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The lessons for the full master/Ph.D. course (40h) on LWFA are available upon request

AR The course in modules

MODULE 1
Cold plasmas, Vlasov equations and

plasma waves in underdense plasmas

MODULE 2
Ultra-intense laser pulses,
radiation pressure and

ponderomotive force.

MODULE 3
Plasma waves excitation, laser-
plasma accelerators. Linear and

fully nonlinear regimes.

The course The course

MODULE 6
The simulation codes: fluid,
hybrid and PIC

MODULE 4
Propagation of laser pulses into

plasmas. Self-focusing and laser
guiding MODULE 7

Design of a laser-plasma

accelerator. Scale laws

MODULE 5
Particle’s injection into the

plasma waves: bubble, downramp. '
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1D self consistent code for wakefield
excitation and acceleration studies

el

nuclear physics

Python code available for the attendees (very simple and fast)
Suitable to take contact with LWFA and for preparatory 1D simulations

File Edit Search Source Run Debug Consoles Projects Tools View Help

Andrea,pyx untitled[),pyx lD_QSA_FIuid.pyx LR =
ylab as pl

a_o =2

lambda @ = 0.8

k_© = 2*pl.pi/lambda_0; #
sigma_T = 20 # fs

a, n/ng, ¥, -Enorm

# Plasma parameters
n_e = lel8 # /cm”3, background densit)

xi_min = -4*c*sigma_T; #
xi_max = 8*c*sigma T; #

dxi = lambda_0/64 ;
xi=pl.arange(xi_min,xi_max+dx
Nxi=len(xi) # box s

# Derived quantities

n_c = 1.1e21/lambda_0**2;

1D+QSA, ap=2.000000

1 — a (envelope)
n/ng
v

— Enorm

20 -10 0 10 20 30
§=2z-z4(t) (um)

Help Plots

O Console 1/A X

lambda_p = lambda_0*pl.sqrt(n_c/n_0); ! keyword-only two minor releases later.

k p = 2*pl.pi/lambda _p;
omega_p = k_p*c;
beta g = pl.sart(1-n 0/n c):

e =0 ® 06

Soleggiato

Q E MmO

pl.tight_layout(True)

Ay B
21/06/2022

Ul AL Cle dLD W) i@

Note: Full simulations are usually
performed with 2D or 3D
PIC/Fluid/Hybrid codes
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Sebrool to start with nuclear physics

Paul Gibbon, Short Pulse Laser Eric Esarey et al., Physics of laser-driven
Interactions with Matter: An Introduction plasma-based electron accelerators,

ICP, ISBN-13: 978-1860941351 REVIEWS OF MODERN PHYSICS, 81, (2009)

REVIEWS OF MODERN PHYSICS, VOLUME 81, JULY-SEPTEMBER 2009

Physics of laser-driven plasma-based electron accelerators

E. Esarey, C. B. Schroeder, and W. P. Leemans
Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Published 27 August 2009)

Laser-driven plasma-based accelerators, which are capable of supporting fields in excess of
100 GV/m, are reviewed. This includes the laser wakefield accelerator, the plasma beat wave
accelerator, the self-modulated laser wa eld accelerator, plasma waves driven by multiple laser
pulses, and highly nonlinear regimes. The properties of linear and nonlinear plasma waves are
discussed. as well as electron acceleration in plasma waves. Methods for injecting and trapping plasma
electrons in plasma waves are also discussed. Limits to the electron ene gain are summarized,
including laser pulse diffraction, electron dephasing, laser pulse energy depletion, and beam loading
limitations. The basic physics of laser pulse evolution in underdense plasmas is also reviewed. This
includes the propagation, self-focusing, and guiding of laser pulses in uniform plasmas and with

Sho r' P U I se la S er preformed density channels. Instabilities relevant to intense short-pulse laser-plasma interactions,
. . h such as Raman, self-modulation, and hose instabilities, are discussed. Experiments demonstrating key
Interactions with Matter

\ \
L

physics, such as the production of high-quality electron bunches at energies of 0.1-1 GeV, are
summarized.
ﬂ H | H ' R 0 D U ( l l 0 " DOI: 10.1103/RevModPhys.81.1229 PACS number(s): 52.38.Kd, 41.75.Lx, 52.40.Mj
PO U Glbbon CONTENTS 1. Raman backward scattering 1269
g 2. Raman forward scattering 1269
§ it 1229 \]”B‘HSL}IIT mOl:}l‘(lll;LVn xl:t:)lzl.\;l‘ hxm instabilities i;;(:
sh-Quality -h Produc 273
A. Acceleration in plasma 1230 . IE_ Quality Bunch-Production
o A. High-quality bunches at the 100 MeV level 1274
B. Acceleration in vacuum and gases 1231 B H" i o b 1 t the 1 GeV level 1275
Ehauahify hiesq S 2V leve 27
I1. Plasma Waves and Acceleration 1232 (_' H? I au 'Ifl'\ '\umr:u t'l - ”‘1; L\Ll R 1276
: i -quality bunches se inject 2
A. Ponderomotive force 1233 ?g\ qua 1 y bunches »mm col |.|ng pul \.L.H\JLL ion
2 D. High-quality bunches from density transitions 1277
B. Linear plasma waves 1233 o R = -
£ & VIII. Conclusions 1277
C. Nonlinear plasma waves 1234 Al led ¢ 1280
CKnowledgments L
D. Wave breaking e )
cferences 26
mpenal College Press E. Electron acceleration and dephasing 1237 < “
.. . .E Plasma wave phase velocity 1238
P. Tomassini, Laser Wake Field Accelerati@rmiasNbaistumn 1239 [ INTRODUCTION

sC h 00 | 202 2 II1. Laser-Plasma Accelerators 1239
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Introduction to LWFA

O X N O Uk WNRE

Understanding the excitation and the structure of the plasma waves
The wide spot (1D and QSA) limiting case

Limiting factors to high energy gain accelerators

3D effects on

Downramp (or shock) injection

Two-Color injection

The Resonant Multi-Pulse lonisation Injection

High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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The original idea of Laser driven acceleration

VoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Juy 1979 ) 43 years!

Laser Electron Accelerator

T. Tajima and J. M, Dawson
Department af Physics, University of California, Los Angeles, California 90024
(Recelved 8 March 1979)

An intense clectromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive foree. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glase lasers of power density 10'*W /cm® shone on plas-
mas of densities 10" em™? can yield gigaelectronvolts of electron energy per centimeter
ol acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined,

Collective plasma accelerators have recently the wavelength of the plasma waves in the wake:
received considerable theoretical and experi- a a
mental investigation. Earlier Fermi' and McMil- Ly=r,/2=1c/w,. @)
lan® considered cosmic-ray particle accelera- An alternative way of exciting the plasmon is to
Hem by movine masnatie fields! ar elactromae- iniart furn lager heame with elichtly Aiffarant

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn school 2022
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2+2 ingredients for a LWFA process

10’s of um scale

- \\\ " /./ 7.
L7

Injection pulse

— Self-Injacted ;
20 - FElectrons
Towards CTR &
Uipoie diagnostics g0
Q
. £ o
"
& .0- 7.5
‘§- ~~Electron
20 lonbubble Sheath
£ | 1 |
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wake Field Acceleration, ELI-NP Space, Z (microns)
Autumn school 2022
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e We often need an High Beam Quality ) el

nuclear physics

 Compactness in phase-space (low energy spread, divergence...)

. : Normalized emittance
* High charge or high current
* Linear correlation in the transverse x-u_x u = /mc E?Q,L — <LE2> (ui) — ((:B : u$>)2
and y-u_vy planes (low emittance) . *L,_fmtw,v l‘b’
Normalized Brighness (5D) sz/ly”' | Normalized Brighness (6D)
2 I 2 L*n iadd
Bnsp = = A/(m x rad) Bnep = 5E/E/0 1% I

T it #
- |

",' ol’ VC 16 100 e b gt Ty oluy)fu,=1.9e-02
moA M :

2’0“' xy
1.14 AEJE, @2 and BeD3
\ TR E - : E "
I.
| .
1

¥ (e m)

45 50 55 1 a 1
z4ct (e m)

50 52 54 56 58 0.5 a 0.5
Z4+Ct (e m) % ge M)
x-u, a[u1]=1 Be+00 ¥-u alu J=5.4e-01

'!|H.IT a[ur]=4.5!-01

l‘"x )‘--u,\l
5 m— ean Kel.7e-03

=] o = o
5 5
Wakdl@lleld AcneterationEH-NP-Autuma 10 10
. 0 1 1 0 1 5§ 4 405 0 05 1 15 15 4 £5 0 05 1 15
SC ooIZOZE
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But for some application (e.g VHEE) the focus is on beam charge

“% | MEDICAL PHYSICS

FLASH SYSTEMS

Ultra-high dose rate radiation production
and delivery systems intended for FLASH,
Jonathan Farr et al. Medical Physics 2021
DOI: 10.1002/mp.15659

0 14 27 41 55 68 82 95 109 123 138 150 % of 78 Gy ‘\\e ?(\
80 o vwaAT @ 100f e (| 0< \ O( \
70 | 1 PPBS ! — VMAT Rectum e (a
Bl 100 MeV VHEE §l ——- 100 MeV VHEE

60 | Il 200 MeV VHEE 80 i ... 200 MeV VHEE W O( e
3 Ay PPBSV 5.6% a
(O] _ 70, VAT = 5.6%
g 50 & 60/ \ : V70,100 MeV VHEE = 7.2%
-l A r ’
t Bl 20T NN O

20 } » k \‘\ 8
" i M |
- Y
0! 0! : =

Bladder Femur Rectum Urethra 0 20 40 60 80 100
Dose (Gy)

FIGURE 17 Comparison of treatment plans for prostate cancer. Treatment planning comparison between VMAT, PPBS, 100 MeV VHEE,
and 200 MeV VHEE plans (a—d, respectively); (e) mean doses to the bladder, femur tum, and urethra; (f) dose

8y ,vﬂu e histogral gr the .
planning target volume and rectum, together with the reported percent of prescription gﬁ@ 1d 7693 14F the-d&sl Vo Tf@l%'é!it i |e ratio n, ELI-NP Autumn 11
permission from Schiiler et al.'?? school 2022



Small scale 0.5-10’s GeV accelerator Small scale 10’s GeV modules
for X-ray FEL or Compton gamma radiation for TeV scale multistage acceleration

Laser-plasma accelerator (LPA) linear collider

+ Plasma density scalings [minimize construction (max.
average gradient)] and operational (min. wall power)]

indicates operation at 7~1017 cm2
* Quasi-linear regime (a~1): e*and e-, focusing control
« Staging & laser coupling into (hollow) plasma channels

La(..\\
g Ev » tens of J laser/energy per stage
\ @( \ » ~10 GeV energy gain/stage

nature
COMPACT
SOURCE

)
TQ\“D” = “\m"\%% Py
lar,, o ] ) ey
BELLA f§ Tov
Multi-GeV expts e, 8

What can we do
W. T. Wang, K. Feng, et al., With LWFA?

Nature, 595, 561 (2021).

Table-Top 100’s MeV accelerator
For medical applications (VHEE, imaging)

Office of

ol {9 ENERGY |

High-Brigthness accelerators and
attosecond bunches generation

P. Tomassini, Laser Wake Field Acceleration, ELI-NP PRAA(A

Autumn school 2022



ELI-NP

) OUTLOOK

Introduction to LWFA
Understanding the excitation and the structure of the plasma waves

O o N O Uk WNR

The wide spot (1D and QSA) limiting case
Limiting factors to high energy gain accelerators
3D effects on

Downramp (or shock) injection

Two-Color injection

The Resonant Multi-Pulse lonisation Injection
High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Maxwell equations and particle dynamics chart (recap from CD and ED courses)

E) o — 4w/ c?

B — B/c

Normallsed potentials, momenta and_dynamlcs
o _’/mc — ’yv/c = ’)/5

4

A} (]0 E mcz ¢ :‘fm H-.MJQM
DI : oA -‘ ‘

° / 0‘47 m'[zw( Jhotc ‘+ 0«. Oj ¢ Oblm.w oA
1+ (m+a)2—p 2L pg= _0H 44 |
= Uu—a 0 g _ OH Su Aa s A Ao, A M ‘

P. Tom@heif, Laser Wake(De Accerratidn, ELI-NP -
Autumn school 2022



ELI-NP Understanding the Ponderomotive Force
Autumn even in the relativistic regime

Gebool '

Useful description of the plane-wave laser pulseg Electromagnetic Wave

For an EM pulse (¢p=0) If the pulse is propagating towards z+

E(z,t) = 2By f(z — vgt) sin [ko(z — vet)]

E=-19,A  kovy = wo

Envel
::::::::::

(=]
o [3,]
—————
——
—\
———\
—————————\
—
———————————
—————
>
———
————————
— —————
— —————
— ——
L

..............

( T>1 = /\o/c Many laser cycles/ pulse
3 ZM l&.‘of:ﬁ- Q,(JM“},
A

A(z, t):i% Of(z—vg COS [ko(z—v¢t)

1 1 1 1 1 1
-40 -30 -20 -10 0 10 20 30 40
z (um)

A obtained by exact integration of E

~

g f(:np;"(z = ’Ugt, ?") COS [/fo(z - Uqbt + Cb(za ”"'))]

(A) = —%— max(F) ~ 8.5 - 10710\ /I[W/em?2|\|pm]|?

e
a p—
0 mc? mec2wo

. <ey parameter in laser-electron injeraction, well give a physical interpretation in a few slides

. . massini LdSCI VVORT Ml ACCelCTONoTrT, i

Autumn school 2022




ELI-NP Understanding the Ponderomotive Force

gtum“ even in the relativistic regime
IN THE VACUUM($=0) for pulse polarized along x (3: — _’aof(Z —l— ct)g(:c, y)
?w‘;a &d’oo‘u ‘l’1 ou&L 2 1 5 - 7 = o
=dy (UJ_—CLJ_) ——6 V,a

1 = c B |

o (=) = v(go_ﬁ'a){%dt(ﬁ—*)Z—Eﬁuﬁ
%—7: = Cig—?f %dtﬁ/ = %’Uw %dt@ S\ym'uv Vi =0
Qumo‘"&?";c u"P‘&OMMAfV"'

If the pulse depends on (x,y,z+ct) solely (i.e. with a rigid motlon within the selected time interval),
by using 10, = 0. we get

[" 2004,«.?"‘/’444“4&0(

1 - :I—» de(v+u,) =0 — v+ u, = ho = constanl

1(25 ("l._lf,;y_- — c_ix) = —53; - 0,0 g%obw VeV
T a

P. Tomassini, Laser Wake Field Acceleration, ELI-NP

Autumn school 2022 :
[



ELI-NP Understanding the Ponderomotive Force

g‘t“: “‘Z“ even in the relativistic regime
dt(’}/+uz) :O—>’Y‘|'Uz Eh() %dt (ﬁ,’m—c_im) ——63/{530, %dt

’\)'\,0

The wide pulse case
If the radial gradients of a can be neglected (large waist) we get :

z—a>0— u, —a >~ constant . ug,;—uxo—l—(a—ag)" A~ W
U, —a =~ —a =~ - 0
u.m ~ 0y~ ZO’RS tant Uy = Uy,0 Analytical solution
L vy — uzzﬂ[hg—( +u? +u )] of the dynamics
1 9 02 for the momenta
- (7= [P+ (g + )]

Y
Electromagnetic Wave ~N w ) 2(4)

Finally we got: the oscillation of the transverse momentum
In a laser cycle is the same of the normalized potential.
Therefore ao gives the measure of the maximum transverse
momentum acquired during one cycle.

._\

v + u, = hy = constant

Ifao < 1 the quivering is nonrelatlwstlc and uz is almost constant

N T mser“iﬂf g.guisering 1s relativistic and uz quivers (with a drift) )



A The Ponderomotive Force (LWFA)

Gebool

The effective Hamiltonian for the low-frequency phase-space

The electromagnetic field is supposed to have a «low frequency»
component and a «high-frequency» component (the laser pulse).
From now on we retain the low-frequency parts, leaving to the
<a"2> term the role of ponderomotive action

The average kinetic energy including quivering

<y >=qs=+/1+u+ <a?>

The average total energy including the potential |
Esz%—cb:\/1+u§+<a2>—¢s 'i [Z:

\ The canonical momentum and the EFFECTIVE HAMILTONIAN are
T=Ug — Qg = Ug = T + Ag A«,’/’

4 o | 1
—dtus =~ 37 — — QE + 6 X B) s;norm. —V<CL > N o
SEOUIADOMIOW-T reELchPency) trajectories

—;

/ 74!/”"’/“’

P. TOmassini, Laser Wake Fiel
Full dynamics for the cycle averaged»{e



El‘.'{l'.“n':n The cold, unmagnetized plasma side

Zebuool)

«COLD» , Kin. En. In the range 1-10eV
Ec=3/2 KB T T=2/3 Ec/KB=10%-10°K

Plasma
Y A Inertinl
gt <°°\1it;"(\ 8 Mognefle | “ confitement
L 0{\-\13\\0 = 10 t e‘:;:: - \ e l usion
Q
Gas I -
M "r»\k%or/e E v ‘ llebulo"" Soler ? Salar core
A (\0/70, 800/7 o ; 1 0 (ounn : - -
| @’7391;‘ P e Lighteimg
sfs &3y —%‘ £ , :
-‘g’ g Liquid < g ‘ Solor wind lNO'(f ’sllql g Tl
. e e, 8 ié) : < o . 1 C : - . \;“‘s“
Rigorous definition of plasma: W e o E 100" stellor spece. Flyorescent w (
F 5 \,\e\“ﬂg — Aurora Flomes .
| . onized ; dotise for clmssisad
plasmais an ionized gas... Solid - plosmes Te exisl.
’ 10
3 9 15 21 27 33
1 1 1
globally neutral... 0" 10 10 10 0 0
Number Density (Charged Particles / m?)
that displays collective phenomena. «DENSE» (it’s confusing....it’s called «UNDERDENSE» because light

must propagate into it)
P. Tomassini, Lose%oie]Fcl)ezlél_A%Qezlir%l%ﬁtﬁ?—ﬂﬁ/mg i.e. 1016_ 1020 eIectrons/cm3

Autumn school 2022 y



Elﬁltﬁ:n Understanding the dynamics of the plasma wave ) d-i

g nuclear physics

How does plasma responds to any attempt to displace positive (heavy) ions from negative (light) electrons?
Siam P& anoolel

IONS ARE ALMOST IMMOBILE AND SMALL AMPLITUDE OSCILLATIONS ARE CONSIDERED

EEAEEE

PPPEP:
g

o ot s e

Displaced + Displaced - ‘

— —

Restoring force Restoring force
oz _ _ pp— _e’ng d*5x 25
= M diz el = o ox wp 772 - CdeS.T =0

2 —_———
nope /
0 4 . w \X Y r)/;Q
’TTLP'T@BOSSW' Laser Wake |ela?AcceIero’r|c(n,ELl— P
= Autumn school 2022




ELI-NP Understanding the plasma wave in the linear
Autumn small amplitude perturbations) regime

FLUID equations

’ .
MM‘ f Fluid momentum conservation

NEEDS TO BE

A
e nadan 0= 2 (B0 B] - Lyp @ MomED i o

closure (equation

/{,I, ‘ of state) term.
- dv qne {_’ |

Negy = = E—I—?TXB}—EVP ?zl/“"""’“ '/';_,m
% = atﬁ + v - VU Total (convective) derivative
ORDER 2 CLOSURE (perfect gas) p=n.kpT 9
P=1Ip P;; = pdi; kT = mv?, P =Tl

Z »,tnaﬂd'fl&. Zo

f»' P ;(az' ~ > VI

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
AutUmnsehool.2022



ELI-NP Understanding the plasma wave in the linear
;’Zmz small amplitude perturbations) regime
&

We are now going to get the dispersion relations for the interesting plasma waves
(longitudinal [electrostatic] and transverse [electromagnetic] electron plasma waves.

Wake ;\'-LLX le.
Small-amplitude (linear regime) perturbations

—

ne=no+on =00 p=po+0p E=06E B=4§8

. ;",.)"AAW?W’WL v oA

N0, 00 + neaﬁ>@ — an. [5E + 517><5§] - Lvsp
ha

3 Mot

CLOSURE (perfect gas)
pV7Y = const. — op/py = —yOV/V = ~vyon/ng

~v =3 1D perturbation

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



ELI-NP Understanding the plasma wave in the linear
A"tg‘““z“ small amplitude perturbations

Small-amplitude (linear regime) perturbations

£ . MAXWELL EQUATIONS
V-E=qne—ng)/ee V-B=0 VxE=-0B Vszuo(J-l-antE)

—

V.6E=qdnjee V-0B=0 Vx6E=-8,0B V x3B=pm (qn0517+ eoatéf_??')

[l

&

— — — 1
Hon+neV-00=0 0,00 = Lok — m—nOV(SP op/po = von/ng
— 2
Complete set of coupled linear terms (po _ nomvth)
FOURIER DECOMPOSITION

V — ik 0y — —iw

L__\___J
/_(» K . . due ’IL ’}L— flmuu—
S — p 5'Eomossm( aser Wolg/lzle@tz}\bcllero(on ELI- néE M#MM’

Autumn school 2022



ELI-NP Understanding the plasma wave in the linear
Autumn small ampli

ebooly
LONGITUDINAL WAVES (wakefleld) TRANSVERSE WAVES (laser)

YB~0 bt "2 740
| %#DW?VI",C

57| 6E Ok || OE 57 || 6E 5k 1 6E
§= 0B — (1 — % k20 F §=F
(—/{Mg—j)(sﬁ:iéaﬁ—y/—y%wéﬁ (K + % )5E_—25ﬁ
(wz — wg — 'yvfth) 0FE =0 (wz — wg — k2£2) SE =0
Has nontrivial solu.tion SE £ 0 if Has nontrivial solution §F =£ 0 if
W2 = wg + v k? W = wg + k?c?

Relation dispersion for the longitudinal plg§m%s%gygserwgke ol Accele%%(l)%jcganmgilsper5|on for the transverse plasma wave
Autumn school 2022
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Autamin Remind from EM courses
A,

Phase velocity and group velocity

Phase velocity: wavefront velocity for each monochromatic component

Vp = T
f(z —vgt) = foexpli(kz — wt)] = foexp [ik(z— 1] ¢ k M% M Vg

. . Vg =
Group velocity: Envelope center-of-mass-velocity dk M (Fqclg.ﬂ[)

Wave packet f(z,1) ﬂ ﬂ ﬂ ﬂ
f(z.t) = [ 5552 f (b w)erh2e
w = w(k) Dispersion Relation l

(ke vt |l
fz,t) = [dkf(k,w(k))el k) .
If f(k) is almost monochromatic w(k) ~ wo + dw(k) (k — ko)

f(z,t) — fdkf(k’w(k))ei(kz—w(k)t) ~ ei(koz—wo(k)t) fdkf(kjw(k))ei(k—ko)(z_g_c;t)

%SSIHI Loijquehﬂelcﬂvdcceleroﬁon, ELI-NP _ dw

Carrier s @nchog2022  Envelope speed Vg = gk



ELI-NP Understanding the plasma wave in the linear

Autumn
ebooly
I Small-amplitude PLASMA WAVES
LONGITUDINAL WAVES (wakefield TRANSVERSE EM WAVES
2 _ 2 2 1.2 2 _ 2 21.2
w? = w; + v,k w* = wy + ¢k
b W c
Up = L = -2 > C
_ W~ % 4 3,2 k Y 1==3
Up = % =% T 2%hw, © % _
Very small Ug ~ ?i_cl: — C\/l _ w_g < c
N\ 302 w
vy = W~ Fp2 K =20
g dk — th pr 2fU¢ The phase velocity of the transverse EM wave is superluminal
The phase velocity of the plasma wave is the same of the The group velocity can be very close to ¢, provided that

source moving into the plasma.
wp/w K 1
The group velocity is usually neglibible

(longitudinal waves don’t contribute to ener%y transfer) The higher is the frequency, the faster is the wave.
. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022




ELI-NP Understanding the plasma wave in the linear
Autumn

ebooly

V¢ =% = % T 2Vhy, ¥ % ~ UDRIVER Vo = % \/ —~ -~ €
_“p
0 "
V, =~ w2
g vg—fl‘z:c l-—+%<c

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Understanding the plasma wave in the linear

Autumn . . .
=T, small amplitude perturbations) regime
What we learned about waves in cold, unmagnetized plasmas /?Mm A—\
Transverse plasma waves (Laser pulses for Laser WakeField Accelerarion) V.~ ~ dw CA /1 — 22
can propagate in plasmas provided that . g = dk

#3>0 » w,/wy < 1

The critical density of a plasma depends on the pulsation of the EM pulse
propagating into it and sets the boundary between transparent and opaque plasmas

2
2 2 PRUIVICp— 2 1
0 P w,=wj? = W}

3 p €om sl .
_ 2 | / — OPu M
: —371 __ €omw ~ 21 9 L_06f 1
nelem ™3] = 90 ~ 11102 Ao [um]? |
‘ =04 .
- 2 | Transparent
o fmwg o, e l p %
nc T 62 c o 47’,'62 /
. MKS CGS 3 % 05 wio 15
| Criticﬁ>
Mo s Me
-
P. Tomassini, Laser Wake Field Acceleration, ELI-NP wo it wP
Autumn school 2022



Understanding the plasma wave in the linear

Q NUMBERS
® no = 10%em=3 = 10%?>m =3

wp, = 5.6 x 10'?rad/s
Infrared
, no = 10¥em =3 = 10**m =2
wp = 5.6 x 10%rad/s

2
nefem ™3] = 250 ~ 1.1+ 102 /Ao [pm]?
101
Generally used /\0 = O-SUm 1010
carrier wavelength wo = 2me/ Ao
wo = 2.4 x 10¥rad/s 10° 1

Te/K

108

r » D)
nelem ™3] ~ 1.6 - 1041

1074 < ng/n. < 1072 o

Our plasmas are well underdense!

——

P. Tomassini, Laser Wake Field®cceleratid®® ELI-NP - 107 1013 1020 102
Autumn school 2022 nefem—3
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Understanding the plasma wave in the linear

small amplitude perturbations) regime

What we learned about waves in cold, unmagnetized plasmas

Therefore in our range of densities

2
(2) =m~107t 1072

wo Ne

p,o— AW ~ a0 /1 Yp
g =ar =c\V1-gF <c

How close are we to c?

/‘/Lm 014' t. cw&
Pcmmm

(Me Kemme At )

2 2
_ __ dwg ~ _ Y% 1 1%
BQ_UQ/C_ E — 1 w2_1 2 w? Opaque
L
>U}

We can define the Lorentz y of the pulse as s
1 w04

TR

Transparent

o 0.2
%' " Ny = 40 = [De™
g - - o
> Wp o %0 05 wlo 1 15
In our standard configurationasshi{)os< Wik Freld 100c{not:solarge!!!

We will'€oin&Back on this later on)
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Autumn Approximations map
A,

g It’s impossible to fully model the dynamics of the plasma electrons
in the dynamic volume of the interaction

\‘k‘IJ\"' DI
0\\ \o)“ e ’
2 S |OO/. /)

| T;\\\

| | ,( 'b
\ "‘3'2.,/ #
N Lper

e shonkd sl 4. “]4.. cha"ur.
:..:E,.laf- ".;? +e DISTRIBUTI o)Y

Ny o ..¢ (lco o ) o) % _’L[_‘_ ? 4&—;
\ M - ’ 14«415 S1TIH oo
o © 0 | ”olh Lf/:u,ua 7}59&.

Phane - S)bo\a.

3*

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



El‘.'t'll.‘.:n Approximations map
A/

The Vlasov / Boltzman equations ,{&/L 7(’ o

0 0 o r __ 0
af‘l‘va_qf‘FFa_pf =0 Ef | vaqf Fapf atf|collzszonsﬂ_
Free Streaming Free Streaming with collisions
L Y Y
0.6 0.6
0.4 0.4
@ 0.2 g 0.2
E o E o
> -0.2 :-0.2
-0.4 -0.4
06 -0.6
=S .2 LS
-100 -50 0 50 101 -100 -50 0 50 100
X (pe m) X (p2 m)

V| P. Tomassini, Laser Wake Field Acceleration, ELI-NP B |
asov Autumn school 2022 oltzmann



El’.'{;‘.‘.:n Approximations map
A,
EXAMPLE Linear restoring force (F=-kx)

Standard magnetic quadrupoles Plasma lenses

-

cm(s) scale

Field Acceleration, ELI-NP

meter(s) scale P. Tomassini, Laser
chool 2022

Autu
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Solving the Vlasov equation with the «method of the characteristics»
EXAMPLE Linear restoring force (F=-kx)

f(x,p,t) = f(xcos(wt) — = sin(wt), v cos(wt) + wz sin(wt),0)

Linear resoring

force (nonrel.)
L Y

LS

0.1
0.05F
S
£
o OF
I
=
-0.05F
0.1k
-100

-50

0
X (p2 m)

50

100

P. Tomassini, Laser Wake Field Acceleration, ELI-NP

Autumn school 2022

Autumn Approximations map
Cebool
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Approximations map

Solving the Vlasov equation with the «method of the characteristics»

EXAMPLE Linear restoring force (F=-kx)

RELATIVISTIC EFFECTS ON

Linear resoring force (rel.)
™ T ™

2
=k/(m7)
0.5 ‘
(&)
E
a 0
Il
o |
-0.5
. 8
-100 -50 0 50 100

P. Tomassini, Losgr Woke Field Acceleration, ELI-NP
Autumn school 2022
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We start from a PLASMA STATE (we already know what this means)

NEGLECT COLLISIONS
NEGLECT
ATIVISTIC EFFECT

A—

LOW TEMPERATURE PLASMAS /L{Ow
olbel
Mo UENIS

RETAIN
RELATIVISTIC EFFECTS
VERY LOW TEMPERATURE

NON RELATIVISTIC FLUID
EQUATIONS (SAFELY

RELATIVISTIC COLD-FLUID
EQUATIONS (PRESSURE
TERMS MUST BE

INCLUDE PRESSURE

TERMS) NEGLECTED

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022

Avtomin Final Approximations map (1/2)
A,

More on
NEXT

slide
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Avtomin Final Approximations map (2/2)
ool

=

NEGLECT COLLISIONS

v

RETAINS

RELATIVISTIC EFFECTS VERY LOW TEMPERATURE

RELATIVISTIC COLD-FLUID
IRROTATIONAL EQUATIONS (PRESSURE

FLUID EQUATIONS RETAIN ALL THE SCALES A eltcreD

RETAIN ONLY THE
LOW-FREQUENCY SCALES.

LWFA PLASMAS
ARE IRROTATIONAL

IRROTATIONAL FLUID
EQUATION for the low-

P. Tomassini, Laser Wake Field Acceleration ™ frequency fields
Autumn school 2022




Autumn The EM field side
A,

ELI-NP

The EM field eqq. for the normalized ( xe¢/mc?) potentials can be written as (see e.g Jackson)
V2p + %atﬁ a = k}% (7% _ ) F = No : background density

2]
L. — ,/4mmee? :plasma wavenumber

oo . p me2

v? - 192 a—v(v-cnla ):kzﬂ

( =0%) ¥ puoh Ap = 2% :plasma wavelength
. , D

_ POISSON Eq.

. 5\{ j VQQO _ kf) (l - 1) _—""_ NO time derivative
nQ

3§
N (V2 - %03)da=10,Vo+k223

N

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Sdast OUTLOOK

O 0 N O Uk W

Introduction to LWFA

Understanding the excitation and the structure of the plasma waves
The wide spot (1D and QSA) limiting case

Limiting factors to high energy gain accelerators

3D effects on

Downramp (or shock) injection

Two-Color injection

The Resonant Multi-Pulse lonisation Injection

High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

el

nuclear physics

39
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LWFA in the nonlinear 1D regime

In the 1D limit the radial motion of the plasma electrons can be
neglected. This happens more frequently than you are expecting
now!

If the radial spot of the laser pulse is «decently» large, the 1D
nonlinear regime approximation reveals to be extreme powerful.

This regime holds when the radial ponderomotive force is negligibile
with respect to the longitudinal one, i.e when cT<<w and also when
the transverse size of the pulse w is much higher than the plasma

wavelength Ap .
kyw >>1 (k, =21/\))
Transverse gradients are negligible
Vi K V“
V| K %at

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022




Eh'{ll.‘.:n LWFA in the nonlinear 1D regime
A/

kpw >>1 (ky =2m/Ap) VJ_ < VH V] L %8,5

Transverse gradients are negligible

Continuity
equation

Fuid eq. for
plasma
momentum

Poisson eq.
(o]0}

(02— %07)dL = K224,

(02 — 202) a. = 28:0.0 + k22 5.

Wave eq. for

0,a, =0

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



Useful descriptions/approximations

The Quasistatic regime

(P. Sprangle
et al., 1990)

FOCUS

STATIC WINDOW
Formal description of QSA:

MOVING WINDOW

1) Make the change in variables from the standard (z,ct) to the new (&, zg)
= 5 t 0§ __ 5]
(f) : fszz)ﬁ() - (TP 3=
z = —¢C TOLNT Zg __ Oz
’ y ot — Py FE =

2) Observe that
O.f =0cf X B 40, fX P2 e O.f =0f
LOUf = Of X 55 + 02,0 X 52wt L0,f = 8, (0 — 0., /) (EXOCTIN

3) Finally, if the case, neglect the zg derivative to employ the QSA

O.f =0 f %Otf ~ [g0¢ f QSA ’

PENAGT I, Laser WP PROXEMIATECN, ELI-NP [ 4
Autumn school 2022

Jacobian
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Gebool

I. omassint, |OS€I’ IIOIG Ie ! !CCG erdarion, I| |I

LWFA in the nonlinear 1D+QSA regime

E=2z2+4 [,ct
L £

V- (nii/y) + 1om =0 0. (nu./7) + 20m =0 O¢(nB, + Byn) =0
O (F—a@)=V(p—) w8z —0az) =0:(d—7) Be(y— ¢+ Byuz) =0
Vi =kZ(n/ng—1) 02¢ =k2(n/ng—1) 3g¢ — )2 _Bs

p)89+18z
4 )
v =14 <a® >
] U=¢+1; 02U =k2y24 6972 —1
n=nogy 1— —+
ﬁg‘l'/Bz \ 79‘1’ J
Y+ Bu, =1+¢=1U Ey = mc*ky/e ~ 96+/no(cm=3) V/m

«nonrelativistic» wave-breaking limit

B, /Ey = —4-0:¥

Autumn school 2022



Ehltﬂ:n LWFA in the nonlinear 1D regime

 wowocowmee

Eog = mc?k,/e =~ 964/ng(ecm=3)V/m

«nonrelativisticy wave-breaking limit

B, /Ey= ~1-0:¥

Suppose (as usual) that we are able to excite waves with £/, =~ Fjyin a
Plasma with density, say, of 1()18 ¢, 3 In this case the accelerating gradient is:

E, ~ 1001018 =~ 0.1TV/m

This means that if we had the possibility to accelerate an electron for a
distance of 10m (and this is at the moment far to be true...) we had build
a (many tables-top) 1TeV Accelerator.

The effort of the scientific community is now on both
the beam-qualityside and.ibe«long.aceeleration» side

Autumn school 2022



El‘.w.:n LWFA in the nonlinear 1D regime

Gebool

In a tenuous plasma Ne K Ne — Bpn — 1

p=1+¢

=k e -1 W | 2k, 20%¢ ~

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Ez/EO:_éaw O2p = k22 Lo 1 ¥ =1+4+u? =1+a?

Tl
1— 72 w?
ph

What happens if a0 increases

LWFA in the nonlinear 1D regime

m <

ao= 0.35
1_ e T T _ar 1
s
. anU =
“‘;:““ 0.5 - “E“ 0.5¢
= =
s N s o A
-0.5 ' ' ' -0.5 ' '
-10 0 10 20 30 0 10
z+ﬁphct

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Ehltﬁ:n LWFA in the nonlinear 1D regime
A/

) e G PP

2
1— L

"thwQ
What happens if cT varies (a,=2.5 is constant)

cT*k =0.15
3 e
% =%
2 2
P cr =
s —_ € 1
Tl P =
S 5l
At ‘
0 20 40
z+0 hCt

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



LWFA in the nonlinear 1D regime

«nodes» of Ez

After straightforward algebraic manipulation we can find the Max and min values of the potential once the
maximum value of the normalized electric field is known:

wMammin:Finh\/(l_l_F)Q_
F—Q( Z/E)ma,m

This relation is useful to set the wave-breaking limit and to deal with particles trapping in the plasma wave.

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Wave breaking in the nonlinear 1D regime

articles with U > Up,p,  leave the plasma fluid WAVEBREAKING

A. l. Akhiezer and R. V. Polovin, Zh. Eksp. Teor. Fiz. 30, 915 (1956)
[Sov. Phys. JETP 3, 696 (1956)];

Ewp = Eo\/2(vpn — 1)
Eog = mc?k,/e =~ 96+/no(cm=3)V/m

ne = 10" em =3 Vg = Wo/wWp = z/nc/ne ~ 100 Ewp = 15E

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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UNDERSTANDING

Nonlinear Relativistic Wave breaking Threshold

A. |. Akhiezer and R. V. Polovin, Zh. Eksp. Teor. Fiz. 30, 915 v > Uph

(1956) [Sov. Phys. JETP 3, 696 (1956)];

EXACT solution of the fluid motion in 1D+QSA

{”1” F:»\/_r E

ar? {@7// + /_—Z/%ﬂj @WBthe — v1/(v3)is null !

Mua—i "'?( 4 - ﬁ; e
/ ( V- J’—— B, (laser)
REMEMBER that 7 + B4u. — ¥ = 0, therefore the (fluid) speed is_

B = sy = & (T/y—1)
THEREFORE the wavebreaking is reached when (—/3, > 3, laser moves to z-)
—B. = _gig (U/y—1)> By

(after some manipulation) U < ”)/J_/’)/ — \IJWB = YL /'}/g

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022

= B4 (wave)

b (Y )1

WB potential



Etltﬁ:n Nonlinear Relativistic Wave breaking Threshold

A. I. Akhiezer and R. V. Polovin, Zh. Eksp. Teor. Fiz. 30, 915
(1956) [Sov. Phys. JETP 3, 696 (1956)];

This can be used to express the maximum an minimum values of ¥ as a function of the
MAXIMUM acceleratring gradient

\IJMAX,min — ( MAX/2 —|_’7J_) iﬁg\/(EMAX/Q _I_’YJ_)Q T ’YJ2_

FULL-FREQUENCY 1D+QSA, a =2

——=a (envelope)
N . Cs 3r H n
g °* ? i + Warax
o s 2
LIIJC
= L
o 1
£
E" b lj[jv’nzn
O- e
AN A
| R VANV A Eprax
-40 -20 0 20 40 60 80

§=z-z ()
P. Tomassini, Losgr Wake Field Acceleration, ELI-NP
Autumn school 2022
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Gebool

Nonlinear Relativistic Wave breaking Threshold

A. |. Akhiezer and R. V. Polovin, Zh. Eksp. Teor. Fiz. 30, 915 (1956)

We found earlier that the fluid velocity reaches the plasma phase speed
(WAVE BREAKING) when .
Uywe =71/

This means that the MINIMUM potential satiesfies (at WB)

\Ijmz'n — (E%JAX/Q + P)/J_) — Bg\/(E%AX/2 + ﬁ)/J_\)é_ F)/Jz_ — ’YJ—//-YQ

After some manipulation (and supposing v = 1 ) we can find

NOTE

as ng < nNe
Yg — OO

HM AM 2NN é

EMAX = EWB/EO = \/2‘ ﬂL/\,ﬂ{“aa be ‘13(:

Eog = mc?k,/e =~ 96+/no(cm=3)V/m

17 -3
n. = 10*"em = W R/R ne =~ 100 Ewp =~ 15E)
[ : f}/g P. Tom%s/smlz?_oser ake Eléd Eccelero’non ELI-NP =

AUtomn school 2022
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Nonlinear Relativistic Wave breaking Threshold
=AY,

As a_0 increases...

FULL-FREQUENCY 1D+QSA, a =1

1.5 : :
i [ ". [ ", u'ﬁ"i a (envelope)
I.' I|I I|I I|I Inl '!I III I|| nin,
|I II |I I| |I || 'I 'I iy
1F A U A R A A E
Vo L norm
: VAVAVAYAVAYAVavavavaw
I".J { I|I
%E 0.5 IIIII II|I [
c / \
'E_ | Iﬂl Iu’lhl ".II Iﬁl". [\ I"l, [\'. Ilﬂ I".
8] /\ I| I|I I| '|I / III | |II | |II |I ',II
b /NN LV T T ]
\ R I Vol F VT
VERVERVERVEARVARVAR
v VUV VU
-D‘5 L L L
-50 0 50 100 150 200 250
£=zz,(1)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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APPROACHING

Nonlinear Relativistic Wave breakin

As a_0increases...

FULL-FREQUENCY 1D+QSA, a,=2.5

6
a (envelope)
a5r ning
=
E I ‘ ‘ — From
w3 | A | |\ |\
C_D |I | II |
= 1F
© — N\ \
o I ! \ll \
4t \J
-2 4 4
-50 0 50 100 150 200 250
£=z-Z (1)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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ELI-NP APPROACHING
A“t“: m“: Nonlinear Relativistic Wave breaking Threshold

As a_0increases...

FULL-FREQUENCY 1D+QSA, a,=10

160

a (envelope)

140 |

r‘u’n{:I

120 F v
-  E

morm

Emm-
80 |
60 I

a,ru’nn, W -E

a0t

20 F

-EU L L L L L
-50 0 50 100 150 200 250

§=z-z (t)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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norm

a,nfnn, v -E

APPROACHING

Nonlinear Relativistic Wave breakin

As a_0increases...

FULL-FREQUENCY 1D+QSA, a, =30

6000
a (envelope)
5000 f
n/n
0
Ly
4000 | € (
3000 f "
~ \Ij
2000 f \]:j e W B
1000
0k
-1DU[J L L '] '] L
-50 0 50 100 150 200 250
e=zz(1)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP

Autumn school 2022




ELI-NP APPROACHING
A“t“: m“: Nonlinear Relativistic Wave breaking Threshold

What happens to the accelerating gradient
as the wave approaches its nonlinear breaking?

10

-50 0 50 100 150 200 250
£ (pnm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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APPROACHING

Nonlinear Relativistic Wave breaking Threshold

What happens to the accelerating gradient
as the wave approaches its nonlinear breaking?

10

-50 0 50 100 150 200 250
£ (pnm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



ELI-NP
Autumn

APPROACHING

Nonlinear Relativistic Wave breaking Threshold

What happens to the accelerating gradient
as the wave approaches its nonlinear breaking?

10

-50 0 50 100 150 200 250
£ (pnm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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APPROACHING

Nonlinear Relativistic Wave breaking Threshold

What happens to the accelerating gradient
as the wave approaches its nonlinear breaking?

-50 0 50 100 150 200 250
£ (pnm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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Autumn Relativistic Wave breaking Threshold

What happens to the accelerating gradient
as the wave approaches its nonlinear breaking?

Ewp = Ewg/Fo =

-50 0 50 100 150 200 250
£(pm)
WE CANNOT GO FURTHER, from now on the wave is able
to catch electrons from the pIasma (on the top of the pIasma spike)

o ‘-Mé i M&WM

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



Etltﬁ:n Nonlinear Relativistic Wave breaking Threshold
g >

What happens to fluid speed as the wave
approaches its nonlinear breaking?

FULL-FREQUENCY 1D+QSA, a,=35

) —-
1F
, =
05k . a (env)/a,
=N o} ;BH-I:K
-0.5
amp S
“1F
-50 0 50 100 150 200 250
¢ =z-z (1)
‘ NOTE: in the bulk (up to just before the velocity peak) 5, ~ 1

i.e. the plasma particles move at (about) the speed of light ON THE LASER
®  PULSE OPPOSITE direction !

This means that IN THE BULK (8, + ,) ~ 2

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022



El‘.'{l',‘.:n Nonlinear Relativistic Wave breaking Threshold

g What happens to the density as the wave
approaches its nonlinear breaking?
FULL-FREQUENCY 1D+QSA, a =35
4 L} L] L] L]
—nfnﬂ
. 3r ‘—a (env)laﬂ\
éﬁg?i_4 # }j?] 1% 4 EG 2 {
W hadi 5 B BULK
L i fa. ) 1¢ J Max(n/n_0) is about 40000
| oM < X In the simulation
oFf N~
. B

-50 0 o0 100 150 200 250
£ =22 (1

..but if IN THE BULK (8, + 3.) =~ 2, this implies that (there) the electron

ST nfno=By/(Bat Ba) = 1/2

THEREFORE the electron plasma density never drops below % of the background
Value. In 1D we have nochance to-create-afullydepleted zone

Autumn school
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Autumn Trapping (and acceleration)

theory in STABLE 1D+QSA wakefields

Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)
In a moving window =2+ Bpnt NO BEAM-LOADING

> _ oL _ =~ =
T=g %7 ¢ H:\/1+ 7T‘|‘ )2—|_/8ph7‘-z_ '

a; = a(§); 1 N { ;Pm‘l'cu

a, = 0; 0 = 52 c 0§ = B2 + Bpn &~

a: =0 L9yt = — gﬂ%%_a L. = 01— 0) < flluilm

GIVES «space-time» in the(ﬁ(Ct), U (Ct)) phase space plane

T b

0PV = — k2?2 Bon 1 oM Ct

LA

Also, the potential ¥ satisfies the Poisson equation

oY

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn 64

And must be solved numerically {i.butit’s trivial to do it !!!)
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=AY, theory in STABLE 1D+QSA wakefields
Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)

Trapping (and acceleration)

In @ moving window €=z Bpnt
ao=1.485, zg=1pum

0.6} | |
Particle as a generic
plasma electron B

?N
0.2f
NN,
-40 -20 0 20 40 60 80

§=z-z_(um)

P. Tomassini, Laser Wake Field Acceleration, ELI-NgAutumn
school 2022
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=AY, theory in STABLE 1D+QSA wakefields
Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)

Trapping (and acceleration)

In @ moving window €=z Bpnt
ao=1.485, zg=1pum
0.6F n n
Particle as a generic
plasma electron A
=

-40 -20 0 20 40 60
§=z-z (nm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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=AY, theory in STABLE 1D+QSA wakefields
Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)

Trapping (and acceleration)

In @ moving window E=2z2+ Bpht

a0=1.485, zg=2

20 F '

]

]

Particle «BORN» inside =T ,

. . . .

the wave (e.g. by ionization) < 10t '

|

‘.‘

5E 2 1 : g i ' 2 N - =
-40 -20 0 20 40 60 80
§z-z (um)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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=AY, theory in STABLE 1D+QSA wakefields
Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)

Trapping (and acceleration)

In a moving window €=z Bpnt
ao=1.7, zg=0pm
.
60 f .
Particle «<BORN» inside o o RIS
C e . a0 '
the wave (e.g. by ionization) _~ !
\lzo- :
o ;
¥\ :},‘.‘
of : ' !
\ " ’
) /

-40 -20 0 20 40 60 80
§=z-z (nm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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=AY, theory in STABLE 1D+QSA wakefields
Approx: STABLE wakefield in 1D+QSA
LOOKING AT PARTICLE ACCELERATION, not fluid plasma evolution

Effective Hamiltonian for «passive» particle dynamics (no plasma reaction)

Trapping (and acceleration)

In @ moving window E=2+ Bpht
ao=2.5, zg=0pum
800 F T T T T s 5
600
Particle «<BORN» inside
the wave (e.g. by ionization) i

§z-z (pm)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
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Trapping (and acceleration)
theory in STABLE 1D wakefields

PHASE-SPACE TRAJECTORIES

2 _» =

L0 Y = \/1 (m + a)? + Bphmy — @

(. E(ct) = /1 + a2(ct) + u2(ct) + Bpnus(ct) — p(ct) = y(ct) + Bpnus(ct) — ¢(ct)
[.,mm.cd. m omélumm a =2 j?.ﬂ'“ J\M

[ |
Poromassini, Laser Wake F%Id Acceleration, ELI-NP1AQtumn 1 5
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Zebool) theory in STABLE 1D wakefields

Trapping (and acceleration)

PHASE-SPACE TRAJECTORIES: Once the ¥ map is known, the (infinite) set of trajectories
can be analytically found, one trajectory for each value of the (constant) energy

)
Despite the nonlinear behaviour of the plasma wave and of the 'H <
relativistic effects on the particles, conditions for trapping a surprisingly simple.

dH=0H=0 wmmp 7+ 5Bt~ ¢=(7+ Bpnttz — ®)o = ho

J_ = 1—|—a2/2 v? —'YJ_ +uz)
TRAJECTORIES inthe (¢, u,

)
u, (@) = ,th (ho + ¢) { —Pph \/ gh(z§+¢)2 }

plane (found after some manipulation)

And with the aid of the (&) = — 1 map, trajectories can
/\@ be finally remapped in the ( ) phase-space plane
Oé& (€)
%) 2 - - S
%&, Uz(8) = Vpn(ho + @) { Bon £ \/ L= S ave®y }

P. Tomassini, Laser Wake Field eﬁration, ELI-NP Autumn
school 2022
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El'ultﬁ:n Trapping (and acceleration)

Gelosl) theory in STABLE 1D wakefields

PHASE-SPACE TRAJECTORIES: Once the ¥ map is known, the (infinite) set of trajectories
can be analytically found,

In the case of a generic plasma particle (at rest before the arrival of the pulse)

...for a plasma particle trajectory (it is just ONE of the possible trajectories)

JMF,’
ho = (v + Bprusz — .&“

3
u (&) = 2, (ho + ¢) {—5ph = \/1 - ygh(zgﬂ(s))z }
. 1

; f - - ’Yﬁ_(ﬁ) Q) A
10 = | o+ 1 %?wf}a. b =1
i | °
M ' We saw this for the fluid plasma momentum
Tomassm| Laser Wake Field Acceleration, ELI-NP Autumn

school 2022

72



ELI-NP
Autumn

Gelosl) theory in STABLE 1D wakefields

Trapping (and acceleration)

TRAPPING THEORY (1D+QSA, of course)

* We saw that trapping occurs when the particles reaches the wave’s speed (in a still
accerating region) B, = —Bpn

* The separatrix between the closed (periodic) orbit and the open ones is found at the
extremal point for the accelerating region, i.e when

uz,t’r’ — _Bphfyt'r‘ - Ytr = \/1 + /th’Ytzr — Ytr = Vph YL, tr

 Therefore, the particle gets trapped when Yir = ’Yp h7Y 1
i.e. when
SEPARATRIX VALUE
AT THE END, particles initially having ap = a(t = 0),ape.tragped if

73
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Trapping (and acceleration)

theory in STABLE 1D wakefields

Standard trapping «weak trapping» vs «strong trapping»

(1 + ¢Maa:,min) = F =+ /Bph\/(l + f)Q —1
F = 5(E./Eo)l;

max

Standard «weak trapping» [E. Esarey et al.; Phys. Plasmas 2 (1995)]: the particles are trapped at the
minimum of the potential (their trajectories lie in the separatix), where the electic field is null.

Yo — ¢0 < YL/ Yph — Pmin
2|Bph|\/(1+]:)2 —12>1—1/vpn

«Strong trapping»: P.Tomassini et al.; Phys. Plasmas 24 (2017)]: the p
potential is null (and the accelerating field is maximum).

Potential
@trapping position

icles are trapped where the

Yo — Po < YL /Yph — 0
F +{Bonl T+ FZ =1 2 1= 1/

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn

75
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Etltﬁ:n Trapping (and acceleration)
= theory in STABLE 1D wakefields

Ernorm = Ez/EO; Ey = mcwp/e

— 1 2
f: §En07‘m|mam

%(wa 7) — 7(1 o /B/BPh) o ¢(w) —P (1 +¢Max,mm) _ \FZI:/Bph\/(]- +F)2 -1
Y = ky(z — Byct) {

[E.Esarey & M. Pillov, PoP 2 1432 (1995)]

2(Bpr|y/ (1 +F)2 =1 > 1~ 1/7pn Eporm >~ 0.5
Weak (standard) trapping threshold

Conserved Hamiltonian in 1D+QSA

Strong trapping threshold
F+|6ph|\/(1+f)2_1 > 1_1/7ph Erorm = 0.7

[Tomassini et al.; Phys. Plasmas 24 (2017)]

Strong trapping condition is more demanding than the standard «weaker» one

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
76
school 2022
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Trapping (and acceleration)
theory in STABLE 1D wakefields

Standard «weak trapping» [E. Esarey et al.; Phys. Plasmas 2 (1997)]: the particles are trapped at the
minimum of the potential (their trajectories lie in the separatix), where the electic field is null.

«Strong trapping»: P.Tomassini et al.; Phys. Plasmas 24 (2017)]: the particles are trapped where the
potential is null (and the accelerating field is maximum).

. ini, L . i ELI-
P. Tomassini, Laser Wake I?J,Fl5 celet?[mn, I-NP Autumn 77
school p:h



Trapping (and acceleration)
theory in STABLE 1D wakefields

PHASE-SPACE TRAJECTORIES

Pem-a Y =\/14+(P+a)?+ P —¢
(. ho = H(ct) = /1 + a?(ct) + u2(ct) + Bpnus(ct) — d(ct) = y(ct) + Bpnu, (ct) —
t

[ |
Poromassini, Laser Wake F%Id Acceleration, ELI-NP1AQtumn 1 5

Z+¢Hool g2
i ph
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Trapping (and acceleration)

theory in STABLE 1D wakefields

u, (&) = ’)fgh(ho + ¢) {_Bph + \/1 - fygh(gjii(&))z }

0 5 10 15

Z+;3phc’[

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Trapping (and acceleration)
theory in STABLE 1D wakefields

0 ) 10 15
z+(3 ct
ph

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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«-» branch

«+» branch

Trapping (and acceleration)

theory in STABLE 1D wakefields

0 5 10 15

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Trapping (and acceleration)

= AT, theory in STABLE 1D wakefields
.' { Weak Trapping }
a,= 1.29
Branches
merging

-5 0 5 10 15

Z+;3phc’[

77 (§) The radical is zero!
Uz (S) f)/ph(l{lgon—ﬂtss?? Lier Wﬁaﬁ) Field Agﬂelranonfiﬂglﬂ\(m_hmr(é))z }

schael 2022
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Trapping (and acceleration)

theory in STABLE 1D wakefields

-5 0 5 10 15

Z+,{3phc’[

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

=== Ymaz = 300

o _'th = 125
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Trapping (and acceleration)

theory in STABLE 1D wakefields

-5 0 5 10 15

Z+;3phc’[

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

=== Ymaz = 300

== “Yph — 12.5
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Trapping (and acceleration)

theory in STABLE 1D wakefields

[ Strong Trapping }

0 S 10 15

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Trapping (and acceleration)
theory in STABLE 1D wakefields

0 5 10 15

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Trapping (and acceleration)

theory in STABLE 1D wakefields

0 S 10 15

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

== Ymaz == 300

po—— 'th = 12.5
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= AT, theory in STABLE 1D wakefields

Trapping (and acceleration)

MAXIMUM ENERGY GAIN

Starting again with the energy trajectory:

1(¢
v() = vpn(ho + &) {1 - Bph\/l - vgh(zoiqs)(é))g }

We got the maximum value (supposing Wpn > 1
\ TMAX = maz (ﬁh(ho +¢) {1 + Bpn \/1 — SE T })
¢ ['S '.....o. [ a=2

0
T ’:-l T

It depends on the initial
conditions, of course i‘?

.5 0 5 10 15
z+(3  ct
ph

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn

school 2022 88
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Zebool) theory in STABLE 1D wakefields

Trapping (and acceleration)

MAXIMUM ENERGY GAIN
v+ ﬁphuz - ¢ — (’7 + /Bphuz — QS)O = hO

OMmAX
Tmax = 2y maz(hy + @)

ho < hotr = Y1 /Y9 — Pmin

The maximum possible value, compatible with trapping

Therefore, the best trajectory is the separatrix

Of course!
It takes advance of all the
allowable potential difference

-5 0 5 10 15
z+(3  ct
ph

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

TMAX = 2’7/12)}; (CDI\JAX _ bemin)
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Trapping (and acceleration)

theory in STABLE 1D wakefields

MAXIMUM ENERGY GAIN

Vyax — VYomin = OMAx — Pmin = 20, \/(E%/[AX/Q +v1)?

Therefore the maximum energy gain is

Tmax = 47, \/(E}ZMAx/Q +71)%? =71

-5 0 5 10 19
z+3  ct
ph

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Trapping (and acceleration)

heory in STABLE 1D wakefields

THE HIGHEST POSSIBLE ENERGY GAIN

Eyax > 1 TMAX = 27 EMAX

a =1

CICICICI

=10
a,=20

a

—LIMIT

a.=5 -

aD=35 b

@ u)aAﬁ—\DuMk we b Ve ‘H'u.
l&ts E{

E%/[AX — (79 1) J-
1D U)d/&buoksﬂ} »Z.Am

ne = 1017em =3

Yg = wo /wp =

50 100 150 200
£(pm)

Ve /ne =~ 100

P. Tomassini, Laser Wake Fiel cceleratlon ELI- NP Autumn

Fwp ~ 15EF, YMAX = 4’)/9 ~ 4 - 106

. 24%&

! o~ TeV/ S

school'2022
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Introduction to LWFA

Understanding the excitation and the structure of the plasma waves
The wide spot (1D and QSA) limiting case

Limiting factors to high energy gain accelerators

3D effects on

Downramp (or shock) injection

Two-Color injection
The Resonant Multi-Pulse lonisation Injection
High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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The electric field cannot exceed the highest possible value sustainable

MAIN LIMING FACTORS FOR HIGH ENERGY GAIN

by the wave without partial or complete wave breaking

experiencing a decelerating field.
The effective acceleration length is named DEPHASING LENGTH

This is fully included in the 1D model

This is fully included in the 1D model that faces with the 1D pulse evolution [not shown in this lecture]

Eryax =Eo-/2(y — 1)

The laser pulse propagates into the plasma and continuously delivers part of its energy on it after
exciting the plasma wave. The energy decay length is named PUMP DEPLETION LENGTH

The pulse diffracts and/or experience a series of linear and nonlinear

3D effects [more on next slides]

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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DEPHASING LENGTH

In our example

2
)”Jf"l‘;./ Dephasing length LD > wg /\p ~ P)/phA X Ny

L

24

ne ~ 1.7 -

L:va-PH T C {;:bem ; Si = "%*’ - (ﬁ;*ﬁ) - {‘.ﬁw
— L A

'ZGF% "P}) (

—3/2

PR T

10%m =3 (quite alargedensity) A\, = 10um; — Lp ~ 2mm
a,= 1.29

_____________ -1 Ymaz =300

LANA- s

-5 0 5 10 15
P. Tomassini, Laser W |d Agegleration, ELI-NP Autumn
2T

schogj
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Auftimn DEPHASING
Gebool) as a limiting factor to high energy gain
Dephasinglength Lp ~ 5_;)/\}9 ~ ,th)\p x 77’53/2

Dawson field EO: Ey [GBV] ~ 96\/n0[10180m_3]

Energy gain (supposing a very realistic mean field FE. =~ Ey )

E,/E,=1, 1D+QSA

_Ldeph (mm)
N 10% —E_(GV/m)
\é A E (GeV)
v P~
o

16 17 18 19
10 10 P. Tomassini, Laser \;l/gke Field Acceleration, ELI-M‘)Autumn

3 school 2022
n, (1/em™)
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nuclear physics

Introduction to LWFA
Understanding the excitation and the structure of the plasma waves
The wide spot (1D and QSA) limiting case
Limiting factors to high energy gain accelerators
3D effects on

Downramp (or shock) injection

Two-Color injection

The Resonant Multi-Pulse lonisation Injection
High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn

school 2022 96
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1
a0
w -1
40
20
0
X (p m) 20  -100

Longitudinal E

Plasma response

-50

-10
P. Tomassini, Laser Wa%e FieFd)AcceIé@ation,g,E;Ll-NP‘ﬁ)uturiﬂp
schodi 9659

50

3D effects on

3D effects on

100

z+ct (. m)

F,/eE,

100

-50

X (pz m) -20 -100 z+ct (g m

Transverse force

-100

z4+ct (e m)
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=AY,

3D Effects on laser pulse propagation :,7»/6!))/0\‘—
rze

o fitead iy oS Ked b

f=k(23)" :'
72 / *fq

%a T P A— 100 40
/ 08 0 2 20
-6+ : 06 -100 -20
0.4 X (p M) -z (pe M)
21 ' 02 zg = 0.61094 mm
T e
——*""*"—#—-‘-—-———-‘~—~“““"“‘~ 0.4 © at —2ga :
6} 1 -0.6 P —)
0.8 EN 2 3
% 6 12 5 4 /6 4 8 12 16 20 W o ‘ ‘ ‘ : : —
R -20 -10 0 10 20 30 40
Zr = mwi /A z-2, (u m)
= wo+/1 + (2/ZR)? NOTE:
From now on simulations are performed in a
I(Z) — IO 1—|-(Z/ZR)2 P. Tomassini, Laser Wake Field MVJ%, HMIMQ%NVlth V=-C 98
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RELATIVISTIC SELF-FOCUSING

A nonlinear plasma response can arise from the «relativistic mass increase» caused by quivering.

This, in turn, generates a POSITIVE lens effect...

n=n/(ngy) ~1/y=1//1+a?/2

Refractive index

\

n0=1019 1/em?, a,=2, T=130 fs

1-1)

0.2

-
3]

0.1
100

250

d 1!; 11({;) T

o
w

0 Z R
P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumipgq -100 0 100 200
school 2022 z-zg (um)
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RELATIVISTIC SELF-FOCUSING

n=mn/(ngy) ~1/y=1/\/1+a?/2

Z 2 5\ -
( U:_ - K’F Z > a = O
Relativistic Power Threshold

Since k:F: Ko/? and ?[g,,} = OIS4S(QV) kc\Lwe get

4~ [ew] =17 .}g"z /?(i‘-

Mo

I"ts a matter of POWER, not INTENSITY! STABLE 3D PROPAGATION
for matched relativistic self focusing

Example

_ —2.,2
P. Tomassini, Laser Wake Field Acceleration,}D&Jl(gI’tW) ~ 2 5TW

school 2022

Autumn 3D effects on
= _

\

~ ) 19 -3
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Autumn MODULE 4: Laser pulse evolution

RELATIVISTIC SELF-FOCUSING+
PONDEROMOTIVE CHANNEL FOCUSING

1
100
0 0 20 W
-100 -20
X (/1. m) Z-Zg (/1. m)
zg = 0.61094 mm
=~ 6 — (coarse)f
© af e
o i
W 2r
N "
5o
-20 -10 0 10 20 30 40
z-zg (- m)
P.T ini, Laser Wake Field Acceleration, ELI-NP Aut . _
omassini, Laser a :Chl(e)nggez eration utumn a0=2.4’ n0—1e18 1/Cm/\3 101
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5

Ne(r)

.
%

MODULE 4: Laser pulse evolution

PREFORMED CHANNEL FOCUSING

x 'NH.\‘\ \' '\ "

i\'

I M‘M \t il

0

500 2000 X[pm]
Laser, Z[pm]

N
Y/

P. Tomassini, Laser Wake Field Accelel&a\/,ifmg\lthlﬁuam)(is
school 2022

Preformed channels or capillaries
act as a positive lens with parabolic
decrease of the refraction index
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3D effects on

PREFORMED CHANNEL FOCUSING

We have seen that the diffractive term acts as a PARABOLIC
function on a Gaussian pulse,

2

Via: 4 (1—"" )a

w2 w2

therefore, to compensate it we need a parabolic profile
of the refractive index, too, which results in a radial density profile as

M) Ma(:uz_v zZ,‘-)
L, DETTH To BE MA‘TCHED!
Z =M T :+Anwa____> SZ - 2/t

n

“o¥
_ L 4 g
Matching occurs when _L.L . =K ATTY o _,' A —
wt z P KP?"A)
z 2
P. Tomaéni%iem;‘éé.oodzgilwoﬁ NP Autumn MATOH' ED

CHRAWNE L
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Elﬁltﬁ:n State-of-the-art for High-energy acceleration

g’ vol A.j. Gonsalves et al.,
PHYSICAL REVIEW LETTERS 122, 084801 (2019)

BELLA driver laser

_ cco ' —_— \ Driver final
L Magnetic spectrometer steering mirror
aser power Wedge with hole Capillary discharge
P:8OOTW ICT, _ waveguide
(L 3,\ ....... f K=
(O ' 8 PW) T T I I I Phosphor screen

Off-axis paraboloid

CCD array

Fiber collimator

8GeV in 20cm, oz N S :

(40 GeV/m) L(-D 532008 1 _____________________________

|l’0|nt|n2 and

| {timing diagnostics
| Heater mode imager - —x i &

!
I Driver mode imager -I , | Driver final
| | steering mirror

. -
Ielescope |
2

Near-infrared
Spectrometer

Heater laser

ﬁ—)

Translation stage I

Wave front sensor '

FIG. 2. Schematic layout of the BELLA LPA, including the heater laser system for enhancing the capillary discharge waveguide.

_uo_L
o

Angle (mrad)

pC/mrad/(GeV/c)
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Etltﬁ:n 3D effects on

The equations of motion for the plasma are generally solved by means of simulations (there’s an
analytical solution, but the linear case solely).

This is because longitudinal and transverse motions do mix together nonlinearly.

-100

-50

100 20 -20
X (u m) z+ct (1 m) 0 10 s 0 Ly 100 z+ct (0 m)
X (e m)
What accelerated electrons see What laser pulses see

P. Tomassini, Laser Wake Field Acceleration, ELI-NP

Autumn school 2022 10:



Autumn 3D effects ON

7 (@ —@) = V(o)

kpwo <1 A NUMERCAL APPROACH IS NECESSARY

WHEN

n;’n0

14

m
' 100 0 zect (um)

-0.2+

0.2+
04

-0.4»

0.5 |
0 10( 0
X (um) 50

X (u m)

V- (nii/y) + 1o = 0
Vi (i /y) + 0:(nu/v) + 20 =0

o it ]

e
X

-100 0

10(

1) . z+ct (1 m)
P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022

0.1+
100
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100
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Autumn 3D effects ON
AT,

7 The (basically) 3D effect we never faced with is the
7 TRANSVERSE FORCE (focusing/defocusing)

a,=2.5 J T 2 a =2.5

-EZ/EO
- O M
FL/eE0

S S0 7 4 (2+ct)p’ )

(Z-‘-cé) y‘_) 20 -100 a

Longitudinal E _ ‘&(E-*/‘Xﬁ

(%.8,2)
N e el

s - e,(t P. TQ'.m sm oser%;'e Id %eﬁrcﬂ‘@ ELI-NP

mAUT

40

10:



El‘.l'ﬁ'.ﬁn 3D effects on
A,

In a LINEAR REGIME the longitudinal profile is sinusoidal and plasma velocities are nonrelativistic

s (ﬁ F “ i a =0.1
2/ /Z ¢—\ %1073 o

0 40
P. Tomassini, Laser ccezg'o’rion, ELI-NP

X (1 m) AN SREOI2022 4 oy (1 m)
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Autumn 3D effects on
A,

In a LINEAR REGIME the longitudinal profile is sinusoidal and plasma velocities are nonrelativistic

(25, #‘Af ;'\

X (g m) 100 ~

-100

-50
RAgtm)epaini, Lasgy VWake Field\;ﬁccelé?o’rion, ELI-NP

Autundi®8chool 2022 x (4, m) 10



Etltﬁ:n 3D effects on

Transverse dynamics (PIC simulation) EXAMPLE Linear restoring force (F=-kx)
4 Yy Linear resoring force (rel.)
— () L L L}
3 —
0.5} d
O
E
o OF -
]
7 |
05} ;
_3 - ™ - 2
-100 -50 0 50 100
YL 5 2 a1 8 1 2z 5 X (12 m)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP

Autumn school 2022 11¢(
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3D effects on

The «A+F» portion of the wave strongly depends on the regime!

. AcE (ERATING =) FocusiNG
&

FocusING

0.2

o
[

a'Fz‘fEEo'FJEEo
o

AccTLERATING
|
an=0.1 (fields a.u.)

y

0 20 40 60
Z-Z (. m)

P. Tomassini, Laser Wake Field Acceleration, ELI-NP
Autumn school 2022
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3D effects on

A typical scenario:

S Full 3D PIC simulation
250
200

150

100

250

300

https://cuos.engin.umich.ed U/rE3RstcHErbtiss MR i s & AREGTSh 8Lt putation/

AUTUMN SCNOOI ZUZZ

11:


https://cuos.engin.umich.edu/researchgroups/hfs/research/theory-and-computation/

ELI-NP

Autumn When is beam quality crucial?

1. DRIVER FOR FREE ELECTRON LASER
(lasing requires very demanding quality)

2. STAGING, i.e. MULTIPLE PLASMA
ACCELERATION MODULES TO OBTAIN
VERY LARGE FINAL ENERGIES (TeV?)

Injector i e v o
Plasma Channel ’

3. STABLE or Monochromatic Compton/Thomson Scattering sources or direct use of beams for
medical purposes...

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn

school 2022 113
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* Colliding pulses injection (E. Esarey et al., 1997; M.Chen et al, 2014 ) by ponderomotive assisted trapping
M. CHEN et al.

Injection schemes (some of)

E. Esarey et al., Phys. Rev. Lett. 79, 2682 (1997) —
M. Chen et al., Phys. Rev. ST Accel. Beams 17, 051303 (2014) e @
Malka et al., PoP, DOI:10.1063/1.3079486 (2014) it o o

rticie

« Density downramp injection (S. Bulanov et al., 1998). Inj. Free-electronlasing at27 nanometres based
decrease of the wave speed and this is obtained with a su on alaser wakefield accelerator :

plasma density. First 2D PIC simulations (P. Tomassini et
very low emittances (eps_n=0.2 mm mrad) can be obtair tes/oiors/omssinsss ozrosersx  wentao wang ™ ko Fong' Lintong ket Chanal v iX' Rong ' Yu Chen

1]

Received:5 August2020 Cheng Wang', Xiaojun Yang', Fenxiang Wu', Yuxin Leng’, Jiansheng Liu'®, Ruxin Li"** &
Accepted: 28 May 2021 Zhizhan Xu'
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* Two Color and ReMPI injection (L. L. Yu et al., 2014, P. Tomassini,2017) look very promising (more on next slides).
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Trapping in the bubble regime

Normalized emittance

% Automatic process, once the threshold is reached. e% — <5132> <u2> - (<$ , Um))Z

xZr

&lw Usually the beam quality (energy spread, normalized emittance...) is poor

C. Joshi, IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 45, NO. 12, DECEMBER 2017
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ELI-NP
Autumn Density downramp injection (S. Bulanov et al., 1998).

RAPID COMMUNICATIONSS

PHYSICAL REVIEW E VOLUME 58, NUMBER 5 NOVEMBER 1998

Particle injection into the wave acceleration phase due to nonlinear wake wave breaking

S. Bulanov,'? N. Naumova,” F. Pegoraro,” and J. Sakai®
'General Physics Institute RAS, Moscow, Russia
2Scuola Normale Superiore, Pisa, Italy
*Forum for Theoretical Physics, INFM, Pisa, laly
*Dipartimento di Fisica, Universita di Pisa and INFM, Pisa, ltaly
*Laboratory for Plasma Astrophysics, Faculty of Engineering Tovama University, Toyama, Japan
(Received 4 June 1998)

* Density downramp Injection is caused by a local decrease of the wave speed and ? | '
this is obtained with a sudden decrease of the plasma density. 7

?uu. mln : .&&j’im ::%\""zr ?(Me. - ?
WMe haVe o OSCIUATIV Fot s, are -«k/;e/
W ™~ wy VE‘OCIW‘" Oleas ,:_;7 f‘),' ¥ 2 %
} WAVE|SLOW-DOWN

i _
0 P , Upn(2,1) = w(z,t)/k(z,t)

v

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Autumn Density downramp injection (S. Bulanov et al., 1998).

G. B. Whltham, Linear and Nonlinear Waves ~Wiley, New York, 1974

A WAVESLOW-DOWN
(n I &)/Ly»

* Slowly varying envelope (but generic dlspersmn relation)

u(z,t) = A(z, t)et*=t) — Q(k)t) W = Q(k)v\

’/RAYoP’TlCSI\ /Q/Cou_, y@%»‘.ﬂ» /ZOC /I DIS’PEESlOH
0A| << |AD¢)| w(z,t) = —0i9(2,t) REAT oy
L> )\, k(z,t

By taking the cross-gradients we get

O, w(z,t) = —(92&5@(2’,75)/
{&k(z,t) = 0;0.¢(z,1) /ZU/) = ”M&%W %OM

P. Tomassini, Laser Wake Field Accelera/t;nkl? NP utumn
school 2022 vV oAX /
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Autumn Density downramp injection (S. Bulanov et al., 1998).

na | WAVESLOW-DOWN
Scels L
* Eikonal approximation for the plasma wave T 7/“;%<< &2

wp = woy/n(2)/ne.
2ncwp z)6 n( )I

opn(z 1) = wp(2)/k(z,t) - |

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Autumn Density downramp injection (S. Bulanov et al., 1998).

WAVE SLOW-DOWN

L> X, wp,=uwo/n(z)/n. 2n(z) = (no +n1) + (no —ny) tanh(z/L)

no = 10"%em™3;ny = ng/4; N, = 10 — 20um

And the wave phase oscillating contribution is
Local wave

0.2 . . .
0 100 200 300 400

P. Tomassini, Laser Wake Ze()‘-b‘cmllration, ELI-NP Autumn
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Autumn Density (sharp) downramp: first 2D PIC simulations

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 6, 121301 (2003)

Moderate pulse intensity (a 0213) Sharp transition Production of high-quality electron beams in numerical experiments of laser wakefield
o . ’ . ) acceleration with longitudinal wave breaking
(scale of about 2 um), density ratio: 2, high density (10219/cm”3). e +
P Tomassini,® M. Galimberti, A. Giulietti, D. Giulietti,” L. A. Gizzi, and L. Labate™

QUASI 1D scéna riO M Intense Laser Irradiation Laboratorv—IPCE Area della Ricerca CNR, Via Moruzzi 1, 56124 Pisa, fraly
E Pegoraro
.’ Dipartimento di Fisica, Universitd di Pisa and IN.EM Unita’s di Pisa, 56124 Pisa, [taly

{Received 24 July 2003: published 30 December 2003: corrected 30 December 2003)
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Phase plol
10 »

Density downramp First 2D PIC simulations

=

Injected particles

50 60
Z [ m)

0

38

Z{u
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Autumn Density downramp First 2D PIC simulations

PRST-AB 6 PRODUCTION OF HIGH-QUALITY ELECTRON BEAMS . .. 121301 (2003)
2
a) b)
15
1
104 s
£ . E ~ 10MeV
>3o. §> Y
- 05 O'(E)/E ~ 3%
-1
18 €, ~ 0.2mmmrad
mn
35 " 05 ” 0 05 1 15
{(um) ~
2 : . - - - - : x10° : Q ~ 1OPC
35} d)
3 o(z) ~ bum
525
g | . o(x) ~ lum
1
20 40 B0 80 100 120 140

DAA
18 ToWassini?Laserz\Nake Feld Ac&leratian, ELI-N@ Autuman 193
school 255y MeV)
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High-quality beams with downramp injection

High brightness ¢ beam generation

(a) Divergence angle « 5 mrad
@ g T ;
cam directivity Ti film .. 1CCD _
measurement : %
= ‘
B R 1141 ’
. o0 4 . ' IR B ¢
Interferometer Pl?osphor E '
& /v screen 3
f‘&k}\ ) _Interferogram  AE/E (%) (O] A U] (R (VR BOY TIRA (VR 0[1.2|1.10.4[0.9]0.8/ 1.
% N . g ' X oMl 28 22| 30| 10| 26| 42| 27| 37| 25[15| 70| 40
- Gasjets = i 0 . :
ShEiGgraphy .  Density, 2T 13 2 B 1| 2(3|4s|6|7]8]9 10|11 12]13|14|15|16[17[18
/)Vbump 7~ Density profile (b) 7. : ' (¢) 10"
= | E Stage x10"® S . ‘ ;\?
<\J g——j——'/ ' ; 1A Stagell 10 § 5 “ ; — - ° ]0”
800 nm, 100-120 TW - s Q 3. f T |17 %l
ivi as SES — O “ 43 N . ‘{‘, L
Driving laser pulses X () %] : { . ‘:L l iti 10”
Z SSSHBH j 4l g
: Sy, 4007 &m”; _A“ N & 0 5 10 15 20
The all-round properties 7 -0.1% A AN NN N
fob ; : d B.. = p e i A7, 1 g 9 13 []Typical brightness of e-beams
of e beams 1Is estimate 6D £ £ O e[,) N from state-of-the-art linac drivers
by 6D brightness: nxCny™y

Phys. Rev. Lett. 117, 124801(2016) .

» High-quality ¢ beam was experimentally generated ( peak energy of 200-600 MeV, rms
energy spread of 0.4%-1.2%, charge of 10-80 pC and rms divergence of ~0.2 mrad ).

» The maximum 6D brightness is estimated as ~6.5 X 10'> A/m?/0.1%, which is close to
the typical brightness of ¢ beam from state-ef-the-art linacdwiverse ruvtumn

school2022

Courtesy of Ke Feng,
Wentao Wang,

and Runxin Li
(SIOM)
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High-quality beams with downramp injection

Near-GeV, 2%o-level e beam generation

Interferometer

800nm, 100-120TW Collimator ¥
x 10

Magnet

Spectroscop& Proﬁlma
‘, Nozzle/’> Phosphor  ICCD

screen > Charge: 8.5-23.6 pC

e-beam parameter
» Peak energy: 780-840 MeV
» RES: 2.4%o0-4.1%0

» Divergence: 0.1-0.4 mrad

Driving laser pulses '
Baffle Probe beam
51(0)
{'?A

4 Shockwave induced B
7 = density down ramp _—r
02} () I Shockwave | O - é ol
50.4- . bl o2 ~ 15 = Q
E 8% [ \) W = 1 C =i 795 835
> -] ! ‘ j_- T b 0 % ] Energy (MeV) &
(=¥ =)
0 05 1 15 2 25 3 S AP
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=
~ 05t
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900 B e e e e T o Mpeupy WS Sy Sapips PRy R pRspey
0 i
“lel [o|? 04 750 800 850
’; 800 r1--r-1a ™+ '5‘"" ST @I T Energy (MeV)
® P | . 0.3
2 Longitudinal plasma density was tailored to
Eﬁ 0.2 control relativistic laser-beam evolution in a
g 700 single-stage LWFA. High quali electron
& 0.1 g g gn q
SE/E(%o) | 3.6 2.4 3.5 3.8 2.4 3.8 4.1 3.6 29 35 3.9 3.0 33 32 3.7 beam with energy of ~ 800MeV, energy spread

Shot number

12345678 9100112131415 105, 0£2%a level was experimentally obtained.

school 2022

Courtesy of Ke Feng,
Wentao Wang,

and Runxin Li
(SIOM)
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ELI-NP . .. S
Autumn lonization Injection

Inner electrons can be extracted
by a very large electric field o

Outer electrons need a very — 44 ) T
low intensity electric field to be ionized ' W "
Electrons

They constitute the plasma electrons o _
Ultraintense pulse

/

. 4

New electrons, «born inside the pulse core»

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022
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Eh'{.‘.‘.:n Two Color injection...

= . e - ueae * Itusestwo lasers systems.
PRL 112, 125001 (2014) PHYSICAL REVIEW LETTERS 28 MARCH 2014 .
A long wavelength (A>5 um) pulse excites the
plasma wave and the short wavelength one
L-L Yo' E. I‘_".SHIC}',] C.B. Schroeder,' 1.-L. Vay_l C. Benedetti,' C. G.R. Geddes,' M. Chen,’ and W. P. Leemans'” . . . .
'Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA (}\4<0.4 um) ext ra Cts elect rons by fleld Ion Izatlon

lf)e;mmuwn of Physics, University of California, Berkelev, California 94720, USA
) . - s . N . s
“Key Laboratory for Laser Plasinas (Ministry of Education), Department of Physics and Astronomy, f h H h d
Shanghai Jino Tong University, Shanghai 200240, China rol I I a n Ig _Z O pa nt'
(Received 31 July 2013: published 24 March 2014)

A method is proposed to generate femtosecond, ultralow emittance (~10~% mrad), electron beams in a It a I IOWS fo r Ve ry IOW e m itta n Ce b u n C h eS .

laser-plasma accelerator using two lasers of different colors. A long-wavelength pump pulse, with a large

ponderomotive force and small peak electric field, excites a wake without fully ionizing a high-Z gas. Howeve r’ to date’ its experi me ntal feaSi bility is

A short-wavelength injection pulse, with a small ponderomotive force and large peak electric field,

copropagating and delayed with respect to the pump laser, ionizes a fraction of the remaining bound Iimited from the Iacking of commercial high

electrons at a trapping wake phase, generating an electron beam that is accelerated in the wake.

DOI: 10.1103/PhysRevLett 112125001 PACS numbers: 52.38.Kd. 52.25Jm power, ultrashort and
long wavelength laser systems.

Two-Color Laser-lonization Injection

Al

IONIZING L PGl . ‘ : DRIVER,
PULSE [ R | - IT DOES NOT

IONIZE THE
DOPANT

e TSRS

A E

-2 * g.di'umdSbini, taberate Ficidl'ALLciel'dLiUH, fH=P-Autumn 128
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Autumn The Resonant Multi-Pulse lonisation Injection

Gebool

PHYSICS OF PLASMAS 24, 103120 (2017)

The resonant multi-pulse ionization injection

Paolo Tomassini,"* Sergio De Nicola,** Luca Labate,'* Pasquale Londrillo,®
Renato Fedele,®® Davide Terzani,2® and Leonida A. Gizzi'*

"ntense Laser Irvadiation Laboratory, INO-CNR, 56124 Pisa, Italy

ED‘:';J. Fisica Universita” di Napoli Federico 1T, 80126 Napoli, ftaly

':CJ'M'R-."?PM". Napeoli, 80126 Napoli, ftaly

> ReMPI requires one short-pulse (e.g Ti:Sa) laser system. It works also with multiple lases systems
> 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 resonant sequence of sub-threshold amplitude pulses.
-

MAIN (DRIVING) PULSES
|

=
b

lonization Threshold i g ghls;aé
<M+
IONIZINé PULSE E
ELI-ITALY

Intense Laser Irradiation Laboratory-Pisa _ NO-CNR (Fisa) PRA (IA
P. Tomassini, Laser Wake Field Aq ;g’»»’eeggg:% Autumn A 130
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Gelool) ReMPI at a glance

EU PRA/\GA

(mmmE,
——Train
——lonising
——— Symmetrising

- Extracted particles

P. Tomassini, Laser Wake Field Accell::e'ra-l;%m%miu%fmql” PhVSiCS of Plasmas 24’ 103120 {201 7)

school 2022 131


https://doi.org/10.1063/1.5000696

ELINP_ ReMP! is FLEXIBLE. ) d]

Cebool Examples of possible application nuclear physics
Injector for multistage LWFA Single stage 5GeV accelerator
30pC, 150MeV, 1.6%,0.23 pumrad 30pC, 5GeV, 1% (proj) , 0.04% (slice) 0.08 umrad
b T Y e L e P e High-quality 5 GeV electron bunches with resonant multi-pulse
PRA dA lonization injection
A P Tomassini®' (%), D Terzani', F Baffigi', F Brandi’, L Fulgentini’, P Koester', L Labate?', D Palla’ and L A Gizzi®'

High quality electron bunches for a multistage GeV accelerator
with resonant multipulse ionization injection Published 24 October 2019 « © 2019 IOP Publishing Ltd PRA GA

Plasma Physics and Controlled Fusion, Volume 62, Number 1

Paolo Tomassini,l':f Davide Terzani ,1 Luca Labate,"2 Guido Toci,3 Antoine Chance,4
Phu Anh Phi Nghiem®,* and Leonida A. Gizzi'?
11ntense7Laser Irradiation Laboratory, INO-CNR, Via Moruzzi 1, 56124 Pisa, Italy
“INFN, Sect. of Pisa, Largo Bruno Pontecorvo 3, 56127 Pisa, Italy
3INO-CNR, Largo Enrico Fermi 2, 56125 Firenze, Italy
4CEA—I)fu, Centre de Saclay, Université Paris-Saclay, 91191 Gif sur Yvette, France

ReMPI

Beams for FEL or Thomson backscattering X/gamma Attosecond high-brightness beams
30pC, 4.5GeV, 0.9% (proj) , 0.03% (slice) 0.08 pmrad  1-10pC, 0.2-5GeV, 1-2%, 0.08 umrad, 200as

Brilliant X-ray Free Electron Laser driven by Resonant Multi Sub femtosecond high-brigthness electron bunches with the
Pulse lonization Injection accelerator, P. Tomassini et al. Resonant Multi Pulse lonisation injection. P. Tomassini, ELI-NP
Proc. FEL conference 2022 report 2022.
High-brightness attosecond electron bunches with the Resonant
" Tomassint Laser WA HEPLIISE TONTSdtioR injection. PTomassini et al, in preparation
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ELI-NP High-Brightness 0.5 GeV ultrashort and 5 GeV FEL ”))))) d-i
= AT oriented beam.

nuclear physics

Examples of (projected) Beam Brightness performanceﬁttpS: //pwfa-fel.phys.strath.ac.uk

I B _ Bn,5D
€En,z€n,y n,60D — SE/E/0.1%

Bn,5D —

The final ightness i
e final beam brightnessis| - high-brigthness

B.sp =2 x10%A/m? | 0.6GeV beam with 100 TW

Bnsp ~ 2 x 107A/m?/0.1% Ti:Sa laser

- _/

£1b X-FEL's

accelerators
today

©
>
(&)
_Q) 1015
o
el
-

The final beam brightness is| ;. high-brigthness

B.sp ~2x 10®A/m* | 5GeV beam with 1PW TW | 5 4 5 16
Ti:Sa laser Electron energy (GeV)

—

o
—
»

Bhsp ~ 2 x 1017"A/m?/0.1%

- _/

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
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‘;‘L'}}':';‘"Z Multi-Pulse LWFA )] dj

nuclear physics

> 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 san(lf_' energy.

chirped pulse chirped polarization pulse train

N AL T I, W Cawley etal, PRL2017] [O. Jakobsson, et al. PRL 127 (2021)]

111 (S A7 ~
"‘Tm\ U O—Ol ] [R.J. Shallow et al, NIM A 2016]

W e = ’
(b) RN

. ;' =N Polarizing I g !ﬂ n “!. ‘
. beam splitter Beam Splitter —  Miror o — e Focusing system Accelerator

ret":nl;flercstl -g< r‘ S ¥ | \ f° | s Frequency ( L l -

Spectrum  Intensity

\...MMM.._

,c‘ Beamsplitter

Dispersive system

LEGEND

Da,b: Delay line, motorized
B1,2: Beam Splitter 50% J
TFP: Thin film polarizer

g . -~ Mask
ol Appl OpL 37, o
22 (1998) / ( () ] R, 2y
Requirements: \ / R,

2 Beam Splitters 50%
10 mirrors

1 Thin Film Polarizer

1 lambda/2

2 motorized movements

30° OAP

EFFICIENCY >90% Focus

P.gmaZmi Laser Wake Field Acceleration, ELI-NP ALtcuirhryantaggiato et al" NIMA 2018]
[W. Siders et al., Appl. Opt, 37 (22)'1998] [A. Marasciulli et al., CLEO conf. 2021]




IE\EE!I:I:n Extracted beam by tunnel ionisation ) d’i
Sebool Current model based on ADK rate nuclear physics

Theory of beam emittance from field ionisation has been cast by C. Schroeder et al.
[Thermal emittance from ionization-induced trapping in plasma accelerators, PRAB 10130 (2014) ]

. 2FE 4 1/2 3/4 . . o
There, the key parameter is Ao = ( 3E, ) (%—’f) <1 and far from ionisation
saturation, the leading order estimation of the rms transverse size and momentum |

~ ~ _1 ,
Oy, ~ Apag Ou, ~0 O =0y ~ EAUWO

Notably, ponderomotive force affects the single size and momentum values, but

being the ponderomotive force (mostly) linear, normalised emittance is still evaluted
Qs

0.03 -1

~ 1 AE WY d

=0y, *0x ~ ﬁAoa(]wO - N Kr e -

~ E ().()2: :

0.01 £ )

Though 0wz contains A2  corrections, theory for the e, a1

beam emittance is only first orderin Ag and I T
doesn’t take into account saturation effects

FIG. 9. The normalized emittance evolution in the laser
polarization plane €, (black curve) and orthogonal to the laser
P. Tomassini, Laser WaPOIRfazation:Blane o fred gunyeh (Tipngolor ionization injection
parpmgtess) are the same as Fig. 1.) 135
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Autumn Extracted beam by tunnel ionisation

Gebool

New model based on ADK rate

el

nuclear physics

o HIGH POWER LASER
High Power Laser Science and Engineering, (2022), Vol. 10, el5, 16 pages. SCIENCE AND ENGINEERI \
doi: 10.1017/hpl.2021.56 1“

RESEARCH ARTICLE

Accurate electron beam phase-space theory for
ionization-injection schemes driven by laser pulses

Highly accurate modeling of the 6D phase-space for
tunnel-ionisation extracted electrons (ADK theory).

Paolo Tomassini® -2, Francesco Massimo®, Luca Labate'#, and Leonida A. Gizzi®'# Si n gl e'CyC I e d eta i I e d d eSC ri pt i O n Of t h e p h a Se'S p a Ce

Untense Laser Irradiation Laboratory, INO-CNR, Pisa, Italy

2ELI-NP, Magurele, llfov, Romania

3 Maison de la Simulation, CEA, USR 3441, Gif-sur-Yvette, France

4INFN, Sect. of Pisa, Pisa, Italy

(Received 31 August 2021; revised 25 October 2021; accepted 26 November 2021)

3/2
0523151 (%fj) =a/a, = A° K

and whole bunch emittance

Also valid in the deep-saturation regime

/

L 1 __
W =C x pte s p=po|cos(§)]
ADK rate rewritten as in [P. Tomassini et al., PoP 24, 103120 (2017)]

no,; d§ D¢ 5

1 d’rLlF_ Z 8, G—F(f) .

3 —
Mo = - [ aWe P~

kO,:L'

o/ ¢ A~ ¢

kapk 1 . . . , . |
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ko —7/2 cho 22
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Gebool

New model based on ADK rate nuclear physics

P = 2E.

3/2
L (Y2) " =ajac = A

Minimum obtainable «thermal»
normalised emittance

0 03t)

0.0400

0.0375 4

Bunch averaged normalised emittance &,/wo/ao AT‘8+ _>9‘|‘ f N = (A - /Qu S ()062

19/

— Ar, Theory
== Ar, Theory w/o sat.
® Ar, Monte Carlo, w/o P.F.
<4 Ar, Monte Carlo, with P.F.
= Kr., Theory
=== Kr., Theory w/o sat.
B Kr., Monte CarloC, w/o P.F.

A = 0.4pum A = 0.2um
AT a. = 7.41 a. = 3.71

r., Monte Carlo, wi .F. ! ,,. 25
§0_0350_ »  Kr., Monte Carlo, with P.F ',’j o a’O’i p— 046 a’O,i p— 023
g [} T *
37 AL wo = 4.0um wo = 4.0um
/ .
0.0300 /./ : 10 En ’th;’?Qnm fr‘ad E?’L (mln) — 37nm rad
0.0275 4 | | A’ : am—
0.5 R, VA _
..... : /W , /ﬁ
0.0250 A | | | | | : - 0.0 ?
e e " o o \Wake Field Acceleration, ELI-NP Autumn -

.00 P. Tomass&LaP
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Autum ReMPI (and Two Color) trapping thresholds )))))) dj
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nuclear physics

=
g‘ Ernorm = Ez/EO; Ey = mcwp/e

Conserved Hamiltonian in 1D+QSA
1 2
-F: §Enorm|mag;

%(wa 7) — 7(]‘ o /Bﬁph) o ¢(¢) —P (1 _I_ngam’mm) _ fﬂ:ﬁph\/(l +F)2 -1
Y = kp(z — Byct) 7,

[E.Esarey & M. Pillov, PoP 2 1432 (1995)]

21Bpnl /(L + F)2 =1 >1—1/y Eporm =~ 0.5
Weak (standard) trapping threshold

Strong trapping threshold
F+|Bph|\/(1+F)2_1 > 1_1/7ph Enorm ~ ().7

[Tomassini et al.; Phys. Plasmas 24 (2017)]

school 2022 8
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O 0 N O Uk W

Introduction to LWFA

Understanding the excitation and the structure of the plasma waves
The wide spot (1D and QSA) limiting case

Limiting factors to high energy gain accelerators

3D effects on

Downramp (or shock) injection

Two-Color injection

The Resonant Multi-Pulse lonisation Injection

High-Brilliance e-bunches

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
school 2022

el

nuclear physics

ap=0.650000

E 1
ur
. 1.0
>
g 051
IS
s 0.0
—0.5 1
1.0
0 125 150

50 75
E=z-z4(t) (um)
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;'Z':Z ReMPI (and Two Color) attosecond sources Q»)I)E’agj

In Two Color and ReMPI ionization injection schemes the extraction of the electrons from
the dopant occurs in a controlled way. By tuning the distance between the node of the
accelerating gradient and the peak of the ionization pulse we can vary the length of the

trapped bean:k,_.q, Y4 Y1) H(n,7) = (1 — BBun) — 0(n) 1D,
e A f (e n) =y € (hewy )
2 ¢ e

2.0:: Wo X fyi:l—l—ui:l—l—(a—aex\)/
| ‘\Str) — gb(fem) — 14+~ (6633\,/7@5
b @74‘4]‘.7 V0 ochooh o
6= 8 0(E) — L+ 716 70) |

1.0 1

0.5 ]

a, n/ng, W, -Enorm

0.0 1

—-0.5 ]

—1.0 1

E=2z-z4(t) (um)

z . ini, L [ ion, ELI-
‘f/ %) P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn 140
school 2022
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AySIn ReMPI (and Two Color) attosecond sources L eh

g&é&&& nuclear physics

In Two Color and ReMPI ionization injection schemes the extraction of the electrons from
the dopant occurs in a controlled way. By tuning the distance between the node of the
accelerating gradient and the peak of the ionization pulse we can vary the length of the

trapped beam.
Enorm — EZ/EO — —9¢
ap=0.650000 on
We consider the electrons extracted by field ionization by
the pulse of FWHM length cT. In the case of unsaturated
regime the extraction coordinate is a random gaussian

variable of variance

O¢e — cl’ 410g2

a, n/ng, W, -Enorm

The rms trapping positions can be evaluated in the limit

k pOe, K 1 as
- () 7_1?

G7~=9¢ Et / + 3(0¢Ele)?o

E=z-z4(t) (um) / J
Z/ P. Tom;ssini, Laser Wake Field Accel ra%N{&u}umn‘b‘ oA ? ohful# oM +£L ﬂl-}- ME

o
*school 20 Lo
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Scan of the beam length as a function of the ionization pulse position. The “zero position”
corresponds to a delay which places the pulse on the node of the accelerating gradient

60

40 3
N i
S 20

* SINGLE Ti:Sa 200TW laser system, Circularly Polarised pulses
* e 4x 23fs FWHM pulses, w0=45 um, total 5) on TEMOO,

* 1x 25fs or 18fs FWHM ionization pulse in Il harmonics, w0=3.5 um
* 100%Ar (8+) plasma, n0=5e17 1/cm”3

i

* PIC simulations with the quasi-3D FB-PIC code. Resolution Ai/24

057 ok 0% om0 ok ok and Ai/8 in the longitudinal and transverse directions
z (mm)
0.5 0.35 - ?
; 0.301 214 Mf% o4~
0.4 .
7] Ti=25fs Timing 20925 Ti=18fs
< 0.3 . .. < 0.20
o | N\ // jitter S \ /
= % 0.15 \ /
s 0 NP below \ y
£ 3 £0.10] N
0.1}(— Thdory 3fsrms | — Theory
' PId simulations ' PIC|simulations
0.0 — : R . 0.00 +— ; : ; : . .
-5 0 5 P. Tomassini, Laser Wake Field Acceleration, EE-RIBAuRGO —-2.5 0.0 2.5 5.0 7.5

e 142
lonisation pulse delav (fs) school 2022 lonisation pulse delay (fs)



Autumn Flexible attosecond bunches source 1 *)))”) di
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nuclear physics

e SINGLE Ti:Sa 100TW laser system, Circularly Polarised pulses
* 4x 23fs FWHM pulses, w0=30 um, total 2.3J on TEMOO,
e 1x 25fs FWHM ionization pulse in Il harmonics, w0=3.5 um, on TEMOO

* 100%Ar (8+) plasma, n0=1e18 1/cm”3, 5 mm plate: 600 2=l

* NO guiding needed | E x 2S0 MN”

. 500 ~
Pulse and max(Ez) evolution

2.25

400

2.00 A

300 ~
1.75

200 ~

H

(%]

[=]
uz

—_— ap
max(Ez)/100GV/m

—— Energy J 100 1

Parameters
=
)
Ln

=
[=]
[=]

04

0.75 1 —
—/ ~100 4

0.50 -

T T T T T T =200 1
0 1 2 3 4 5 T T T T T T T T
z (mm) 4.78 4.80 4.82 4.84 4.86 4.88 4.90 4.92

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn Z (mm}
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spread The final beam brightness is

250 MeV 1.6% rms  400as 30 nm rad
18
110 nm rad B, sp =~ 3 x 101 A/m?

Bhsp ~1x10'"A/m?/0.1%

Ez,x Ez,y \ /

100 - 100 A
75 1 75 A Normalised rms emittance evolution Pulse and max(Ez) evolution
0.7 .\ —_— 2.25
0.6 4 ’\ — Eny 2.00 1
— — ) — = o(x)
g g. 0.5 .’ \_ . = oly) 1.75 1
x = T 04 -’ \.I\. /\ E 1.50 a0
3 [I\Y N\ ; g max(Ez)/100GV/m
% 03 . _r\_ \./ \ /\‘ /‘, /-.\ E 1.25 Energy )
" ’ \ \ ‘ \°/ \'/ . '\'/ 1.00 -
e A 0.2 - . .
~43 ~d3 , ’ 4 \-h°\'-"‘. o~ .— —
01{ s e 0.75 1 —
_100 N - T T _100 gl - . : ',}—’
50 100 150 50 100 150 0.0 1 - 0.50 -
Z (um) Z (um) 0 1 2 3 4 5 0 1 2 3 4 3
z (mm) z (mm)
s BN S—
-4 -2 0 2 4 -4 -2 0 2 4
1lelO 1lelO

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn

school 2022 Lad
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A"t": mn Flexible attosecond bunches source 2 ‘)»») d]

g nuclear physics

* SINGLE Ti:Sa 100TW laser system, Circularly Polarised pulses

* 4x 23fs FWHM pulses, w0=30 um, total 2.3) Z—U;
* 1x 25fs FWHM ionization pulse in Il H, w0=3.5 um -
e 100%Ar (8+) plasma, n0=1e18 1/cm”3 16 mm 125071 “\ é& ~ boo ”JV
* Parabolic Guiding 1000 - Electron bunch
750 -
The final beam brightness is 4 s0q Accelerating gradient  —"V'n9 frain
lonisation pulse /
Bnsp =2 x 10 A/m? 250 - l A
Bnep ~ 2 x 101" A/m?/0.1% 0 - / \
\ / -250 -

15.775 15.800 15.825 15.850 15.875 15.900 15.925 15.950

z (mm)
Charge Energy Energy Norm emittance | Current
spread

600 MeV 0.8% rms 600as 35 nmrad
120 nm rad

145



This Conceptual Design Report (CDR) presents the worldwide first
high energy plasma-based accelerator that can provide industrial
beam quality and user areas. It is the important intermediate step
between proof-of-principle experiments and ground-breaking,
ultra-compact accelerators for science, industry, medicine or the
REPORT energy frontier.

The EuPRAXIA CDR is the result of a 4-year-long design study,
funded by the European Union within the Horizon 2020
programme.

EUPRA KA

P. Tomassini, Laser Wake Field Acceleration, ELI-NP Autumn
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CN RI}N ) High-Brightness 5 GeV FEL-quality beam PRA/\GA M) d‘i

for EUPRAXIA single stage line nuclear physics

Vall | NASIDNA |
STITUTO NAZIONALE DI OTTICA

Motivation: Within the EUPRAXIA project we aimed at generating 5GeV bunches with FEL quality

OE/E SLICE g N
GOAL: —

<0.1% <0.1 mmmrad >30 pC >2kA

* Asin any high-energy bunch (>>1GeV) setup a PW laser system is required.

* The train of LP 8 pulses, 55 fs long, delivers about 900 TW of power and are focused with a waist of 90 um.
* The target is a sequence gas-cell+capillary, being the gas-cell filled with a mixture Argon+Helium for injection.
The capillary guides the pulse for about 20cm




High-Brightness 5 GeV FEL-quality beam 1
C N R I N i for EUPRAXIA single stage line PRA/‘GA }”»)) d]

STITUTO NAZIONALE DI 0T TIC A nuclear physics

P. Tomassini et al., High-quality 5GeV electron bunches with the resonant multi-pulse ionization
injection, PPCF P 62 (2020) 014010

—lonization Pulse

Plasma wave
Eight pullses train

0.2 um 0.06) 45 fs

«Injector» gas jet (50%He,50%Ar) «booster» capillary (100% He)

Up/Down Plateau Background Up/Down | Plateau | Background plasma | Channel depth
ramps plasma density ramps density for guiding

2.2 10717 1/cmA”3 22 cm 2.2 10717 1/cm”3 90% of the matched value




C N Rl N High-Brightness 5 GeV FEL-quality beam PRA/\GA N d‘i

for EUPRAXIA single stage line nuclear physics

‘J*."}“L\::Z
-100
<
100
Fasz T

* Complex evolution of the pulses on the tail due to their
propagation in a perturbed background plasma.

(nm)

o

* An overall pump depletion of 70% is observed

a
# *IRST
-400 -200 0 1 Sub-pulses & Energy
z+ct (z m)
1 5
60 Driver train evolution A
0.5 \
50
0 L > ‘ﬁ’
40 -2000 -1000 0 0 10 20
z (cm)

w
o

«1078 Intensity

N
o

Energy (J), Intensity (1017 W/cmz)

10 == Peak Intensity
== Delivered Energy
0 ] 11 11 11
0 5 10 15 20 25
Propagation distance (cm) 0 10 20
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for EUPRAXIA single stage line nuclear physics

n, =20e16 1/em>,2=-410? 1 m, 0 :6.02 ;: m, Q = 11.7598 pC, o, =73.4142%
I I I I I I I

16
14 + : . 12 =
Bunch 4
L . i 10 ]
12 (charging) | :
10| - =
6_
I i |
2
0
2
4
6»
.8 | 1
10 20 30 40 50 60
z+ct (um)
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CNRING

|
STITUTO NAZII )| OTTICA

i I.l
«10%
1.2
w11 _
= _1 __’f___-*
0.9
50 55
z+ct (e m)
I-I.lx
0.5
=" ]
0.5
-2 0 2
X Lu r'l'l}

dEE len Q| Ipeak

0.085 mm mrad 32 pC

Projected beam quality
z-u
X

0.5
=" ]

-0.5

0.9% (92% of the charge)

1.8 % (tail included)

S0 85

z+ct (p m)

% (M)

50 a5
z+ct (pm)

104Xz

High-Brightness 5 GeV FEL-quality beam
for EUPRAXIA single stage line

PRA 1A

el

nuclear physics

-

-2 0 2
4 I:Ju. r'l'l]l

3.5 kA

The accelerator fully complies with the
requirements.
The final beam 6D brightness is

Bn,GD ~ 4 X 1019A/m2
Bnep ~ 4 x 10'6A/m?/0.1%

~

J

8000

»
o
o
o

4000 \
2000

Energy (MeV)

-2000 <
100

400
50 200
-200

z+ct (um) 0 -400 X (- m)
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[ nuclear physics

Slice analysis

dE/E SLICE e._n SLICE “m —r
4 m— B5D [A/M?] /1€17

()
0.05% (min) <0.08 mmmrad 30 pC 3.5kA =) == B6D=B5D/0.1% bw [A/m°/.1%] / 1e18
% 2 :
. . . . - O T
/ The slice analysis is F!EL oriented \ 5 a5 P 0.5 0 0.5 1 15 5 95
and reveals outstanding peak values Z slice (x m)
B 9 I 5 008 : T T
n,oD — -2 €n.2€n.y £ 006} —~
B, on E 0.04
Bnep = 5% B 6D|pear = 2 x 1021 A/m? | = o0 . ' . . . . : :
n,6 SE/E 7,6 |pea / 2 15 1 05 0 0.5 1 1.5 2 2.5
Z slice (. m)
_ B'n,,5D 2 | | | | | T T T
Bn,GD — SE/EJ/0.1% Bn,GD ~ 2 X 1018A/m2/01%

|
[ = (E)/E x 1e3]

-2 -1 -1 -0.5 0 0.5 1 1.5 2 2.5

About 90% of the slices Z slice (um)

o

dE/Erms x 1e3

have o(E)/E<0.1%
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a2 )
PROJECTED 6D brightness
Bngsp ~ 4 x 10 A/m?

Bnep ~ 4 x 1016A/m2/0.1%J

https://pwfa-fel.phys.strath.ac.uk

[

o
N
o

-

/ SLICE 6D PEAK Brightness \

2 I
Bn,5D —
By, 5D

—h

o
—
©

€En,z€n,y

£1b X-FEL's

Bn 6D SEJ/E Bn,6D|peak 2 X 1021A/m2

accelerators
today

=
S
>
N
o
N
o
©
e
N
g
<
0
O
2
Q
E®;
O
-
O
2,
O
b
o

By,
Bn,GD — 5E/E7/5(?1% Bn,6D ~ 2 X 101814/7”2/01%

\ / . 2 4 8 16
Electron energy (GeV)
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Start-to-end simulations from the ReMPI accelerator, the beam transport (A. Giribono)
and the undulator (F. Nguyen and L. Giannessi). Density-jitter (in the downramp) study

3
Z 108, Genesis 1.3 simulations. ]
< L
:%10 7| e-beam | Lg [m] | Ep(zexit) [#d] | Aexit [nm] | N, /pulse [101°] | N, /sec [10%°]
7.5% 1.753 9.28 0.152619 0.714 2.92
106 15% 1.781 9.60 | 0.152533 0.739 3.02
5% 1.912 11.15 0.152546 0.858 3.950
£l 12.5% 1.756 &2 0.152574 0.632 2.58
10 ~¢
i 10% 1.791 10.78 0.152568 0.829 3.39
10
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COMPTON SCATTERING Thomson backscattering X ray source = THOMSON BACK-SCATTERING
Incident Laser Light If rec0i| iS negligible, quantum Effects
Ep
p— W can be neglected
Incident Electron i _~g5 ' and a classical description

of the fields can be done

| MeV ¢
Recoiled Electron ——

N

Scattered Gamma -ray

i For a backscattered radiation
_ 2
Ee = yme Example: Ti:Sa laser  ~ « Ao/ Ae = 10°
Ao = h/mec~2.4-10"%um Ao = 0.8um

{ Eelectron < 10° of GGVJ

. 1—B cosfg h 1l+4cosfs
Ay = Ao 48 T mey 148
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Linear Thomson/Compton processes have been proposed as X/y sources in the early 60’s
[F.R. Arutyunian, V.A. Tumanian, Phys. Lett. 4, 176 (1963)] [R.H. Milburn, Phys. Rev. Lett. 10, 75 (1963)]
[C. Bemporad, R.H. Milburn, N. Tanaka, Phys. Rev. 138, 1546 (1965)]

First work on nonlinear Thomson backscattering from a single electron and a counterpropagating flat-top pulse
[E. Esarey, S.K. Ride, P. Sprangle, Phys. Rev. E 48(4), 3003 (1993)]

Idea of using PWF e-beams for Thomson sources [P. Catravas, E. Esarey, W.P. Leemans, Meas. Sci. Technol. 12, 1828 (2001)]
Idea of using TS as attosecond source [K. Lee, Y.H. Cha, M.S. Shin, B.H. Kim, D. Kim, Phys. Rev. E 67, 026502 (2003)]

First proposals for medical imaging [E.G. Bessonov, A.V. Vinogradov, A.G. Tourianskii, Instrum. Exp. Tech. 45(5), 718 (2002)]

Initial phase effect firstly envisaged in [F. He, YY. Lau, D.P. Umstadter, R. Kowalczyk, Phys. Rev. Lett. 90(5), 055002 (2003)]

First work on nonlinear Thomson backscattering for a whole electron bunch, including initial phase effects and

a comprehensive analysis of the varius working regimes [P. Tomassini, A. Giulietti, D. Giulietti and L.A.Gizzi, Appl. Phys. B 80,
419-436 (2005)]
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TOMASSINI et al. Thomson backscattering X-rays from ultra-relativistic electron bunches and temporally shaped laser pulses 425

Nonlinear (flat-top) regime

0.04
0.03

0.02.]

d N, /dE dQ

0.01

Several (well separated) harmonics are produced.

FIGURE 5 Spectral and angular distribution of the photons

emitted by the head-on collision between a 5-MeV electron K =4a 0 - 1.5

(Yo = 10) with an off-axis v vector (6 = 50 mrad, ¢ = 7/2)

and a laser pulse of amplitude @y = 1.5, wavelength Ao = 1 pm - 1 0
and duration 7> = 20fs. The radiation is collected at the az- Y -
imuthal angle ¢ = /2 and the scattered-photon pulsation is

shown in units of the fundamental frequency wg = wo/po at

(0 =0, ¢ = ¢e)

WResm ~ 47*nwo /(1 4+ 4207 + a2 /2)

62 = 62 + 6% — 200, cos(p — ¢.)

o

wn T
B \ ,4»4. Afﬁ")?w‘—%

The bandwidth of each harmonic is

An increasing complexity with n of the angular distribution is found

very low and they are well separated.
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Thomson Scattering Simulations Tools (TSST) [P. Tomassini, 2005- ]

Semi-analytical tool, particularly suitable for very long pulses. Uses analytical
results from P. Tomassini et al., APB 80 (2005). TEMOO modes allowed with

arbitrary longitudinal profiles. Perfect (or quasi-perfect) backscattering with the
beam is supported.

* Thanks to D. Dreghici for the nice logo

RelNTS Relativistic Nonlinear Thomson Scattering (ReINTS) [P. Tomassini, 2021- ]
\
—@-)-+> (Brand new) Fully numerical code, suitable for not-so-long pulses. Structured laser pulses
and arbitrary incidence angles allowed. Fully parallelised
4 N
NOTE: the time distribution of the collected radiationis linked to the time distribution
of the electron bunch by the simple kinematic relation (backscattering)

. Lox) = glt) + 1))

Y/)' . jzw\\)aéx_




ELI-NP

«VERY Good bunches»

A"t": m": Useful relations to start dimensioning a source

el

nuclear physics

Angularly integrated spectrum

The photons energy spread is dominated
by boost variation at different angles,
NOT by energy spread and divergence

of the bunch

U=~-0,

S(w) = (FNe) §

[« Ta}
64 wiy®

if

0,

4]/20)0

(a)2 — dwwyy? + 80){2)}/2)

L+ ¥ 205
otherwise,

< w < 4y’wy,

Normalized acceptance
EXTREMELY USEFUL parameter

!

dw/w~ W41+ W2/2); if U <1 = dw/w ~ V2

|
Nace(Yr) = (FNE:)EQ‘-'U{)

(1 + 9% +2y4/3)

T agy

(1 + 92y

OVERLAP X Q N’Y - S/w(%

factor

P. Tomassini et al., APB 80 (2005).

//

| |

if U <1 = Npe (V) ~dw/w ~
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g nuclear physics
USEFUL RELATIONS for a «DECENT» BUNCH
«Decent bunches» \Ij — . 9 Normalized acceptance
The bunch has energy spread well below 100% =7 EXTREMELY USEFUL parameter

Also, transverse momentum u does not exceed unity

pe =o(|iL]) =yo(d.) mp o(ye) <1, o(y)/v <1

Estimation of the final collected photons energy spread

/NOTE: some authors \
quote WRONG expressions
as (e,/r)? as for a bunch

UJ/(,{J \112 -+ O'(UJ_)2 9 Oy a%/ with correlated (a’:,’u,m)
K €n/r < o(u) p

NOTE: TS USELESS TO REDUCE ¥ BELOW: 2 U(’ui)2 + 2 —+ a%/Q

mn

This means that it is useless to reduce the

acceptance ¥ below the value dictated
by beam quality

P. Tomassini et al., APB 80 (2005).
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Projected beam quality @ downramp

O e

0.9% 32pC 0. 0.75 pm

Thomson backscattering X ray source

Thomson Sources

Counterpropagating pulse Yb:YAG (1.053 um) m_m

12.5 um
- Y. Wang et al. 1.1 ) Yb:YAG picosecond laser at 1 kHz repetition rate

©2020 Dec 15;45(24):6615-6618. doi: 10.1364/0L.413129
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g nuclear physics
. 1.0x108 ph/shot
Large acceptance yield ph/
U=~0.=1  x10° TSST ReMPI 5GeV
>-<1[:|14
15 - 6
= = 5
8 10 4 E
S S
. = 4
E L
Ef' 5 4 b4
" s 3
=
0 o 2
1
«107 . 500 1
6 (rad) 0 1000 Photon E MeV 0
° oton Energy (MeV) 0 200 400 600 800 1000

Energy E,[MeV]
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15 TSST ReMPI 5GeV «10% TSST ReMPI 5GeV
———Energy Spread % " TSST ReMPI 5GeV
7 4 - - g T T T

= (Collected Photons/shot/10 2)(107 ph/ShOt . 15F —
=
—_ >
[<8]
10 5 } 3 - _ _ ‘-&‘..

- g v = ’}/90 = 0.25 s 1}
= = 2
wi — o
‘-Ll‘j |.|J>< 2 - “;
5 pem mm e NN NN ENE BN BN BN BN N = 50.5

z ) :
) il
g

0 . . . .

0 . ) ) 7 o 1 2 3 4 5 6
0 L 2 L L L d _5
0 10 20 30 40 50 6 200 400 600 800 6 rms (rad) x10
Acceptance (. rad) Energy EK[MeV]
4 N

Selecting a normalised acceptance of ¥ = ~6,. = (.25
a quasi monochromatic source (FWHM energy spread of 5%)
\2 x 107 ph/shot can be obtained.

J

B = Nph%ObW
) t, (s)S(mm?2)07, . (mrad?)

= 2-10%8 ph/(s - mm? - mrad? - %obw)
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N, Y%0bw
ph 28 2 2
B = =2-10 h/(s-mm*- - mrad® - Y%obw
5t (5)S (mMm2)0Z o, (mrad?) ph/( )

10%°
S i European P b il
2 10 F XPEL 22" SACLA - _
R i A L Thomson Scattering
& |l ‘ ] LWFA+ReMPI
E / Coherent
= - FLASH —
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