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Why FUSION?
Study of the p(11B, a)2«a
in a plasma environment

for energy
for the development of new alpha sources

for the general understanding of fusion nuclear reaction in plasmas
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Nuclear fusion and approaches
3

Nuclei fusion produce exothermic reactions: released energy proportional to
the mass difference (binding energy)
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An energy source (i.e. a laser) release energy in a small
capsule forming a region (hot-spot) where exothermic
nuclear reaction can be triggered
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Nuclear fusion and approaches
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Nuclei fusion produce exothermic reactions: released energy proportional to
the mass difference (binding energy)
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An energy source (i.e. a laser) release energy in a small
capsule forming a region (hot-spot) where exothermic
S Atzeni, J Meyer-Ter-Vehn,

nuclear reaction can be triggered <<Inertisl Fusion>>, Oxford
Science Publications (2004)
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In the indirect-drive method used at the National Ignition Facility, a UV laser is fired at a cylinder called a hohlraum rather

than at the hydrogen fuel. The hohlraum then emits x rays, which compress the fuel inside. Credit: Lawrence Livermore
National Laboratory

December 5th 2022

About 3.15 Mega-joules of fusion energy from
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the 2.05 MJ

nature > news explainer > article

NEWS EXPLAINER ‘ 13 December 2022

Nuclear-fusion lab achieves
‘ignition’: what does it mean?

Researchers at the US National Ignition Facility created a reaction that made more
energy than they putin.

Jeff Tollefson & Elizabeth Gibney

y

f

wealthy institutions, Freelon says. “Who’s
going to lose out are going to be grad stu-
dents, people without institutional affilia-
tions, people whose institutions are lower
wealth” Even if researchers ultimately
retain access to Twitter’s data, the uncer-
tainty caused by the API announcement
highlights larger issues, they say. Because
social media influences society as a whole,
social media companies should not be able
to control research on the impact of their
products, argues Philipp Lorenz-Spreen
of the Max Planck Institute for Human
Development, who studies social media
networks. “We do not depend on the oil
industry to be able to measure CO,, but we
are dependent on Facebook to measure po-
larization on Facebook,” he says. “That is a
bad situation.”

In Europe, the Digital Services Act, whose
rules will apply from early 2024 on, seeks
to address this issue. One provision allows
national antharities to comnel acecess to s0-

ENERGY

Laser fusion success sparks hope
of new route to fusion power

Startups lay plans for power plants that would trigger tiny,

rapid-fire fusion blasts

By Daniel Clery

ast year, when the National Ignition
Facility (NIF) fired its 192 laser beams
at a gold cylinder enclosing a tiny
sphere of hydrogen isotopes, it did
more than spark a historic fusion re-
action. The shot—the first to produce
more energy than the lasers delivered—also
triggered a burst of optimism among some
fugcion seientists that the same general an-

Others are far more cautious. “We don’t
know how to build a power plant,” says
Tammy Ma, who heads the inertial fusion
energy effort at Lawrence Livermore Na-
tional Laboratory, the home of NIF. Late
last month, the Department of Energy
(DOE) published a report outlining a long
program of research that it would need to
do to develop power plants based on ICF..

Although the December 2022 shot at NIF

nroduced a record-hreaking 3.15 megaionles
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The p(11B, a)2a

3 PRIMARY a-PARTICLES

SECONDARY
Q- PARTICLES

SECONDARY v o T8 +p
[ ° Q'MTtLtS 1 0
The p-1"B is another reaction of

interest for future ICF schemes:

even it it is energetically less a-PARTICLE ENERGY o
favourable it shows enormous

a-YIELD

*Be+a

asa+a

Table 1.1 Some important fusion reactions and parameters of the cross-section factoriza-

advantages i
1/2
g 0 (Qy) S(0) G
(MeV)  (MeV)  (keV barn) (keV'/?)
p (1 1 B’ a) 2 o Qr eac — 8 R 9 M ev Main controlled fusion fuels
D+T—a+n 17.59 1.2 x 10° 34.38
T+p 4.04 56 31.40
D+D— {*He+n 3.27 54 31.40
a+y 23.85 42 x 1073 31.40
T+T— a+2n 11.33 138 38.45
Advanced fusion fuels
p + "B - 30( (87 MeV) D+ *He = a+p 18.35 59 % 10° 68.75
p+ °Li - a + *He 4.02 55x 10° 87.20
p+ 'Li > 2« 17.35 80 88.11
+ "B —= 3« 8.68 2 x 10° 150.3
8.7 MeV T/IS p-p cvele
» —p cyvcle
;/ - p+p— D+et+v 144 027 40 x 1022 22.20
D+p—3He+y 5.49 25x 1074 25.64
P 1 et 3He +3He — a + 2p 12.86 54 x 10° 153.8
rdegren CNO cycle
p+2C—>BN+y 1.94 1.34 181.0
[PN=>BC+et +v+y] 222 0.71 — —
p+3C—-"“N+y 7.55 7.6 181.5
e p+UN->B0+y 7.29 35 212.3
Sovbe [P0 =P N+et +v+y] 2.76 1.00 — —
Mahty excited 3 alh p+N—->"2C +« 4.97 6.75 x 10* 212.8
Carbon burn
"B spién We 2020 BNa+p 224
e S Optimal temg: 1470 - 4900M % 2C+12C > {P®Na+a 4.62 883 x 101 2769
*Mg+y 13.93

S Atzeni, J Meyer-Ter-Vehn,
<<Inertial Fusion>>, Oxford

Science Publications (2004)
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The p(11B, a)2a

o+ 11B - 3a (8.7 MeV)

It is a neutron-less fusion reaction

8.7 MeV
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Two resonances at about 100 keV and 600 keV in the
system center of mass

s of interest in astrophysical processes
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S i il i imadtiilg Of course, this reaction must be studied
Ceonter-of-Mass Energy (keV)

in a plasma as that generated in a laser-matter
Interaction process
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FUSION GOAL: increase this gain of one order of magnitude
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1.New targets and
diagnostic

2.Study of the
reaction in plasma

3.Study of the
stopping powers of
proton in a Borated
plasma



Study of the reaction in plasma

Target “sottile” (< 10um) e
oA “spesso” (> 10um) A
getect® - contenente 11B e H+ \de‘e°‘° g
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Innovative targets containing
H and 11B

The laser interact with the
target and generate a plasma

The p(11B,a)2a reaction occur
In plasma and alpha yield is
measured

I defe

a-particles

C[or 3

\ a-particles
c)e'te‘:"o"6

Simplified scheme of the p(11B,a)2a reaction
activated in plasma

GAP Cirrone (LNS), F Consoli (ENEA)

Laser pulse characteristics

Duration: 300 ps

Contrast: 10E-7

Energy: up to 1000 J

Power on target: 3 TW
Intensity on target: 1016 W/cm?2
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Measurement of the stopping power in plasma
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Scattered
particles

ToF

A

A “Borated” plasma is generated

Proton/ion bunches will be synchronised

Energy loss in this plasma will be
characterised

S Tudisco LNS), G Pasquali (Fl)
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Laser pulse characteristics

Duration: 6 ns

Energy: 2 J

Power on target: 10ES8
Pulse intensity: 1012 W/cm?2

lon-beam characteristics

Spot diameter: < 1Tmm
Energy: 0.5 - 3 AMeV (protons, alfa)

Bunch duration: 1 ns




INFN

Istituto Nazionale di Fisica Nucleare

I-LUCE experimental area

Utility room

Laser system

Optical | y
compressor | o/ : 4 " | 'vInteraction chamber II:

Interaction chamber I:
protons, ions, electrons, ~
neutrons production

Conventional ions:

In-air irradiation
station

Protons (up to 100 MeV), ions, electrons (up to 3 GeV), neutrons and gamma production and

interaction with conventional beams
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I-LUCE potential activities
o

‘V/Dosimetry and Radiobiology of «FLASH» ‘V/Stopping powers in plasma

beams (electrons, protons, gamma) ‘V/
Studies on Nuclear Reaction in

plasma with particular focus
on the pB reaction* (PROBONO
Cost Action)

\/ Cultural Heritage:
PIXE studies with laser-driven protons

\/ Space applications: \/
laser-driven beams could easily reproduce Materials studies
the space radiation quality

‘V/Radioisotopes production: ‘V/ ............ Many other physics cases
laser-driven beams could easily produce
high intensity charged particles beams

'V/]mmging at the molecular level with

ultrafast X-Rays (ex radiation chemistry . .
of the radiolysis) lon-plasma interaction: UNIQUE

Neutron sources CAPBILITY OF INFN-LNS

‘Vlﬁmee Electron Laser radiation
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Opencall
COST Actions VvV COST Academy About Vv Fund your network

(PROBONO)

& Downloads

e Formation of a critical mass and a common front for

preparation of EU proposals (i.e. Horizon Europe and ProBoNO:

ERC Calls)
e More than 50 Institutions Energy applications
e Dr GAP Cirrone and F Consoli ltalian representative in the

management Committee Medical applications

Table-top sources

Patents: Radioisotopes
EP2833365A1 - reaction scheme
EP3266470A1 - medical applications N

P ENEN INFN  CCOosC

N " " s Istituto Nazionale di Fisica Nucleare IN SCIENCE & TECHNOLOGY
I’energia e lo sviluppo economico sostenibile

Thanlks for Listening
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Laser and beams specifications at 350 TW

Protons spectra from A. Higginson et
al. “Near-100 MeV protons via a laser-
driven transparency-enhanced hybrid
acceleration scheme”, NATURE
COMMUNICATIONS | (2018) 9:724

Electrons spectra from X. Wang et al.
“Quasi-monoenergetic laser-plasma
acceleration of electrons to 2 GeV”,
NATURE COMMUNICATIONS, 4:1988 2018 DOI:
10.1038/ncomms2988

Laser Power 350 TW _ ' ' ' 300
"_:_ = 10 Nm ] i
Energy per pulse >7 ) & 1012 o |
Pulse duration <25fs L ——90nm |]
% 11 — 1500 nm | 1 % 200 A
Focusing surface 36 um2 or = 10 3 )
Max power density (at the target) 8.82-1020 é o ] 5
.1020 107 3 3 "
1* 42 5.64-10 5 E : 3 100
Contrast ratio @100 ps (ASE) > 1010 S o] ]
Repetition rate 1Hz 2 10 3 " 0
Max energy 50 MeV 0 ' 2'0 ' 4'0 ' 6l0 ' 8l0 '1(')0 / : :
Protons Particle perpulse (at30 | 1011 MeV-1 Energy (MeV) 1.5 1.8 2.1
lons o o GeV
Energy spread 100%
Beam divergency (max) +20°
Max energy 3 GeV Neutrons spectra from A.Yogo et al. Gamma spectra ﬁromly-ly- Gﬁqther et al
D iales [aE farlae 109 “Single shot radiography by a bright “Forward-looking insights in laser-
.p P source of laser-driven thermal neutrons generated ultraintense y-ray and neutron
Beam divergency (max) + 20 mad and x-rays", Applied Physics Express sources for nuclear application and
Max energy 20 MeV 14, 106001 (2021) science” NATURE COMMUNICATIONS | (2022)
_ 13:170
Particles per pulse 1010 = -
Neutrons 100 : : . .
Energv spread 100 ) Neutrons
Beam d|Vergency |SOtrOp|C "l_:' 10%F . ,:E \\—?"\—\b_ io;;mccr:;(fn?rili\rlfocus)
(%] v ~ ¢ —12.7 Me 350pm CHO+10pm Au
Synchrotron radiation of [ ] S100f .. e 10 wem? 40 i focus |
the electrons inside the < kT =2.53 MeV = ' T [ i
Ener up to 80 5 107k ] g el
o B 2 2 10°} —t=
Beam divergency Directionality £ i ] 5 - T
in the beam = £ L2\ Temev
5 L I L L NS
% 5 10 15 20 25 10°75 30 30 20 50 50

E (MeV)
Energy [MeV] neray e
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Laser and beams specifications at 50 TW

Laser Power

Energy per pulse

Pulse duration

Focusing surface

Max power density (at the target)
1* 12

Contrast ratio @100 ps (ASE)

Repetition rate
Max energy

Particle per pulse (at 2 MeV)
Protons lons

Energy spread

Beam divergency (max)

Max energy
Eletrons Particles per pulse
Beam divergency (max)
Max energyv
Particles per pulse

Energv spread
Beam divergency

Neutrons

Synchrotron radiation of the electrons
inside the blasma or breemsstrahlung

Gamma X-beams  Energy
Beam divergency
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250 TW
21
<23fs
36 um?2
1.21-1020
7.72-10%9

> 1010
> 10 Hz
4 MeV

1011 MeV-1 Sr-1

100%
+20°

0.1 GeV
109

+ 20 mad
TBD

up to 20 MeV

Directionality in the
beam ropabgation

Fusion studies,
nuclear studies,
radioisotopes production,

Acting on the compression
procedure, the pulse duration can
be increased up to 1/10 ps:
==> 2.78-1078 W/cm?=

2.78-107 W/cm?2
==>jA2=1.77 - 1078

iA2=1.77 - 1017

Longer plasma expansion times:
— Decay studies

— stopping powers studies

— WDM characterisation

Power densities can be improved reducing
the focusing spot:
— shorter focuing parabola

— but issues related to the: target degree,
back reflection, ...
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