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How a laser can have an effect on a nucleus?
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How a laser can have an effect on a nucleus?

T : period (s)
One photon

The light we use : Ay= 1pm
T=3fs

E=hv
h=4.135667696 x 10-1° eV.s
Planck constant

< 1.3eV
No direct effect of IR photon

on the nucleus !

A, : Wavelength (m)
c =299 792458 m/s
v : frequency (s1)
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How a laser can have an effect on a nucleus?

The laser

Light
Amplification by
Stimulated
Emission of
Radiation

Théodore Maiman : 1960 LASER rubis




How a laser can have an effect on a nucleus?
The High power Laser




How a laser can have an effect on a nucleus?

.
-
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<>
At FWHM of a gaussian pulse

1,6.1071°
(10—10)2

1,6.1071°
(10—15)2

E.tom = 9.10° ~ 10°V/cm

Epua = 9.10° ~101°V/cm

photons T=3fs

< 1.3eV
E =N, x 1.3 eV x 1.602.10"%)/eV

The intensity

Focal spot

Equivalent electric field :

E(V/cm) = 27,446 \/I(W/cmz)

Which Intensities are requiered to have an
effect on the atom? The nucleus?
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How a laser can have an effect on a nucleus?

-

At FWHM of a gaussian pulse

8
e -
iy

1,6.1071°
(10—10)2

1,6.1071°
(10—15)2

Eorom ~ 9.10°

~ 10°V/cm

Epua = 9.10° ~101°V/cm

Plenty of % A=1um
photons % T=3fs

& 1.3eV

The intensity

Focal spot

Equivalent electric field :

E(V/cm) = 27,446 \/I(W/cmz)

Atom : | = 1.3 x101 W/cm?2
Nucleus : I~ 1.3 x103> W/cm?




Focussed Intensity (W/cm?)

High power lasers
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High power lasers

Chirped Pulse Amplification (CPA)

Grating pair: :
Pulse stretcher i

Short pulse

a1\
| Amplified = i)
| stretched pulse
D. Strickland & G. Mourou 4’
Nobel prize in - S ' -
. Amplified
Physics 2018 . short pulse
, Grating pair:
i
! — Pulse compressor




Focussed Intensity (W/cm?)

High power lasers

Pair—production from
Vacuum

Atom : | =

Nucleus :

1 PeV

n Pion Production —
“’m PICO2000 /
10 Photo—nuclear and

" ion—induced reactions 65| REEL 1 MeV
10 Photo—excitation
0" of low-lying levels _

~____ Chirped—pulse
0" Amplification
1eV

10" ~—— Mode-locking
10" - Q-switching

]
10

I | | | I I I
1960 1970 1980 1990 2000 2010 2020
Year

m
I
= A
0
Electron Characteristi'c (Quiver) Energy

From G. Mourou

1.3 x101> W/cm?2
|~ 1.3 x103> W/cm?

No direct effect of

the electric field on
the nucleus before
a century !l

BUT we can use the
interplay between
atomic electrons
and nucleus

. THEINTERFLAVBETWEEN, N
:}7 ATO DEUS

LECTRONS AN
PS, LASERSIISFE
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A contribution in Nucleosynthesis studies

[ 'é( * :( —»i:Mg + énergie 1 I
: S process
;He +‘:He +;He —»1:( + énergie —=== W Mass known
S EE— Pb (821' & [ Half-life known
{ s s [[] nothing known
V e p process

I process

Sn(50) =
\rp process

Fe (26)

stellar burning Supernovae |

Cosmic Rays ”

pratans Haf—— | BigBang
neutrons

Nuclear Physics : Observations
cross-sections Astrophysics meteorites

’ Sy ) —+ Abundances HAbundances +— ’
resonance parameters, modeling stars, ...
B-decays, ...

NG NG _/
Y

N
' ' In stellar and interstellar

environments
S SSS—S—S— ..

On earth, in laboratories

Are nuclear reactions the same in a star as in a solid? 11



Nuclear physics in stellar medium

Take a star in a laboratory as a target

Take an accelerator and send some particle projectiles on the star

Detect the nuclear reaction signatures

Are nuclear reactions the same in a star as in a solid? 12



Nuclear physics in stellar medium

High power lasers

Take a star in a laboratory as a target :

Little star

you can have one during ~1 ns only

AW
e
Take an accelerator and send some particle projectiles on the star : ST
What should be the intensity of a proton beam for 10'3 protons passing through the plasma target? (e = 1.6 101° C)
|=7?

Detect the nuclear reaction signatures

High power lasers

Are nuclear reactions the same in a star as in a solid? 13



Nuclear physics in stellar medium

High power lasers

Take a star in a laboratory as a target :

Little star

you can have one during 1 ns only ' :
N\ 7%
AN

Take an accelerator and send some particle projectiles on the star : (TP
What should be the intensity of a proton beam for 103 protons passing through the plasma target? (e =1.6 10° C)

| = 1013 x 1.6 10'19 C/ 10'95 = 1,6 kA accelerators Ultra-High Intensity : ~100 mA

Detect the nuclear reaction signatures

High power lasers

L. Gremillet seminar Are nuclear reactions the same in a star as in a solid? 14



Nuclear physics with high-power lasers

High power lasers and their interaction with
matter

Laser-Plasma Acceleration
Nuclear Physics in plasmas

Challenges to take up

15



Part 1

ER LASERS AND THEIR
ON WITH MATTER

 High power laser characteristics
* WhatisaPlasma?
e Laser/plasma interaction



High power lasers and their interaction with matter

High power laser characteristics

Ey,

[ =
At. S

s it possible to decrease S= 0 cm? to increase |-> oo ?

17



High power lasers and their interaction with matter

High power laser characteristics

r(mm)

Example of a focused Gaussian pulse
---(30 000 times a laser size )

A=30 mm

At =2.6 ns <> 780 mm

0=0.24rad =13.7°

Wy =40 mm

o ﬁiﬂm\\\\\
Wil

2E
_ AtXTTWE

Field depth b <> Rayleigh length

A% GZ
b =2xZ = 2% )?L

Here b =334 mm

18



High power lasers and their interaction with matter

High power laser characteristics

M =1 M > 1 Dpeam/2

1 Gaussian beam Mode mixture tane . f
% MZAL
— | 1 n0
§ """ WOMm\/E
®_ WOG WC Mm z'
Y —\ y W 5
— T — \ 2 Z = 1T 0
* > RMM M2\
Zrg ZRym L
\ 4 Rayleigh length
: 2E
Focusing lens |O — L
AtXTIW3

e LULI-PICO2000 has the following characteristics :
A=1.053 um, M? =~2, Bpaam = 18 cm, E, =90 J, At =1 ps
* |tis focused with a parabola mirror of 800 mm focal distance

What is the ultimate focal spot diameter we can obtain? Which focal depth sensitivity?
Which maximum intensity?

19



High power lasers and their interaction with matter

High power laser characteristics

M =1 M > 1 tanf = Dlozevin
* Gaussian beam Mode mixture o f
o Y
§ NG Y Y WOMm \/E T[e
®— Wog WiMm z
Y —\ y W 2
— v _ Z - TC 0
< > RMM M27\
ZRg ZRym
v Rayleigh length
2EL

Focusing lens 0=
AtXTIW3

e LULI-PICO2000 has the following characteristics :
A=1.053 um , M? =~2, Bpaam = 18 cm, E =90 J, At =1 ps
* Itis focused with a parabola mirror of 800 mm focal distance

2
tanf = 1:8(/)2 -0 =0.112 rad +Zomm = on :i%?;um ~ +54 um
-— 2 ~y
Wonm = 75,1227 1-023 um ~ 6 um Iy ~ O ~1.6 102 W/cm?

10~ 12xmtx(6.10"%cm)

Dpeam = 12 pm




High power lasers and their interaction with matter

High power laser characteristics

a0 : the normalized laser vector potential

Is the ratio of classical speed of electron accelerated by the electric field

of the laser in the middle of the waist over light celerity
\"4

0<a <1 classical electron, linear regime
a,>>1 relativistic electron, non linear regime
ag=1 : quasi-linear regime

1/2

2 2
g = |—M g g5 (—um
0 2m%g, micS 1018 Wcem—2um?

—L. Gremillet presentation
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High power lasers and their interaction with matter

High power laser characteristics

. l, ~ 102° W/cm?
* A laser pulse is preceded by | = Z_EL E /
a pedestal : Amplified 0 AtXTIWE
Spontaneous Emission (ASE)
* The ration between the pre- /1
. . . 0 A Pulse
pulse intensity and the main L - A "
pulse one is called Contrast 14
102 + 102 |
The pedestal create a pre-plasma
104 — contrast N — >
10-6 —
lonisation threshf)lc_l__ma_> v J\
~1012 W.cm?2 f Pedestal
-1 rlls 0 1

22



High power lasers and their interaction with matter

High power laser characteristics

|, =102 W/cm?; E~50); At =1 ps

EICHEL contrast measurement of the pico2000 oscillator
T T T

LULI-PICO2000

10°

107 =

Relative intensity

N
J M HM HM* \‘ WMM»

| | | |
-1 -0.5 0 0.5
Time (ns)

M Pre-plasma >1 ns before the pusle

Contrast 108 .

Intensity (W/cm?)

\l lonisation theeshold v,
~1O12 chm

E1o*
o
c

PHELIX laser pulse

1,E+20
f(x) = al*exp(-0,5*((x-b1)/c1)"2)
G S I - P E Coefficients (with 95% confidence bounds):
LE+19 al= 4.792e+19 (4.744e+19,4.839e+19)
b1 =geee@88@e=(=g 0002511, -0.0002449)
cl= 0003995, 0.0004088)
1,E+18
At= 0.4x 2.355
1,E+17
0.94 ps
1,E+16

1,E+15
1,E+14

1,E+13
-2,0E-02 -1,5E-02 -1,0E-02 -5,0E-03 0,0E+00 5,0E-03 1,0E-02 1,5E-02 2,0E-02 '

Time (ns) |

- ‘ | T U
b AV '}WMWW A mvwwmw Vilpn WMW o L’

Contrast 1011

-2 -1.5 -1 -0.5 0
Time [ns]

No pre-plasma >1 ns before the pusle

Every research laser facility is unique and has is own characteristics
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High power lasers and their interaction with matter

Laser / solid target Interaction

1=101* W/cm?
=0 7 T mag a,=9.103

0 f Target at t=0

=

Density (g/cm3)

C ! ! I I B
10 ~ 100
Position (um)

24



High power lasers and their interaction with matter

Laser / solid target Interaction

1=101* W/cm?
- | '84R'b a0= 9. 103

t=1,4 nsl

= —:ZTarget at t=0

Density (g/cm3)

L : gradient length of pre-plasma

100
Position (um)

O I|IIII| T IIIIIII| T \IIIIIII T IIIIIII| T I|I\IH| T IIIIIII| TT IIIII|I|

p—

Chivas code

The high power laser pulses always interact with a plasmal! 25



High power lasers and their interaction with matter

What is a plasma?

The 4th state of matter (99.9% of the visible matter)

Temperature (K)

10°
108
107

109

[Em—

—~

(—_—
n

10*

10°

JFokamak : IITER

Solar Corona

Aurora

Plasma by LASER

Lightning

FCI : Méga Joule

Solar core

Gas

: ‘ Liquids —
RV Solids
| | | | | 1 |
107 10°%107% 1001072 1 10* 10¢
Density (g/cm3 )

10°
107
10°
102

10

107}

Temperature (eV)

*Multicharged ions
*Free electrons
*Photons

3 temperatures T¢ ;Tigy 5 Tppy
Different models to describe the plasma :
« Thermodynamic Equilibrium:
Te=Ton =Ty (never reached)
 Local Thermodynamic Equilibrium :
Te = Tion# Ty (Locally reached in dense
plasmas)

|on

* Non Local Thermodynamic Equilibrium
Tg# Tign# T
Ionlzation Temperature T,

QnerL(p, Te) = QerL(p, Tz)

26



High power lasers and their interaction with matter

What is a plasma?

General behavior of a plasma

Plasma: a quasi-neutral gas of charged (electrons + ions, n; = n_) and neutral particles (atom less than 1% + photons)

which exhibit collective behavior

Charge density,

p
Current density,

=

J

Charges motion Electric field, E
7, (1), Uy (1), Magnetic field,
a=e,l B

Courtesy JJ. Santos

» E>10°V/cm
C B>>100T

Charges move and generate local concentration of + or —
charges - E-fields.
Also, motion of charges generates currents - B-fields.

Fields affect motion of other particles far away
-> collective behavior

Particles (charges) exchange momentum and energy through
collisions. System tends to converge to equilibrium (Maxwell
distributions, thermalisation).

m, < m; -» much shorter time-scale for electron dynamics.
lons follow by electrostatic effect on slower time scale.

According to temperature, density and the time-scale,
plasma dynamics are described kinetically (Particles-In-Cell -
PIC) or as fluids (MagnetoHydroDynamics).

27



High power lasers and their interaction with matter

What is a plasma?
Fluid (MagnetoHydroDynamics).

- T T T T T T T . ] .| . T T ] |=1014 W sz
“t=1,4ns  Not Therinodynamic Equilibrium  %*Rp | = ~ /3
o'k : | 1 %= 9.10
E | S
- 3
10° """"""" e ~iTarget at t=0 10 g
= g &
5 10l K ©
(o]0) - ' | 10 c
~ 5 ; |
> 10 ¢ I ; Q
= - ; ! +—
2 - L R
o 10°¢ K | 5
- - i | Critical density 310 S
4| I : (@)
10 E | | q)
- I ; A L
sl : ! il -
10 = | I 0 '
| | /II |I | | | | | = 10

10 100 _
/ Position (um) ne(x) = ngexp (_x x())

Most emissive zone L

Requires ns to create a dense and hot plasma 28



What is a plasma?
Fluid (MagnetoHydroDynamics).

p (g/em’) surface initiale Te (eV) o
1()_ El TrTTTTTTT ‘ FTTTTTTTTT TTTTTTTTT | TTTTTTTTT | I i FTTTTTT | FTTTTTTTI ‘ TTT T T oT1d |§ 10 i 6()

: : 2 o _1014 2
10'F : 3107 450 | }O e
E | 1 ] ao— 9.103

0 ' 2]
10 F | 2107 1 -
A : I E=35),
107 F =10 130 =4 ns
107 E E 10" M LA
N: | 4,20 A=1.06 um
107 F l 310 -
) = : —— Etat de charge moyen | A
10 4 = : — Température (V) 3 10 2710 Target : goHg
: — Densité (g/cm’) . .1
l()-j L1l ‘ I ‘ I | I | Pl | N ‘ I I J.O-J 1 () ProfiIS at the end Of the Iaser pulse

30 40 50 60 70 80 90 100
Position (pum)
« Highly mean charge states reached — lot of atomic transitions

M. Comet, thése université de Bordeaux, 2014

« Multiple collisions AtAE > h/4n — resonant phenomena are enhanced

29



High power lasers and their interaction with matter

What is a plasma?

Particles
Spatial and time scales
=> Debye length: => Plasma pulsation frequency:
Spatial-scale of deviation from electric neutrality (inverse of) time-scale of deviation from electric
around a multicharged ion neutrality
r
Coulomb Qe - W i - ™
ot V(D) = oe % COOLOLO
e Gl ‘e
©@ @ © o Plasma screening N -. ™ \
® ® 6 ® Debye sphere o: G O 0 Gl
©) —— Ly ‘ ,
e © © C ® HIM %1 ® vl
O\ © enknT =) e . .
® | © D — 2 ' |
@ =27 Debye length e ne AN, - -_ - 4
@ ©/ R
® @ °% o )
® © = (©) |621
O] I ©
® ©

=> Critical density n_ :
If electrons oscillate faster than the laser, it can not propagate inside : Wp. > Wy,
02
n, =g, me e—,} For PICO2000 A, = 1052 nm,
. . . - 21 3
In relativist regime : n_, =y n, n =7y 10% e/cm

30



High power lasers and their interaction with matter

Laser / plasma interaction

Particles In Cell

Lasers do not move ions significantly, but they move electrons (ions too heavy)

a0=0.1 t

[y
—
-

05}

a,, ¢, E_ et dne normalisé [u.a.]

Laser-induced plasma waves

PICO2000 : A, = 1052 nm in a plasma density of 101° e'/cm3.
= Vpe = 99.5% xc

= Ape = 10.50 pm .




Part 2

-A ACCELERATION

 Electrons
* Photons
* |ons

* Neutrons



Laser - plasma acceleration

Electron source

Particles In Cell

Lasers do not move ions significantly, but they move electrons (ions too heavy)

LULI-PICO2000 : A, = 1052 nm ; At = 1ps in a plasma density of 101° e'/cm3.
= Vpe = 99.50% xc
< Ay = 10.5um — Pulse length = 298 um

LULI-APOLLON : A, =840 nm ; At = 30 fs in a plasma density of 101° e'/cm?3.

>V, = 99.68% xc
2 A =11pm — Pulse length =9 um

33



Laser - plasma acceleration

Electron source

Long pulse compared to A,

LR -
N H P o / \ "‘" l"‘.
Self Modulated Laser Wake Field Acceleration process — SMLWFA [\ [P
initial laser pulse laser pulse final laser pulse o / "'w,:"z‘
/ \ W MW é N I‘ﬁ \ |
- - — ~ - ~ é: ""‘."ol"‘ ;
) 2 0%
initial plasma density plasma density final plasma density z ol
¥ on, : | "' CI) | /
e 0 1 2 3 4

Phase (k 2z~ (\:Pl}- T

Maxwellian energy distribution

peaked energy
distribution

Bubble regime

34



Laser - plasma acceleration 3

=810’

Electron source  :*
i34 107
gZ 107 |
— E ol | N~| |

Z 0 50 100 150 200 250
LOA « Salle Jaune » : Ti :Saphir A, =820 nm, At=30fs a,=1.3 Electron energy (MeV)
V. Malka et al, Physics of Plasmas 12, 056702 (2005) ] Pulse length : 9um

Arbitrary Unit

screen

Maxwellian (T=25MeV)
9 pm._*

Monoenergetic with Low Charge A

e 18 um

Ne=3.5x10 ]8/cm3

pe

. 19, 5%
Ne=1,5x10"/em3

‘Maxwellian ( fi_’=]4MéV) Wi
Ao 7 um
Ne=2:0x10 /cm3 .

A 14 pm

pe
Ne=6.0010 Jom3

Maxwellian (T=15MeV)_ -
Dps Sy
Ng=3.0x10 /em3

Divergence [°]

Ne=7.5x10 " /cm3

Maxwellian v(T=I]Mer :

Npe Spm o E
Ne=5.0x10 /cm3 -

11 pm

Ao

Laser 200 100 50 20 Laser 200 100 50 20
Energy [MeV] Energy [MeV]
35



Laser - plasma acceleration

Electron source

PHYSICAL REVIEW LETTERS 122, 084801 (2019)
Bella PW laser: E, =31J; At=35fs

In 20 cm capillary n, =3 .10 /cm3

Petawatt Laser Guiding and Electron Beam Acceleration to 8§ GeV
in a Laser-Heated Capillary Discharge Waveguide

A.J. Gonsalves,"” K. Nakamura,' J. Daniels,’ C. Benedetti,' C. Pieronek,"” T. C. H. de Raadt," S. Steinke,' J. H. Bin,'
S.S. Bulanov.' J. van Tilborg.! C. G. R. Geddes.' C.B. Schroeder,"* Cs. Téth.! E. Esarey.' K. Swanson,'*
L. Fan—(‘,himlg,l‘1 G. B:lg(l:lsam\-‘,%‘4 N. Bobrova,”” V. Gasilov,** G. Korn.” P Sasorov,*® and W. P. Leemans'*’
'Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
2Urzivers.fz‘_v of California, Berkeley, California 94720, USA
3Kﬂ.la‘fvs.h Institute of Applied Mathematics RAS, Moscow 125047, Russia
“National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow 115409, Russia
5Facu[1vv of Nuclear Science and Physical Engineering, CTU in Prague, Brehova 7, Prague 1, Czech Republic
OInstitute of Physics ASCR, v.v.i. (FZU), ELI-Beamlines Project, 182 21 Prague, Czech Republic

1
—
d

Angle (mrad)
(@) b

2 4 6 8 10 7.0 1.5 8.0 85
Momentum (GeV/c) Momentum (GeV/c)

o

pC/mrad/(GeV/c)

For nuclear reactions, we need tens of MeV electrons in huge quantity for bremsstrahlung

36



Laser - plasma acceleration

Electron source from solid targets

Energy pulse Intensity
o Laser (Joules) duration (fs) power (TW) focal (um) rate (Hz) (W/em?)
LOA salle jaune 1 30 33 25 10 7,E+18
LA | T T T T T T T
“GENBG N . ——CH 10 pm
u T Cul0pm |
= --4a--Cu m
> \h\\ ' H
[} 3
g 9 I \ |
target 10 um magnet 2 12 F . }\\\\ 3
g : TN “ \i T . \ ® :
§ et Ar‘~ \\ B
- 10° | ] BN #
‘< [e) ‘jr-\_\\\\ 3
_ B ; T
e P L
E ’ |
\ = | 3
EE T Y SR 1) [N T VR U T (O T T O e T e VI e LA (e (S T o chim Co MY L Y o L TR

0 5 10 15 20 25 30 35

Focusing Diodes Si SRS vev)
Parabol T (Cglli;nfgor) Pb shield 10 um target Temperature (MeV)
=8.10° sr
Laser CH 59 t 08
Q=8.10°sr Cu 102

M. Gerbaux et al,, Journal de Physique IV France,133,1139-1141 (2006) 37



Laser - plasma acceleration

Bremsstrahlung source

Energy Pulse rate Intensity ST
Laser (Joules) duration(ps) power (TW)  focal (pm) (1/min) (W/cm?) 3
Pre-pulse 40 600 0,07 160 1/20 3,3E+14 4k
Main pulse 7 0,4 17,5 17 1/20 8.E+18 %

T u T U T

¢ ELFIE
B Aligé
— simulations

CH Plasma

prepulse

W

Main pulse _
t=At T_&_,{ e 8- |
—_— I
L : plasma E /
gradient length =
A S .
Ta Converter I + :
2 mm z {
Photon source optimal (humber and temperature) ) . . . . L
0o 10, 50 100 150 200 250 300
L=100 um L (um)
38

C.Courtois et al., Physics of Plasmas 16, 013105(2009)

T (MeV)

600

- b ® ELFIE
i m Alisé
; = simulations




Laser - plasma acceleration

Laser driven ion source withsolid targets

A

14,

I> 1018 w/em?

A I~1012 W/cm?

—

laser

expanding ion beam

/

<
<

ns

Target Normal Sheath Acceleration

(TNSA)

ROTH, Met al. lon Acceleration—Target Normal Sheath Acceleration.
CERN Yellow Reports, [S.l.], v. 1, p. 231, feb. 2016.

>
>

hot electrons

E,(r,z,t)
>
Z
101 =g 1 L | I 1 o 1 . | | v 1
3 parameters — numerical
10° — analytical
2
10—1 dN — Ng e EO
dE  \[2EE,

norm. dN /dE

pour E < E.t

O 2 4 6 8 10 12 14 16 18 20

kinetic energy !MeV!
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Laser - plasma acceleration

Laser driven ion source

Laser accelerated protons overview

100 ¢ T T i
- / NOVA F’W
VULCA 1
® 300fs-1ps RAL
40-60 fs VULCAN_ .~
% 100150 s | \,01 @ P .LULI PW
= "%N /" JanUSP
> 10t Osaka;,' CUOSD 4
o [ ’_,/ py LOA ]
o P Lund /
S ~ Saclay f /"
o MBQ
a /
g D Tokyo
£ 1 Tokyo” fL g+
= o ASTRA
=
Yokohama , Tokyo
01 " soaoa sl s so2 a1l " soaoaaaaal " P
10" 10" 10" 10% 10%

Irradiance [W cm™@ pum?]

Macchi et al. Rev. Mod. Phys, 85, 751 (2013)

TNSA

Number of ions/(MeV sr)

with solid targets

20 40 60 80
lon energy (MeV)

Carroll, D. C et al.,New Journal of Physics 12 (2010) 045020 (15pp)

Astra-Gemini Laser : 115 TW ;6 J ;50 fs
=>7x102°Wcm—2

40



Laser - plasma acceleration

Laser driven ion source

with solid targets

n Energy (J) m Focal spot (um) | Gold Target Enax (MeV) (cut-off) (& (um)  source
thlckness dlameter D

Vulcan 125 1000 17.4
19 600 14 10 13.5 20
100 TW-Luli 15 350 8 50 13.3 20
relativistic proton beam

electron cloud

High intensity pulse

\
b) aluminum foil 5MeV
70 . . : .
a) * VULCAN b) o e ® VULCAN Good emittance
- ¢ b ded 3 = TRIDENT — Lorentzian fit . .
# [ t00TW-LULI ' + TRIDENT for injectors in
¥ —— Lorentzian fit|| .
o sof = 100TW-LULI conventional
3 L 0.7 — Lorentzian fit|{
g o & T o4 8 accelerators
g e »> w 06
=2 » Wil A + s
3 30 5 S ° 805
o ey . e
2 20l . T b 0.4 F. Nirnberg et al., Rev.Sci.Instrum,
w e +a| o3l 80, 033301 (2009)
10 . L o 02
% o0z 04 06 08 i 01300 =200 -100 0 100 200 300
E o/ Emax Real source size radius (um)

TNSA well known, reliable, suitable energies BUT not compatible with new generation of
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Laser - plasma acceleration

Laser driven ion source witheasjet targets

Because of high-repetition rate lasers (0,01-10 Hz)

spolon eLPUE((f(1 €l
10 PW every minute 1 PW every second 1 PW every 0.1 second

v' Target regeneration and alignment

v Less debris production ( 25 weeks of pico 2000 = 2 min ELI-
BL HAPLS@10Hz)

v" Repeatability shot to shot
v Easy access to different ions

v" Promote acceleration processes for high energies, high flux
of ions and no maxwell distribution of energy
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Laser - plasma acceleration

Laser driven ion source withgasjettargets

lon acceleration processes

b

o
N
NN

Laser intensity [VW/cm?]
5\I\)
o

WG2 Summary: lon acceleration

o ] Gas Solid

19
10 1020 1021 1022 1023 1024

Plasma electron density77; [cm=3]
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Laser - plasma acceleration

Laser driven ion Source witheasjet targets

Laser

P1C0O2000 :
50J ; 1ps;
5.101°W/cm?2
A, =1,053 pym

Critical density @ Ay, =1,053 pym
1 024 WG2 Summary: lon accelefation Raqlatlon
< B{éssure
p: i Ac"“ cration
E 1022
=
._;. 1020
7))
O
£ 1 o'8
% 16 ‘
ijU 10

Solid

Gas jet
target

0.1-1kb
10 1021 10.'22 1023 1024 ar

Plasma electron'density 7z, [cm=

—




Laser - plasma acceleration

Laser driven ion Source witheasjet targets

N
o

.. ] 5
Collisionless Shock Acceleration (CSA) S 4 .
& 3T 18 ps 1.5 g%
. 2 2 3ps T &%
Choc ions a7 N
wave %00 50 o0 50 100
Plasma Time (ps)
::0.: 5x1mm
:.:,. CC 150 mm N

) o. E .
() A Protons

laser  ————————
electrons o

H, gas jet —

ZWw 0oL X 00L

CR39

Opaque gas jet

vdil ndueirpverger e dl., NdLuie riysiuy, vulo, 30-33 \4Uls)

i o107
GaS Jet o - == Long pulse (100 ps)
T I == 3 ps pulse train (100 ps)
0.1-1 kbar P R

g i
e I
2 10°F
= i
§ 4j 1 1 1
o 10 0 5 10 15 20 25

Proton energy (MeV)
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Laser - plasma acceleration

Laser driven ion Source witheasjet targets

3 Laaepme  INtErférometre [ e

E - — —— Mirror Q\error and analysis
© Mach-Zehnder
[ = | [eT0]
| o
| 3] Beam Photodiode cco
| | T Expander
| |‘ \
H 3 ﬁ ) Bandpass Bandpass
b | E= e — Pinhole fiter —— ——  filter
|
‘ | Gas booster )
(1000 bar) Sharptip  §
—A A2
He-Ne Lens —— —— Lens
Mirror BS
9 /£ 4
c £ / \ irror
2 S . % @ v
t; S irror BS Gasjet Mirror
E .~ nozzle
n
T c
[ 8 Experimental chamber
o
O
g C o 1020 N2 at 1000 bar
Interferometer z=1000pm
8r e Simulation z=1000;im
mf—\ 7 -
Ssf
C c
ANSYS I 5.
FLUENT L
o £ 3F
S 8
1S <2r
(%]
1 -
0

-1.5 -1 -0.5 0 0.5 1 1.5
Distance (mm)
L ————

J.L. Henares, et al. Rev. Sci. Instrum. 90, 063302 (2019)

J L Henares, J. Phys. : Conf. Ser. 1079 012004 (2018) 46



Laser - plasma acceleration

Laser driven ion Source witheasjet targets

Energie Durée du pulse _ . Intensité
g ® CELIA v 4 Laser Joul Puissance (TW) focal (um) W/cm?
//’7 SELAG. (Joules) (ps) (W/cm?)
—_— PICO 2000 60 1 60 13 5E+19
5
0%
=
@
O
High intensity F“
laser 2
& 1010
. _ P T
Choc ions o 80 di:gm =
Plasma ) T _E'c_,’
¥ TP E 8
— 70 deg = 10
" P\ E MeV
S o
O deg ‘ o + G CE
[ ] w
= H
Gas jet =
W
0.1-1 kbar H 5 5
e
. =
mixt H,+H, £
=
©
CSA : &
Collisionless Shock Acceleration
P. Puyuelo-Valdes, Proc. SPIE 11037, Laser Acceleration of Electrons, Protons, and lons V, 110370B (2019) 47

P. Puyuelo-Valdes, soumis a Phys. Of Plasma (2019)




Laser - plasma acceleration

Laser driven ion source witheasjet targets

Code Particle In Cell : PICLS

0.15 d
13(1)‘ . 0.1 (),'08
c Hydrodynamic Code FLASH
= — 0.05 :
o o_ 206
c E o —_—
© 005 ol
-0.1 0.2
0.15
0
0 100 200 300 0 100 200 300
X [pzm] X [;2m]

Particle energy spectrum

10" ]
E —0deg ||
= 1o —30deg||
> 70 deg||

-
[, =y

o o O)

o [+] o
S S

Number of protons/dN/dE [protons/MeV]
=

10
Kinetic energy EK [MeV]

Hole Boring involved but no CSA

-50 0 50 100 [150 200| 250 (300 350 400 450 500
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Laser - plasma acceleration

Laser driven ion SsoUurce with gasjet targets

To promote the CSA process ... the Plasma Tailoring :
éloll

1010

/ \ Side View \ / | \

ol
>
=
>
¥
9 E
ns-laser ns-laser Blast Blast ps-laser 10 B
z @ §-‘ Wave /1| Wave » s o
\ . ‘\ i 10 )
L “‘;‘—"" T ; - N =]
= = ~,\“‘u : L . 7 ~
225° 315° 107 =
\ J K / \ / | | =
: , 2700 10°
"~ Top View a
‘ta 1013 b) — Angle0°
1 Angle 22°
>~ 12
< 10 —— Angle 45°
% 101t —— Angle 90~
% 1010 f\
2 / \
X ns-lasers £ 100 '
3 \
S 108 \\
* Experiment at GSI in November 2020 : g o
= 0 10 20 30 40 50 60 70

structuresof energy distribution confirmed, but
energy around 1 -2 MeV

Proton energy [MeV]
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J.-R. Marques, et al., Phys Plasma, 28, issue 2, (février 2021) J.Bonalet et al., accepted to Phys Plasma (2021)



Laser - plasma acceleration

Laser driven ion SOUrCe withother targets

* TNSA on cryogenic target

“First demonstration of multi-MeV proton acceleration from a cryogenic
hydrogen ribbon target » Plasma Phys. Control. Fusion 60 (2018) 044010 (6pp)

20 T T Trorrrey T T T -‘I"‘l"—_l_I_'-'-l'l'l'r
g 20J ; 30fs |
> | ° ‘ ]
S54 L E e . posin
= | o
3 TNSA | v N
] |
S0 R SR A A AR
S N vy g
g_ { m aluminum ref. measurement 4
%X 97 @ gold ref. measurement TR B A |
Courtesy F.Souris; D-SBT - £ ] ® gold ]
CEA/Université Grenoble Alpes ] z E;adit:);en | ‘ )
VISR thic;(n;s;.[.;l;f.o st
o Liquid targets M. Gauthier, etal. Appl. Phys. Lett. 111, 114102 (2017) g
Liquid H2 jet
g 100
‘ 20 pm R 3 forward b)
. ’,
droplet of / r Magnetic deflection ﬁ
P & 2 s/ B
750 mJ; 40; heavy b \ \ il _:
XN v 5|
102 W/em? 5 e @@ Water beonon N0 T E
10 Hz S|
lon energy g ml ; :
05 1.0 15 20 25
S. Ter-Avetisyan et al, Phys. Rev. Lett. 96(14) 145006 (2006)  _ energy (MeV)

@ 5



Laser - plasma acceleration

Indirect Laser driven neutron source

Secondary source, the same as conventional accelerators

» Laser accelerated lons (protons, deutons) impinging a converter (Li; 2H; 3H ...)
* Bramsstrahlung radiation impinging a converter
* 2 GeVimpinging a spallation target (not yet relevant)

A.R. Junghans, EJC “Neutrons and Nuclei », https://ejc2014.sciencesconf.org (2014)

:

: 10° g —————rry ——————rry 3
p+’Li 2 n+’Be [0.121 - 0.649] 3 .
p+T>n+3He [0.6 - 2.6] ——— monoenergetic gap //,/ ]
d+D->n+3He 2.45 + f(E ojectite) 10"
d+T—=>n+%He ~14.1 + g(EprojectiIe) — :

L2
el
Neutron energy depends on the emission angle £
Require : g o
. . . . 107 F
* a well define projectile beam axis
* A mono energetic projectile
10

0.1



https://ejc2014.sciencesconf.org/

Laser - plasma acceleration

Indirect Laser driven neutron source

Secondary source, the same as conventional accelerators

» Laser accelerated lons (protons, deutons) impinging a converter (Li; 2H; 3H ...)
* Bramsstrahlung radiation impinging a converter
* 2 GeVimpinging a spallation target (not yet relevant)

Acceleration | Neutron production | Number of | Neutron energies
process reaction neutrons/
shot

Vulcan : TNSA : CD2mm: 10° /sr [0-25] MeV
200J, 3x10%° CD 10 um D(p,n+p)*H ; D(d,n)3He
W/cm?
Trident : BOA : Be ~mm: 1.2x1010 [10-150] MeV
60 J, 600 fs ; CD 400 nm Deuteron break-up, /sr
102! W/cm? 9Be(p,n)°B, °Be(d,n)1°B
Elfie : TNSA : LiF 2mm : ~1x10* /sr [0.1-4] MeV
10 J, 350 fs ; CH 50 um on ’Li(p,n)’Be ; °Li(p,n)®Be ;
1.1x10° W/cm? 14 nm Al 9F(p,n)°Ne ;

A) S.Karetal, New J. Phys. 18 053002, (2016)
B) M. Roth et al, Journal of Physics: Conference Series 688, 012094, (2016)

C) D.P. Higginson et al, PRL 115(5), [054802], (2015) 5>



Laser - plasma acceleration

Indirect Laser driven neutron source

Secondary source, the same as conventional accelerators

» Laser accelerated lons (protons, deutons) impinging a converter (Li; 2H; 3H ...)
* Bramsstrahlung radiation impinging a converter
* 2 GeVimpinging a spallation target (not yet relevant)

2 Facilities in Europe : ELBE at Dresden, Gemany and GELINA at Geel, Belgium.

< 60000 F T T T T T TS
- § s E, =30 MeV 1,30 yA ]
Target | Source E._ l._ | f(Hz) «»n 90000 - V= £08.25 kiiz, 1298 ey
Strength (MeV)| (u4) “E
(s7H G 40000 .
Pb, . 11 . 5 { B
nELBE liquid 3-10 30 15 2 -10 g 30000 )
GELINA U, He 3. 10% 100 96 800 o [
] cooled @ 20000 .
©
-
© 10000 -
(b}
Q.
w 0 bl
: 1 10
n-ELBE : 10° neutrons in 47 from 5x108 electrons E (MeV)

I —
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Laser - plasma acceleration

Indirect Laser driven neutron source

Secondary source, the same as conventional accelerators

» Laser accelerated lons (protons, deutons) impinging a converter (Li; 2H; 3H ...)
* Bramsstrahlung radiation impinging a converter
* 2 GeVimpinging a spallation target (not yet relevant)

Laser 90J, 150fs

16%
Electrons Photons Neutrons Peak neutron flux
| 10 2
Neutrons/cm?/s
1020 |0 | B ?
10" § é g E
o |
1018 8_ |
3 4
1Y Ex 2
e
I. Pomerantz et al, PRL 113, 184801 (2014) 1016 e » o = g
3 5 wv — o5
neutrons pulse duration : 50 ps 7 % =S =3 =
8 i
5x10% n/shot But not a continuous source but
@10Hz:

~4x107 n/sr / shot
< ~108 n/cm? / shot @ 50 cm from source
< A peak of ~1018 n/cm? /s

~10° n/cm? /s @ 50 cm
~10B3 n/cm? /s @ 5 mm



The dreaming part...

Open your mind,.....
breathe, ...

take time to dream...
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Laser - plasma acceleration : let’s dream

A versatile source

Low pressure Electrons (B | Bremsstrahlung y
100J ; ps laser n~ 1018 cm-3
Pb converter
Plasma Pb conv rter
" neutrons
Target converte Plastic
moderator
Backing
n~ 1021 cm?3 \ !
gt e _ ws Radio isotopes
DSk —40.5
, ” ,
- A %Mo(n,y)?°’Mo _
I B L s 9omTe > Medical :
§ u ¥ « e H 1071 | 4101
P o i* radioisotopes 3 -
] 0.5 " u ':' Jdos ; Suin-2 L I 5u10-2
§ . ) 5 [
oo, " Wi
0.2+ I' " Rl‘. 410.2 2x10-2 + 2x10-2
v “
e ‘ e ' 07 * J i 102 & $— =

20
Incident Energy (Mel)



Laser - plasma acceleration : let’s dream

New type of nuclear physics experiments

v" A beam to create short-lived nuclei

v A beam to create projectiles sl . « projectile
o % Laser
| e
. ° (XY
Split the same laser o o0 O o0 . o 0% = o 3Ta%%
s" o 'Y f.. L
— e0% o ® o ©® 1% 2
o .o‘.'.“IO.O. g@, Particle source 2
« preparation» n ® ...3 ®
Laser
Particle from source 1 Particle source 1

Projectiles : 1013 particles on @ 100um spot ; cross section: 0,1 barn,
Primary target: 102! nuclei/cmz2 (ex : 100um thick carbon)
— 10° unstable nuclei on @ 100pum <> 103 nuclei / cm?2

Wait At then
Particle from source 2

Projectiles : 10'2 particles on @ 100um spot ; cross section: 0,1 barn,
secondary target: 1013 nuclei / cm?
— 10 reactions/shot ; 1 shot / min — ~14 400 reactions/day

M.Tarisien, et al., IEEE Transactions on Nuclear Science, Vol 65, issue 8, p.2216-2219 (2018)
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Laser - plasma acceleration : let’s dream

New type of nuclear physics experiments

v" A beam to create short-lived nuclei

v A beam to create projectiles sl : « projectile

Laser

Particle source 2

Laser

®
« preparation» ﬂ ® ...3 ®

Particle source 1

~10 000 reactions/day (0.1 barn)

v Nuclear reactions on very short-lived radioactive nuclei (down to few ns)
v Nuclear reactions on excited nuclei
v BUT need to detect nuclear signal ®
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Laser - plasma acceleration : let’s dream

New type of nuclear physics experiments

v Beam transport difficult because charge space :

+ 101 protons @10 MeV in 1 mm diameter cylinder, flying in 100 ps bunch
duration <> 1,6 kA in cylinder ; 5.10% C/cm?3

b RCF steck Courtesy JJ. Santos ‘ RCF
Divergent Hollow e stack
ion cylinder

‘/ ,/"/

CPA, beam‘

—— N
“_ . Focused TN?A b mesh -~ B
A  Proton production foil ion beam proton beam E~GV/m
P up to 20 MeV Cu coil-target /
a=250um
Debye sheath of "’
hot electrons 10 ym Au
— 8 MeV protons
> SP1 t=20.
Intense laser beams 4
each one : 40 J, 500 fs ; 5x10'® W/cm? p

initial stage expansion stage

T. Toncian, et al. Science 312, 410-413 (2006) \(
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Part 3

YSICS IN PLASMAS

The interplay between atomic electrons and nucleus
Cross section modifications
Half life modification : case of 3*Rb
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

 Energy

Nucleus

/

Energy

—aee_ L

—‘-‘—K
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

Inelastic collision

 Energy . A Energy
——
) o
' M
—ae |
- ®
o : — e
; % K
Nucleus Atom




Nuclear physics in plasmas

Nuclear excitation / de-excitation

 Energy

Nucleus

Photo-Excitation

Photon

A Energy

Atom
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

Nuclear Excitation by Electron Capture

 Energy

-
-
-
-
-
.
.
.
.
B
.
—— .
,
.
’
—— /)
’
/
/
; : ’
’

, /
\ N , /
\ N , /
S 4 /
N ~ 4 /
\ N .
\ N . /
\ N . /
\ ~ L ’
N ~ . /
. ~ . ’

e Gosselin et al., Phys. Rev. A.70, 064603 (2004)
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

Nuclear Excitation by Electronic Transition

Energy Energy

___________ /
T |
III Q
—_1 M
: : Py .L Py L
g i
'.‘ )
- ; . S
/ e
Nucleus Atom
______ ""’
. Kishimoto et al., Phys. Rev. Lett, 85, 1831 (2000)

Ahmad et al., Phys. Rev. C, 61, 051304 (2000)
e i Kishimoto et al., Nucl. Phys. A, 748, 3 (2005)
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

Gamma emission

Energy Energy

e 1

A—T—

M
@

vV

\ \ ’ ’
\ N , /
\ N /

N ’

AN ~ . ’
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

Internal Conversion

 Energy S A Energy
— /'/ ',/, \*\ \\\ Ke
1 Ik
'. —TM
, L EZ(K )
Y ® « ¥
! e'
Nucleus Atom

See A. Lopez-Martens lecture
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Nuclear physics in plasmas

- >
O g
Bl -
e

(&

%

v

o o
© v
~o_ m
- o

(@

O | =
= -
X o)
6 |
S

i 3
e (aa]
IS

S

2.

 Energy

633.

Chemin, J.F. et al. - J Phys (1999) 53
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Nuclear physics in plasmas

Nuclear excitation / de-excitation

» Half-life modified because of de-excitation processes
» But also because of excitation processes

Nuclear Excitation by Electron Capture

Bou

Internal Conversion

""""""""" | €
%0 X
*‘ . o '

--------

Nuclear Excitation by Electronic Transition
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Nuclear physics in plasmas

Nuclear excitation / de-excitation
Evidence of nuclear excitation in plasmas

= Laser created plasmas:

» Temperature (LTE) range of 10 eV- few keV Ty, > Ns

FA

De-excitation

" Nuclear excitations in plasmas

can only studied in specific D yore) E*~T
nuclei: Excitation J
» Low energy excited state: excitation energy E*~T Ground state

» Isomeric state: lifetime longer than the plasma
emission duration

»Very few candidates (~ 10 stable nuclei with E*<15 keV)

45 169 181 201 83 73 57 187 235 205
Sc Tm Ta Hg Kr Ge Fe Os U Pb

E* (keV) 14.2 8.4 6.2 1.55 94 13.3 14.4 9.7 0.077 2.3
Ty 318ms | 41ns | 6.1pus | 81ns | 154ns | 29pus | 98ns | 24ns | 27 m 24 us

C.Granja et al. Nucl. Phys. A 784,1 (2007)
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Nuclear physics in plasmas

Nuclear excitation / de-excitation
Evidence of nuclear excitation in plasmas

= Experiments are challenging:  experiments on stable nuclei

» Nuclear excitation cross sections are orders of magnitude smaller than atomic ones

» Low signal and high background !
» Isomeric state: weakly coupled state - excitation more difficult for this state

E* (keV) 0.077 14.4
Ty 6.1 ps 27 m 98 ns
Process/' Direct excitation NEET ? Direct excitation
Gobet et al. 1. Phvs. B 41 145701 (2008 8 Chefonov et al. Laser Phys. 24, 116002 (2014)
ij obet et al., Lrnys. ’ ( ) Golovin et al. Quant. Electro. 41, 222 (2011)
sk Spohr et al., Mod Opt 53 2633 (2006) _
= “ Claverie et al, Phys. Rev. C 70,044303 (2004)

Andreev et al., JETP 91, 1063 (2000)
o B#= Bouns et al. Phys. Rev. C, 46,852 (1992)

- Arutyunyan et al., Sov.J.NP 53, 23 (1991)
. |zawa et al, Phys. Lett. 88B,59 (1979)

O eee—e—S—S——
»Up to now: no clear evidence of nuclear excitation in plasmas 71



Nuclear Physics with lasers

Cross section modifications on excited nucleus

What would be changed in a plasma?

Neut 10-10 105 1
eutron S P v T v v v v T v Y Y Y T
t ade e 00 g) § S .0 AM- }
‘—»“"’ — seraane waaomsn
Target Compound n tr 100
nucleus c
| -
A A-+1 8
X X =
Z Z C 102 - 102
Prompt gamma (@)
radiation =
O
(]
N
n 1+ 1
"
T,,=141a £
1/24 0 o o o — 1/2= O
48.6 keV
02 242m 242 {102
Am(n,y) et #**Am(n,y
. ‘lu_‘; " " " i lo-; " 1 " 2 ;
g 522 Ty2=16h neutron energy (MeV)
Am

M.Q. Buckner et al, Phys. Rev. C, 95, 061602(R) (2017)
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Nuclear Physics with lasers

Cross section modifications on excited nucleus

What would be changed in a plasma?

neutron

0 Radiative neutronic capture

Neutron A ~
capture TR
—_— A

Neutron energy 77mpLu(n, y)78mLu /
177|.U(I1, .Y)178m|_u

Compound
nucleus
A At <25 meV 0,47 +/- 0,07
2 X 2 X
Prompt gamma
radiation
23/2- T,/,=160.4 ] 11-, 12- _6.98 M
————— - = = = =b. eV
070 kev
Capture
neutronique
. 3+, 4+
7/2+ T,/,=6.6] - - - - -6.01 MeV
177y T,,=23.1m
Y - — —120keV
1 -
G. Bélier et al., Phys. Rev. C 73, 014603 (2006) z Tl/Z_ 28.4m

73



Nuclear Physics with lasers

Cross section modifications on excited nucleus

What would be changed in a plasma?

Neutron-capture-induced Fission

92 Kr

9

% % ENERGY 93 (‘Jn
235 236 J
Unstable 1:35 Ba
nucleus
B5nuin,f) /2Uin,)
T,/,= 27 min <25 meV 1,61 +/-0,44
124 76.8 eV 50 meV 2,47 +/- 0,45

235U

A. D’Eer et al, Phys. Rev. C 38, 1270 (1988)
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Nuclear physics in plasmas

Half-life of an excited state

What would be changed in a plasma?

Conversion

Gamma emission

Internal Conversion

. _ I n (2) Nuclear Excitation by Electron Capture
Inelastic collision I

Photo-Excitation Nuclear Excitation by Electronic Transition"\,l

. \ S~

o o ;‘;J % 4 O %\I\E ET

Srinivas K. Phys. Rev. A 85, 012710 (2012) 75



Nuclear physics in plasmas

Half-life of an excited state

T In(2) lon charge effect
1/2 —
/27N, + A
Internal Conversion 0\
********** . E,

125

Nucleus

55 leler état excité a 35,5 keV

Atom

Q T/, (ns) E,(K) (keV)
0 (neutral) 1,49 31,8
48* 11+2 36,6

F. Attallah et al. Phys. Rev. Lett. 75,1715 76



Nuclear physics in plasmas

Half-life of an excited state

In(2)

T1/2 B AY 'm‘“e\

Internal Conversion

lon charg

e effect

Nucleus

Atom

Charge state can
modify apparent

nuclear properties

%§5Te 1¢" état excité a 35,5 keV

Q T,/ (ns) E,(K) (keV)
0 (neutral) 1,49 31,8
48* 112 36.6

F. Attallah et al. Phys. Rev. Lett. 75,1715 77



Nuclear physics in plasmas

Half-life of an excited state

fully stripped ion

E. Bouchez et al, Phys. Rev. Lett. 90, 082502 (2003)

0+ T1/2=26,3 ns Internal Conversion
E= 671 keV 0*-0* transition :

E, No y allowed

o+ | In(2)
1/2 7L
72
IC
36 Kr36

Isomer state E= 671 keV
*T,/,=26.3 ns in neutral atom

e« Stable » in fully stripped ion : Kr36*
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Nuclear physics in plasmas

Half-life of an excited state

Astrophysical consequences : S process and abundances

8.152 h
1+
ECB ¥

0.012

Hf177 Hf178 Hf179

0+ 7/ 0+ 9/2+
*

5.206 18.606 27.297 13.629

Lul75 Lul76
3.78E10 y

7/2+

07405 " .. : : i v
Yb174

1- v

N 37x100ans 7-
176Lu \

B : 100% "°Hf
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Nuclear physics in plasmas

Half-life of an excited state

Astrophysical consequences : S process and abundances

7/2+
97.4%

Hf176  Hf177

0+ 7
*
5.206 18.606
Lul75 ) 176
B

Hf178

0+

27.297

Hf179

9/2+
13.629

<ns 5

3,7h 1

3,7%100% ans 7-

<

839 keV

123 keV

B-:99,9%.¢ : 0,1
176Lu \

B~ : 100%
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Nuclear physics in plasmas

Half-life of an excited state

Astrophysical consequences : S process and abundances

Lul75

7/2+

97.4.
Yb173 Yb174

5/2-

16.12

3,7h
3,7%101% ans

8.152 h
1+
ECB ¥

0.012

Hf177 Hf178 Hf179
7/ 0+ 9/2+

18.606 27.297 13.629

| P IR I [ Y .E

N.Klay et al. PRC 44,2839 (1991)L

E

1 2 3 4 5 B

Temperature (x10 keV)
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Nuclear physics in plasmas

Half-life of an excited state

Astrophysical consequences : S process and abundances

3,7%x10%ans 7-

Tal79 pEIL]L
. 8.152 h
1+

ECB ¥

0.012

Hf176 Hf177 Hf178 Hf179

7/2+ 7-

~

0+ 7 0+ 9/2+

* % *
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The abundance ratio between 176Hf / 177Hf is modified in a hot plasma
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Half-life of an excited state

Demonstration of T,,, modification in a plasma : **Rb case
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Partial level scheme of 84Rb nucleus
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Half-life of an excited state

Demonstration of T,,, modification in a plasma : **Rb case
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Half-life of an excited state

Demonstration of T,,, modification in a plasma : **Rb case

Enucléaire(kev)
10° 5
. 2024 467,1
- 102 EXxcitation 206 mnl 163 6
10
2 o 218.3
g 10
g o 0.31ns 248.1
Q
5 a2
§ 10_3
210 o
= — Photoexcitation
Z 10 — NEEC
10_5 — NEET

— (e,’)

Plasma temperature (keV) Partial level scheme of 8Rb nucleus

ISOMEX code based on a Relativistic Average Atom Model under LTE hypothesis.

All the ions in plasmas are described by one average ion : still valid for resonant processes in light nucleus?
O T—

D. Denis-Petit, PhD thesis, University of Bordeaux , 2014 B. Rozsnyai, Phys. Rev. A., 5, 1137 (1972) 85
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Half-life of an excited state

NEET : Nuclear Excitation by Electronic Transition

Enucléaire(kev)

électronic

*Difference with photoexcitation:
takes place in a single ion

_ 205 4671

e

*Nuclear and atomic transitions
must be resonant

*Transitions with same 0.31nsk o451
multipolarities

*Observed in neutral target:
B7Au, 180s and 38Ir

Kishimoto et al., Phys. Rev. Lett, 85, 1831 (2000)
Ahmad et al., Phys. Rev. C, 61, 051304 (2000) Atomic levels
Kishimoto et al., Nucl. Phys. A, 748, 3 (2005)

Partial level scheme of 84Rb nucleus

*Not observed in plasmas:
predictions
Morel et al., Phys. Rev. A.69, 063414 (2004)

D —
Harston et al., Phys. Rev. C, 59, 2462 (1999)
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Half-life of an excited state

NEET rate estimation
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D. Denis-Petit et al.,Phys. Rev. C 96, 024604 (2017)
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D. Denis-Petit et al., Journal of Quantitative Spectroscopy and Radiative Transfer 148 70-89 (2014)

3ol -l og-el
Emissivité (erg.cm ~.s .st .A )




Nuclear physics in plasmas

Half-life of an excited state

NEET rate estimation

— Atom
A = Plasma + _ + Nucleus
NEET /ion
| i — HE'I'Il_: 1.4 keV
r; 1\ . EIL 26“2\{ Enuciaire (KEV)
03 TR EIL 380V A
Cl 02 2 2054 4671
% 0.4 7 5 5 6 ¢ Excitation 206 mnl 4636
§ 0,3 m 4 41 3 0.31nst o481
2 3 3
=02k —
2
hid. hv?
o 52 52 2 32.82j] ,
1 1 Schéma de niveaux partiel du 8Rb
=35 — 27 2% 29 3l 32
Etat de charge
lonization Temperature (T,) model Multi-Configuration Dirac- :
Qeti(p, Tz) = QuerL(p, Te) Fock (MCDF) calculations of Shell model calculations
ETLAP, 12/ = KNETLIP: Te . . . of transition probability
electronic configurations : B (M1)
—Saha-Boltzmann distribution for -atomic levels b
electronic population -atomic transitions

But uncertainties exist on atomic calculations and nuclear transitions measurements sz
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Half-life of an excited state
NEET rate estimation

= NEET rate evolution depending of uncertainty parameter A:

Enuc:lear * AEnuclear A2 = AE | 2 + AE | 2
- nuclear electronic
Eelectronic:iAEeIectronic e
ANEETmax = — MCDF ]
Plasma : 4.10° st 10° - ISOMEX |
Q=29* to 34* =
T,=400 eV (LTE) -~
T.> 2 keV (NLTE) 2 19
p=102 g/cm3 0
m i HE -
3
<10l m
Quantity Value Uncertainty
Atomic line energy MCDF 5eVatlo 5 i
10 £ ;
Nuclear line energy 3,498 keV 6 eV at lo T T T L S RS T W EwT s
— ANEETMIn = -20 -15 -10 -5 0 5 10 15 20
Atomic line width Baranger Factor 10 50 S-l Uncertainty A (eV)
Reduced transition 0.08 W.u. Factor 2
probability D. Denis-Petit et al. Phys. Rev. C 96, 024604 (2017)

M. Baranger, Phys. Rev. 112, 855 (1958) 39
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Half-life of an excited state

NEET rate estimation

= NEET rate evolution depending of uncertainty parameter A:

Enuclear T AEnuclear

Eelectronic: T AEelectronic

A2 = AE

2 2
nuclear + AEelectronic

7%104 “ LN“ | W .\ ]
Enuclealre( eV) 1075} | ‘ I
| BT
S 9 ns o2k \L J Y “
. =1 467.1 20 15410 -5 0 5 10 15I 20
6 ¢Excitation 206 mnl 4636 Uncertainty A (eV)
218.3
> Y _031nsy 0481
~60 s ~500 s
e ~30 5! ~108 51
2 v 3282j],

Calculations not precise enough and can not deny the

excitation - experiment needed

D. Denis-Petit et al. Phys. Rev. C 96, 024604 (2017)
——

Partial level scheme of 8Rb nucleus
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Half-life of an excited state

84Rb experiment

°® ( y
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~ -

L4f Beam - 10 PW/ 1.5k} /150 fs

Plasma Mirror Chamber
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Half-life of an excited state

84Rb experiment

1cm

6Ge |76 12 84m
1 PW @10Hz (during 10 min) Ge(*“C,p+3n)**"Rb

- ® g 00, 0%, 0°
30J-30Ts — ”’.".o: .o.. . :o : ::0':‘.:.:::o: é.g -
Target Carbonions °®
production
Laser

~108 nuclei of ™Rb produced in a ~5 mm diameter and 3 um thick layer

y 218 keV

Gel| V 248 keV

1.5TW/10min
1.5kJ-1ns

Plasma
production
laser
30 um thickness
250 pm diameter
Q=29+t0 34+

P =102g/cm3

Hypothesis on
plasma

characteristics: during 30 ps

\%;;R D37

& ® | \\
\

\
\ A
i

10.00

Half-Life (s)

0.10 1.00
Temperature (keV)

Per shot : ~3 <N < ~3000

Per day: ~100 <N < ~400 000
with144 cycles /day

D.Denis-Petit et al. Ch.21, Applications of Laser-Driven Particle Acceleration, Eds. Parodi, Bolton, Schreiber, CRC press, ISBN 9781498766418 (20163&

F. Negoita et al. , Romanian Reports in Physics, Vol. 68, Supplement, P. S37-S144, 2016
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Half-life of an excited state

1 PW @10Hz (during 10 min)
30J-30fs —

Target
production
Laser

84Rb experiment

1cm

%Ge 6Ge(12C,p+3n)84MRb
”’..’.o: .0:..0: i..:.:.:o: ::.0:0‘::: é.@ R
ﬂCarbon ions “..‘ @

~108 nuclei of ™Rb produced in a ~5 mm diameter and 3 um thick layer

1.5 TW/ 10min
1.5kJ-1ns
Hypothesis on
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characteristics:

30 um thickness
250 pm diameter
Q=29+t0 34+
P =102 g/cm3

v 218 keV
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N Y
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production \/\/\/\/\_—>
laser

NG, W X background

Per shot : ~3 <N < ~3000

Per day: ~100 <N < ~400 000
with144 cycles /day

during 30 ps

D.Denis-Petit et al. Ch.21, Applications of Laser-Driven Particle Acceleration, Eds. Parodi, Bolton, Schreiber, CRC press, ISBN 9781498766418 (20163%
F. Negoita et al. , Romanian Reports in Physics, Vol. 68, Supplement, P. S37-S144, 2016



Part 4

TO TAKE UP

The detection in high power laser environment
High repetition rate lasers
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Challenges to take up

The detection in high power laser environment
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A. Macchi et al., Rev Mod Phys, vol 85, april-june 2013
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The detection in high power laser environment

J.-L. Dubois, et al., Phys. Rev. E 89, 013102 (2014).

EMP

L R—

/| 4 Q)
I{?Raser_r| IIIC

EMP on silicon detector @PHELIX
Oscilloscope 300MHz bandwidth

il
v Physical signals in detectors : — 22
2 I '
E~0.1J(~102MeV) in few ns s MWWWVW“W%
P~ 100 MW & 20
® ~108 W/cm? -40

-60
Time (ns)

v’ Electro Magnetic Pulse (EMP) Susceptibility
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The detection in high power laser environment

(a) 2 B (b)] =
Fast ions ’ "“ - ~ a o @
CR39 [e0 U= e ¥ !-. S
e° .oaﬁ e
b 0 { e
(e ‘g_ mﬂﬁ Q.~?\ I l 10p,m. L ]

Fig. 3. Typical pictures of etched track pits caused by two
different particles. (a) 5.4-MeV « particles (b) ~0.9-MeV

protons.
JY.LEE et al. ; Journal of the Korean Physical Society, Vol. 51, No. 1, July 2007

Counting the number of tracks
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4.
RCF Gafchromic ©
v Physical signals in detectors : . u. -’ .
i Optical Density measurement
E~0.1J(~1022MeV) infewns  m) :s‘e passive P y
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The detection in high power laser environment

X(p,n)Y
Laser UHI \I\N\I\\L\/I\VN\"‘

ﬁ 00 0 Y ®e g .
e e [
® g 0 o o .o’o
rOJectll ) () o
Target ‘/\/\/\/\\u
13 pum Al Plasma Laser

Digitalisation of all the signals :
1 Gs/s ; 14 bits ; during ~1's

Signal Amplitude (mV)

See E. Atukpor poster
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The detection in high power laser environment

For nuclear physics studies - vy spectroscopy

u X ray Shielding ? LE+07
Shielding:leaL(lOOmm) + aluminium(0.5mm)
- ev =r o o o e Detector = 38.1 mm of LaBr3 @ 20 cm distance from source
v'A lot of soft X rays 1.£+06 e
sgh . - . -
% Initial Photon distribution ~
S LE+05 N
v'Still 40 GeV energy deposition in 2 NO = 1E+09 photons/sr N\
LaBr; through 10 cm thick Pb shield ‘5 LEsoa | T=805keV \“
£ \
v'A 10pum diameter hole @20 cm let 2 1E+03 Energy IN detector = 4€+07 keV \\
pass through 1MeV deposit in a LaBr3 § \
detector 9 1E+02 \\
a.
. Photon distribution \ \
- We need a sealed shielding , but not = in detector
compatible with detection of few photon \
detection of ~100s of keV 1.E+00 |
10 100 1000 10000
Photon energy (keV)

M.Tarisien, et al., IEEE Transactions on Nuclear Science, Vol 65, issue 8, p.2216-2219 (2018)
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The detection in high power laser environment
A test experiment
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F. Negoita et al., AIP Conference Proceedings 1645, 228 (2015) 100
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The detection in high power laser environment
A test experiment
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M.Tarisien, et al., IEEE Transactions on Nuclear Science, Vol 65, issue 8, p.2216-2219 (2018) 101
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The detection in high power laser environment
A test experiment
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The detection in high power laser environment

Origin of long dead time?

—_—

Signals from an HPD coupled with a 2”"x2" LaBr,
during ELFIE experiment

{\L{M\H\JL.\ o llli‘ L ’

J | | |
0 10 20 30 40 50 60 70 80
Time (us)

Signal amplitude (V)
o
(&

o

<
[N

‘|Signals from a HPD only, illuminated with 140 mJ laser pulse
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Afterglow is mainly responsible of long dead time 103
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The detection in high power laser environment

We are doing Instrumental research :
(E. Atukpor Thesis)

Scintillators

Filtering the ligth emission from the
LaBr3 ou CeBr3 to remove long
time component

Semiconductors

Shortcut the detector during the X
flash to protect amplifiers

High repetition ty
rate digitizer o

a) ' HPD + 2"x2” LaBr, 0.47uF T DET

Signal amplitude (W)
=
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[

10 20 30 40 50 60 70 80
Time (ps)

[
|




Challenges to take up

High repetition rate lasers

Intense

High energy and long
pulse lasers for the
production of  hot
(T~0.1-1 keV) and dense
(~102 g/cm3) plasmas

lasers for

particle acceleration :

Electrons (from the

90s); E, e ~GeV
currently
lons (from the

2000's); E,protons
~100 MeV currently

Localisation Energie Duréedu Puissance Intensité Cadence (Hz) 20
(Joules) pulse (fs) (TW) (W/cm?)

CENBG Bordeaux 1 9000000 1,E-04 1E+13 10 0,003
Apollon F3 Paris-Saclay 200 1000000 0,2 1E+15 0,02 0,0
PHELIX long Darmstadt 1 000 5000000 0,2 1E+15 0,0002 0,0

ELI-BL ATON L4 Prague 1500 1000000 1,5 8E+15 0,02 0,1
LULI 2000 Paris-Saclay 1600 1500000 1,1 1E+16 0,0001 0,0
Megaloule Bordeaux 1300 000 3200000 406 6E+16 0,000006 0,2
Eclipse (upgrade)] Bordeaux 1,5 30 50 3,E+19 1 3,7
ELI-BL HAPLS Prague 30 30 1000 3E+20 10 16,0
VEGA3 Salamanque 30 30 1000 1E+21 1 31,9
PICO 2000 Paris-Saclay 60 1000 60 5E+19 0,0003 4,6
PHELIX short Darmstadt 130 500 260 4E+20 0,0002 18,1
Apollon F1 Paris-Saclay 150 15 10000 1E+22 0,02 76,7
TITAN Livermore 210 5000 42 2E+19 0,0006 4,4
VULCAN Oxford 500 500 1000 1E+21 0,0002 25,5
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High repetition rate lasers

2020 ULTRAHIGH INTENSITY LASER FACILITIES | HzorME! LLCO— L
EXFEL HILASE

FsSU IOE
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HHU IPPLM
LLAMS LC
SCAPA

QuB
csu  UNeb ©pich UI((::l;-
UAlb osu -
UNev \ LLE RAL
RIKEN

ALLS AWE
LBNL / oSl PNLI VNIIEF VNIITF 10 OEC
BNL  LuLI KQALS
LLNL-NIF .
py APOLL CREIPI
= SLIC S LERC
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SLAC / UMD LOA wis o KyoU
\ NRL usc
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* Lasers belong to laboratories & small teams, all lasers are different; lots of competition
between sites. The only real international facilities are the ELI pillars.

.,
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1TMJ

-l
3
| -

Pulse Energy

SPIRAL 2 : 200 kW of beam

High repetition rate lasers

Mw

\Feed-Forward

Medical applications
Special nuclear materi
Materials science
Non-destructive inte
Itrafast imaging

OOperatbonal _ Conceptual
Qunauw
-
1 mHz 1 Hz 1 kHz

Repetition Rate

C.W. Siders, LLNL reportn® LLNL-TR-704407, October 2016
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Conclusions

= Lasers: unique tools to study nuclear properties in extreme condition: it creates
both targets and projectiles

= Lots of teams working on Laser-plasma acceleration ; very few from accelerators
and nuclear physics community. Accessible application is radio-isotope production

= Evaluation of nuclear excitations rates in plasma is complex

> Description of the plasma
»  Accurate characterization of the nuclear and atomic transitions required

= 84MRp: a good candidate to evidence nuclear excitations in plasma

> Nuclear transition characterised (2 experiments and shell model calculations)
»  Atomic physics in plasma well described and experimentally validated
> Estimation uncertainties too high, need experimental evidence : ELI-BL with two laser beams

= The main issue remains the detection in such perturbated environment
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