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𝜷-decay	investigation	in	matter

Almost	nothing…	<	0.05	%	decay	constant	variation

A	variation	of	E.C.	lifetime	of	around	3.5%

In	1947	Segrè	and	Daudel	pointed	out	that	the	possibility	to	alter	
the	decay	rate	of	 !𝐵𝑒	by	changing	the	electron	density,	at	least	
for	low	Z	nuclei,	an	effect	due	to	different	chemical	environment
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Nucleosynthesis proceeds by nuclear fusion in
massive stars until iron, where it stops because the
fusion of still heavier nuclei needs energy instead of
providing it.

Heavier nuclei are created by an interplay between
neutron capture and beta-decay.

A major difference exists between terrestrial and
stellar conditions: stellar nucleosynthesis proceeds
in a hot and dense environment which affects the
degree of ionization of the atoms involved in the
stellar nucleosynthesis.

This raises the question “whether or not” the high
degree of ionization could induce any significant
differences of the beta-decay properties with
respect to neutral atoms.	
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Why	plasma:	fusion	processes
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Effects	of	electron	screening	on	low-energy	
fusion	cross	sections		Assenbaum,	H.	J.,	

Langanke,	K.,	&	Rolfs,	C.	1987

ELECTRON	SCREENING	AND	THERMONUCLEAR	
REACTIONS	E.	E.	SALPETER	1954 Relatively	small	enhancements	due	to	electron	screening	

could	cause	significant	errors	in	the	extrapolation	to	
lower	energies,	if	the	cross-section	curve	is	forced	to	
follow	the	trend	of	the	enhanced	cross	sections	without	
correcting	for	screening.
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The	effect	of	the	electron
shielding	on	an	incident	
projectile	is	to	increase	
the	penetrability	through	
the	barrier	and	thus	also	

the	cross	section



Why	plasma:	𝛽-decays
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Stellar	nucleosynthesis	proceeds	in	a	hot	and	dense	
environment	which	affects	the	degree	of	ionization	
of	the	atoms	involved	in	the	stellar	nucleosynthesis.	

What	happens	when	atoms	are highly	ionized?

The	beta	decay	in	highly	ionized	atoms	shows	
important	variations	compared	to	neutral	
species

1. Electron	Capture	becomes	impossible	in	fully	
ionized	atoms.

2. Bound	state	𝛽-decay	typically	marginal	can	
become	important.	

https://www.frontiersin.org/research-topics/25146/nuclear-
physics-and-astrophysics-in-plasma-traps
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https://www.frontiersin.org/research-topics/25146/nuclear-
physics-and-astrophysics-in-plasma-traps

Stellar	nucleosynthesis	proceeds	in	a	hot	and	dense	
environment	which	affects	the	degree	of	ionization	
of	the	atoms	involved	in	the	stellar	nucleosynthesis.	

What	happens	when	atoms	are highly	ionized?

The	beta	decay	in	highly	ionized	atoms	shows	
important	variations	compared	to	neutral	
species

1. Electron	Capture	becomes	impossible	in	fully	
ionized	atoms.

2. Bound	state	𝛽-decay	typically	marginal	can	
become	important.	

Bound-state	𝛽-decay	is	a	nuclear	𝛽-	decay	process	
in	which	an	electron	is	created	in	a	previously	
unoccupied	atomic	orbital	rather	than	in	the	
continuum.
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https://www.frontiersin.org/research-topics/25146/nuclear-
physics-and-astrophysics-in-plasma-traps

Stellar	nucleosynthesis	proceeds	in	a	hot	and	dense	
environment	which	affects	the	degree	of	ionization	
of	the	atoms	involved	in	the	stellar	nucleosynthesis.	

What	happens	when	atoms	are highly	ionized?

The	beta	decay	in	highly	ionized	atoms	shows	
important	variations	compared	to	neutral	
species

1. Electron	Capture	becomes	impossible	in	fully	
ionized	atoms.

2. Bound	state	𝛽-decay	typically	marginal	can	
become	important.	

Bound-state	𝛽-decay	is	a	nuclear	𝛽-	decay	process	
in	which	an	electron	is	created	in	a	previously	
unoccupied	atomic	orbital	rather	than	in	the	
continuum.

free	β-decay bound	β-decay

Y.	Litvinov	and	F.	Bosh:	Rep.	Prog.	Phys.	74,	016301	(2011)
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Stellar	nucleosynthesis	proceeds	in	a	hot	and	dense	
environment	which	affects	the	degree	of	ionization	
of	the	atoms	involved	in	the	stellar	nucleosynthesis.	

What	happens	when	atoms	are highly	ionized?

The	beta	decay	in	highly	ionized	atoms	shows	
important	variations	compared	to	neutral	
species

1. Electron	Capture	becomes	impossible	in	fully	
ionized	atoms.

2. Bound	state	𝛽-decay	typically	marginal	can	
become	important.	

Bound-state	𝛽-decay	is	a	nuclear	𝛽-	decay	process	
in	which	an	electron	is	created	in	a	previously	
unoccupied	atomic	orbital	rather	than	in	the	
continuum.

Example:	Bare	187Re75+ ions	decay, due	to	the	bound-
state	beta	decay,	becomes	9	orders	of	magnitude	faster	
than	neutral	187Re	atoms	with	a	half-life	of	42	Gyr.

Q-value	modifications:	in	a	stellar	plasma,	ions	are	
embedded	in	a	cloud	of	charges,	both	positive	and	negative.		
These	charges	create	EM	fields	which	act	as	perturbation	to	
the	atomic/ionic	levels	leading	to	corrections	of	Q-values	
which	affects	the	decay	rates.

F.	Bosch	at	al.,	Observation	of	Bound-State β− Decay	of	Fully	
Ionized 187Re: 187Re−187Os	Cosmochronometry,		Phys.	Rev.	Lett.	77,	1996
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https://www.frontiersin.org/research-topics/25146/nuclear-
physics-and-astrophysics-in-plasma-traps

Stellar	nucleosynthesis	proceeds	in	a	hot	and	dense	
environment	which	affects	the	degree	of	ionization	
of	the	atoms	involved	in	the	stellar	nucleosynthesis.	

What	happens	when	atoms	are highly	ionized?

The	beta	decay	in	highly	ionized	atoms	shows	
important	variations	compared	to	neutral	
species

1. Electron	Capture	becomes	impossible	in	fully	
ionized	atoms.

2. Bound	state	𝛽-decay	typically	marginal	can	
become	important.	

Stellar	plasma	environment 𝜌, 𝑇 	can	play	a	major	role	in	
modifying	the	rates	at	the	branching	point	in
s-process	nucleosynthesis.	Temperature	dependent	variations	
evaluated	in	the	seminal	work	of	Takahashi	and	Yokoi.

Takahashi	et	al.	
1987,	Phys	Rev	C	

36,	1522.

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.36.1522
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Storage	ring	experiments

1. 	𝛽-unstable	nuclei	produced	at	high	atomic	charge	state	
(projectile	fragmentation	or	fission)

2. Separation	of	reaction	products	(fragment	separator)

3. Depending	on	nuclear	charge	and	the	m/q	acceptance	of	
the	ring	up	to	three	charge	state	can	be	stored	in	the	ring

4. For	cases	in	which	the	decay	induces	a	change	in	m/q	
larger	than	the	acceptance	the	decay	products	can	be	
measured	by	in-ring	particle	detectors	(multiwire	
proportional	chambers	or	Si	detector	telescopes)
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Storage	ring	experiments

1. 	𝛽-unstable	nuclei	produced	at	high	atomic	charge	state	
(projectile	fragmentation	or	fission)

2. Separation	of	reaction	products	(fragment	separator)

3. Depending	on	nuclear	charge	and	the	m/q	acceptance	of	
the	ring	up	to	three	charge	state	can	be	stored	in	the	ring

4. For	cases	in	which	the	decay	induces	a	change	in	m/q	
larger	than	the	acceptance	the	decay	products	can	be	
measured	by	in-ring	particle	detectors	(multiwire	
proportional	chambers	or	Si	detector	telescopes)

Storage	ring	experiments	are	incapable	of	exploring	the	rate	
modifications	due	to	charge	state	distributions
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How	to	reproduce	stellar	like	

conditions	in	a	laboratory?
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How	to	reproduce	stellar	like	

conditions	in	a	laboratory?

→	We	need	to	create	and	confine	a	plasma	to	be	able	to	
study	the	𝛃-decay	in	such	environment	
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How	to	create	and	confine	plasma
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How	to	create	and	confine	plasma

It	is	composed	of

1. Positively	charged	ions
2. Electrons
3. Neutrals

It	is	a	quasi-neutral	gas	made	of	charged	particles	exhibiting	a	
collective	behaviour.
Saha	law	describing	the	ionization	state	of	a	gas:

𝑛"
𝑛#

= 2.4	×	10$%
𝑇 &' $

𝑛(
𝑒)

*!
+,

To	be	compared	to	the	value	on	Earth:

𝑛"
𝑛#

= 10)%$$

𝑈! =	ionization	potential
𝑛" =	electron	density
𝑛! =	ion	density
𝑛# =	neutral	density
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How	to	create	and	confine	plasma

It	is	composed	of

1. Positively	charged	ions
2. Electrons
3. Neutrals

It	is	a	quasi-neutral	gas	made	of	charged	particles	exhibiting	a	
collective	behaviour.

Its	key	properties	are:

o Quasi	neutrality	→	Strength	and	range	of	the	electric	force	
and	the	good	conductivity	of	plasma	ensures	that	densities	
of	positive	and	negative	charges	in	any	sizeable	region	are	
’’equal’’.	It	is	directly	connected	to	Debye	lenght

o Display	collective	behaviour	→	particle	motion	in	a	
defined	region	will	depend	on	the	general	status	of	the	
system

While	being	negligible	on	
the	Earth,	it	represents	
about	the	99%	of	the	
known	matter	of	the	

Universe!
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How	to	create	and	confine	plasma

Weakly	ionised	plasma	is	a	mixture	of	different	gases:	neutral	
gas,	ion	gas	and	electron	gas.

Electrons	and	ions	can	have	different	distribution	functions	
(close	to	a	Maxwellian)	and	therefore	different	temperatures.	

Under	the	action	of	EM	field	electron	gain	more	energy	than	
ions.	Their	mean	energy	will	exceed	the	mean	energy	of	the	
ions	and	neutrals	→ 𝑇! ≫ 𝑇",	𝑇#

In	plasma	temperatures	are	measured	in	eV	→ 𝑘𝑇 = 1𝑒𝑉	
corresponds	to	a	𝑇 = 11600𝐾

o 𝑘𝑇! = 1 ÷ 10$	eV	for	electrons	(i.e.	10$ ÷ 10%K)		

o 𝑘𝑇" = 0.03 ÷ 1	eV	for	ions	(i.e.	about	10$K)
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How	to	create	and	confine	plasma

𝑒)

𝑒!	trajectory

Microwave	
electric	field

External	
magnetic	field

Electron	Cyclotron	Resonance	method

Electromagnetic	(microwave)	propagation	plays	
a	fundamental	role	since	the	plasmas	are	
typically	generated	and	heated	mainly	through	
the	interaction	of	the	electrons	with	EM	waves.	

High	charge	state	ions	are	
primarily	produced	by	
sequential	impact	
ionization:	the	ions	must	
remain	in	the	plasma	long	
enough	(tens	of	ms)	to	
reach	high	charge	states.
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How	to	create	and	confine	plasma
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How	to	create	and	confine	plasma

𝐹' = 𝑞	�⃗�	× 𝐵 →	Magnetic	fields	force	charged	particles	
to	reduce	freedom	degrees:	electrons	spiralyze	around	
the	field	lines	and	can	be	trapped	for	several	
milliseconds	in	mirror	machines	or	toroidal.
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How	to	create	and	confine	plasma

The	Lorentz	force	𝐹'	exerted	by	a	static	magnetic	field	𝐵	on	
particles	of	mass	𝑚	having	an	elementary	charge	𝑒	causes	a	
circular	motion,	with	a	(cyclotron)	radius

𝑟( =
𝑚𝑣
𝑒𝐵

It	is	associated	to	a	cyclotron	
frequency	𝜔(	independent	on	particle	
velocity	and	given	by

𝜔( =
𝑒𝐵
𝑚
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How	to	create	and	confine	plasma
Mirror	structures	

They	 have	 axial	 symmetry	 and	 can	 be	 produced	 using	
superconducting	coils.	To	produce	trapping:

1. Magnetic	 field	 should	 display	 a	 gradient	 in	 a	 direction	
parallel	to	the	field	lines

2. In	a	simple	mirror	the	field	has	a	radial	component

3. Magnetic	moment:	𝜇 ≡ )
*
+,$%
(

4. Mirror	effect
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How	to	create	and	confine	plasma
Mirror	structures	

They	 have	 axial	 symmetry	 and	 can	 be	 produced	 using	
superconducting	coils.	
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The	PANDORA	experiment
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The	PANDORA	experiment

The	PANDORA	magnetic	trap	is	composed	of:
o 3	superconducting	coils	for	axial	

confinement
o a	superconducting	hexapole	for	radial	

confinement
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The	PANDORA	experiment

Array	of	14	HPGe	detectors	placed	
around	the	trap	in	correspondence	to	
the	holes	in	the	magnetic	system.

o HPGe	use	is	mandatory	due	to	their	energy	
resolution

o Total	photopeak	detection	efficiency	simulated	
assuming	an	extended	source	(plasma	volume	of	
1500	cm3)		~	10-3	

o Value	of	the	order	of	10-3	 compensated	by	the	
large	number	of	atoms	in	the	plasma	makes	the	
measurements	feasible

o No	Anti-Compton	Shields	around	HPGe	

o Detectors	will	work	in	harsh	experimental	
conditions	(up	50	kHz	on	each	detector)																			
dedicated	electronics	able	to	run	at	high	rate	will	
be	used

o No	magnetic	field	effects	on	HPGe	charge	
collection	(detectors	in	a	region		B	~	200	Gauss



Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024. 38

The	PANDORA	experiment

Ionization	states	and	charge	state	
distributions	are	determined	by	the	
plasma	temperature	at	a	given	density	
and	assuming	a	certain	confinement	
time	→	plasma	diagnostics	plays	a	
relevant	role	in	order	to	relate	the	
plasma	environment	properties	to	the	
measured	lifetimes
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The	PANDORA	experiment

Eur.	Phys.	J.	Plus	(2023)	138:599
https://doi.org/10.1140/epjp/s13360-023-04157-0
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The	PANDORA	experiment

Isotope T1/2	[	yr	] Eγ	[	keV	]

176Lu 3.78	·	1010 202.88	&	306.78

134Cs 2.06 795.86
94Nb 2.03	·	104 871.09

The	 collaboration	 with	 theoreticians	 allowed	 to	 identify	 of	 a	 long	 list	 of	 isotopes	
(more	than	100)	of	potential	interest	for	stellar	nucleosynthesis.

Three	cases	to	be	studied	during	the	first	measurement	campaign:



176Lu	physics	case
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176Lu	physics	case
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176Lu:	is	a	very	long-lived	isotope	in	laboratory	conditions	and	in	
principle	might	act	as	a	cosmo-chronometer

o the	s-process	branching	point	
at	176Lu	is	among	the	most	
important	ones	for	the	
understanding	of	slow	neutron	
captures	in	the	Asymptotic	Giant	
Branch	(AGB)	phases	of	low	and	
intermediate	mass	stars;

o it	determines	the	abundance	
of	176Hf,	an	“s-only”	nucleus

o Scenario	is	complex	due	to	the	
presence	of	an	isomeric	state	
placed	at	122.45	keV	with	a	very	
short	lifetime

Important	to	investigate	the	in-plasma variations	of	the	half-life



How	to	measure	176Lu	𝒕 !𝟏 𝟐
in	plasma?
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Takahashi et al. 1987, Phys Rev C 36, 1522

176Lu: lifetime vs. T – theoretical predictions

2
8

neutral 176Lu 

expected 176Lu 
lifetime in the 
PANDORA plasma6 orders of 

magnitude!!

Theoretical Calculations by A. MengoniCourtesy	of	A.	Mengoni

PANDORA:	only	ground	state	will	be	studied	→	T	too	low	to	
investigate	variation	on	the	isomeric	state	

Build	a	plasma	trap	where	ion	species	are	
confined	in	a	magnetic	field	and	a	plasma	is	
created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	

radiactive	isotope	concentration	in	plasma
o Ion	temperature:	~ 1	eV	→	Ions	are	cold:	no	

access	to	the	excited	states

The	PANDORA	experiment



How	to	measure	176Lu	𝒕 !𝟏 𝟐
in	plasma?
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Build	a	plasma	trap	where	ion	species	are	
confined	in	a	magnetic	field	and	a	plasma	is	
created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	

radiactive	isotope	concentration	in	plasma
o Ion	temperature:	~ 1	eV	→	Ions	are	cold:	no	

access	to	the	excited	states

The	PANDORA	experiment

Variation	with	Te stronger	than	with	ρe →
“stellar	effect”	can	be	modelled	by	ECR	
(Electron	CyclotronResonance)	plasma
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Neutral 176Lu

Expected 176Lu 
lifetime in the 
PANDORA plasma

until 6 order of 
magnitudes



Why	to	use	laser-induced	plasma
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Build	a	plasma	trap	where	ion	species	are	
confined	in	a	magnetic	field	and	a	plasma	is	
created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	

radiactive	isotope	concentration	in	plasma
o Ion	temperature:	~1	eV	→	Ions	are	cold:	no	

access	to	the	excited	states
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Build	a	plasma	trap	where	ion	species	are	
confined	in	a	magnetic	field	and	a	plasma	is	
created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	

radiactive	isotope	concentration	in	plasma
o Ion	temperature:	~1	eV	→	Ions	are	cold:	no	

access	to	the	excited	states

How	can	we	populate	the	1-	isomeric	level?

Using	a	laser-plasma	as	a	source	of	
polychromatic	high	energy	X-ray	photon	flux	
one	could	simultaneously	investigate	isomeric	
photoactivation	as	well	as	in-plasma	decay	rate	
modification	of	ground	and	isomer	levels

Thermalization	between	the	ground	and	isomer	
levels	may	occur

The	laser-plasma	can	be	expected	to	produce	X-ray	spectra	similar	to the	stellar	interior,	which	can	
answer	the	question	of	equilibration	more	accurately	than	previous	experiments	on	this	topic!
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Laser-induced	plasma

PRO:
o High	density	plasma,	reaching	LTE
o Fully	thermodynamical	equilibrium	allows,	in	

principle,	to	estimate	the	population	of	
nuclear	excited	states

CONS:
o Difficult	to	implement	diagnostics	following	

on-time	the	fast	time-variation	of	plasma	
parameters

o Short	living	plasma,	with	duration	much	
shorter	than	typical	lifetimes	of	isotopes	
involved	in	stellar	nucleosynthesis

Magnetic	confinement

PRO:
o Long-living	plasma	(order	of	weeks)	
o Steady	state	dynamical	equilibrium	for	density	

and	temperature	(by	compensating	ion	losses)
o Hence,	over	days/weeks	constant	values	for	

charge	state	distribution	of	in-plasma	ions
o Online	monitoring	of	plasma	density,	temperature,	

volume,	at	any	energy	domain	in	nLTE conditions

CONS:
o Low	density/high	temperature	plasma:	nLTE

conditions
o Difficult	“plasmization”	of	solid/metallic	isotopes
o No	access	to	nuclear	excited	state	studies	(too	

low	T)

Why	to	use	laser-induced	plasma
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𝜷-decay	investigation	in	matter:	from	
early	experiments	to	storage	rings

Almost	nothing…	<	0.05	%	decay	constant	variation

A	variation	of	E.C.	lifetime	of	around	3.5%

In	1947	Segrè	and	Daudel	pointed	out	that	the	possibility	to	alter	
the	decay	rate	of	 !𝐵𝑒	by	changing	the	electron	density,	at	least	
for	low	Z	nuclei,	an	effect	due	to	different	chemical	environment
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Storage	ring	experiments

1. The	beta	decay	in	highly	ionized	atoms	shows	important	
variations	compared	to	neutral	species

2. Bare	)23𝐷𝑦224	nuclei,	being	stable	as	neutral	atoms,	
become	radioactive,		thus	allowing	the	s	process,	with	a	
half-life	of	33	days.

3. Bare	𝟏𝟖𝟕𝑹𝒆𝟕𝟓4	187Re75+	ions	decay,	due	to	the	bound-
state	beta	decay,	becomes	9	orders	of	magnitude	faster	
than	neutral	𝟏𝟖𝟕𝑹𝒆	atoms	with	a	half-life	of	42	Gyr.

4. 	)$8𝑃𝑟9%4	ions	half-life	T1/2	=	3.04	min	(with	a	single	
orbital	electron)	due	to	EC	decay	is	shorter	than	the	one	of	
)$8𝑃𝑟84	neutral	ions	with	59	electrons	T1/2	=	3.39	min

free	β-decay bound	β-decay

o Electron	Capture	becomes	impossible	in	fully	ionized	atoms.
o Bound	state	beta	decay	typically	marginal	can	become	

important.	

Y.	Litvinov	and	F.	Bosh:	Rep.	Prog.	Phys.	74,	016301	(2011)

M.	Jung	at	al.,	First	observation	of	bound-state	β−decay,	Phys.	Rev.	Lett.	69,	1992

F.	Bosch	at	al.,	Observation	of	Bound-State β− Decay	of	Fully	
Ionized 187Re: 187Re−187Os	Cosmochronometry,		Phys.	Rev.	Lett.	77,	1996

Y.	Litvinov	et	al.,	Measurement	of	the	b+	and	orbital	electron	capture	decay	rates	in		fully	
ionized,	hydrogen-like	and	helium-like	140Pr	Ions	Phys.	Rev.	Lett.	99,	2007,	262501
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Why	laser
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Laser-matter	interaction
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When	a	high	intensity	laser	pulse	(above	10)%	W/𝑐𝑚*)	is	
focused	in	a	spot	of	the	order	of	a	few	microns	on	a	target	
placed	in	vacuum,	a	plasma	consisting	of	electrons	and	ions	
is	created	almost	instantaneously.

o Target	Normal	Sheath	Acceleration	(TNSA):	effective	
in	accelerating	protons	and	light	ions	→	a	short	laser	
pulse	interacting	with	the	target	front	surface	produces	
a	plasma	made	of	ions	and	fast	electrons.

o Coulomb	Explosion	(CE):	optimized	for	clustered	
gaseous	targets,	intensities	in	the	range	10)% ÷	10*8	
W/𝑐𝑚*	and	𝜏	<	200	fs	→	an	explosion	may	occur	due	to	
the	intense	laser	field	that,	extricating	several	electrons	
from	the	molecule	cluster,	induces	a	high	level	of	
ionization.	Possible	also	for	thin	(1-10	nm),	solid	targets	
or	nano-structured	targets
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When	a	high	intensity	laser	pulse	(above	10)%	W/𝑐𝑚*)	is	
focused	in	a	spot	of	the	order	of	a	few	microns	on	a	target	
placed	in	vacuum,	a	plasma	consisting	of	electrons	and	ions	
is	created	almost	instantaneously.

o Radiation	Pressure	Acceleration	(RPA),	or	Laser	
Piston	regime:	based	on	the	action	of	the	radiation	
pressure	induced	in	the	interaction	of	a	short	laser	
pulse,	of	extremely	high	intensity	(above	10*8 ÷ 10*)	
W/𝑐𝑚*),	with	a	thin	and	dense	pre-plasma	layer	
created,	in	front	of	a	target,	by	the	laser-pulse	leading	
edge.	The	plasma	electrons	are	locally	separated	from	
the	plasma	ions	creating	a	strong	accelerating	field	
which	efficiently	accelerates	the	ions	in	the	irradiated	
target	area.



Laser-matter	interaction

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

A	precise	control	of	the	experimental	conditions	is	
challenging	with	high-power	lasers	→	variations	observed	
between	experiments	performed	in	conditions	which	would	
seem	similar	at	a	first	glance.

The	scaling	of	the	most	important	characteristics	(such	as	
the	energy	per	particle)	with	laser	and	target	parameters	is	
still	unclear	to	a	large	extent,	despite	the	large	number	of	
investigations	performed.

56



Why	to	use	laser-induced	plasma
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Build	a	plasma	trap	where	ion	species	are	confined	in	
a	magnetic	field	and	a	plasma	is	created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	radiactive	

isotope	concentration	in	plasma
o Ion	temperature:	~ 1	e	→	Ions	are	cold:	no	access	to	

the	excited	states

-.
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Why	to	use	laser-induced	plasma
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Build	a	plasma	trap	where	ion	species	are	confined	in	
a	magnetic	field	and	a	plasma	is	created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	radiactive	

isotope	concentration	in	plasma
o Ion	temperature:	~ 1	e	→	Ions	are	cold:	no	access	to	

the	excited	states

-.
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= 𝜆𝑛"𝑉 → ∫0

,"#$% 𝑑𝑁 =	∫0
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Exploring	the	onset	of	a	(Full)	Local	Thermal	Equilibrium:

o Typical	lifetime	of	nuclear	excited	states	~	100)9	s
o Assuming	an	excited	state	for,	e.g.,	176Lu*,	around	122.45	keV
o Considering	n_e=<q>n_i=	10*:	𝑚03	(a	typical	stars	interior	

density),	at	T_e=T_i=6.68	keV,	the	excited	level	lifetime	is	
already	exactly	the	same	of	the	excitation	rate,	meaning	that	
this	level	can	be	populated	and	it	is	in	thermal	
equilibrium	in	the	assumed	laser-induced	plasma	
lifetime	(order	of	ps	or	tens	of	ps)

o Calculation	also	rescaled	to	a	more	realistic	expected	density	
of	a	real	laser-induced	plasma	scenario	(n=e=n_i=	10*9	𝑚03)	
→	the	required	plasma	temperature	to	get	the	thermal	
equilibrium goes	to	around	37.5	keV.	This	value	seems	to	
be however	absolutely achievable	in	the	
foreseen laboratory	scenario, confirming	that	the	decay	
from	excited	states	is	in	principle feasible.

Simulations	by	B.	Mishra	et	al.:	thanks,	Bharat!
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How	to	create	and	confine	plasma
How	to	make	it	stable?

The	ideal	confinement	requires	some	stringent	
conditions	on	plasma	equilibrium	and	stability.

Plasma	can	also	be	viewed	as	a	fluid:

𝑝+"# = Σ𝑛𝑘𝑇

𝑝124 = 7𝐵$
2𝜇0

𝛽 =
Σ𝑛𝑘𝑇

7𝐵$
2𝜇0

The	condition	for	a	magnetically	stable	plasma	is	𝜷 ≪ 𝟏

The	stability	of	the	confinement	can	be	studied	as	
a	function	of	the	𝛽	parameter	which	is	the	ratio	
between	kinetic	and	magnetic	pressure
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𝜷-decay	investigation	in	matter:	from	
early	experiments	to	storage	rings

1. Long	standing	question:	How	constant	really	are	nuclear	
decay	constant?

2. What	happens	to	β-radioisotopes	under	extreme	conditions	of	
Temperature	(2500	K),		Pressure	(2000	atm)	or	Magnetic	
fields	(80000	G)?

3. In	1947	Segrè	and	Daudel	pointed	out	that	the	possibility	to	
alter	the	decay	rate	of	7Be	by	changing	the	electron	density,	at	
least	for	low	Z	nuclei,	an	effect	due	to	different	chemical	
environment

4. How	does	the	surrounding	chemical	environment	(lattice	
structure	and	electron	affinity)	affect	the	host	atoms	decay?	
(e.g.	 :𝐵𝑒 →	 :𝐿𝑖)

One	of	the	paradigms	of	nuclear	science	since	the	very	early	days	has	been	the	general	
understanding	that	the	decay	constant	is	independent	of	extranuclear	considerations	

Almost	nothing…	<	0.05	%	decay	constant	variation

E.	Segrè,	Possibility	of	altering	the	decay	rate	of	a	radioactive	
substance	Phys.	Rev.	71,	(274)	1947	

A	variation	of	E.C.	lifetime	of	around	3.5%

E.	Segrè,	Possibility	of	altering	the	decay	rate	of	a	radioactive	
substance	Phys.	Rev.	71,	(274)	1947	

G.	T.	Emery,	Perturbation	of	Nuclear	Decay	Rates,	Annual	
Review	of	Nuclear	Science	22

H.	Mazaki et	al.,	Effect	of	Pressure	on	the	Decay	Constant	of	
99mTc,	Phyc.	Rev.	C	5,	1972	1972
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PANDORA	magnetic	system

G.	Mauro	et	al.	-	Front.	Phys.	10:931953	(2022)

MAGNETIC	SYSTEM	FIELD	REQUIREMENTS

Binj	max	@	z	=	-350	mm 3	T
Binj	operative	range 1.7	T	–	3	T

Bext	max	@	z	=	350	mm 3	T
Bext	operative	range	 1.7	T	–	3	T
Bmin	@	z	=	0	mm 0.4	T

Bhex	@	RCH_IN	=	140	mm 1.6	T
LHe Free

Warm	Bore	radius 150.5	mm

The PANDORA’s trap has been designed to operate at 18 + 21 GHz.

The	 magnetic	 system	 will	 have	 a	 length	 L	 =	 700	 mm	 and	 a	
radius	R	=	300	mm.
It will enclose a plasma chamber with inner radius RCH_IN= 140
mm and length L = 700mm.
The SC coils and hexapole will be made of Niobium-Titanium
alloy (NbTi), whose upper critical field is about 10 T at 4.2 K.
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PANDORA	magnetic	system

G.	Mauro	et	al.	-	Front.	Phys.	10:931953	(2022)

The PANDORA’s trap has been designed to operate at 18 + 21 GHz.

The	 magnetic	 system	 will	 have	 a	 length	 L	 =	 700	 mm	 and	 a	
radius	R	=	300	mm.
It will enclose a plasma chamber with inner radius RCH_IN= 140
mm and length L = 700mm.
The SC coils and hexapole will be made of Niobium-Titanium
alloy (NbTi), whose upper critical field is about 10 T at 4.2 K.

Axial	magnetic	field	profile Radial	magnetic	field	profile
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PANDORA	magnetic	system

G.	Mauro	et	al.	-	Front.	Phys.	10:931953	(2022)

The PANDORA’s trap has been designed to operate at 18 + 21 GHz.

The	 magnetic	 system	 will	 have	 a	 length	 L	 =	 700	 mm	 and	 a	
radius	R	=	300	mm.
It will enclose a plasma chamber with inner radius RCH_IN= 140
mm and length L = 700mm.
The SC coils and hexapole will be made of Niobium-Titanium
alloy (NbTi), whose upper critical field is about 10 T at 4.2 K.



Deuterium	fusion	process	in	plasma
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It	is	a	nuclear	fusion	reaction	crucial	for	understanding	
early	phases	of	Nucleosynthesis

It	took	place	right	after	the	hadronization	step	was	over,	
when	there	were	free	p	and	n	that	eventually	combine	to	
form	deuterium.

Indirect	measurements	of	the	deuterium	burning	
available	(1.5	MeV	÷	2	keV),	also	exploiting	the	so-called	
Trojan-Horse	Method.	However,	a	full	comprehension	
of	possible	electron	screening	effects	is	crucial.

𝑑 + 𝑑	 → 	 '𝐻𝑒	+	n	(2.45	MeV)	



Deuterium	fusion	process	in	plasma
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176Lu	physics	case
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176Lu:	is	a	very	long-lived	in	laboratory	conditions	and	in	
principle	might	act	as	a	cosmo-chronometer

o the	s-process	branching	point	
at	176Lu	is	among	the	most	
important	ones	for	the	
understanding	of	slow	neutron	
captures	in	the	Asymptotic	
Giant	Branch	(AGB)	phases	of	
low	and	intermediate	mass	
stars;

o it	determines	the	abundance	
of	176Hf,	an	“s-only”	nucleus

o Scenario	is	complex	due	to	the	
presence	of	an	isomeric	state	
placed	at	122.45	keV	with	a	very	
short	lifetime Important	to	investigate	the	in-

plasma variations	of	the	half-life

See	talk	and	poster	by	B.	Mishra
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Laser-induced	plasma

PRO:
o High	density	plasma,	reaching	LTE
o Fully	thermodynamical	equilibrium	allows,	in	

principle,	to	estimate	the	population	of	
nuclear	excited	states

CONS:
o Difficult	to	implement	diagnostics	following	

on-time	the	fast	time-variation	of	plasma	
parameters

o Short	living	plasma,	with	duration	much	
shorter	than	typical	lifetimes	of	isotopes	
involved	in	stellar	nucleosynthesis

Magnetic	confinement

PRO:
o Long-living	plasma	(order	of	weeks)	
o Steady	state	dynamical	equilibrium	for	density	

and	temperature	(by	compensating	ion	losses)
o Hence,	over	days/weeks	constant	values	for	

charge	state	distribution	of	in-plasma	ions
o Online	monitoring	of	plasma	density,	temperature,	

volume,	at	any	energy	domain	in	nLTE conditions

CONS:
o Low	density/high	temperature	plasma:	nLTE

conditions
o Difficult	“plasmization”	of	solid/metallic	isotopes
o No	access	to	nuclear	excited	state	studies	(too	

low	T)

Why	to	use	laser-induced	plasma



Nuclear	physics:	beta	decays	in	plasma
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How	to	measure	176Lu	𝒕 !𝟏 𝟐
in	plasma?
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Build	a	plasma	trap	where	ion	species	are	confined	in	
a	magnetic	field	and	a	plasma	is	created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	radiactive	

isotope	concentration	in	plasma
o Ion	temperature:	~ 1	e	→	Ions	are	cold:	no	access	to	

the	excited	states
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𝑛!𝑉:	density	and	plasma	volume,	constant	→	to	be	measured	using	
multiple	diagnostic	tools

Variation	with	Te stronger	than	with	ρe → “stellar	
effect”	can	be	modelled	by	ECR	(Electron	Cyclotron	

Resonance)	plasma

Te =	0.1-100	keV	in	a	lab.	Magnetoplasma

Scaling	results	to	stellar	environment



Why	to	use	laser-induced	plasma
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How	can	we	populate	the	1-	isomeric	level?

The	intermixing	depends	on	photoactivation	
rate	λc of	the	nucleus	through	a	bath	of	high	
energy	X-ray	photons	obeying	a	Planck	
distribution	in	the	thermal	equilibrium	stellar	
plasma.

Using	a	laser-plasma	as	a	source	of	
polychromatic	high	energy	X-ray	photon	flux	
one	could	simultaneously	investigate	isomeric	
photoactivation	as	well	as	in-plasma	decay	rate	
modification	of	ground	and	isomer	levels

The	experimental	methodology	revolves	around	
the	measurement	of	two	quantities:

o photoactivation	rate	λc (ne,ni,T,s)
o decay	rates	λd (ne,ni,T,s)	from	g.s. and	isomeric	

states

Thermalization between	the	ground	and	isomer	
levels	occurs	when:

λc(ne,ni,T,s)	>	=	λmd (ne,ni,T,s)
(onset	of	equilibrium	between	the	levels)

The	laser-plasma	can	be	expected	to	produce	X-ray	spectra	similar	to	the	stellar	interior,	which	can	
answer	the	question	of	equilibration	more	accurately	than	previous	experiments	on	this	topic!

See	poster	by	B.	Mishra
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Build	a	plasma	trap	where	ion	species	are	confined	in	
a	magnetic	field	and	a	plasma	is	created	with:

o Electron	density:	𝟏𝟎𝟏𝟐 ÷ 𝟏𝟎𝟏𝟒 𝒄𝒎0𝟑

o Electron	temperature:	0.1	÷ 100	keV	
o Ion	density:	𝟏𝟎𝟏𝟏 𝒄𝒎0𝟑 →	relies	on	the	radiactive	

isotope	concentration	in	plasma
o Ion	temperature:	~ 1	e	→	Ions	are	cold:	no	access	to	

the	excited	states

-.
-/
= 𝜆𝑛"𝑉 → ∫0

,"#$% 𝑑𝑁 =	∫0
,"#$% 𝜆𝑛"𝑉	𝑑𝑁

	N 𝑇1(23 = 	𝜆𝑛"𝑉𝑇1(23

Exploring	the	onset	of	a	(Full)	Local	Thermal	Equilibrium:

o Typical	lifetime	of	nuclear	excited	states	~	100)9	s
o Assuming	an	excited	state	for,	e.g.,	176Lu*,	around	122.45	keV
o Considering	n_e=<q>n_i=	10*:	𝑚03	(a	typical	stars	interior	

density),	at	T_e=T_i=6.68	keV,	the	excited	level	lifetime	is	
already	exactly	the	same	of	the	excitation	rate,	meaning	that	
this	level	can	be	populated	and	it	is	in	thermal	
equilibrium	in	the	assumed	laser-induced	plasma	
lifetime	(order	of	ps	or	tens	of	ps)

o Calculation	also	rescaled	to	a	more	realistic	expected	density	
of	a	real	laser-induced	plasma	scenario	(n=e=n_i=	10*9	𝑚03)	
→	the	required	plasma	temperature	to	get	the	thermal	
equilibrium goes	to	around	37.5	keV.	This	value	seems	to	
be however	absolutely achievable	in	the	
foreseen laboratory	scenario, confirming	that	the	decay	
from	excited	states	is	in	principle feasible.

Simulations	by	B.	Mishra	et	al.



Fusion	processes:	heavy	elements

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

Picture	from	https://knowablemagazine.org/article/physical-
world/2018/crash-stars-reveals-origins-heavy-elements
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Fusion	processes:	heavy	elements
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Picture	from	https://knowablemagazine.org/article/physical-
world/2018/crash-stars-reveals-origins-heavy-elements73



s-process	endpoint

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

Chart	representing	the	final	part	of	the s-process.	Red	
horizontal	lines	with	a	circle	in	their	right	ends	
represent neutron	captures;	blue	arrows	pointing	up-left	
represent beta	decays;	green	arrows	pointing	down-left	
represent alpha	decays;	cyan/light-green	arrows	pointing	
down-right	represent electron	captures.
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Decay	scheme	for	lutetium
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176Lu	physics	case

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

Cosmo-chronometer	or	stellar	thermometer?
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176Lu	physics	case
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Cosmo-chronometer	or	stellar	thermometer?
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88	keV
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176Lu	physics	case

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

Cosmo-chronometer	or	stellar	thermometer?
&'(	𝐿𝑢𝑚	

88	keV

1*
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Measurement	strategy
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1. Once	the	solid	):2𝐿𝑢	target	is	hit	by	a	laser	pulse	with	an	intensity	as	high	
as	10*) ⁄𝑊 𝑐𝑚*,	the	ionization	and	the	subsequent	ion	emission	takes	
place

2. Lu	ions	travelling	at	a	velocity	of	the	order	of	hundreds	of	keV

3. Given	the	high	energy	administered	by	the	laser	in	a	short	time	interval,	a	
local	thermal	equilibrium	can	be	reached	not	only	by	the	electrons,	but	
also	by	the	ion	clouds,	that	can	reach	temperature	as	high	as	10%K

4. At	this	temperature,	the	nuclei	may	be	excited,	and
the	Lu	isomeric	state	):2,+𝐿𝑢	can	be	populated

5. 𝟏𝟕𝟔𝑳𝒖	decays	to	the	Hf	𝟔4excited	states,	whose	de-excitation	
proceeds	through	three	different	steps,	leading	to	the	subsequent	
emission	of	photons	with	energies	equal	to	𝑬𝜸=	307,	202	and	88	keV.	
𝟏𝟕𝟔,𝒎𝑳𝒖,	on	the	other	hand,	directly	decays	to	the	first	Hf	excited	state	
→	only	the	emission	of	a	photon	with	𝑬𝜸 =	88	keV	is	observed



Measurement	strategy
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1*
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as	10*) ⁄𝑊 𝑐𝑚*,	the	ionization	and	the	subsequent	ion	emission	takes	
place

2. Lu	ions	travelling	at	a	velocity	of	the	order	of	hundreds	of	keV

3. Given	the	high	energy	administered	by	the	laser	in	a	short	time	interval,	a	
local	thermal	equilibrium	can	be	reached	not	only	by	the	electrons,	but	
also	by	the	ion	clouds,	that	can	reach	temperature	as	high	as	10%K

4. At	this	temperature,	the	nuclei	may	be	excited,	and
the	Lu	isomeric	state	):2,+𝐿𝑢	can	be	populated

5. 𝟏𝟕𝟔𝑳𝒖	decays	to	the	Hf	𝟔4excited	states,	whose	de-excitation	
proceeds	through	three	different	steps,	leading	to	the	subsequent	
emission	of	photons	with	energies	equal	to	𝑬𝜸=	307,	202	and	88	keV.	
𝟏𝟕𝟔,𝒎𝑳𝒖,	on	the	other	hand,	directly	decays	to	the	first	Hf	excited	state	
→	only	the	emission	of	a	photon	with	𝑬𝜸 =	88	keV	is	observed



Measurement	strategy
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1. Once	the	solid	):2𝐿𝑢	target	is	hit	by	a	laser	pulse	with	an	intensity	as	high	
as	10*) ⁄𝑊 𝑐𝑚*,	the	ionization	and	the	subsequent	ion	emission	takes	
place

2. Lu	ions	travelling	at	a	velocity	of	the	order	of	hundreds	of	keV

3. Given	the	high	energy	administered	by	the	laser	in	a	short	time	interval,	a	
local	thermal	equilibrium	can	be	reached	not	only	by	the	electrons,	but	
also	by	the	ion	clouds,	that	can	reach	temperature	as	high	as	10%K

4. At	this	temperature,	the	nuclei	may	be	excited,	and
the	Lu	isomeric	state	):2,+𝐿𝑢	can	be	populated

5. 𝟏𝟕𝟔𝑳𝒖	decays	to	the	Hf	𝟔4excited	states,	whose	de-excitation	
proceeds	through	three	different	steps,	leading	to	the	subsequent	
emission	of	photons	with	energies	equal	to	𝑬𝜸=	307,	202	and	88	keV.	
𝟏𝟕𝟔,𝒎𝑳𝒖,	on	the	other	hand,	directly	decays	to	the	first	Hf	excited	state	
→	only	the	emission	of	a	photon	with	𝑬𝜸 =	88	keV	is	observed



Possible	experimental	setup	for	𝜷-decay
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1. A	PW	laser	pulse	is	sent	to	a	solid	target	containing	the	
radio-isotope	under	investigation.

2. The	plasma	is	created	and	a	forward	emission	of	the	
thermalized	excited	nuclei	takes	place.

3. The	nuclei	travel	and	eventually	decay	in	flight,	populating	
daughter	nuclei	in	excited	states.

4. The	flight	path,	and	then	the	distance	between	the	target	and	
a	suitable	stopper,	must	be	optimized	in	order	to	guarantee	a	
proper	time	window	for	the	decay	measurement	(~	1𝜇s).

5. This	poses	limits	on	the	half-life	range	that	can	be	explored.

6. The	gamma	emitted	in	the	decay	process	may	be	detected	
through	a	dedicated	detection	system.

Gamma	
detector	
array

Laser	source

(I	≥	10 #$W
/𝑐𝑚 #,	∆𝑡~10	𝑓𝑠)

1	m	of	flight	path

MCP

Stopper
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Projections	for	a	10	Hz	repetition	rate
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Projections	for	a	10	Hz	repetition	rate
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Nuclear	physics:	general	information
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S-	and	r-process	Nucleosynthesis
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Solar	system	abundances
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Big-Bang	
Nucleosynthesis

Stellar	
Nucleosynthesis

Neutron	Capture	
Processes



Fusion	processes:	light	elements
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Fusion	processes:	light	elements
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Fusion	processes:	elements	up	to	Fe

Nuclear	Astrophysics	in	plasma	environment	-	LNF,	May	17th	2024.

Logarithm of	the	relative	
energy	output	(ε)	of proton–
proton (PP), CNO and Triple-
α fusion	processes	at	different	
temperatures	(T).	The	dashed	
line	shows	the	combined	
energy	generation	of	the	PP	
and	CNO	processes	within	a	

star.	At	the	Sun's	core	
temperature,	the	PP	process	is	

more	efficient.
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Cosmogenic	origin	of	elements
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Main	nucleosynthesis	path
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Branching	points	and	s-only	isotopes
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176Lu	level	scheme
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176Lu	physics	case
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Drip	lines
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176Lu	physics	case
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176Lu	physics	case
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176Lu	branch	in	the	s-process
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Experiments	at	the	PW	regime
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High-density	target	→	solid,	Lu	target

Target	choice	to	be	optimized	in	view	of	the	thermalization	
goal

Possible	choice:	non-isotopic	cuboids	of	metallic	bulk	
material	(e.g.,	natural	Lu)	coated	with	a	layer	of	at	least	200-
300	μm	of	isotopic	enriched	material

https://www.frontiersin.org/articles/10.3389/fphy.2022.72
7718/full

https://www.frontiersin.org/articles/10.3389/fphy.2022.727718/full
https://www.frontiersin.org/articles/10.3389/fphy.2022.727718/full


Why	laser
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Laser-matter	interaction
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When	a	high	intensity	laser	pulse	(above	10)%	W/𝑐𝑚*)	is	
focused	in	a	spot	of	the	order	of	a	few	microns	on	a	target	
placed	in	vacuum,	a	plasma	consisting	of	electrons	and	ions	
is	created	almost	instantaneously.

o Target	Normal	Sheath	Acceleration	(TNSA):	effective	
in	accelerating	protons	and	light	ions	→	a	short	laser	
pulse	interacting	with	the	target	front	surface	produces	
a	plasma	made	of	ions	and	fast	electrons.

o Coulomb	Explosion	(CE):	optimized	for	clustered	
gaseous	targets,	intensities	in	the	range	10)% ÷	10*8	
W/𝑐𝑚*	and	𝜏	<	200	fs	→	an	explosion	may	occur	due	to	
the	intense	laser	field	that,	extricating	several	electrons	
from	the	molecule	cluster,	induces	a	high	level	of	
ionization.	Possible	also	for	thin	(1-10	nm),	solid	targets	
or	nano-structured	targets



Laser-matter	interaction
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When	a	high	intensity	laser	pulse	(above	10)%	W/𝑐𝑚*)	is	
focused	in	a	spot	of	the	order	of	a	few	microns	on	a	target	
placed	in	vacuum,	a	plasma	consisting	of	electrons	and	ions	
is	created	almost	instantaneously.

o Radiation	Pressure	Acceleration	(RPA),	or	Laser	
Piston	regime:	based	on	the	action	of	the	radiation	
pressure	induced	in	the	interaction	of	a	short	laser	
pulse,	of	extremely	high	intensity	(above	10*8 ÷ 10*)	
W/𝑐𝑚*),	with	a	thin	and	dense	pre-plasma	layer	
created,	in	front	of	a	target,	by	the	laser-pulse	leading	
edge.	The	plasma	electrons	are	locally	separated	from	
the	plasma	ions	creating	a	strong	accelerating	field	
which	efficiently	accelerates	the	ions	in	the	irradiated	
target	area.



Laser-matter	interaction
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A	precise	control	of	the	experimental	conditions	is	
challenging	with	high-power	lasers	→	variations	observed	
between	experiments	performed	in	conditions	which	would	
seem	similar	at	a	first	glance.

The	scaling	of	the	most	important	characteristics	(such	as	
the	energy	per	particle)	with	laser	and	target	parameters	is	
still	unclear	to	a	large	extent,	despite	the	large	number	of	
investigations	performed.
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Experiments	at	the	𝟏𝟎𝟐	TW	regime
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Low-density	target	→	one	of	the	most	effective	way	for	
transferring	energy	from	lasers	to	a	gas	target
occurs	when	the	molecules	in	the	gas	are	organized	in	
clusters

If	the	electromagnetic	field	is	strong	enough	the	cluster	
atoms	are	ionized,	and	a	Coulomb	Explosion	can	take	place.


