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LASER INTENSITIES AND INTERACTIONS Gerard Mourou,

Physics Nobel Prize 2018

QCD= 10"*W/em?
Nonlinear QED: Eeee), =2m,c*
1PeV

Ultra-Relativistic Optics
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Relativistic Optics

or CPA

CPA: Mourou & Strickland,
Opt. Comm. 55, (1985), 447
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(Solar radiation~ 0.1W /cm?)
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(Mourou, G.A., et al., Exawatt-Zettawatt pulse generation and applications.
Optics Communications, 2012. 285(5): p. 720-724)




Components of a CPA TeraWatt System
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Components of IPEN

1kHz
-10mJ
W ~100ns

P ~5x104W
(1 IO Nd: YLF 20

Seeder
(Ti:Sapphire)

pulso

=z
o
3
o
g
e

Amplifier
(Ti:Sapphire)

stretche

~78Mhz ~78Mhz 1kHz

en
CPA TeraWatt System

Temporal
Compressor

Amplifier
(Cr:LiSAF)

(6 7

1kHz <10Hz

~-nJ <nJ -mJ ~-mJ ~102mJ
60fs . 30ps ; ~60fs 0 ~30ps ~10%ps
Ppulse"10 W Ppulse”10' w Ppulse"1°7"10 W Ppulse~107w Ppulse"109W



IPEN TABLE TOP TW = T3

VISIT US at IPEN!

Vacuum chamber




ACCELERATION IN THE OPTICAL LASER FIELD
INTENSITY [ AND TJHE ELECTRIC FIELD E

1 a1 :
| =iRe{§E><H } = §C€o|E|

For a plane wave the Electric peak amplitude is

E(V/cm) = 27,5 I(W/cm?)

Under the oscillation of the sinusoidal electic field,
The average kinetic energy Up of the electron is:

Up(MeV) =9,3-10"2°I(W/cm?) 2(nm)?




LASER DIRECT IONIZATION - BOHR MODEL

Unperturbed atomic pdténtial B|nd|ng energy iS 13.6 eV
V4

laser electric potential

Combined potential Atomic electrical field = 27.2
V/05A
= 54,4 V/ A = 5.44 GV/cm

e~ ground level *

Supression of
the electrostatic

Coulomb
Light Intensity for supression=1.37 - 10'* W/cm?* -

barrier




recombination and emission
i

Optics & Photonics News
meinner - Calendar 2010




MAIN LASER ACCELERATION MECHANISMS

QCD= 10" W/cm®
Nonlinear QED: Eeeeh =2m,c*
1PeV
Ultra-Relativistic Optics
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Ponderomotive Energy
due to the quivering motion

Up (MeV) =
9,3-10"%°I(W/cm?) A(um)?

At the Intensity of = 9 - 1018 W/cm?
at 800 nm

The electron kinetic energy is equal to

the rest mas 0,511 MeV




LASER DIRECT ACCELERATION - LORENTZ FORCE
F, = ¢(E + v X B)

The second term (magnetic force)

is along the laser incident direction ‘

Relativistic effect

0.05 0.10 0.15 wx/c



LASER WAKEFIELD ACCELERATION

Laser with Gaussian Intensity Profile

® Atoms/molecules are ionized ;

in @ gas medium.

® The ionization front moves with the speed of the light and the ions remain in

place;

® Electrons are forced out and then are pushed back to the axial position due to

the attraction of the ions, eectrons oscillated around the equilibrium position with

wp_

\

neez 2TTC
the plasma frequency and a wavelength /119 = —
Me€o wp



THE WAKEFIELD OF THE LASER-PLASMA INTERACTION

The frequency and the wavelenght of the wakefield depend only on

the electron population, n_

n,e? __ 2mcC _ o
m.,E€ p
\J et




RESONANT OR BUBBLE REGIME

Laser wake field acceleration: the highly non-linear broken-wave regime, Appl. Phys. B 74,
355-361 (2002) a. pukhov meyer-ter-vehn

Laser pulse

Al — _ :
Electron bunch /2 =c.A.t = W, (the radius of the beam)

[>4.2 1018W/cm2=>P > 120 TW

Wakefield

for wy=10 um
C. G. R. Geddes, C. Toth, J. van Tilborg, E. Esarey, C. B. Schroeder, D. Bruhwiler, et al., "High-quality electron

beams from a laser wakefield accelerator using plasma-channel guiding," Nature, vol. 431, pp. 538-541, Sep 2004.

S.P.D. I\/Iangles, C. D. Murphy, Z. Najmudin, A. G. R. Thomas, J. L. Collier, A. E. Dangor, et al., "Monoenergetic

beams of relativistic electrons from intense laser-plasma interactions,” Nature, vol. 431, pp. 535-538, Sep 2004.

J. Faure, Y. Glinec, A. Pukhov, S. Kiselev, S. Gordienko, E. Lefebvre, et al., "A laser-plasma accelerator producing
monoenergetic electron beams,” Nature, vol. 431, pp. 541-544, Sep 2004.



Giant wakefield acceleration
Tajima et Dawson (1979)

electrons
—
v “‘"_
[ Pl )
asma #" laser pulse
laserpws?\rp " p
W en plasma wave
%h energy beam high energy beam
Supersonic

gas jet

#nobelorize
P M o) 2618/41:03 B &

https://www.youtube.com/watch?v=W5Fz BsWCjU



https://www.youtube.com/watch?v=W5Fz_BsWCjU

ENERGY OF THE ELECTRON IN THE LWPA

The maximum electrical field is
Eo(v/cm) = c.m,.wp/e = 0.96 J1e(cm=3)
Forn,=10'8%em> = E;, = 96 G/ /cm

(1 order of magnitude greater than the material limit)

The acceleration range is the dephasing length T/2 = L/v_—1L/c

Therefore:

The maximum kinetic energy is E,, = e.Ey.L,,



RESONANT OR BUBBLE REGIME

W s duration
B /ow repetition rate
M [arge Laser System

beam divergence was 0.2 mrad.
B Gas pressure ~ 1/10 atmosphere
B Highly nonlinear regime for injection

Raadt, et all and LE@MANS, W. P., “Petawatt laser guiding and electron beam acceleration to

8 GeV in a laser heated capillary discharge waveguide,” Phys. Rev. Lett. 122,
084801 (Feb. 2019).

Few cm in LWPA compared to km long conventional accelerators!



INCREASING THE REPETITION AND
DECREASING THE SIZE OF THE LASER SYSTEM

Resonant Condition: 4,/2 = c.At = W = radius of the beam waist

Scales with At> (area of the focus and length of acceleration)
Therefore driving Optical power drops from PW to TW => kHz
24nA, few MeV , high pointing stability

Jet nozzle size in the 100 um range

Limited by the plasma critical density@800nm (1.7102' electrons/cm?3)



REQUIREMENTS FOR THE GAS JET NOZZLE

Laser beam in a gas plasma Laser beam in vacuum
Rayleigth Parameter Z;

laser pulse PR laser pulse
P ~

density profile

FIG. 1. Schematic of beam propagation issues in microscale
jets. The dashed line represents the vacuum laser beam whereas
the full line shows the beam size considering plasma effects.
(a) The density gradients are large compared to zi preventing the
laser beam from reaching high intensity in the jet. (b) With
sharper density gradients, coupling into the jet is optimized and
the laser beam can reach higher intensities through self-focusing.

Gaussian profile and

High-charge relativistic electron bunches from a kHz laser-plasma accelerator, increasing ERENES
D. Gustas et al,

PHYSICAL REVIEW ACCELERATORS AND BEAMS 21, 013401 (2018) defocusing



RECENT DEVELOPMENTS |All need de Laval jet nozzles! [/ 2L

Electron Acceleration with sub TW Laser with high density gas jets

F. Salehi et all "MeV electron acceleration at 1 kHz with <10 mJ laser pulses,” Opt. Lett. 42, pp.215-218 (2017)

Goers, A.Jl., et al., Multi-MeV Electron Acceleration by Subterawatt Laser Pulses. Phys Rev Lett, 2015. 115(19): p.
194802.

, J Faure et all, Plasma Phys, A review of recent progress on laser-plasma acceleration at kHz repetition rate. .
Control. Fusion 61 (2019) 014012

D. Gustas. High-charge relativistic electron bunches from a kHz laser-plasma accelerator, PHYSICAL REVIEW
ACCELERATORS AND BEAMS 21, 013401 (2018)

Proton Acceleration witn high density liquids and gases
P. Puyuelo Valdé et all , "Laser driven ion acceleration in high-density gas jets", Proc. SPIE 11037, 10 (2019).

John T Morrison1 et all MeV proton acceleration at kHz repetition rate from ultra-intense laser liquid interaction.
New J. Phys. 20 (2018) 022001



REQUIRENTS FOR THE JET NOZZLE

Short pulse => high plasma frequency => high ne

® Short homogeneous acceleration path (=100 um plasma path) laser pulse

® Ramp Shorter than the ZR (=10 um thick) — interface

o density profile
between the jet nozzle and the vacuum P

Focused intensities above the relativistic self focusing

2
0,

P.~174(— | Gw
Wy

nC
=174 — |GW
ne




QUASI-1D MODEL FOR DE LAVAL JET NOZZLE 1SENTROPIC FLOW ﬁ

backing chamber | experimental chamber |

w ¢ re l
rt Y

(background

P()’To’po : P1’T1’p1

L

Sylla, Fet all V. "Development and characterization of very dense c ?ﬁ: : e+ 1
submillimetric gas jets for laser-plasma interaction," Rev. Sci. Instrum., 83, pp. 033507, 2012.

The important parameter
is the Mach NUMBER M

and the backing pressure




HOME MADE DE LAVAL JET NOZZLE

®* homemade ultrafast laser machining

system to etch a conic-shaped hole with a high aspect ratio

Assuming a N» backing pressure of 15 bar and using (1)
“\— Laser machined to (4), we expected to obtain the mass (77) and flow (vi)
de Laval Nozzle rates, number density (n) and angle () shown in Table 1.

TABLE L CALCULATED CHARACTERISTICS FOR THE
MANUFACTURED NOZZLE. MACH 2.5.

The nozzle exit diameter is approximately 250 ym M= 2.5



Laser Processing Center-fs pulses and nm precision

Texturization

I
| f‘”‘/ /

Dr. Wagner de Rossi

10 kHz, 30 fs, P = 2 W, Peak Power = 10 GW, 20 fs



http://intranet.ipen.br/diretos/SAR/marketing/img/logo_ipen_azul.jpg
http://intranet.ipen.br/diretos/SAR/marketing/img/logo_ipen_azul.jpg

GAS JET CHARACTERIZATION
Schlieren imaging

Schlieren imaging —
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Mach-Zehnder interferometry
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https://www.google.com/search?rlz=1C1GCEU_pt-brBR822BR822&q=%E2%80%A2+Schlieren+imaging&spell=1&sa=X&ved=0ahUKEwixpJa3_IDlAhWfKLkGHc8ZBmEQkeECCC0oAA

The prssure in the
gas jet

At 1T Atm, gas density
2.5 10'? species/cm?3

For N, .
5 10'? atoms/cm3@]1 Bar

He-Ne = 2, = 633nm

fringes : gray ; background : white

Refractive Index (n-1) x 10°

P, = latm P 25 atm
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-
from figure (red lines): p en
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AD=2n

therefore:
AOPL = AnAs = 127 nm
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thus: AP = 1500 toir = 2 atm

REFERENCES:

Sang, B H et al. “Pressure-Dependent Refractive Indices of Gases by
THz Time-Domain Spectroscopy.” Optics Express 24 (25):29040.

Couperus, J P et al. “Tomographic Characterisation of Gas-Jet
Targets for Laser Wakefield Acceleration.” Nuclear Instruments and
Methods in Physics Research, Section A 830, 504-9, 2016

2017-01-18 Puig



Fig. 5. Typical Mach-Zehnder interferograms for 633 nm HeNe
continuous beam transmission through the cross section of the gas jet near
the exit of our Mach 2.5 nozzle, in background pressures of a) 1 atm and
b) 10 mbar. The nozzle exit is in the lower edge of the frame and both
images cover the first 500 um of the jet; the applied backing gas pressure
A S ) S

Laser Pulse

Superposition of the Schlieren
and plasma images, showing
where typically the plasma forms.

Fig. 4. Typical Schlieren image of the gas flow near the exit of oufld

Mach 2.5 nozzle. in background pressures of a) 1 atm and b) 10 mbar. Th

nozzle exit is in the lower edge of the frame. and both images cover th{

first 750 pm of the jet: the applied backing pressure was 15 bars.

M = 2.2 instead of the predicted
2.5;

ionization states up to N37.

atomic density of ~1x10%0 cm™3
Max. electron density~ 6x10%° cm-3




Laser Induced Breakdown Spectroscopy - LIBS Nitrogen Spectra

Presence of single, double and triple

Echelle
Spectrometer

lonization states.
Ay 50 ns (10° pulse durations neutral N)

25000¢

optical fiber

—50 ns delay
—80 ns delay

NI

collection telescope
(fused silica lenses)

S 20000}

Timing
Unit

=
Ul
o
o
o

10000}

Intensity (Arb

5000+

1

plasma
emission 0! - -
laser system 741.0 7415 7420 7425 7430 7435 7440
(800nm, 30fs, 90Hz, 250u]) X Wavelength (nm)
) Sample ”?7o——rr—————————— -
focusing y : 405.776 nm —50 ns delay
lens (75mm) ~1000f NIV —80 ns delay 1

800/
600}
400/
200t

Grant FAPESP 04/15965-2 W
484.0 40I4.5 405.0 405.5 406.0 40I6.5I 407.0
Wavelength (nm)

Intensity (Arb.U

Evaluation of laser induced breakdown spectroscopy

for the determination of macronutrients in plant materials
, Spectrochimica Acta Part b, 63 (2008)1151- 1158




JET NOZZLES MADE BY FS LASER MACHINING
WITH DUAL FIT = IPEN AND UNL

UNL flange

On going experiment — generation of electrons with our conditions



SELF MODULATED REGIME
BUBBLE REGIME NEEDS HIGH POWER

* Non-resonant condition 4,,/2 < ¢ X At

® Short acceleration path (=100 um plasma path)

® Ramp Shorter than the ZR ((=10 um thick) — interface between the

jet nozzle and the vacuum (de Laval nozzle)

® High repetition rates and high gas flows (no need for gas pulses)

Self-modulated laser wakefield mechanism.

— w\/\l\/\/\,\"_’ N\N\Mj\f\,\ The initial laser pulse UNCErgoes
density modulation instability and breaks up

Initial Gaussian Modulated pulse Into a train of shorter pulse with width A,.

pulse




SELF MODULATED REGIME

Electron injection needs laser power higher than the critical power P_

W\’ N,
P.~174(—) 6w =174(==)GwW

=> high plasma frequency=>high electron density!



PIC SIMULATIONS (FBPIC) — E. PUIG (ITA)

y " Waverengum A Tim] = 0.
Simulations using code FBPIC ®:?2 — “SM-LWFA FBPIC 4TW HE 5E19” W Critical density, nc [cm?]
SP.

= % : = 5 : = 2 Laser beam M?
Edison Puig Maldonado - Instituto Tecnolégico de Aeronautica - ITA, in collaboration with IPEN/CNEN- fie = feilier ofionizations

PARAMETER VALUE CELLS WITH DARK BACKGROUND — PIC INPUT PARAMETERS J i e miode AR 4L 364,59 (tecation 4400

Pulse energy ; , W
Puise duration : g ‘ Upr'l' d Ong 1' e
_ Incident beamwaist (in vacuum) N i

Start position of the ramp 1 of gas densities i ' ‘

Length of the ramp 1 of gas densities

| f o w 5o L
z3 [pm] Start position of the ramp 2 of gas densities " R L | p ro p O g q 1' I On q n

= n Length of the ramp 2 of gas densities
Position of laser focus if vacuum
Start position for the laser pulse

-m ggm:lg%a:;nxflggsjswf a(";mlsn / nc)'?, n = Nj:Notom = - 1- r q ve rS q I q X I S:

Confocal parameter: 2tw.” / M2 A

[ P.twi| _____ 4.0] Peak power: g/At 1e8 electrons: t= 1180fs (iteration 9200)

< clengih: foor ) - (comeln)

T | * Net Electricl field

Estimated self- focused beamwmsr
3E.08] Estimated self-focused area

1E+20 | Estimated self-focused intensity o N ‘I' ‘ h

Estimated self-focused laser amplitude e q r g e S
Estimated laser amplitude for wave breaking: ao = /

| Awimevi |43 Estimated maximum energy gain AW [MeV

| Zus—Zun [pm] |

i "f; o S S | * Net current
e Net Momentum of
the electrons

Z-position for the onset of LWF (nole |0n cavuy Ihen wakeﬂeld)
Median of Z-momentum distribution, from the graphs of uz
Maximum of Z-momentum dlsmbuuon from the graphs of uz

* numerical computing parameters lo w d 2( (= 1 um due ti f focusing). See: Shaw et al. Plas
(OBS. 1) Lu et al. Physical Review Special Topics - Accelerators and Beams 10, 1-12 (2007) - http://doi.org/10.1103/PhysRevSTAB.10.061301

SM-LWFA_FBPIC_4TW_HE _5E19 19/09/2019 09:25:01




PIC SIMULATIONS (FBPIC) — E. PUIG (ITA)
SIMULATION PARAMETERS

Interaction parameters:

Laser

200 mJ, 50 fs, 4 TW V,=0.99.c

Wavelength 0.8 um Plasma wavelength 5 um

Spot radius: 5 um, Z, = 80 um, pephasing length: 82 um

22, =160 {’;m' . . Critical power for self focusing: 0.6 TW

C\;j:;f 10 em?, 1~5, 10 Self fosusing intensity: 1. 1022 W/em?2 >> 9, 10'8

Laser pulse length= 15 um;

Gas Jet

He, 1 atm

2,5 10'? atoms/cm3
5 10'? electrons/cm?3
Ramp: 20 um

Path: 180 um , N = NiNatoms

—
—
—
el
—_—
-




The porfile of the 0 Electric Field (V/m)

gaussian beam

is visible

Spatial charge
(C/m?)

Starting Position
O fs
O um

O interactions :
Current density

(A/ m?)




Ex in the mode all at 51.3 fs (iteration 400) the mode all at 77.0 fs (iteration 600)

25.7 fs A 51.3 4s 77.0 fs

30 0 s
Z (um)
the mode all at 77.0 fs  (iteration 600)

rh@llin the mode all at 51.3 fs  (iteration 400)

30 « 50

(pm)
Jz @ the mode all at 51.3 fs (iteration 400) z (um)
e mode all at 77.0 fs (iteration 600)
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RESULTS OF SIMULATION

*4 TW is enough for produciton of a 4 MeV electron

beam with great divergence, nC charge,
®series of bunches, with fs duration

®Electron Injection is due to the self focuuing and

acceleration occurs in the self modulated regime.



PROTON ACCELERATION - TNSA MODEL
THE ELECTRONS CLOUD ATTRACTS THE PROTONS

LLaser
beam

Laminar
beam

® lon Acceleration—Target Normal Sheath Acceleration, M. Roth and M.
Schollmeier, e Proceedings of the CAS-CERN Accelerator School: Plasma
Wake Acceleration, Geneva, Switzerland, 23—29 November 2014



PROTON ENERGY x LASER INTENSITIES

© Data from Tan et al
A Data from Beg et al
¢ Data from Clark et al

100 MeV
Vulcan, RAL
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TABLE TOP NUCLEAR REACTIONS
(ONLY FEW MEV)

“ s Scupn)”Zn
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Energy/MeV

EXFOR: Experimental Nuclear Reaction Data. 2017
[cited 2017; Available from: www-nds.iaea.org/exfor /exfor.htm



PROTON THERAPY —BRAGG PEAK

— 200 MeV proton beam
= = 15MV Xray beam

®
v
0
©
o
2
e
kL,
v
[

depth (cm water)




Protonteraphy
Due to the high resolution and depth:
needs a strategic therapeutic plan to treat the tumor

Tumor

heart

Figure 1. For a lung tumor (outlined in green) abutting the heart (pink),
the ideal treatment plan (a) would use a single proton beam (outlined
by dashed white lines) that stops at the deepest edge of the tumor. Due
to the beam-range uncertainty, however, a margin (orange shaded area)
must be added to the treatment area targeted for the full prescribed
radiation dose. The end of the beam range is thus inside the heart,
which may suffer severe damage or functional complications. To avoid
such risk to critical organs, a suboptimal plan (b) with two beams might
be used instead, even though it now delivers a low to intermediate
radiation dose to the healthy lung.

Physics Today 68, 10, 28(2015); https://doi.org/10.1063/PT.3.2945

Margin
for error



https://doi.org/10.1063/PT.3.2945

62 (+38) Proton Therapy Facilities
around the worid

Superconducting Rinecker Proton
@ 1sgchronous cycelotron, 250 MeV Therapy Center,

Actual Cost:

| 4 ; ‘f»'/' Munich US$ 200,000,000

reatment
bunker

4 Predicted Cost

With Laser:
Uss$ 20,000,000

\-

Energy selection system S

70 — 250 MeV
Gantrs h ~

Beam line. d=Ih m
158 m m=150t




Proton Therapy Centers in the U.S.

28 + 4 under construction

TSL, Uppsala
NRoCK, Kiel ¥y
HZB, Berlin g
WPE, Essen Eras
CCO, Clatterbridge il
GSI, Darmstadt T

IEP, Moscow

HIT, Heidelberg
CPO, Orsay JINR, Dubna
PSI, Villigen
Etoile, Lyon _ IFJ, Krakow
CAL, Nice B RKA, Marburg
- AUSTRON
@ Praton Centre /"w RPTC. Munich

@ Ocular

N CNAO. Pavia
B Carbon :

INFN, Catania




PROTON THERAPY FACILITIES IN CLINICAL OPERATION
(LAST UPDATE: SEP 2019) HTTPS://WWW.PTCOG.CH/INDEX.PHP /FACILITIES-IN-OPERATION

Country Energy(MeV) Starting year

Austria 250 2015
Canada 72 1995
Czech Republic 230
China (2) 250 2004, 2014
Denmark 250 2015
England (3) 62, 230, 250 1989,2018,2018
France (3) 65, 230, 230 1991, 1991, 2018

Germany (6) 250 (5), 430 1998, 2009, 2012, 2013. 2015

India 230 2019
Italy (3) 60, 230, 250 2002, 2011, 2014

Japan (14), mostly Synchrotron 220 - 250 1994 -2018

Poland 230 2011
Russia (4) 200-150 1969-2018

South Africa 200 1993
South Korea (2) 230 2007-2015

Switzerland 250 1984

Taiwan 230 201’5

The Netherlands (3) 230-250 2018

USA (13) 230-250 1990- 2014, 4 under construction

Total 62 (+ 38 under construction)



https://www.ptcog.ch/index.php/facilities-in-operation

35 LASER FACILITIES: ACCELERATION FOR MEDICAL PURPOSES
HTTPS: //WWW.PTCOG.CH/INDEX.PHP /FACILITIES-IN-OPERATION

* PW Vulcan at RALab is now 40 y.o. E
* ELl europe
* LaserNetUS

* 4 PW laser in China

* 100PW laser in Russia



https://www.ptcog.ch/index.php/facilities-in-operation
https://www.eecs.umich.edu/USL/
https://www.mbi-berlin.de/
https://www.clf.stfc.ac.uk/Pages/home.aspx
https://loa.ensta.fr/
http://www.inrs.ca/english/homepage/
https://www.icuil.org/activities/facilities.html
https://www.icuil.org/activities/facilities.html
https://www.polimi.it/
http://english.siom.cas.cn/
https://www.ualberta.ca/
https://www.univie.ac.at/
https://portail.polytechnique.edu/luli/en
https://www.uni-jena.de/
https://apri.gist.ac.kr/
https://www.ualberta.ca/
https://www.gsi.de/phelix
https://www.llnl.gov/
https://www.mbi-berlin.de/
https://www.u-psud.fr/
https://www.clf.stfc.ac.uk/Pages/home.aspx
https://www.fzu.cz/en
https://www.colostate.edu/
https://www.desy.de/html/home/index.html
https://www.slac.stanford.edu/
https://www.anl.gov/
https://www.roma1.infn.it/
https://www.elettra.trieste.it/
https://www.astec.stfc.ac.uk/Pages/4th-Generation-Light-Source-(4GLS).aspx
http://www.chess.cornell.edu/
https://www.bnl.gov/world/
https://www.lbl.gov/
https://www.fau.eu/
https://www.jlab.org/
http://wwwold.inp.nsk.su/index.en.shtml
https://www.duke.edu/

Financial Support - Phase 1, 2017-2020

* FAPESP Week (Nebraska &Texas-2017);

* Visiting Scientist 2017 /21124-0;

* Project: Mobility-University of Nebraska-Lincoln (2018/2596
* FAPESP Institutes 2017 /50332-0;

* Project CNPq 300616/2017-1

* Project (N° 63230.004277/2018-55)

* Submitted: FAPESP-FAPERG 2019/15387-4

* FAPESP Pos-doctoral position in the project
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