02 driver pulse AE/E rms= 2.8%, E=50 MeV
ionizing pulse E, (TV/m) E (GVim)
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The CO2 pulse is needed because the long wavelength assures a large amplitude
Wakefield though the electric field is lower than the ionizing threshold for Kr9+

Intense Laser Irradiation Laboratory-Pisa
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e The new Injection scheme: Resonant Multi- 5',', “%“%
/o™ Pulse lonization Injection eL/

The Resonant Multi-Pulse lonization injection [P. Tomassini et al., accept. for pub.
on PoP (Oct. 2017) ] is a new bunch injection scheme aiming at generating
extremely low-emittance bunches [currently as low as 0.08 mm mrad but in can
be further reduced]

ReMPI requires ONE short-pulse 100-TW class (e.g Ti:Sa) laser system. Since a unique very
large-amplitude Ti:Sa pulse would fully ionize the atoms (Ar8+ in our selected example), the
pulse is shaped as a resondnt sequence of sub-threshold amplitude pulses.

MAIN (DRIVING) PULSES

l
sl LLLIALLP

IONIZING PULSE

lonization Threshold

OZ-nwcCcoom

Intense Laser Irradiation Laboratory-Pisa
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() e Multi-Pulse LWFA is available NOW ! xil.{l‘.f }

The multi-pulse approach to LWFA has been proposed so far [D. Umstadter et al, PRL
72, (1994)]. A multi-pulse train can generate plasma waves with larger amplitude than
those driven by a single pulse with the same energy.

(a)

chirped pulse chirped polarization pulse train

-’ﬂ‘(ﬂ IS |:| A\ j il
IIIIII| v MWP IOHC)I I.inear
faes ar4s) polarizer

(b)

Polarizing
beam splitter

—Ez 1 pulse, ALaDyn
——Ez 1 pulse, QFluid
=—Ez 8 pulses, ALaDyn
===Ez 8 pulses, QFluid

retro-reflecting
mirrors

Mirror

Beam Splitter

R.J. Shallow et al,
NIM A 829 (2016)

2 -100 -50 0 50 Chirped Pulse

Z+ct, micron

Intense Laser Irradiation Laboratory-Pisa




@ MP-LWFA is under active investigation (\Gi ]

Ideas for MP-LWFA (at 10 Hz and kHz) GeV-scale
accelerators have already been presented here

¢ S.M. Hooker presented last results on MP-LWFA on WP1 on Monday
See Cawley et al. PRL 119 (2017)

¢ Roman Walczak presented a MP-LWFA at GeV scale and kHz rep. rate
on WP5 on Tuesday

¢ Posters in Sessions | and Il have been devoted to both ReMPI and MP-LWFA

llil.ino.it

L/ WL ino.it
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) e ReMPI trapping analysis

i A
e = OTTICA

Pulse-train amplitude must be above the trapping threshold for the
extracted electrons
p/mMmc

P. Tomassini et al,
PoP (2017)

E own=E,/Ey; E;=mco e

norm
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) @i ReMPI ionization analysis gllll% ]
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The frequency-doubled minor portion of the pulse acts as
“ionizing pulse” as in two-color ionization.

The key concept is that of “minimal transverse momentum rms”p,./mc=Aa,,
HAETE =va,,/a, ;a,=0.107(U,/U,)"*r

To reduce emittance a tightly focused beam is chosen

w0 _=3.5-4.5 um
A =0.4 pum

//
_—

© ¢ Zrin=100-160um

R,ion

\Tion:40 fs: a0=0.4

—

lonization Ar8+->Ar9+

0.1mgc.}.

-0.1mer good agreement with eps_n=0.053 mm

predicted by the model of Schroeder et al.
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QFluid4 in brief 7 { il 3

QFluid is a 2D CYLINDRICAL hybrid code for LWFA and PWFA in the plasma fluid
and quasi-static regime that is suitable for long propagation simulations.

Laser pulse evolution is solved with the Envelope Evolution Approximation (second time derivative
included!) Plasma dynamics is solved via the pseudo-potential computation in the QSA
Electrons of the beam move as macro-particles under the 3D force that includes the ponderomotive

effect.
NOTE: Qfluid can’t be properly used with fast varying L. :
density profiles Validated with EPOCH, AlaDyn g [ALeDmeD Y\
and FB-PIC (also in the multi-pulse case) e _
12 % 0 |“
19 __[—FB-PIC u
11 |—FB-PIC 1 — QFluid y H
— QFluid \ . ]
0 100 200 300 400
e 0.5 z+ct (um)
= -100
>
w 0 -50
£
S )
-0.5 = " .
50
AlaDyn 3D
40 20 0 20 40 40 20 0 20 40 100
Z.um Z.um 0 100 200 300 400
zZ+ct (L m)

Thanks to M. Kirchen and R. Lehe for support with FB-PIC
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| /‘ 3 8%
. SETUP A-INJECTOR (not guided) -7 ! lj% }

A first possible parameters set is presented here. It is intended either as a bunch
injector or a 100 MeV-class accelerator. A flat-density (no guiding) Ar+8 pre-plasma
is assumed.

100} 1 -100}

-50 i -50- - 7
- 1E AALALAL
dlBA .

50F 50} ’ :

2300 -200 100 -300 200 -100 0 100
Z+ct. um z+ct, um
sl BUNCH (charging)

A .................. -IONIZ-ING--P-ULSE- R 5

-300 -200 -100 0 100 - - - -200 -150 -
z+ct . um z+ct, pm
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LATICA

quality

After about 6mm of acceleration the 265 MeV beam possesses an outstanding

beam-quality: dE/E = 0.5%, eps_n<0.08 mm mrad,

oo SETUP A (INJECTOR) -Final Bunch

n, =500e15 1/cm3, Pos: -72 102 microns, ¢_:0.56 microns, Charge = 3.7996 pC, dE/E rms =0.50428%
’ T T T \Gz T T T T T ) 600
300+ : : .l
L}
250 ‘ ‘ ‘ \w .
200/ ~ _ ~ . .
P
500 e el e - ——
150 : ; B
=
()
= 100 .
- 450
50
......
0 .
50+ . \ / :
-100E L L L 1 L L L Envelope evolution
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] € = Transverse, X
%‘ = Transverse, y
N 0.5 \\/\/-\' : 4
1]
E
% 1 2 3 7 5
Position [mm]
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0.1 T
i)
e =0.078mm-mrad;e_ =0.018mm-mrad £ —x
nx ny £ 0.05 - - s IR
£
0,=0.56um;o.=0.23um :
l > Mr | | ; i
C0 1 2 4 5

Position [mm]
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Energy spread and emittance with Q=3.8 pC are very low so the natural question is

If we want to use the bunch as a pre-accelerated bunch suitable for energy
boosting, is it possible to increase its charge?

rowgion epSnOCWOion ‘

So answer is YES (nonlinear emittance
increase due to bunch hopping not included)
BUT energy spread will increase to above 1%
for a 10pC bunch [beam loading compensation

MR

Charge?

in progress]

600

5501

= 500

4501

400
3

z+ct (um)

SETUP A (INJECTOR) — Increase (]

130 -
120
110 -

100

_yaly 'INTE’VSG

(1?(\
L
-y

-

A0 e ®

eps,(nm) ‘

P

will
Increase
emittance

\ 9\
o]
\i/
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() . SETUP B,D — (guided) GeV-class. 7 filf }
S——

To extend the acceleration beyond one Rayleigh length guiding with a preformed
channel is assumed. A capillary is placed close to gas-jet nozzle to assure a gentle
transition from a flat (pure Ar) plasma to a He plasma channel

INTENSITY
15 =2 10 . i i ] i
.
o
= 10} .
2 10.27GeV 1GeV 1.9GeV
[x] - i
5 i v \
= |
-1 0 1 o z P 5 c - p
Z [m m] 4
w 10
EMERGY
8 . . i
= EF T
| 1
B I
LICJ 2 3 i
0 B
-1 0 1 2 E; 4 5 5 = 5




. SETUP C - (guided) GeV-class L i }

A single capillary filled with Argon could be a valid alternative to the gas-
jet+capillary since the Intensity threshold for Ar9+ is |I_tr=1.4e18W/cm”2 (no strong
defocusing from further ionizatio occur)

17
10 INTENSITY

on

Intensity [chmz]
E; —

5f 1 0.27GeV
0 1
0 1 2 3
Z[wm]
ENERGY
510 -
=< i
5 b .
o 1
o !
Lu 0 [ »
0 1 2 3

Z[wm|



2D (cyl) maps

z

a, p [r[microns]) F

-200 -100
zz, [micrens]

(E_+Bphi)/E,

-200 -100
2z, [micrens]




Longitudinal phase-space+fields

h, = 500e15 1/em®, Pos: -3 107 um, 0:064pm Q=42718 pC, 0 /E =14.8422%

=350 -300 250 -200  -150  -100
2z, [microns]




% [micron

-150

-100

?\
»

Driver(s) evolution >

a=eA/mc after 2.254 mm. TOP: Reference, BOTTOM: Local I N J E CT E D

(ALLRRL

100

EVOLVED

150




E [MeV]

, “
SETUP C (Guided) -Final Bunch quality Loy )

Minimum energy spread is reached after about 3.5 cm of acceleration with mean
energy of 1.3 GeV , dE/E = 0.5%, eps_n=0.08 mm mrad,

n, = 500e15 1/cm?, Pos: -373 10° | m, 0086 m, Q=42718 pC, 0 _/E =0.49843%

1500[" Z= 3814939.6879x100 um
2800 ’ _
¢ |
2700
(\ | 2600}
0 ANEEN
/ﬁ '
/

| | | | | | —
-400 -350 -300 -250 -200 -150 -100 -50 0 50 100
zz, [microns]

Z+ct {u m)

M. Migliorati et al.
PRST-AB 16 (2013)
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e SLICE analysis for Bunch C ej}.\ Lol

LITTICA,

Slice analysis with coherence length |_c=0.05 micron (See FEL slices below) reveals
a slice energy spread of dE/E_slice=0.22%@peak current (integrated dE/E = 0.5%),

Z= 3814939.6879x100 . m
2800 : : :

—

¢  Current, KA

2700 : Do
.............. & %l © Energy spread rms %|]

=™ 2600

‘‘‘‘‘‘
""""""""""""""""

2500+

Current (KA), dE/E%
s o

2400

38 40 42
z+ct (wm)

)

e (mm mrad
o

n

O

Z slice (u m)
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ReMPI bunch length flexibility.

The optimal bunch length depends on the application of the bunch,
of course.

@ For most of FEL application the length should be of micrometer size
to reduce slippage effects.

® For Thomson/Compton backscattering applications with sub-fs
duration bunch length should be lower than 0.3 um

An injection scheme with flexible (and easily tunable) bunch
length is therefore optimal for multi-purpose facilities.

@ ReMPI can generate [with the parameters currently explored]
bunches [and thus radiation] with duration tunable in the range
360 as<t (rms)< 2 fs



~0) beot Bunch trapping and compression,
By o 1D theory .

In the 1D QSA limit [we are not too far from that in the current
working points] the conserved Hamiltonian can be written as

a<1 H(y,y)=y(1-pB,)—o(w) ' l

PoP 2 1432 (1995)

/

normalized potential is ¢_= ¢(¥_) and slip back in the wake up to reaching the wake's

where lP=kp(z-[3¢ct) is the phase of the electron in the bucket.

Yy

Equation of motion for the phase and the relativistic factor are

==—=—E,/E;;——F=1-
k,cdt OV v

kpc dt p

@ Electrons born approximately at rest with the extraction phase ¥_, where the

speed at the trapping phase ¥_where the potential is ¢, = ¢( ¥, ). Since B=B¢ we get

H(we’1):1_cPe:H(wt’y€p):1/yw_cPt ‘ (Pt:(Pe"'l/ch_l *
@ By differentiating * with respect to the phase we get the simple
relationship (Ez+1/28,Bz6),

e e




gy INO-CNR Setting up the bunch duration from

3 ISTITUT

&Y v 360 as (rms) to <2fs (rms)

The final bunch duration can be easily tuned just by selecting the appropriate delay
of the ionizing pulse from the drivers train.

@ The_minimum length is obtained by placing the peak of the ionizing pulse
close to the phase of the null electric field (say ‘P=kp(z+ct)=0). As the ionizing

pulse moves away from the ¥ = 0 phase bunch length increases.
@ Setting up the appropriate phase of the ionizing pulse into the bucket the

selected bunch length is obtained. 2qr

Ez.f'EO, Potential

Case ¥=0.26 (GREEN ):
final length_0.27 um

Case ¥=0.52 (GREEN ):
final length_0.57 um ab— n 4 s - "
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(i) .. SECOND vs HIGHER harmonics (lonization)

After the ionization pulse passage, the extracted particles possess transverse
momentum that essentially depends on pulse amplitude.

p,/mc=a®? %o [QUIVERING ,UNCORRELATED]
p,/mcoca’, o2, PONDEROMOTIVE ,CORRELATED]

With the same BBO crystal used for the 2*nd harmonics it is possible (and experimentally
feasible) to generate a 3*rd harmonics. Only phase-matching angle and efficiency
change. With a 1st—3rd harmonics conversion efficiency of 8% and 150mJ of incoming
0.8 energy a pulse delivering 12mJ @267nm.

Since minimum emittance scales as a0

(correlated x-px give no contribution) we
expect that (WITH NO SPACE-CHARGE
included) the emittance scales as A'~.

Envelope evolution

rms size [y m]

Transverse normalized emittance

¢ [mm mrad]

n




What's missing
and what are we going to do

The simulations have been performed with a 2D cylindrical code in
the QSA, with benchmarks with AlaDyn and FB-PIC.

@ Deviations from cylindrical symmetry due to the injected charge are
present. Beam loading is currently small so the non-symmetric
contribution is very low. A more detailed analysis requires,
however, the use of either a quasi-3D code (EP-PIC, probably) or a
full 3D PIC code (AlaDyn).

® Beam degradation @ plasma exit must be accurately estimated. In
order to do that more simulation with ALaDyn 3D have been
scheduled.

@ Beam-loading must be tackled to let the beams have charge of tens of
pC.



FEL analytical results
Gain length
0.641 OR 2 0.136 OE 2 )\U
T <f) ] eXp[ P2 (E) ] 4m\/3p
Saturation Power
OE
Pg = f 2 (,07 ) © 1P o isemm

E
Coherence length
AFEL
Lo =
¢ 4mt\/3p

Slippage cor'r'ec’rions
Py — 1 _ 0 25 7L



http://fel.enea.it/booklet/pdf/

Bs) 2. FEL preliminary results

i LITTICA
REAE

Detailed FEL simulation are ongoing. Preliminary analytical results with bunches A (0.265 GeV)
and B (1.0GeV) are shown here. Slice analysis is necessary to fully understand coherent spikes

generation and lasing. 8.36 x 1072 ./, Ipeax[A]
=220 pfag peakl oK
Y ,7 | )\U_27T5’7_15n B( )
] 1 SllceE thlcknesg 0,25 microns ’ K 2 0.94 B[T] AU I:Cm:
Bunch parameters i o AU K2
Soal- AFEL = 55 | 1+ &
A | B C ED 2y 2
beam energy [GeV] 0.265 | 115 | 13 : Brwiss|m] = ;/_i;/\u [m]
N

=3
e
]

long. beam size (rms) oy, [um] | 0.56 | 0.25 | 0.655

current intensity [A] 812 | 2200 | 785

Mormalized slice emittance

norm. emittance mmxmrad| | 0.078 | 0.08 | 0.08

energy spread o /E (%) 05 | 081 | 0.22

®  Current, KA
© Energy spread rms %]||

Common FEL parameters

Current (KA), dE/E%
(@]
)]

undulator magnetic field [T] 1 | et -

I 2 i
undulator period [cm] 14 1 ° 1 ° ®
deflection parameter 1.3

¢ (mm mrad)

n

Z slice (L m)




FEL preliminary results { i }

M
A
Al Bl G
Output FEL parameters

FEL wavelength [m 8| 26| 20 growth Power [MW]

. 1000t
Twiss  m] 1.26 | 545 | 6.16 0!
Pierce parameter p 0.009 | 0.003 | 0.0018 0.1}
inh. broad. gain length fm] | 0.086 | 138 | 0.702 0-02 ~ e |
saturation power MW] 2602 | 323 | 86l 0=y
saturation length |m) 23 | 3| 10T 1020 30 40
coherence length [um| 025 | 0.04 | 0.05
sat. power with slippage [MW] | 1130 | 252 | 826




Towards experimental investigation of 4 F¥ A
ReMPI@ILIL CNR \EL/

have been presented on Session 1

Magnetic dipole for Side imaging
electron energy for position
measurements monitoring

Lanex screen +
Imaging system

From Time Shaper

Gas-jet nozzle
4 mmx10 mm

Laser pulse train

se train Target Chamber
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Resonant Multi-Pulse ionization injection is a new_rellable method to obtain an

injector/accelerator W|th a SINGLE 100-TW- class.__l__é‘j? _ Iastr systep{ 'g
o, _ r_ﬂ % : '

Using Argon an 8- pulses scheme is capable’ gener _?YGSMeV bunch in 6mm

(gas-jet, flat profile), 1GeV in 3 cm and ZGer A ’_ ;___¢.;-{g'uie__'éd)

l AR ¢

"‘*v"_'; T i \
Bunch quality is outs éndlng, mainly concernmg emlttanke (below 0.1 mm mrad

along E and 0.02 mm rad along B) =
We are working on the cho&e of the pulse’ tlmé £ha\per\A possmle conflguratlon
with delay masks is being studied. A \ ./
. Ir
[ & \ o

Bunch length and quality can be further optimized by changlng the trapplng pomt--'
[in progress] ;

THANK YOU FOR YOUR ATTENTION!




	Slide 1
	Slide 2
	Intense Laser Irradiation Laboratory
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37

