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Motivations and Physical Background

U Laboratorymagnetoplasmasn compacttraps are historicallyusedfor ion beamsproduction

lon Beams Production
for Accelerators

>

Fundamental Ultra Compact Proton soyrce g
plasma "egative noble-gas jons injecto,
Investigation

Fundamental nuclear
astrophysics research

Plasmas for
Astrophysics
Nuclear

Decay
Observation and
Radiation for
Archaeometry

D. Mascali et alUniverse2022, 8(2), 80
D. Mascaliet al., ERY, 53, 2017, 7

U Laboratorymagnetoplasmasirealsosuitableandinterestingfor fundamentalphysicsresearches




Efforts at INFN since 10-15 years to
make an innovation of research goals,
methods, instruments A use of
plasmas for fundamental science

and applications

From a
laboratory
ECR APl as
staro t oé

a-decay
accelerates in

hot plasmas!!

New heating
and

diagnostics
technology for
Fusion

Divertor Tokamak Test:
LNS is partner of the
Consortium

INFN

" INS
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The PANDORA Collaboration 4l

e PANDORA project is founded by INFN samomace. SAMOTHRAGESICiliAN

(National Institute of Nuclear Physics) ==—~3 MicronanOTecHResearch And
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Elements of Nuclear Astrophysics

Nuclear astrophysicsdeals with - Fusion
the quantitative and qualitative s He
explanation of the elemental
abundance
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2. s process peak
3. s process peak

REVIEWS OF
MODERN PHYSICS

Vorume 29, Numser 4 Ocroser, 1957

Synthesis of the Elements in Stars
E. MarcAReT BUrBIDGE, G. R. BUrBIDGE, WiLLIAM A. Fowrer, anp F. HovLE
Kellogg Radiation Laboralory, California Institute of Technology, and

Mount Wilson and Palomar Observaories, Carnegic Institution of Washington,
California Institute of Technology, Pasadena, California

“It is the stars, The stars above us, govern our conditions”;
(King Lear, Act IV, Scene 3)
but perhaps

“The fault, dear Brutus, is not in our stars, But in ourselves,”
(Julius Caesar, Act 1, Scene 2)

TARTE OF OONTRENTS

NUCLEAR ASTROPHYSICS'

By A G. W. CamERON
Atomic Energy of Canade Lid., Chaik River, Ontario, Canada

INTRODUCTION

0
Like many interdisciplinary subjects, that of nuclear astrophysics has had 10 9 Be
a very slow beginning, followed by a rapid spurt of activity during the last
five years, when simultaneous progress in each of its parent fields reached
the stage where experiments and calculations in nuclear physics could throw A 1
meaningful light on astrophysical observations. At the turn of the century 10
Kelvin and Helmholtz had shown that release of gravitational potential
energy would suffice to maintain the luminosity of the sun for some tens of

Solar system abundances (28S

millions of years, but it was soon realized that this was an insufficient source __2

of solar energy, since the geologists found that many of the earth’s racks N 1 N 1 .

had ages nearly two orders of magnitude greater than the above figure. It 10

was then proposed that the sun derived its energy from the disintegration of O 20 40 60 80 100 1 20 1 40 1 60 1 80 2 00
heavy elements such as uranium and thorium, but this theory also became

inadequate when it was found that the sun was composed mostly of hydrogen
and contained only very small traces of the heaviest elements. Eddington and
Jeans thought that the source of solar energy must lie in the conversion of
transformation of hydrogen into heavier elements, Nuclear physics was then
too young a science to allow these hypotheses to be investigated.

A vital step forward was taken when Atkingon & Houtermans (1) showed
that charged particles had a small but finite probability of penetrating
Coulomb potential barriers, and that there could thus be a slow but signifi-

cnaertheamlanaionof i sl it Elements tilPSFe (iron peak) arsynthesised 99% of elements beyond the iron peak are produced
T, AT SATER 1 soleneRy genraton st vl fom through successivinermonuclear fusionreactions through neutron capture reactions



Neutron Capture Processes

Vp-process
“neutrino-proton process” S-process
rp-process “slow process” via chain

“rapid proton process”
via unstable proton-rich nuclei
through proton capture

of stable nuclei through
neutron capture

Pb (Z=82) —=8
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Proton dripline
(edge nuclear stability)

Number of protons

r-process
“rapid process” via
unstable neutron-rich nuclei

Fusion up to iron

I’—"—A&g Bang Nucleosynthesis
2 —»  Number of neutrons

Chart of nuclei and nucleosynthesis pathwayprétess takes place far from

the valley of stability and proceeds through waiting point nuclei.

T.R. Rodriguez, J. Phys. Conf. 58 (2014)

Slow Neutron Capture {process)

A Takes place insideGB stargmain branch) andnassive
stars (weak branch)

A Neutron density around 6 cnrfrom either 13/ ¢ h1€Dy 0
or 2Ne( U, 2AM)g reactions

A (, ~ [d to yrs] competes with { [d to yrs] to synthesise
60<A<208 elements in equilibrium

A == A+l == A+2

NN\

Al == A' == A+l

Rapid Neutron Capture {process)

A Takes place inore collapse supernovaéCCSNeand
neutron star mergergNSM)

A Neutron density >1% cn3

A .~ [s] synthesiseshe heaviest element along each
isotopic chain till freezeut, followed by decay to stability



The Problem

Slow Neutron Capture {grocess) Rapid Neutron Capture-firocess)

Abundance of isotopes, particularly at Kilonovdight curve analysis can furnish

branching points, depends on details on fprocess nucleosynthesis, but

A Maxwell Averaged Cross Sections (MAQS) modelling light curves requires knowledge of
of neutron capture and elemental opacity

A i -decay rates

42.0 T T 2.0 v T - -
N A T 0— /\ ( Al) Bolometric light c:rve UV Optical e
B= (AT _ di ; ol | it
Ns(A+1,7){0)ar1 Ag(A") + Auy(A) — =102
S Xlan =107

S. Palmerini etal, Ag21, 7(2021)

Specific luminosity (104! erg s~ um-)
o 5

log, o[Bolometric luminosity (erg s7)

Stars and neutron star merger ejecta as plasma T .
How sure are we about these quantities in a T ewmmg g,
plasma enV| ronment’? B.D. Metzger, Kilonovae. Living Rev Re28i2020)

D. Watson et al. Natur874497500 (2019)




PANDORA main goal:Investigatingb-radioactivityin a «stellars @“
environment

Laboratori Nazionali del Sud

Make b-decay measurements in plasmas of

astrophysical interest: many isotopes can change their 001 e
. . . . . 1e+18 - -
lifetime of several order of magnitude when ionized!! e NETGEN ne=1.2+26
. . . . e+ ™ 3 \ s -
Theeffect is mainly driven by the opening of a new o .’//\\g ey
aYs i}

half-fe [yr)

decaychannel: the bound state betadecay
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10000 v

Courtesy of S. Palmerini and M. Busso 100 ¢

1 B
(Nucleosynthesis through the s-process 0.1 1 10
: T8
|a5HasH| e! al. !gg’ Bﬁys Rev C 36, 1522.

Directimplication on
branching points ins-
process

Isotope T, (yr) Eg(keV)

76Lu  3.78x101 88-400 mmp COSMO

b
(5]
g
=
=
S
2
2
e

nucleosynthesyschain - oroduction of 383
competition of neutron . 134Cs 206 >600 mmp l%p . ’
canture vsb-deca _ "Se, t,,=65 ky Ba s-only isotope

P y ) B %UNb  2.03x10¢ >700 yields

* Neutron density & temperature :
* (n,y) cross section
* Half lives

Solving the puzzle about the contribution of s -
processing to *Mo:_ -decay or binary stars




Other Astrophysical implications Gf-decaysin plasmas & &~ (INFR

Aurchm;, ooooo Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Sud

NUCLEOSINTHESIS
A __-decay occur with hugely different lifetimes in a plasma: this hasa hugeimpact in stellar nucleosynthesischains

A COSMOCHRONOMETERS8Renium, 176Luthetium, etc

187Re: dating astrophysical or

14C: for dating of fossils cosmological objects _
T, =8267years T, =42 billios of years! sulla Terra in Plasma

Thecases of 187Re or176Lu are qwte impressive :
A Neutral atoms have lifetime of >30billions of years,
In can bereduced to 30-40vyears only if in plasma-highlyionizedstate!

A BILLION OF TIMES SHORTER!!!

| PR Y N A AP ¥ B - LR | [P LA B [ PR SR |



. _ INFN
PANDORAA New ECRIGECR lon Trap for-decaymeasurementan plasmas C

Laboratori Nazionali del Sud

Solenoids for
Axial confinement )

Gas injection Magnetic traps for hot plasmas
Hexapole for system excited by e.m. waves
radial confine

Incident microwaves
few kW at tens GHz

Extraction —
system X-rays SDD detectors X-rays pin-hole camera
n .- ” - -
'B_minimum” Magnetic Field /
structure ECR Surface Extraction line
BECR= mRFme/e RF generator RF waveguides ’

ECR Plasma
n.~ 102¢m3 \ Mass spectrometer

T~ tens keV _
Tion” ms y
t

Superconducting magnets
{coils + hexapole)

Faraday cup ’f v\
¢ f

94 94
t”2 Nb — “*Mo (yrs) log(t, )

4

3

Horn antenna for

L-_ g

interferoPolarimetry

i = 102 " Ad d ItIOrI al Goal

| A Measuring plasma opacity
leosvnthesis T,=0.1-100keV in alab. i
N cleosy M agnetoplasma relevant for compact binary
ejecta (Kilonovae)

Variation with T, stronger than with *~ so Pstellar
effect? can be modelled in ECR plasmas




| HpGe detectors
\vll
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NeTicm™3 sec
1014 @ 0p=0.1
'E 10 1990s
103 |- > 18 AlCCe %
B = ofFT ®TORE SUPRA 1980s
i 2 o.10} ke A\ asbex STEKTOR
[ et ;:é o *PLT opLT
- gom- TRe TR 1970s
101 |- 10 100
- temperature (keV)
1o'°:
- (B 1 A The triple product of density,
=N B e AT magnetic field and
a B ) temperature for obtaining
3 (UB* xeB* KB+ Ar%* Ne** N3+ A 4 :
o SR Y R | fully -stripped heavy ions Is
aqdé lJWt ¢ u WY n Wf
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BROAD RANGE OF
TEMPERATURES AN
DENSITIES

A Plasma temperatures and densities
range from relatively cool and tenuous
(like aurora) to very hot and dense
(like the central core of a star)

A The word "PLASMA" was first
applied to ionized gas by Irving
Langmuir, an american chemist and
physicist, in 1929.
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Plasmas - The 4" State of Matter
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Solids,
liquids,
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Magnetic Confined plasmas e

Magnetic fields intrinsically force charged particles to reduce freedom
degrees: electrons spiralyze around the field lines and can be trapped
for several ms in mirror machines or toroidal structures.

Gravitational I\/”RROR STRUCTURES

Confinement Magnetic Confinement 4 _
w % have axial symmetry and
ey _\__,__/

can be produced by
sequences of room
temperature or SC coils.
They are commonly used
In ion sources field

Inertial
Confinement .

.‘: Fuel Pellet

TOROIDAL
CONFINEMENT

IS typical of Fusion
Machines like TOKAMAKS
or STELLARATORS

14



How do plasmas can be

confined?

Gravitational
Confinement Magnetic Confinement

Magnetic Field Plasmas for

Astrophysics
uclear

Decay

Observation and

Radiation for

Archaeometry

Intense Energy
Beams

»
! Fuel Pellet

Confinement

Thermonuclearreactors and lon
sources are typically based on
magnetic confinement

Archu;z:‘"e‘::y Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali del Sud
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PRINCIPLES OF QUASI-AXYSYMMETRIC ECR
TRAPS

O FAR-TECH

he ELECTRON CYCLOTRON FREQUENCY
C-
¥c =eB/m

__ Caoills
Electron Cyclotron Resonance
Yre =¥ =eB/m y Plasma
Hexapole

Microwaves
16



Fundamentals of Beta decay theory o

Laboratori Nazionali del Sud

The comprehension of beta decay theory is central to understand the effect of stellar conditions on B-decay lifetimes

Stellar environment A more general form the Q value for:
* continuum state B- decay

* bound state - decay

* orbital EC

Q = [m(5Xn) — m(z1Yn-1)]* H[Ex — EY]|+

(ZXN)"7 = (ZYv-1)" + e + 7 (continuum state B~ decay)

(3XN) = (2.1 You)™" + €] + % (continuum state B* decay)

(XN = (Y1) + e + 00 (bound state B decay)

| [Bx — By] —{[Bx, — By, ]

['F'}X.r.,;)"-‘j + e, — [E}_]}ﬂrﬂ]j"-‘f + v, (electron capture) E*, :excited nuclear state energy
B*, :ionisation energies to obtain a charge state

® =
e~ &1

[%:{.T}hl 3+ "_F . [::?_]}r:‘l..’-:-]].!"j . {fI‘EE' electran captu I‘E} e*, I;:tta;?xcltatmn energies of state j of a nucleus with charge
Ve For continuum state B+ decay: Q —2m,c?

_/ ) For free EC: + K,

Decay rate in stellar environment

In2 .
:'if.r.lt - [ ] Z f."f"l:.ru}

frrimytiy2

|
i
e
El
Al
®

The ft of the decay is given, from the theory, by the relation:
CSD and level population of ions EEDF of electrons
(In2)23H

gimgc‘i[Mfﬂl Terrestrial and stellar decays can have widely different f, and therefore different T,,

fu(Z, Q)12 =



Recent Progresses of . -decay theory in plasmas

Fundamentalsf_ -Decay

fL(Z,/ QO)

2m5 A

Lepton phase volume

A Describes the volume of the phasespace
(position + momentum) that can be
occupiedby the electron-neutrino pair

A Depends on electronic configuration of

atomicshells

Decay half-life

|T (In2)27c3h’
1/2|—

Nuclear Matrix Element (NME)

A Indicates the transition strength
A Dependsonthe levels of the parentand daughter

nucleus, and selection rule
A Purely nuclearin nature, no dependenceon
electronic configuratiion

A 1.(Z',Qo)T1is connected to the NME and is independent of atomic configuration

A Iff(Z',Qo)changes, T1,» changes aswell keeping the product constant

A NMEis expressed and recorded in literature as log ft value




General Model of IAPlasma -Decay

I -Decay Rates of 7L lon Charge State —>

- TR In-plasma rates
Individual lons Distribution in Plasma

Calculated with
appropriate plasma model

Decay rate In uniform

A Uniform plasma with fixed and kgTe gl plasma (ex. stellar interior)

A Nonuniform plasma with space

resolvedn, and kT, — Decay rate in laboratory

plasma (ex. PANDORA)

By validating the model with PANDORA, the parameters can be modified to reflect the stellar plasma and
calculate in -plasma _ -decay rate in s-process nucleosynthesis sites.



Orbital Electron Capture Decay (Be forij configuration

NB: 7Be is considered for PANDORA phase 2, but it was taken as fire

3/2 0.0

\ | |

€ =100% Isotope for decay estimate due to small number of electrons and its
7B \ - c
453 relevance in cosmology and solar physics
Q(gs) = 861.815 keV
a (%) 1/2 477-6 log ft
10.44 3.556 | T
o DHF
-0-This work
E, = 477.6 keV
Orbital EC decay téLi i BT &
73Li4

Lepton phase volume for charge stat@nd levej

fm EC/‘Bb I} (Z)Ux 7-[/2 [gx or fx] (Q/mec )ZS( ) ( )
v

l | | | | | | |

ConfigurationDependent Decay Rate 0 | | | | | | |
Qmo@’ RO R N T L Gl R
A*(ij)—hnz(fgS(I) fes(”)) Tievel index
fO,gst fOesf



Orbital Electron Capture Decay iBe in uniform plasma

ConfigurationDependent Decay Ratle lon CSD in uniform plasma with In-plasma orbital EC rate
n.=10 cnr3 and varyinggT,
(1] S S G| ' [eDHF £
~ I ‘ ot ey Calculated with FLYCHK under LTE
& af ‘ and NLTE conditions R VARE IR
i§0.5;— — ® ‘; A]‘Ofl()-_ = LTE (th.lS \VOI‘k) :
< [ - T -8-NLTE (this work)|]
! O ‘ = e LTE (DHF)
~<
NSNS N T e Gl - MR o
Level index . 10-1
l L o
B 0 10 20 30 40
) o LTE | kpT. [eV]
o NLTE|
IEE® L e+ Li s 19 laaa s limsy
10 20 30 40

kT, [eV]

Results highlight that in -plasma decay models designed for LTE plasmas (ex. DHF) will predict wrong values in
NLTE plasmas like PANDORA. The new model is universal and can be applied to both systems.



Bound State Beta Decay In heavier nuclel S—
alcuiations are now
BXBD inFully-lonisedSystemi6aDype+ g 163Hpo+ Aoe LY O

134Cs, that is in the
PANDORAshortlist !

Calculating decay rate: (3) Rate a-and T4,

" Simplified formallsm *_ f ;:1 ?’j
]nZEEp” ) A (i) = In2( L2

fmoT1/2 Jmod1 /2
Only one charge state considered hence no CSDand LPD (no p(ij)).

Also, only a single transition (m) considered 163Dy66*BSBD T4/, 47> ,d measured by Jung et al

[M. Jung, . Bosch et al, First Observation of Bound State b-

l0g(f o T1p) =4.99 Decay, Phys. Rev. Lett 69, 2164 (1992)]
Transition O Estimated Neutral Bare
Parent— daughter [E(keV), J7] Decay mode (keV) logft T Tﬁf

Dy — °Ho [0.0, g_] — [0.0, %_] a 49.837 4.99 Stable 49.52d

163Dy66+BSBD T/, calculated by Liu et al 163Dy66+ BSBD T/, calculated by thismodel =In2 / & =49.77d )



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

* Electron Density: 10*? — 10 ¢m3

* Electron Temperature: 0.01 — 100 keV

* lon Density: 10 cm™ (this density values relies on the radiactive isotope concentration in plasma)
* lon Temperature: ~ 1 eV

Gamma-rays emitted by the daughter nuclei after the beta decay will be detected by an array of HPGE

diN Emeas. Umeas.
—=An;V | = f dN = f inVde P |NT o) = AniVpiasmaT meas
dt u D I )
.lﬂfv IS constant N4 Charge State Distribution f (P ..cmas Toiasms)
f \‘:\ S hedlegs) =« |7 A i t
Plasma volume (const.) hoaklegs] o llpe, © 174
Isotope deca ' I ey TS =
Pe Y Density of the isotope s > o
constant in the plasma (const.) 4 g" | I “ res _+_
S - ar 2
& ;—-—""‘ j *1 ‘1 ( 330 +
.llll'-.llr o - - J'l l'lllrt:q}l:l 5 4 p :'”?'
Plasma parameters to be S . U AAAA
measured using multiple ; > B e e T N
diagnostic tools <> <q>



MAIN SUBSYSTEMS UPDATES: Trap procurement

(LNS ACTIVITY)

The magnetic system, fully superconductive , consists of:

1. #3 axial coils that generatesthe axial magnetic field;
2. #6 hexapole coils that generatesthe radial magnetic field.

It will enclose aplasma chamber with ;

A innerradius Rey y=140mm
A length L=700mm.

MAGNETIC FIELD REQUIREMENTS
Bi;, max @ z =350 mm
B,, operative range
B Max @ z =350 mm
B. Operative range
Bmin @z =0mm
Bhex @ Ry v =140 mm
Lhe
Warm Bore radius
Distance between mirrors
Stray field (as above
specified

1.7T+ 3T

1.7T+ 3T
04T
1.6T
Free
150.5 mm
700 mm
Lessthan 0.2 T

| B, max@z=350mm | 3T

TheA ? § Arapthhsbeen designedto operate at 18+ 21 GHz

|
PANDORA Infrastructure
11000

SITE and
INSTALLATION .

11600

T T ]
PLASMA y-DETECTOR ISOTOPES INJ.
DIAGNOSTICS ARRAY SYSTEMS
11200 11300 11400




Injection

Middle

MAIN SUBSYSTEMS UPDATES: Trap procurement

Extraction

Competitor #1 -Executive Design

INSTALLATION

|
PANDORA Infrastructure

11000

SITE and

11600

PLASMA
TRAP
11100

|
PLASMA

DIAGNOSTICS
11200

I
ISOTOPES INJ.

11400

Detail of radial containment

brackets

Both the competitors are able to
provide the total number of

requested holes

Different solutions in SC wire alloys,

clamping, etc



MAIN SUBSYSTEMS UPDATES: RF system

GREENalready purchased

YELLOW@planned to be procured in
2024

Silver plated low -losses
Waveguides branching

Klystron 3
21 GHz
Klystron 2 1.4 KW
Klystron 1 17.318.1 GHz
17.318.1 GHz 2.4 kW
2.4 kW

(LNS ACTIVITY)

1
PANDORA Infrastructure
11000

SITE and
INSTALLATION .

11600

[ I ] T

PLASMA PLASMA y-DETECTOR ISOTOPES INJ.
TRAP DIAGNOSTICS ARRAY SYSTEMS
11100 11200 11300 11400

Target power density of 1.38 kW

PANDORAECRplasmoid
volume ~ 3|

required total microwave
power Pyw 4 kW

wpRAYOGUIREUqw
planned total amount of

power delivered by the three
klystrons 6 kW
to reach high charge states




The plasma diagnostics

27

Method: ECRplasmasemit radiation from microwaveto hard X-rays andthis radiation can beusedto investigate plasmaparametersin different regimes;

Plasma Emitted Radiation

r Probe Supernova 1987A
1D (axial) T, n., EEDF profiles
RF 1‘ IR T Visible & UV T EUV T Soft-Xray T Hard-Xray T v-ray)
] (300GHz - _ \L ) L ) )
(3 kHz - 300 GHz) l 430THZ)i (1,6 - 12 eV) (10- 120 eV) (0,12 - 12 keV) (10 - 100 keV) (~ 1 MeV)
Plasma Immersed Antennas Optical plasma Observation X-ray Pinhole Camera SDD - HpGe X-ray detectors
+ Spectrum Analyzer Spectroscopy for cold plasma (few eV) X-ray Imaging and space resolved spectroscopy Spectroscopy
Non-linear wave-plasma interaction density/temperature measure 2D energy distribution and (relative) density (ol warm and hot plasma CMBCtEﬂZBtIOH)
< Microwave Interferometry and Polarimetry measuring plasma density >
MultimessengerAstronomy Era: .

A Exploring the Universo across
the EM spectrum

Millimeter « ALMA Visible « Hubble

X-ray « Chandra




X-ray imaging and space resolved spectroscdggtivations and Physical Backgrougihe PANDORA Muliiagnostics System

Typical diagnostic in ECRIS
Faraday-cup

X In the frame of thePANDOR Aproject aninnovative multi -diagnostic approach to
correlate plasma parameters to nuclear activity has been proposed. This is based on
several detectors and noAnvasive techniques QOptical Emission Spectroscopy, RF
systemsinterferoPolarimetry, time-and spaceresolved Xray spectroscopy

allowing detailed investigations of magnetoplasma properties .
Y Z Analyzing
r Magnet
Diagnostic tool Sensitive Range Measurement Resolution - Measure Error
SDD 1-+30keV Volumetric soft X-ray Spectroscopy: Resolution ~ 120 eV

warm electrons temperature and density &se~ 7%, ere~ 5%
30+=2000keV  Volumetric hard X-ray Spectroscopy: FWHM @ 13325 keV <24 keV
HPGe detector / g )
hot electrons temperature and density  &ne~ 7%, ere~ 5%

. . . .. . ‘ ) Y Optical Emission Spectroscopy: AA=0.035nm
PAN DO RA plasmam U|t|d|ag nostics SySte 1S Visible Light Camera I=12eV cold electrons temperature and density R =13900

Spectrum X-ray pin-hole camera 2+ 15 keV 2D Space-resohted spectroscopy: Ener.gy Resolul.ion ~0.3 keV
Analyzer ’ soft X-ray Imaging and plasma structure Spatial Resolution ~ 0.5 mm
. W-band super-heterodyne W-band Plasma-induced Faraday rotation: 250,
B - Ene ~ LI/
Faraday-cup polarimeter 90100 GHz  line-integrated electron density ’
Microwave Imaging
HPGe, SXR CCD 60=100 GHz  Electron density profile gne~ 1% = 13%
. RF Diode HPGE g * ' Profilometry (MIP) ’ chron density prott ’ i
Q pm holel Multi-pins RF probe 10+-26.5GHz  Local EM field intensity £~0.073+0.138 dB
Scope A grape, Hom antenna,
K\ % e = Multi-pins RF probe + 10+265GHz  Frequency-domain RF wave SA Resolution bandwidth:
" mj S, tPGe y 4 Analyzing Spectrum Analyzer (SA)  (probe range) RBW =3 MHz
Optical Fiber | : S — Magnet
Spectrometer P P2 - C:m’Geaxz ° - . - . . -
‘ s Pln o Multi-pins RF probe + 10+265GHz  Time-resolved radiofrequency burst 80 Gs/s (scope)
Horn ante;nclnal = = ~h0’82 ‘ ! Scope + HPGe detector (probe range) and X-ray time-resolved Spectroscopy  time scales below ns
‘ @5 % SXR €CD, Condition-dependent (a
: HPGergq HPGe, .4 SXR SDD Thomson Scattering 0.5 =500 eV EEDF, absolute elr.ect-ron d_ensity function of spectral width,
global electron drift velocity dependent on temperature, and
horn-to-horn signal: two diagnostic configurations area, dependent on density)
| | E.Naselliet al., Journal of Instrumentatida(2019) C10008 I
Interferometer Polarimeter
Signal RF Power OMT T oMT
Generator Probe Plasmas for
Astrophysics
a Al INEN i
Network Analyzer Observation and

Radiation for
Archaeometry




ExperimentalSetupg Multi-diagnosticSystem 29 H
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Diagnostic tool Sensitive Range Measurement Resolution - Measure Error

SDD 1+30keV Volumetric soft X-ray Spectroscopy: Resolution ~ 120 eV
) warm electrons temperature and density e~ 7%, gre~ 5%

30=2000 keV  Volumetric hard X-ray Spectroscopy: FWHM @ 13325 keV <24 keV
hot electrons temperature and density = e~ 7%, €re~ 5%

HPGe detector

Visible Light Camera 1-10eV Optical Emission Spectroscopy: AA=0.035 nm

cold electrons temperature and density R =13900

Microwave Imaging

Profilometry (MIP) 60+100 GHz  Electron density profile gne~ 1% = 13%

Multi-pins RF probe 10+26.5GHz  Local EM field intensity e~ 0.073+0.138 dB

Multi-pins RF probe + 10+265GHz  Frequency-domain RF wave SA Resolution bandwidth:

Spectrum Analyzer (SA)  (probe range) RBW =3 MHz

Multi-pins RF probe + 10+-265GHz  Time-resolved radiofrequency burst 80 Gs/s (scope)

Scope + HPGe detector (probe range) and X-ray time-resolved Spectroscopy  time scales below ns

Condition-dependent (a

Thomson Scattering 0.5 =500 eV EEDF, absolute el.e.ctron d.ensit}? function of spectral width,

global electron drift velocity dependent on temperature, and

area, dependent on density)

E. Naselli et al., Journal of Instrumentat{diNSY 14, 2019, C1008

Faraday-cup

Analyzing
Magnet

T~

Polarimeter

High Resolution
Spectrally -resolved
X-ray Imaging

Y
/ Ramarter INFN
/ Nuclsar ~ IN§

b Isffio Haziomale i Fsa icleare
abaraton Hazisnah dolSu

samothrace,
- L)




