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Raggio del nucleo: ~ fm 
(1fm = 10-15 m)

 Raggio dell’atomo: ~Å 
(1Å = 10-10 m)

Nucleo

Atomo

A numero totale dei nucleoni 
Z numero di protoni 

N numero di neutroni 
X elemento chimico

N P

12

1.1.2  Il nucleo
Il nucleo, che rappresenta la parte centrale dell’atomo in cui è concentrata la quasi totali-

tà della massa atomica, è circa centomila volte più piccolo dell’atomo stesso ed è, a sua volta, 
un aggregato di altre particelle: protoni (aventi massa Mp = 1,67262·10−27 kg) e neutroni 
(aventi massa Mn = 1,67493·10−27 kg, ossia maggiore soltanto di meno dello 0,14% di 
quella del protone). Queste particelle sono molto simili e per questo si usa molto spesso il 
temine nucleone per indicare entrambe.

Ogni atomo contiene un ugual numero di protoni e di elettroni e viene individuato da 
due numeri: il numero atomico Z, pari al numero di protoni (e di elettroni) in esso contenuti, 
e il numero di massa A( 1 ), pari al numero totale di nucleoni (protoni + neutroni) che contiene 
il suo nucleo. Viene anche usato il numero N dei neutroni; tra i tre numeri esiste la relazione:

  
(1)                                                     A = Z + N.

I protoni hanno una carica elettrica positiva, + e, dello stesso valore, ma di segno opposto, 
di quella negativa, −e, degli elettroni (e = 1,60217653·10−19 C). I neutroni non hanno carica 
elettrica. La carica totale del nucleo è quindi +Ze.

Nella Tabella I sono riportati i valori della carica elettrica e della massa (in kg e in unità 
di massa atomica, u, definita nel par. 1.3) dell’elettrone e dei nucleoni.

Tabella I. − Carica elettrica e massa delle particelle atomiche.

Particella Simbolo Carica elettrica (C)
Massa

(kg) (u)

elettrone e −1,60217653·10−19 9,10938·10−31 5,485799·10−4

protone p + 1,60217653·10−19 1,67262·10−27 1,007276 
neutrone n 0 1,67493·10−27 1,008665

Tutti i nuclei con gli stessi valori di Z e A (e quindi anche di N) costituiscono una 

(1)  Il nome deriva dal fatto che la massa di un nucleo è molto prossima alla massa di un nucleone molti-
plicata per A.

La situazione è del tutto analoga negli atomi, pur di pensare all’energia dello stato atomi-
co al posto della frequenza della vibrazione della corda (o altro) e alla nuvola di probabilità 
al posto della distribuzione lungo la corda dell’energia di vibrazione.

La figura 1 (b) mostra le prime nuvole elettroniche nella sequenza, corrispondenti alle 
energie più basse, per l’atomo di idrogeno.
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Il nucleo, che rappresenta la parte centrale dell’atomo in cui è 
concentrata la quasi totalità della massa atomica, è circa centomila 
volte più piccolo dell’atomo stesso ed è, a sua volta, un aggregato 
di altre particelle: protoni e neutroni. 
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The Nuclear Chart

Phil Walker, New Scientist Magazine, October 2011
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Valle di stabilità

• Isobari stesso valore di A 
• Isotopi stesso valore di Z 
• Isotoni stesso valore di N

Tempo di dimezzamento (emivita, half-life)
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N(t1/2) = N(0)/2
<latexit sha1_base64="1DSD+R4IQ3elNZjf9BP79ErzUWA=">AAACC3icbZBNS8MwGMfT+TbnW9Wjl+AQPM12yPQiDL14nOBeYC0lzdItLE1Kkgqj9O7Fr+LFgyJe/QLe/DZmWw+6+YfAj//zPEmef5gwqrTjfFulldW19Y3yZmVre2d3z94/6CiRSkzaWDAheyFShFFO2ppqRnqJJCgOGemG45tpvftApKKC3+tJQvwYDTmNKEbaWIF9rIPMPavn8Ap6kUQ485gYBgTWc0PmmgHKA7vq1JyZ4DK4BVRBoVZgf3kDgdOYcI0ZUqrvOon2MyQ1xYzkFS9VJEF4jIakb5CjmCg/m+2SwxPjDGAkpDlcw5n7eyJDsVKTODSdMdIjtVibmv/V+qmOLv2M8iTVhOP5Q1HKoBZwGgwcUEmwZhMDCEtq/grxCJlItImvYkJwF1dehk695jZqjbvzavO6iKMMjsAxOAUuuABNcAtaoA0weATP4BW8WU/Wi/VufcxbS1Yxcwj+yPr8AbDTmj0=</latexit>

t1/2 =
loge 2

�

ln NðtÞ=Nð0Þ½ $ ¼ &!t; ð1:35Þ

yielding the characteristic exponential rate of decay,

NðtÞ ¼ Nð0Þ expð&!tÞ: ð1:36Þ

Figure 1.7 illustrates the exponential decay of a radioactive
material.

The half-life, t1=2
, is a more intuitive measure of the times over

which unstable nuclei decay. As defined earlier, t1=2
is the length

of time required for one-half of the nuclei to decay. Thus it may
be obtained by substituting Nðt1=2

Þ ¼ Nð0Þ=2 into Eq. (1.35) to yield
lnð1=2Þ ¼ &0:693 ¼ &!t1=2

, or simply

t1=2
¼ 0:693=!: ð1:37Þ

A second, less-used measure of decay time is the mean time to decay,
defined by

!t ¼
Z 1

0
tNðtÞdt

,Z 1

0
NðtÞdt ¼ 1=!: ð1:38Þ

Before proceeding, a word is in order concerning units.
Normally we specify the strength of a radioactive source in terms
of curies (Ci) where 1 Ci is defined as 3.7'1010 disintegrations per
second, which is the rate decay of one gram of radium-226; the
becquerel (Bq), defined as one disintegration per second, has also
come into use as a measure of radioactivity. To calculate the
number of nuclei present we first note that Avogadro’s number,
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FIGURE 1.7 Exponential decay of a radionuclide.

Nuclear Reactions 19

Copyrights: Walker, New Scientist

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl


Prof. Dr. Paolo Finelli CAMBIAMENTI CLIMATICI E TRANSIZIONE ENERGETICA

5

Copyrights: Allègre, Isotopes Geology

Legge del decadimento radioattivo

Their properties are designated by the last digits of their atomic
charge, and atomic mass: Thus properties of fissionable element
abc
deX are simply designated sub- or superscripts ‘‘ec.’’ For example,

232
90Th! 02; 235

92U! 25; 238
92U! 28; and 239

94Pu! 49.
One question remains: Where do the neutrons come from to

initiate a chain reaction? Some neutrons occur naturally, as the result
of very high-energy cosmic rays colliding with nuclei and causing
neutrons to be ejected. If no other source were present these would
trigger a chain reaction. Invariably, a stronger and more reliable source
is desirable. Although there are a number of possibilities, probably
the most widely used is the radium beryllium source. It combines
the alpha decay of a naturally occurring radium isotope

226
88Ra !!! 222

86Rn; ð1:31Þ

which has a half-life of 1600 years with the reaction

9
4Be !!

ð!;nÞ 12

6
C ð1:32Þ

to provide the needed neutrons.

1.7 Radioactive Decay

To understand the behavior of fission products, the rates of conver-
sion of fertile to fissile materials, and a number of other phenomena
related to reactor physics we must quantify the behavior of radio-
active materials. The law governing the decay of a nucleus states that
the rate of decay is proportional to the number of nuclei present. Each
radioisotope—that is, an isotope that undergoes radioactive decay—
has a characteristic decay constant ". Thus if the number of nuclei
present at time t is NðtÞ, the rate at which they decay is

d

dt
NðtÞ ¼ !"NðtÞ: ð1:33Þ

Dividing by NðtÞ, we may integrate this equation from time zero to t,
to obtain

Z NðtÞ

Nð0Þ
dN=N ¼ !"

Z t

0
dt; ð1:34Þ

where Nð0Þ is the initial number of nuclei. Noting that dN=N ¼
d lnðNÞ, Eq. (1.34) becomes

18 Fundamentals of Nuclear Reactor Physics
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Beta-plus radioactivityandelectron capture
The nucleus emits a positron (anti-electron) at the same time as a neutrino. A proton
disintegrates into a neutron. A similar but di¡erent process is electron capture by a
proton.

pþ e" ! nþ !

protonþ electron! neutronþ neutrino

Theatomemits aperipheral electronto ensurethenuclide remainsneutral.

A
ZA!

A
Z"1Bþ eþ þ ! "þ radioactivity

or

A
ZAþ e" ! A

Z"1Bþ ! electron capture:

This is represented in the (Z, N) diagram by a diagonal shift down and to the right.
Notice that neither of these forms of radioactivity involves a change in mass number. It
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Figure 1.6 The various types of radioactivity in the neutron–proton diagram. Notice that all forms of
disintegration shift the decay products towards the valley of stability. Radioactivity seems to restore the
nuclear equilibrium of nuclides lying outside the valley of stability and so in disequilibrium.

22 Isotopes and radioactivity

Tempo di dimezzamento (emivita)
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N(t1/2) = N(0)/2
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Tavola periodica degli elementi

stesso valore di Z

La massa dell’elemento naturale 
è data dalle masse degli isotopi 
pesate per l’abbondanza

Copyrights: https://pubchem.ncbi.nlm.nih.gov/periodic-table/
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Atomic Mass Unit (a.m.u.)

1u =
1

12
m(12C)
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1u = 931.494 MeV/c2  

1u = 1.660×10−27 kg

La massa  di un nucleo è minore della somma delle masse dei 
suoi costituenti

Masse dei nuclei (sottintendendo unità naturali) 

•  La massa di un nucleo è inferiore alla somma delle masse dei costituenti: 

•  La differenza di massa è dovuta all’energia di legame (binding energy) 
dovuta alle forze nucleari: 

–  Il fatto che la massa del sistema sia minore delle sue componenti ne 
garantisce la stabilità. 

•  Una quantità fisicamente importante è l’energia media di legame per 
nucleone: 

Istituzioni di Fisica Nucleare e Subnucleare – Lezione 2  
A. Andreazza - a.a. 2016/17  15 

M (A,Z )< Zmp + (A− Z )mn

B.E. = M (A,Z )− Zmp − (A − Z )mn

mp = 938.27 MeV
mn = 939.57 MeV

B
A
= −

B.E.
A

=
Zmp + (A − Z )mn −M (A,Z )

A

Massa di protoni e neutroni

La differenza di massa è dovuta all’energia di legame generata dalle forze nucleari e 
dall’interazione coulombiana

L’energia di legame media per nucleone è approssimativamente costante ~ 8 MeV, 
con alcune eccezioni per i nuclei leggeri

E = mc2
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Equivalenza massa-energia

Energia di legame

14 1. Basic concepts in nuclear physics

ρ0 ≃ 0.15 nucleons fm−3 . (1.10)

If the nucleon density were exactly constant up to a radius R and zero beyond,
the radius R would be given by (1.9). Figure 1.1 indicates that the density
drops from the above value to zero over a region of thickness ∼ 2 fm about
the nominal radius R.

In contrast to nuclei, the size of an atom does not increase with Z implying
that the electron density does increase with Z. This is due to the long-range
Coulomb attraction of the nucleus for the electrons. The fact that nuclear
densities do not increase with increasing A implies that a nucleon does not
interact with all the others inside the nucleus, but only with its nearest
neighbors. This phenomenon is the first aspect of a very important property
called the saturation of nuclear forces.

We see in Fig. 1.1 that nuclei with A < 20 have charge densities that are
not flat but rather peaked near the center. For such light nuclei, there is no
well-defined radius and (1.9) does not apply. It is better to characterize such
nuclei by their rms radius

(rrms)2 =
∫

d3rr2ρ(r)∫
d3rρ(r)

. (1.11)

Selected values of rrms as listed in Table 1.1.
Certain nuclei have abnormally large radii, the most important being

the loosely bound deuteron, 2H. Other such nuclei consist of one or two
loosely bound nucleons orbiting a normal nucleus. Such nuclei are called
halo nuclei [7]. An example is 11Be consisting of a single neutron around a
10Be core. The extra neutron has wavefunction with a rms radius of ∼ 6 fm
compared to the core radius of ∼ 2.5 fm. Another example is 6He consisting of
two neutrons outside a 4He core. This is an example of a Borromean nucleus
consisting of three objects that are bound, while the three possible pairs are
unbound. In this case, 6He is bound while n-n and n-4He are unbound.

1.2.2 Binding energies

The saturation phenomenon observed in nuclear radii also appears in nuclear
binding energies. The binding energy B of a nucleus is defined as the negative
of the difference between the nuclear mass and the sum of the masses of the
constituents:

B(A, Z) = Nmnc2 + Zmpc2 − m(A, Z)c2 (1.12)

Note that B is defined as a positive number: B(A, Z) = −EB(A, Z) where
EB is the usual (negative) binding energy.

The binding energy per nucleon B/A as a function of A is shown in Fig.
1.2. We observe that B/A increases with A in light nuclei, and reaches a
broad maximum around A ≃ 55 − 60 in the iron-nickel region. Beyond, it
decreases slowly as a function of A. This immediately tells us that energy

L'elettronvolt è definito come l'energia acquistata (o persa) dalla carica elettrica di un singolo elettrone, che si muove nel vuoto 
tra due punti in una regione tra cui esiste una differenza di potenziale elettrostatico di 1 volt. 1 eV = 1,602 176 46 × 10−19 J

<latexit sha1_base64="9c9o6tjMGKOPf+0fNWBC+GkEU8E=">AAACC3icbVDLSgMxFM3UV62vUZduQotQUcqMSHXhourGlVSwD9oOJZOmbWiSGZKMUIbZu/FX3LhQxK0/4M6/MX0I2nrgwsk595J7jx8yqrTjfFmphcWl5ZX0amZtfWNzy97eqaogkphUcMACWfeRIowKUtFUM1IPJUHcZ6TmD65Gfu2eSEUDcaeHIfE46gnapRhpI7XtLM9fHDUO4Dm8gbwdtySHIoGHsPHzCpO2nXMKzhhwnrhTkgNTlNv2Z6sT4IgToTFDSjVdJ9RejKSmmJEk04oUCREeoB5pGioQJ8qLx7ckcN8oHdgNpCmh4Vj9PREjrtSQ+6aTI91Xs95I/M9rRrp75sVUhJEmAk8+6kYM6gCOgoEdKgnWbGgIwpKaXSHuI4mwNvFlTAju7MnzpHpccIuF4u1JrnQ5jSMN9kAW5IELTkEJXIMyqAAMHsATeAGv1qP1bL1Z75PWlDWd2QV/YH18A+QumHo=</latexit>

m(A,Z) < Nmn + Zmp

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl
https://it.wikipedia.org/wiki/Joule
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Nuclei instabili

Oltre a questo 
limite tutti i nuclei 

sono instabili

Numero totale di nucleoni A = N + Z
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<latexit sha1_base64="GN5hFMVBf87iHh3u8MHipfTyZtI=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSJ4WneroMdaETxWsB/QLiWbZtvQbLIkWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemHCmjed9Oyura+sbm4Wt4vbO7t5+6eCwqWWqCG0QyaVqh1hTzgRtGGY4bSeK4jjktBWObqd+64kqzaR4NOOEBjEeCBYxgo2VWjX3zkXnN71S2XO9GdAy8XNShhz1Xumr25ckjakwhGOtO76XmCDDyjDC6aTYTTVNMBnhAe1YKnBMdZDNzp2gU6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif14nNdF1kDGRpIYKMl8UpRwZiaa/oz5TlBg+tgQTxeytiAyxwsTYhIo2BH/x5WXSrLj+hVt5uCxXa3kcBTiGEzgDH66gCvdQhwYQGMEzvMKbkzgvzrvzMW9dcfKZI/gD5/MHRhWONw==</latexit>

N + Z = A
<latexit sha1_base64="OTcgD+MW+D5yyaGSi2lvKEh9VVM=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIQtmtgl6EqhdPUsF+aLuUbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++0sLC4tr6zm1vLrG5tb24Wd3bqOEkVojUQ8Us0Aa8qZpDXDDKfNWFEsAk4bweB67DeeqNIskvdmGFNf4J5kISPYWOnhFh2jR3SBLjuFoltyJ0DzxMtIETJUO4WvdjciiaDSEI61bnlubPwUK8MIp6N8O9E0xmSAe7RlqcSCaj+dHDxCh1bpojBStqRBE/X3RIqF1kMR2E6BTV/PemPxP6+VmPDcT5mME0MlmS4KE45MhMbfoy5TlBg+tAQTxeytiPSxwsTYjPI2BG/25XlSL5e8k1L57rRYucriyME+HMAReHAGFbiBKtSAgIBneIU3RzkvzrvzMW1dcLKZPfgD5/MHIVOOqQ==</latexit>

FissioneFusione

Energia di legame

Nuclei stabili

Unione di 
nuclei 

leggeri in 
un nucleo 
pesante

Scissione di un 
nucleo in due 

nuclei leggeri e 
alcuni neutroni

Nè la fissione nè la fusione 
sono processi spontanei: 

• La fissione viene indotta 
da una reazione 
(solitamente cattura di un 
neutrone) 

• La fusione viene indotta 
fornendo energia ai 
nuclei

Massima  
stabilità

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl
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Una tipica reazione nucleare può essere scritta come segue

Copyrights: Cristian Massimi (UNIBO)

Per conoscere una reazione nucleare dobbiamo studiarne la sezione d’urto
Type of reactions
A typical nuclear reaction is written 

a+A à b+B
Alternative compact style

A(a,b)B

• a is the accelerated particle
• A is the target 
• B and b are the reaction 

products (usually B is a 
heavy product, not directly 
observed)

Light projectile a

Target nucleus A
Recoil B

Outgoing particle  b

• If b = g ray: radiative capture reaction
• If a= g ray: nuclear photoeffect reaction

The compact 
notation is used to 
refer to a general 
class of reactions 
with common 
properties: (n,g) or 
(a,n)…

a + A ➡ B + b A(a,b)B

Nucleo target A

Proiettile a

Nucleone/nucleo uscente b

Nucleo di rinculo B 
(di solito non osservato)

prodotti di reazione

Reazione diretta: solo pochi nucleoni 
prendono parte alla reazione. I rimanenti 
nucleoni del bersaglio fungono da spettatori 

Meccanismo del nucleo composto: il nucleo 
incidente ed il nucleo bersaglio si fondono in 
uno stato metastabile prima che un 
nucleone/nucleo venga espulso

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl


Data questa semplice reazione 

La legge di conservazione dell’energia può essere espressa come 

Dove T è l'energia cinetica e m è la massa a riposo. Riscrivendo tale relazione nella forma 

è possibile definire il valore Q come segue 

Una reazione con valore Q positivo (Q > 0) è detta esotermica poiché libera energia, poiché 
l'energia cinetica finale è maggiore di quella iniziale. Una reazione con valore Q negativo (Q < 0) è 
detta endotermica perché assorbe energia.
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x+X ! y + Y
<latexit sha1_base64="iqWclRXLp1YU1WntChaoSYnI8EA=">AAAB/3icbVDLSsNAFL3xWesrKrhxM1gEoVCSKuiy6MZlBfuQNpTJdNIOnUzCzEQNsQt/xY0LRdz6G+78G6ePhbYeuHA4517uvcePOVPacb6thcWl5ZXV3Fp+fWNza9ve2a2rKJGE1kjEI9n0saKcCVrTTHPajCXFoc9pwx9cjvzGHZWKReJGpzH1QtwTLGAEayN17P0HVERN1Jas19dYyugepah427ELTskZA80Td0oKMEW1Y3+1uxFJQio04VipluvE2suw1IxwOsy3E0VjTAa4R1uGChxS5WXj+4foyChdFETSlNBorP6eyHCoVBr6pjPEuq9mvZH4n9dKdHDuZUzEiaaCTBYFCUc6QqMwUJdJSjRPDcFEMnMrIn0sMdEmsrwJwZ19eZ7UyyX3pFS+Pi1ULqZx5OAADuEYXDiDClxBFWpA4BGe4RXerCfrxXq3PiatC9Z0Zg/+wPr8AfWXlMg=</latexit>

mxc
2 + Tx +mXc2 + TX = myc

2 + Ty +mY c
2 + TY

<latexit sha1_base64="8Z/vfwCY51Kbp6sBIB4GQASJ9fs=">AAACInicbVDLSgMxFM3UV62vqks3wSIIQpmpgroQim5cVuhjSjsOmTRtQ5PMkGSkQ+m3uPFX3LhQ1JXgx5i+QFsvJJzHvST3BBGjStv2l5VaWl5ZXUuvZzY2t7Z3srt7VRXGEpMKDlko3QApwqggFU01I24kCeIBI7WgdzPyaw9EKhqKsk4i4nHUEbRNMdJG8rOX3O/j+wI8gWW/b27uuzPqwitDkxlNxm59Rut+Nmfn7XHBReBMQQ5Mq+RnP5qtEMecCI0ZUqrh2JH2BkhqihkZZpqxIhHCPdQhDQMF4kR5g/GKQ3hklBZsh9IcoeFY/T0xQFyphAemkyPdVfPeSPzPa8S6feENqIhiTQSePNSOGdQhHOUFW1QSrFliAMKSmr9C3EUSYW1SzZgQnPmVF0G1kHdO84W7s1zxehpHGhyAQ3AMHHAOiuAWlEAFYPAInsEreLOerBfr3fqctKas6cw++FPW9w/pMp70</latexit>

(mx +mX �my �mY )c
2 = Ty + TY � Tx � TX

<latexit sha1_base64="w7xsYPnh6TEQr91yYjToRpMaY8s=">AAACHHicbVDLSgMxFM3UV62vUZdugkWolJaZVtCNUHTjskKftHXIpJk2NJkZkoxYSj/Ejb/ixoUiblwI/o2ZdhbaeiGXwznncnOPGzIqlWV9G6mV1bX1jfRmZmt7Z3fP3D9oyCASmNRxwALRcpEkjPqkrqhipBUKgrjLSNMdXcd6854ISQO/psYh6XE08KlHMVKacsxyjjsPMA+504IF7oxhQcP2KcR3JXgJa5rI697WdE374t6Cjpm1itas4DKwE5AFSVUd87PbD3DEia8wQ1J2bCtUvQkSimJGppluJEmI8AgNSEdDH3Eie5PZcVN4opk+9AKhn6/gjP09MUFcyjF3tZMjNZSLWkz+p3Ui5V30JtQPI0V8PF/kRQyqAMZJwT4VBCs21gBhQfVfIR4igbDSeWZ0CPbiycugUSra5WLp9ixbuUriSIMjcAxywAbnoAJuQBXUAQaP4Bm8gjfjyXgx3o2PuTVlJDOH4E8ZXz8EQJxY</latexit>

Q = (mi �mf )c
2 = Tf � Ti

<latexit sha1_base64="NVH5IGgpuIFdnzw125qA+6p4EAo=">AAACB3icbVDLSgMxFM34rPU16lKQYBHqomWmCropFN24bKEvaMchk2ba0CQzJBmhDN258VfcuFDErb/gzr8xfSy09cC9HM65l+SeIGZUacf5tlZW19Y3NjNb2e2d3b19++CwqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvJ34rQciFY1EXY9i4nHUFzSkGGkj+fZJrQzz3KewwP3wHOL7EizDuh/CgukU+nbOKTpTwGXizkkOzFH17a9uL8IJJ0JjhpTquE6svRRJTTEj42w3USRGeIj6pGOoQJwoL53eMYZnRunBMJKmhIZT9fdGirhSIx6YSY70QC16E/E/r5Po8NpLqYgTTQSePRQmDOoITkKBPSoJ1mxkCMKSmr9CPEASYW2iy5oQ3MWTl0mzVHQviqXaZa5yM48jA47BKcgDF1yBCrgDVdAAGDyCZ/AK3qwn68V6tz5moyvWfOcI/IH1+QN6wJXg</latexit>

Q-valore e reazioni nucleari

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl
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Descriviamo una reazione nucleare tramite la sezione d’urto

Sezione d'urto: grandezza che caratterizza una reazione nucleare (di qualsivoglia genere) interpretabile 
come area effettiva di un target (obiettivo) nucleare. Definiamo la sezione d’urto totale come segue:

<latexit sha1_base64="aa44tpbhfwbBMe1rqLJPMXibBqo=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBVUlEqhuh6MaVVLQPaEKZTCbt0MmDmYlQQhZu/BU3LhRx60e482+ctllo9cDA4Zx7uXOOl3AmlWV9GaWl5ZXVtfJ6ZWNza3vH3N3ryDgVhLZJzGPR87CknEW0rZjitJcIikOP0643vpz63XsqJIujOzVJqBviYcQCRrDS0sCsOq0RQ+fICQQmmX89yFiU55l/66t8YNasujUD+kvsgtSgQGtgfjp+TNKQRopwLGXfthLlZlgoRjjNK04qaYLJGA9pX9MIh1S62SxEjg614qMgFvpFCs3UnxsZDqWchJ6eDLEayUVvKv7n9VMVnLk6VpIqGpH5oSDlSMVo2gjymaBE8YkmmAim/4rICOs6lO6tokuwFyP/JZ3jut2oN25Oas2Loo4yVOEAjsCGU2jCFbSgDQQe4Ale4NV4NJ6NN+N9Ployip19+AXj4xuOvJgV</latexit>

� =
dNin

dSdt
flusso incidente 

incident flux

tasso di interazione 
reaction rate

<latexit sha1_base64="Ar0GJLrgefLRKMyNOy9U8w2ejb0=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBKR6rHoxZNUsB/QhrLZbNqlm03YnSgl5qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fiK4Bsf5tlZW19Y3Nktb5e2d3b19u3LQ1nGqKGvRWMSq6xPNBJesBRwE6yaKkcgXrOOPr6d+54EpzWN5D5OEeREZSh5ySsBIA7vSDxWhWXA7yFSeZwHkA7vq1JwZ8DJxC1JFBZoD+6sfxDSNmAQqiNY910nAy4gCTgXLy/1Us4TQMRmynqGSREx72ez0HJ8YJcBhrExJwDP190RGIq0nkW86IwIjvehNxf+8XgrhpZdxmaTAJJ0vClOBIcbTHHDAFaMgJoYQqri5FdMRMVmASatsQnAXX14m7bOaW6/V786rjasijhI6QsfoFLnoAjXQDWqiFqLoET2jV/RmPVkv1rv1MW9dsYqZQ/QH1ucPKNWUmw==</latexit>

dNr

dt

<latexit sha1_base64="eizuWnbav23gzguwz0SE34o+5iY=">AAACEHicbVDLSgMxFM3UV62vUZdugkV0VWZEqhuh6MaVVLAP6Awlk8m0oUlmSDJCGeYT3Pgrblwo4talO//GtJ2Fth7I5XDOvdzcEySMKu0431ZpaXllda28XtnY3NresXf32ipOJSYtHLNYdgOkCKOCtDTVjHQTSRAPGOkEo+uJ33kgUtFY3OtxQnyOBoJGFCNtpL597Ck64AheQi+SCGezGt72M5nnWahN8ZpDmvftqlNzpoCLxC1IFRRo9u0vL4xxyonQmCGleq6TaD9DUlPMSF7xUkUShEdoQHqGCsSJ8rPpQTk8MkoIo1iaJzScqr8nMsSVGvPAdHKkh2rem4j/eb1URxd+RkWSaiLwbFGUMqhjOEkHhlQSrNnYEIQlNX+FeIhMJNpkWDEhuPMnL5L2ac2t1+p3Z9XGVRFHGRyAQ3ACXHAOGuAGNEELYPAInsEreLOerBfr3fqYtZasYmYf/IH1+QPVwZ3G</latexit>

� =
dNr
dt

�

• dimensioni fisiche di una superficie 
• dipende dall’energia del proiettile

Poiché il raggio nucleare è di circa 10-12 cm, l'area geometrica della sezione trasversale del nucleo è di circa 
10-24 cm2 = 1 barn, quindi useremo il barn come unità di misura 

La sezione d’urto σ è divisa in sezioni d'urto per ogni dato processo ed è la somma di tutti i contributi

<latexit sha1_base64="1yfRT97G7S6kDeJh5tpLZUc826I=">AAACNXicbVDLSgMxFM34rPU16tJNsAiCUGZEqhuh6MaFiwr2Ae1Q7qSZNjSZGZKMUIb+lBv/w5UuXCji1l8wbQfpwwuBc869N8k5fsyZ0o7zZi0tr6yurec28ptb2zu79t5+TUWJJLRKIh7Jhg+KchbSqmaa00YsKQif07rfvxn1649UKhaFD3oQU09AN2QBI6CN1LbvWop1BeArPAHtlPIhPv1j5toZ3uqCEDCtBGPCO5FWbbvgFJ1x4UXgZqCAsqq07ZdWJyKJoKEmHJRquk6svRSkZoTTYb6VKBoD6UOXNg0MQVDlpWPXQ3xslA4OImlOqPFYnd5IQSg1EL6ZFKB7ar43Ev/rNRMdXHrGeZxoGpLJQ0HCsY7wKELcYZISzQcGAJHM/BWTHkgg2gSdNyG485YXQe2s6JaKpfvzQvk6iyOHDtEROkEuukBldIsqqIoIekKv6AN9Ws/Wu/VlfU9Gl6xs5wDNlPXzCyLrqxQ=</latexit>

� = �el + �inel + �� + �f + . . .

<latexit sha1_base64="SZuo/B5iWAk92nK+1Ah0gTztlxQ=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahXsqulOqxKILHCvZD2qVk02wbmmSXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWjpKFKFNEvFIdQKsKWeSNg0znHZiRbEIOG0H45uZ336iSrNIPphJTH2Bh5KFjGBjpceeZkOBy7fn/WLJrbhzoFXiZaQEGRr94ldvEJFEUGkIx1p3PTc2foqVYYTTaaGXaBpjMsZD2rVUYkG1n84PnqIzqwxQGClb0qC5+nsixULriQhsp8BmpJe9mfif101MeOWnTMaJoZIsFoUJRyZCs+/RgClKDJ9Ygoli9lZERlhhYmxGBRuCt/zyKmldVLxapXZfLdWvszjycAKnUAYPLqEOd9CAJhAQ8Ayv8OYo58V5dz4WrTknmzmGP3A+fwD6BI/i</latexit>

�(E)

TP

P

𝛳

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl


Prof. Dr. Paolo Finelli CAMBIAMENTI CLIMATICI E TRANSIZIONE ENERGETICA

12Sezione d’urto macroscopica

Nuclear reaction cross sections

The attenuation of the incident beam refers to ALL reactions. For charged particle from an accelerator 
the beam intensity is measured in current: 1 particle µAmpere = 6.24 × 1012 ions/second

L

dz

Jin Jout

• Jin is a beam of projectile nuclei 
(particle/second)

• Jout is the beam attenuated by the foil
• a/A = Fraction of beam particle that 

react = fraction of A covered by nuclei
• a = area covered by nuclei = 

N[atoms/cm3] × dz[cm] × s[cm2]  à i.e. 
s = effective area subtended by one 
nucleus

• Differential equation -dJ = JNdzs leads 
to: 

Jout= Jine-Nzs

• The number of reactions is:
Jin – Jout = Jin(1-e-Nzs)

Exercise 1: A beam of thermal neutrons impinging on a 2.0 mm 
thick foil of 197Au (density = 19.3 g cm-3), reduces of 68%. Find 
total thermal neutron cross-section. Compare this result with 
the area of the nucleus. 

Exercise 2: A target of 0.5 mg/cm2 of 208Pb is irradiated with a 
beam current of 0.5 particle microampere of 48Ca. Calculate the 
activity of 254No(T1/2=55 s) produced in one minute by the 
208Pb(48Ca,2n) reaction (s = 3.0 µb).

• Many reactions may 
occur: σ is divided into 
reaction cross sections 
for a given process.

• Total cross section is 
sum of partial cross 
sections.

Supponiamo che il materiale di densità 𝛒 (gr/cm3) venga colpito da un flusso di 

particelle di intensità I (particelle/sec)  
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Fissione nucleare
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potential energy of the system, the nucleus breaks into two smaller drops. The
saddle point is reached in trans-uranium elements by adding energy of around
6 MeV, but in some cases this potential barrier may be overcome via tunneling
effect, which accounts for the spontaneous fissions noted with certain actinides. The
chances of fission are increased with slow neutrons while a fast neutron at 14 MeV
(the maximum energy of a neutron generated by fission) has a very low probability
of causing a fission itself.

2.6.1 Fission Energy

Fission energy may be calculated using the Aston curve for binding energy by
calculating loss of mass. For a fission producing 137

56Baand
96
36Kr, the energy liberated

by the fission is of the order of:
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A slow incident neutron strikes an atom of uranium 
235.

*236
92U

The resulting compound nucleus is highly unstable. It 
oscillates around its spherical equilibrium position.

*236
92U

The nucleus is deformed and reaches thesaddle point 
before breaking (the liquid drop model) into two 
fragments of virtually identical size. In rare cases, a 
third, extremely light fission product appears...

Ba137
56Kr96

36

n1
0

n1
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… together with anumberof neutrons (two or three,  
according to the individual case) and intense energy 
liberation (around 200 MeV per fission). The majority  
of this energy is dissipated in the form of kinetic energy
of the recoil fragments. Given the size of these 
fragments (fission products), this energy is rapidly 
transferred to the medium and the fragments are 
practically stopped dead in their tracks.

Fig. 2.25 Liquid drop model of fission
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n+ 235U ! 96Kr + 137Ba+ 3n

Quanta energia viene rilasciata da un processo di fissione ?

Energia  cinetica dei prodotti di fissione 166.2 ± 1.3 MeV
Energia  raggi 𝛄 immediati (prompt) 8.0 ± 0.8 MeV
Energia  raggi 𝛄 ritardati (delayed) 7.2 ± 1.1 MeV

Energia  raggi β 7.0 ± 0.3 MeV
Energia  cinetica dei neutroni 4.8 ± 0.1 MeV

… …
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15Stima dell’energia rilasciata da un processo di fissione
Una delle caratteristiche più importanti di un combustibile è la densità d’energia, 
ovvero la quantità di energia immagazzinata in un dato sistema o regione dello 
spazio per unità di volume o per unità di massa.

Combustibile / Processo Densità di energia per massa (MJ/Kg)
Fissione nucleare (dell'U 235 puro) 88.250.000

Fusione nucleare deuterio-trizio 337.000.000
Benzina 46,9

Gas naturale (compresso) a 200 bar 53,6
Gasolio da riscaldamento 45,8
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Nucleo target in 
equilibrio - 

sistema deforme

Cattura di una particella 
(neutrone, n) o tramite 

una reazione diretta 
(d,p) or (α,α’) 

(Z0, A0)

Nucleo eccitato dalla cattura 
del proiettile, creazione di 

uno stato metastabile

Stato transizionale con 
deformazione 

asimmetrica di massa 
(se il neutrone è di 

bassa energia)

(Z0, A0)
10-21 sec ≤ τ ≤ 10-19 sec

(Z1, A1) (Z2, A2)

Configurazione di fissione con 
frammenti deformati; energie 
cinetiche inizialmente piccole

Dinamica di un processo di fissione (I)

n

Partenza
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(Z1, A1) (Z2, A2)

Per effetto dell’interazione 
coulombiana i frammenti si 

respingono, in circa 
10-20 sec raggiungono il 90% 

della loro energia cinetica finale

(Z1, A3) (Z2, A4)

Tempo di emissione dei neutroni  
veloci (prompt neutrons) 

 10-18 sec - 10-16 sec. 
Emissione dei raggi 𝛄 in tempi 

dell’ordine ~10-14 sec - 10-12 sec

β-

β-

Decadimento radioattivo; 
occasionalmente possono essere 

popolati nuclei instabili per 
emissione diretta di neutroni lenti 

(delayed neutrons)

Dinamica di un processo di fissione (II)

n

n

Arrivo
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following chapters deals with the determination of the multiplica-
tion, how it depends on the composition and size of a reactor, and
how the time-dependent behavior of a chain reaction is affected by
the presence of the small fraction of neutrons whose emission
following fission is delayed. Subsequently we will examine changes
in multiplication caused by changes in temperature, fuel depletion,
and other factors central to the design and operation of power
reactors.

Fission Products

Fission results in many different pairs of fission fragments. In most
cases one has a substantially heavier mass than the other. For exam-
ple, a typical fission reaction is

nþ 235
92U! 140

54Xeþ 94
38Srþ 2nþ 200 MeV: ð1:24Þ

Fission fragments are unstable because they have neutron to
proton ratios that are too large. Figure 1.4, which plots neutrons
versus protons, indicates an upward curvature in the line of stable
nuclei, indicating that the ratio of neutrons to protons increases
above 1:1 as the atomic number becomes larger (e.g., the prominent
isotopes of carbon and oxygen are 12

6C and 16
8O but for lead and

thorium they are 207
82Pb and 232

90Th). As a nucleus fissions the ratio of
neutrons to protons would stay the same in the fission fragments—
as indicated by the dashed line in Fig. 1.4—were it not for the 2 to
3 neutrons given off promptly at the time of fission. Even then, the
fission fragments lie above the curve of stable nuclei. Less than 1%
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FIGURE 1.3 Neutron population versus time in (A) supercritical system,
(B) critical system, (C) subcritical system.
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of these fragments decay by the delayed emission of neutrons. The
predominate decay mode is through beta emission, accompanied by
one or more gamma rays. Such decay moves the resulting nuclide
toward the line of stable nuclei as the arrows in Fig. 1.4 indicate.
However, more than one decay is most often required to arrive at
the range of stable nuclei. For the fission fragments in Eq. (1.24) we
have

140
54Xe !!! 140

55Cs !!! 140
56Ba !!! 140

57La !!! 140
58Ce ð1:25Þ

and

94
38Sr !!! 94

39Y !!! 94
40Zr: ð1:26Þ

Each of these decays has a characteristic half-life. With some notable
exceptions the half-lives earlier in the decay chain tend to be shorter
than those occurring later. The fission fragments taken together with
their decay products are classified as fission products.
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FIGURE 1.4 Fission fragment instability.
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Frammenti di fissione

Fission fragment mass distribution
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Equation (1.24) shows only one example of the more than 40
different fragment pairs that result from fission. Fission fragments
have atomic mass numbers between 72 and 160. Figure 1.5 shows
the mass frequency distribution for uranium-235, which is typical
for other fissionable materials provided the neutrons causing fis-
sion have energies of a few eV or less. Nearly all of the fission
products fall into two broad groups. The light group has mass
numbers between 80 and 110, whereas the heavy group has mass
numbers between 125 and 155. The probability of fissions yielding
products of equal mass increases with the energy of the incident
neutron, and the valley in the curve nearly disappears for fissions
caused by neutrons with energies in the tens of MeV. Because
virtually all of the 40 fission product pairs produce characteristic
chains of radioactive decay from successive beta emissions, more
than 200 different radioactive fission products are produced in a
nuclear reactor.

Roughly 8% of the 200 MeV of energy produced from fission is
attributable to the beta decay of fission products and the gamma rays
associated with it. Thus even following shutdown of a chain reaction,
radioactive decay will continue to produce significant amounts of
heat. Figure 1.6 shows the decay heat for a reactor that has operated at
a power P for a long time. The heat is approximated by the Wigner-
Way formula as
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FIGURE 1.5 Fission product yields for uranium-235.
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Il processo di fissione origina coppie di frammenti 
distribuiti asimmetricamente rispetto ad A, con 
due picchi a A≃95 e A≃140

fissione

Fi
ss
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n 
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ld

s

grande energia cinetica → calore 
radioattivi → no dispersione
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Copyrights: Krane, Introductory nuclear physics

Neutroni da fissione: quanti sono e che energia hanno?

⇒ Lo spettro di emissione è gaussiano con una deviazione standard quasi indipendente dal nucleo genitore 

⇒ I neutroni sono emessi con energie dell’ordine dei MeV, parliamo di neutroni veloci (fast neutrons) 

⇒ La maggioranza dei neutroni sono emessi con energie tra 1 e 2 MeV

Energia dei neutroni (MeV)

A
bb

on
da

nz
a 

(u
ni

tà
 a

rb
itr

ar
ie

)

(𝛎 - 𝛎)

Pr
ob

ab
ili

tà

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl


Prof. Dr. Paolo Finelli CAMBIAMENTI CLIMATICI E TRANSIZIONE ENERGETICA

20

σel  
(Diffusione 

elastica)

σt (totale)

σs (diffusione)
σinel  

(Diffusione 
inelastica)

σγ  
(cattura  

radiativa)

σf  
(fissione)

γ

σa (assorbimento)

+ breakup, scambio di carica,…

Reazioni indotte da neutroni rilevanti per capire la dinamica di un reattore  
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Reazione a catena

L’idea alla base della 
produzione di energia 
tramite fissione 
nucleare si basa sul 
concetto di reazione a 
catena (controllata!). 

Ad ogni ciclo di fissione 
alcuni dei neutroni 
prodotti inducono la 
fissione su altri nuclei di 
uranio

Copyrights: Wikipedia
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Reazione a catena

Non tutti i neutroni 
sono utilizzabili, alcuni 
vanno persi (    ). Alcuni 
vanno persi perché ci 
sono altre reazioni in 
competizione, altri 
perché assorbiti dagli 
elementi del reattore.  

La sezione d’urto di 
reazione ci fornisce 
tutte le informazioni di 
cui abbiamo bisogno

https://www.eventbrite.it/e/biglietti-cambiamenti-climatici-e-transizione-energetica-850059901047?utm-campaign=social&utm-content=attendeeshare&utm-medium=discovery&utm-term=listing&utm-source=cp&aff=ebdsshcopyurl


Prof. Dr. Paolo Finelli CAMBIAMENTI CLIMATICI E TRANSIZIONE ENERGETICA

23
Sezione d’urto elastica indotta da neutroni

L’energia cinetica del 
proiettile rimane invariata 

Copyrights Fermi, Nuclear physics -: https://www.oecd-nea.org/jcms/pl_39910/janis
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𝛔 è costante a basse energie
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Sezione d’urto inelastica indotta da neutroni

Copyrights Fermi, Nuclear physics -: https://www.oecd-nea.org/jcms/pl_39910/janis
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Sezione d’urto (n,𝛾)

Copyrights Fermi, Nuclear physics -: https://www.oecd-nea.org/jcms/pl_39910/janis
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Copyrights: https://www.oecd-nea.org/jcms/pl_39910/janis

Sezione d’urto per fissione indotta da neutroni

Regione dei neutroni veloci.  
All’energia con cui di solito i 
neutroni vengono emessi le 
sezioni d’urto non sono 
particolarmente alte (~ barn). 

Se pensiamo di rallentarli 
rendiamo il processo molto più 
efficiente (più probabile)

fast 
(MeV)

moderazione dei neutroni
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Sezione d’urto per fissione indotta da neutroni

fast 
(MeV)

Resonances 
(keV)

Diminuendo l’energia dei 
neutroni incontriamo la 
regione delle risonanze.  
  
Regione delle risonanze 

Alcuni elementi (238U) 
praticamente non sono più 
utilizzabili

Copyrights: https://www.oecd-nea.org/jcms/pl_39910/janis
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Figure 16. Level System in Compound Nucleus 

Copyrights: Fermi, Nuclear physics - N. Bohr, Nature, 137, 344 (1936)

Le sezioni d’urto dipendono dai possibili stati del nucleo 
composto intermedio.  

• Osserviamo picchi in σ tutte le volte in cui la somma 
dell'energia cinetica e dell'energia di legame della 
particella incidente è uguale (o quasi uguale) all'energia 
di un qualche stato eccitato del nucleo composto. 

• A basse energie non osserviamo risonanze ma in 
generale la legge 1/v dove v è la velocità della particella 
incidente

+
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Sezione d’urto per fissione indotta da neutroni

Regione dei neutroni termici.  
La sezione d’urto è massima e 
solitamente dominante 
rispetto ad altri canali di 
reazione. 

Tutti (o quasi) i reattori 
commerciali lavorano nello 
spettro termico dei neutroni 

thermal 
(< 0.025 eV)

Copyrights: https://www.oecd-nea.org/jcms/pl_39910/janis
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Elementi  Fissili – possono fissionare con neutroni di qualsiasi energia, anche prossima 
alla zero, e sono capaci di sostenere una reazione a catena 

Elementi fissionabili – possono fissionare solo con neutroni di energia ~ 1-2 MeV 
sopra una determinata soglia energetica (non possono sostenere da soli una reazione 
a catena) 

Elementi fertili – capaci di assorbire neutroni per generare materiale “fissile” 
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Copyrights: https://world-nuclear.org/

Elementi fissili, fissionabili e fertili
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La sezione d’urto di fissione può avere reazioni in competizione

fissione

cattura

È importante ricordarsi che nei reattori il combustibile è formato da elementi i cui isotopi non sono tutti fissili

Unat = 99,275% 238U + 0,72% 235U + 0,005% 234U
Copyrights: https://www.oecd-nea.org/jcms/pl_39910/janis
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32Che succede al neutrone emesso da un processo di fissione? 

• Abbiamo una media di 𝜈 neutroni emessi per reazione 

• Non tutti i neutroni possono innescare un altro processo di fissione  
Abbiamo altre reazioni che competono con la fissione 

Non tutti i neutroni sono utilizzabili (o per meglio dire, efficaci) 

Tutte le reazioni in competizione hanno una certa probabilità (~ cross section)

235U + n 236U* 235U + n

236U* 235U* + n

236U* 236U + γ persi

processi 
diffusivi
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33Quanti sono i neutroni realmente disponibili?

• Ogni processo di fissione da 235U produce una media di 𝝂 ~ 2.4 neutroni 

• Alcuni neutroni sono persi per cattura (in particolare dall’isotopo 238U)

Supponiamo di avere solo 235U, i neutroni disponibili sono
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�f

�f + �c
= 2.06

σf σc σa σs

235U 584 96 680 10

238U - ~3 ~3 ~8

sezioni d’urto termiche

33

Supponiamo di avere Uranio naturale (0.72% 235U, 99,28% 238U)  
<latexit sha1_base64="lJcdpjjJRDXw29PR7AyltDazlxQ="></latexit>
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= 1.328

Possiamo aumentarne il numero tramite arricchimento (percentuale di 235U)
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following chapters deals with the determination of the multiplica-
tion, how it depends on the composition and size of a reactor, and
how the time-dependent behavior of a chain reaction is affected by
the presence of the small fraction of neutrons whose emission
following fission is delayed. Subsequently we will examine changes
in multiplication caused by changes in temperature, fuel depletion,
and other factors central to the design and operation of power
reactors.

Fission Products

Fission results in many different pairs of fission fragments. In most
cases one has a substantially heavier mass than the other. For exam-
ple, a typical fission reaction is

nþ 235
92U! 140

54Xeþ 94
38Srþ 2nþ 200 MeV: ð1:24Þ

Fission fragments are unstable because they have neutron to
proton ratios that are too large. Figure 1.4, which plots neutrons
versus protons, indicates an upward curvature in the line of stable
nuclei, indicating that the ratio of neutrons to protons increases
above 1:1 as the atomic number becomes larger (e.g., the prominent
isotopes of carbon and oxygen are 12

6C and 16
8O but for lead and

thorium they are 207
82Pb and 232

90Th). As a nucleus fissions the ratio of
neutrons to protons would stay the same in the fission fragments—
as indicated by the dashed line in Fig. 1.4—were it not for the 2 to
3 neutrons given off promptly at the time of fission. Even then, the
fission fragments lie above the curve of stable nuclei. Less than 1%
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t

FIGURE 1.3 Neutron population versus time in (A) supercritical system,
(B) critical system, (C) subcritical system.
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supercritico

critico

sottocritico
𝜏 tempo caratteristico di emissione e cattura 

tra un processo di fissione e l’altro 
(neutroni veloci)

k>1

k=1

k<1

N(t) = N0e(
k�1
⌧ t)
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35Condizioni per ottenere k=1
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k = ✏pfl⌘Formula dei quattro fattori

Copyrights: https://www.sciencedirect.com/topics/engineering/thermal-neutron

While the moderator endeavors to slow the neutron down to thermal energy, the fuel (F) presents
large resonance cross-sections that attempt to absorb it. The competing mechanisms of resonance cap-
ture, primarily by U-238, and moderator (M) thermalization are expressed in a formulation for the res-
onance escape probability

℘¼ exp " NIð ÞF= ξΣs,epi

! "
M

# $
(16.11)

in which I is the fuel resonance integral for absorption, and the product ξΣs, epi is themoderating power
using the scattering cross-section in the epithermal energy range and ξ as defined in Section 4.7. The
resonance escape probability usually varies approximately from 0.6 to 0.9.

A thermal neutron that does not leak from the system will be absorbed by one of the materials pre-
sent. Reactors contain not only fuel and moderator, but also structural (S) materials, such as steel and
cladding, as well as neutron absorbers for control (C). The thermal, or fuel, utilization is the ratio of
neutron absorption in the fuel to the total (T) in all the materials. This competition for neutrons is quan-
tified by

f ¼ΣF
a

ΣT
a

¼ ΣF
a

ΣF
a +ΣM

a +ΣS
a +ΣC

a +⋯
(16.12)

Although the fuel utilization can range from zero to unity, f should be nearer to 1 to avoid parasitic loss
of neutrons.

EXAMPLE 16.5
A fast reactor fueled with U-235 is cooled with sodium. To overcome leakage and maintain criticality, k∞ must be greater

than 1.2. Determine the maximum sodium to fuel (NNa/N235) ratio. For this fast reactor, the product ℘ε is not applicable;
hence, k∞¼ηf. From Example 16.2, η¼2.2 such that f¼k∞/η¼1.2/(2.2)¼0.55. The fuel utilization may be written as

f ¼ Σ235
a

Σ235
a +ΣNa

a

¼ N235σ235a

N235σ235a +NNaσNaa
¼ σ235a

σ235a + NNa=N235ð ÞσNaa

FIG. 16.6

Neutron lifecycle superimposed on cross-section graph.
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While the moderator endeavors to slow the neutron down to thermal energy, the fuel (F) presents
large resonance cross-sections that attempt to absorb it. The competing mechanisms of resonance cap-
ture, primarily by U-238, and moderator (M) thermalization are expressed in a formulation for the res-
onance escape probability

℘¼ exp " NIð ÞF= ξΣs,epi
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in which I is the fuel resonance integral for absorption, and the product ξΣs, epi is themoderating power
using the scattering cross-section in the epithermal energy range and ξ as defined in Section 4.7. The
resonance escape probability usually varies approximately from 0.6 to 0.9.

A thermal neutron that does not leak from the system will be absorbed by one of the materials pre-
sent. Reactors contain not only fuel and moderator, but also structural (S) materials, such as steel and
cladding, as well as neutron absorbers for control (C). The thermal, or fuel, utilization is the ratio of
neutron absorption in the fuel to the total (T) in all the materials. This competition for neutrons is quan-
tified by

f ¼ΣF
a

ΣT
a

¼ ΣF
a

ΣF
a +ΣM

a +ΣS
a +ΣC

a +⋯
(16.12)

Although the fuel utilization can range from zero to unity, f should be nearer to 1 to avoid parasitic loss
of neutrons.

EXAMPLE 16.5
A fast reactor fueled with U-235 is cooled with sodium. To overcome leakage and maintain criticality, k∞ must be greater

than 1.2. Determine the maximum sodium to fuel (NNa/N235) ratio. For this fast reactor, the product ℘ε is not applicable;
hence, k∞¼ηf. From Example 16.2, η¼2.2 such that f¼k∞/η¼1.2/(2.2)¼0.55. The fuel utilization may be written as

f ¼ Σ235
a

Σ235
a +ΣNa

a

¼ N235σ235a

N235σ235a +NNaσNaa
¼ σ235a

σ235a + NNa=N235ð ÞσNaa

FIG. 16.6

Neutron lifecycle superimposed on cross-section graph.
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36Condizioni per ottenere k=1
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k = ✏pfl⌘Formula dei quattro fattori

Fast fission factor ε = 1.03 
Prima della moderazione abbiamo alcuni eventi di fissione 
ad energie del MeV (anche 238U)

fast 
(MeV)
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While the moderator endeavors to slow the neutron down to thermal energy, the fuel (F) presents
large resonance cross-sections that attempt to absorb it. The competing mechanisms of resonance cap-
ture, primarily by U-238, and moderator (M) thermalization are expressed in a formulation for the res-
onance escape probability

℘¼ exp " NIð ÞF= ξΣs,epi

! "
M

# $
(16.11)

in which I is the fuel resonance integral for absorption, and the product ξΣs, epi is themoderating power
using the scattering cross-section in the epithermal energy range and ξ as defined in Section 4.7. The
resonance escape probability usually varies approximately from 0.6 to 0.9.

A thermal neutron that does not leak from the system will be absorbed by one of the materials pre-
sent. Reactors contain not only fuel and moderator, but also structural (S) materials, such as steel and
cladding, as well as neutron absorbers for control (C). The thermal, or fuel, utilization is the ratio of
neutron absorption in the fuel to the total (T) in all the materials. This competition for neutrons is quan-
tified by

f ¼ΣF
a

ΣT
a

¼ ΣF
a

ΣF
a +ΣM

a +ΣS
a +ΣC

a +⋯
(16.12)

Although the fuel utilization can range from zero to unity, f should be nearer to 1 to avoid parasitic loss
of neutrons.

EXAMPLE 16.5
A fast reactor fueled with U-235 is cooled with sodium. To overcome leakage and maintain criticality, k∞ must be greater

than 1.2. Determine the maximum sodium to fuel (NNa/N235) ratio. For this fast reactor, the product ℘ε is not applicable;
hence, k∞¼ηf. From Example 16.2, η¼2.2 such that f¼k∞/η¼1.2/(2.2)¼0.55. The fuel utilization may be written as

f ¼ Σ235
a

Σ235
a +ΣNa

a

¼ N235σ235a

N235σ235a +NNaσNaa
¼ σ235a

σ235a + NNa=N235ð ÞσNaa

FIG. 16.6

Neutron lifecycle superimposed on cross-section graph.
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k = ✏pfl⌘Formula dei quattro fattori

Resonance escape probability p = 0.75 

Durante la moderazione 
(rallentamento da MeV a eV) 
alcuni neutroni sono 
assorbiti dalle risonanze del 
combustibile e sono persi.
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While the moderator endeavors to slow the neutron down to thermal energy, the fuel (F) presents
large resonance cross-sections that attempt to absorb it. The competing mechanisms of resonance cap-
ture, primarily by U-238, and moderator (M) thermalization are expressed in a formulation for the res-
onance escape probability

℘¼ exp " NIð ÞF= ξΣs,epi
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in which I is the fuel resonance integral for absorption, and the product ξΣs, epi is themoderating power
using the scattering cross-section in the epithermal energy range and ξ as defined in Section 4.7. The
resonance escape probability usually varies approximately from 0.6 to 0.9.

A thermal neutron that does not leak from the system will be absorbed by one of the materials pre-
sent. Reactors contain not only fuel and moderator, but also structural (S) materials, such as steel and
cladding, as well as neutron absorbers for control (C). The thermal, or fuel, utilization is the ratio of
neutron absorption in the fuel to the total (T) in all the materials. This competition for neutrons is quan-
tified by

f ¼ΣF
a

ΣT
a

¼ ΣF
a

ΣF
a +ΣM

a +ΣS
a +ΣC

a +⋯
(16.12)

Although the fuel utilization can range from zero to unity, f should be nearer to 1 to avoid parasitic loss
of neutrons.

EXAMPLE 16.5
A fast reactor fueled with U-235 is cooled with sodium. To overcome leakage and maintain criticality, k∞ must be greater

than 1.2. Determine the maximum sodium to fuel (NNa/N235) ratio. For this fast reactor, the product ℘ε is not applicable;
hence, k∞¼ηf. From Example 16.2, η¼2.2 such that f¼k∞/η¼1.2/(2.2)¼0.55. The fuel utilization may be written as

f ¼ Σ235
a

Σ235
a +ΣNa

a

¼ N235σ235a

N235σ235a +NNaσNaa
¼ σ235a

σ235a + NNa=N235ð ÞσNaa

FIG. 16.6

Neutron lifecycle superimposed on cross-section graph.
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k = ✏pfl⌘Formula dei quattro fattori

Thermal utilisation factor f = 0.83 
Alcuni neutroni sono catturati dal 
moderatore (solitamente H20)
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While the moderator endeavors to slow the neutron down to thermal energy, the fuel (F) presents
large resonance cross-sections that attempt to absorb it. The competing mechanisms of resonance cap-
ture, primarily by U-238, and moderator (M) thermalization are expressed in a formulation for the res-
onance escape probability

℘¼ exp " NIð ÞF= ξΣs,epi
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in which I is the fuel resonance integral for absorption, and the product ξΣs, epi is themoderating power
using the scattering cross-section in the epithermal energy range and ξ as defined in Section 4.7. The
resonance escape probability usually varies approximately from 0.6 to 0.9.

A thermal neutron that does not leak from the system will be absorbed by one of the materials pre-
sent. Reactors contain not only fuel and moderator, but also structural (S) materials, such as steel and
cladding, as well as neutron absorbers for control (C). The thermal, or fuel, utilization is the ratio of
neutron absorption in the fuel to the total (T) in all the materials. This competition for neutrons is quan-
tified by

f ¼ΣF
a

ΣT
a

¼ ΣF
a

ΣF
a +ΣM

a +ΣS
a +ΣC

a +⋯
(16.12)

Although the fuel utilization can range from zero to unity, f should be nearer to 1 to avoid parasitic loss
of neutrons.

EXAMPLE 16.5
A fast reactor fueled with U-235 is cooled with sodium. To overcome leakage and maintain criticality, k∞ must be greater

than 1.2. Determine the maximum sodium to fuel (NNa/N235) ratio. For this fast reactor, the product ℘ε is not applicable;
hence, k∞¼ηf. From Example 16.2, η¼2.2 such that f¼k∞/η¼1.2/(2.2)¼0.55. The fuel utilization may be written as

f ¼ Σ235
a

Σ235
a +ΣNa

a

¼ N235σ235a

N235σ235a +NNaσNaa
¼ σ235a

σ235a + NNa=N235ð ÞσNaa

FIG. 16.6

Neutron lifecycle superimposed on cross-section graph.
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k = ✏pfl⌘Formula dei quattro fattori

Reproduction factor η =𝝂a

natural uranium 𝝂a = 1.328

Se vogliamo avere k=1 (condizione di criticità)
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⌫a =
k

l✏pf
' 1.656

arricchimento del combustibile 
(aumentare la percentuale di 235U)
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40Le sezioni d’urto ci dicono anche materiale usare per controllare k=1

Nell’industria nucleare il cadmio è generalmente usato come assorbitore di neutroni termici a causa 
dell’altissima sezione d’urto di cattura neutronica per l’isotopo 113Cd
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Fusione nucleare
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Energia rilasciata  ~ 17.6 MeV 

Se consideriamo l’energia rilasciata per particella Q/A, 
la fusione nucleare rilascia anche più energia 
dell’energia da fissione

Energia rilasciata da un singolo processo di fusione

3 isotopi dell’idrogeno: 

deuterio trizioprozio
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Distanza tra i nuclei

V(r) 

Buca di potenziale 
attrattiva  

(forze nucleari forti)

Barriera Coulombiana repulsiva

Ione

Perchè la fusione avvenga il 
combustibile deve possedere una certa 
energia cinetica   
⇒ il combustibile deve essere  “caldo” 

⇒ il combustibile è un plasma

Dinamica della fusione - Tunneling della barriera coulombiana

Ione

+ +
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VC ' 1.44
Z1Z2

R1 +R2
MeV

Per p+p la barriera Coulombiana è di circa 700 keV.  

Per superare la barriera i due nuclei devono avere 
abbastanza energia, E=(3/2) kT.  

La barriera aumenta con l’aumentare di Z, la 
probabilità di fusione decresce.  

Per due nuclei di idrogeno, la temperatura 
corrispondente è dell’ordine di 109 oK

Po
te

nz
ia

le
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44A causa dell’energie coinvolte abbiamo un nuovo stato della materia, il plasma
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Temperatura

0 273 373 104 105 1010

Prendiamo come esempio l’acqua H20

ghiaccio

Strutture 
reticolare, 
periodica

acqua vapore

0 ~0.025 eV

Kelvin 0K

electronvolt 
(eV)

~0.035 eV ~1 eV

plasma

molecole d’acqua

atomi di H and O

~13.6 eV
Ionizzazione - 
elettroni liberi

H+ e

Plasma nucleare

~1 MeV

Cosa è lo stato di plasma
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Fattore di Gamow 
Coefficiente di trasmissione o 

probabilità di penetrazione della 
barriera Coulombiana

Distribuzione Maxwelliana 
Distribuzione termica delle velocità in un 

sistema in equlilibrio termodinamico 

Migliori condizioni di temperatura 
(o energia) per innescare il 
processo di fusione. 
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46Probabilità di fusione
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Energia E 

2. The probability of what ever nuclear transition is necessary to transform the two
nuclei into one once they come into “contact.”

3. The probability of barrier penetration, as approximated by (10).

Conventionally then, the energy-dependent fusion cross section is written as

σ(E) = E−1S(E) exp

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

−2π

√

Z2
1
Z22e

4M

2E!2

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

, (11)

in which the three factors E−1, S(E), and the exponential correspond to items 1,2,3 above.
By far the slowest reaction in the pp chain is the first one (Table 1). The strong force

is unable to bind two protons, i.e. the isotope 2He has a negligible half-life. It can bind a
proton and a neutron, though not terribly strongly: the binding energy of 2H (deuterium)
is 1.44MeV, or about one tenth of the binding energy per nucleon of 4He. So a beta
decay must occur during the brief time that the two protons in contact. Using the fact that
the weak and electromagnetic interactions actually have comparable streangth at energies
! MW ≈ 70GeV, the mass of the carrier of the weak-interaction charged current, the beta-
decay probability can be very crudely estimated as ∼ α2(1.44MeV/MW)4 ∼ 10−23. All the
other important weak decays in the pp and CNO cycles occur only after a bound (though
only metastable) nucleus forms, so S(E) is much larger for them.3

The factor S(E) is hard to calculate because it involves nuclear structure. It is also
difficult to measure experimentally at the relevent low energies (E " 10 keV), precisely
because σ(E) is terribly small. However, there is reason to believe that this factor should
vary slowly with energy in the case of “nonresonant” reactions such as the first one in
Table 1, so that it can be estimated by extrapolation. A reasonably recent estimate [1] is
S(E) ≈ 4.00± 0.03× 10−22 keVbarn, where4 1 barn = 10−24 cm2. For application to stars, one
averages the rate coefficient v∞σ(E) over a thermal distribution of kinetic energies,

σv(T) =

(

8

πM(kBT)3

)1/2 ∞∫

0

σ(E)Ee−E/kBT dE,

=

(

8

πM(kBT)3

)1/2 ∞∫

0

S(E) exp

⎡

⎢

⎢

⎢

⎢

⎣

−

√

EC
E
−
E

kBT

⎤

⎥

⎥

⎥

⎥

⎦

dE , (12)

where I have introduced the “Coulomb energy”

EC ≡
2π2Z1Z2e4M

!2
= 2π2Z1Z2α

2Mc2 ≈ 0.987Z1Z2(M/mp)MeV. (13)

Since S(E) is presumed to be slowly varying, wemay estimate this by themethod of steepest
descent: Writing the argument of the exponential as− f (E), and noting that f ≫ 1, we expect

3An exception is 3He + p→ 4He + e+ + νe, but this is responsible for only ∼ 10−7 of 4He production in the
Sun.

4The name of this unit comes from the American expression, applied to a poor marksman, “He couldn’t hit
the broad side of a barn.” The Thompson cross section σT ≈ 0.665 barn, and larger nuclear cross sections are of
similar size.
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47Necessità di un confinamento

InerzialeMagneticoGravitazionale

Le componenti del plasma sono molto veloci…

Se Ti ~ 10 keV
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FIGURE 2
Experimental cross sections (σ) for the most relevant fusion reactions.
Most of the projects are based on D-T reactions, which show the
highest cross section at low energy. The x-axis shows the energy in
the laboratory frame. Libraries: ENDF/B-VIII.0 (D-D, D-T, D-3He,
3He-3He) (Brown et al., 2018) and EXFOR (p-11B) (Otuka et al., 2014).
The (p-11B) cross section is the result of the interpolation of the
experimental data in the EXFOR library.
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For these reactions to be sustained, the reactants must be in
the plasma state. The fusion cross section for the aforementioned
reactions is reported in Figure 2 as a function of the energy.2

The concept of plasma is fundamental in fusion engineering,
being the state of matter in which the reacting fuel is present inside a
fusion device. More precisely, the name of plasma is attributed to an
ionized gas, with a behavior dominated by long-range electric and
magnetic interaction (conversely, the most relevant interactions for
a normal gas are short-range collision). A plasma can be obtained
from a gas heating it up to temperatures in which the average kinetic
energy of particles is comparable with ionization energy, obtaining a
mixture of electrons and ions. Indeed kinetic thermodynamics states
a clear relation between the average kinetic energy of particlesEk and
the temperature of the system, in the form:

Ek = 3
2kBT (7)

where kB is the Boltzmann constant. Because of the proportionality
of E and T, in plasma physics it is customary to measure the
temperature using an energetic unit, the electron volt (i.e., the energy
gained by a particle with unitary charge accelerating through a
potential of 1 V). In the following, temperatures are always indicated
in eV or in its multiples. The state of plasma constitutes the largest
fraction of matter in the Universe. Stellar coronas, interplanetary

2 The process involves a nuclear fission reaction but it is usually considered
among fusion reactions.

plasma, the ionosphere, electric arcs are just some examples of
this abundance. Clearly, differences are present between all these
examples of plasma, exactly as solids differ from each other, still
being in the same state of aggregation. The two main parameters
for the classification of plasmas are the particle density, n, and the
plasma temperature, T. These parameters can vary on a surprisingly
large range, around 25 orders of magnitudes for particle density
and 7 for temperature. Plasmas of interest for fusion aims present
a particle density of around 1020 m−3 for magnetic confinement
or 1031m−3 for inertial confinement, with a similar temperature of
about 10 keV.

However, considering the most studied D-T reaction, a
particular condition must be reached for a steady state reactor:
the power heating of alpha particles must be large enough to
balance bremsstrahlung and thermal conduction losses, excluding
any external power contribution. This condition is called ignition
and its limits on p, T are set by the Lawson Criterion3 (Freidberg,
2007):

pτE ≥ KkT2

Kα⟨σv⟩ −KBT0.5 (8)

where Kα is a constant related to alpha power heating, KB
and Kk are constants related to Bremmstrahlung and conduction
losses, p is the plasma pressure, and τE is the energy confinement
time. The Lawson criterion sets quantitative requirements to the
plasma pressure and the energy confinement for a self-sustaining
plasma (i.e., the energy released by the fusion reactions maintains
the plasma hot enough for the reactions to keep occurring). The
right hand side of Eq. 8 is indeed related to self-heating from the
alpha particle produced by fusion reactions and plasma losses. An
extension to the Lawson criterion can be derived by working out
Eq. 8 and introducing the triple product nTτE. For instance, for D-T
fusion in the 10–20 keV range (Wesson and Campbell, 2011):

nTτE ≥ 3 ⋅ 1021keV sm−3 (9)

to achieve ignition which is the operating regime of interest for
fusion power plants. The triple product establishes therefore a
link between plasma conditions (n and T), confinement (τE), and
the capabilities of the plasma to be self-sustained, resulting in a
useful metric to analyse and compare designs exploiting different
confinement approaches (as shown in Section 3).

2.2 Energy production

Nuclear fusion technologies find their main applications in
energy production. The goal is to produce energy using the heat
generated by nuclear fusion reactions. So far nuclear fission has
been successfully used to produce energy without CO2 or other
pollutants emissions, but still faces issues such as the production
of high-level (nuclear) waste, the use of uranium that is not
renewable, and a negative perception/reputation with part of the

3 The reader should be aware that the Lawson Criterion here reported is derived
for D-T plasmas, and it can be formulated in different ways depending on the
applications (e.g., magnetic confinement fusion, inertial confinement fusion)
and on the reactants.
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FIGURE 1
Triple product achieved by different fusion devices along the years.
The green region depicts the triple product required to achieve
ignition. Data from: NIF (approximated) (Bishop, 2022), ITER
(Mukhovatov et al., 2003), JT-60U (Fujita et al., 1998; Kishimoto et al.,
2005), W7-X (Wolf R. et al., 2019), IPA (Slough et al., 2011), TFTR
(Hawryluk et al., 1998), JET (JET Team, 1992), Alcator-C
(Greenwald et al., 1984), PLT (Grove et al., 1977), TFR (TFR Group,
1985), ST (Stodiek, 1985), T-3 (Peacock et al., 1969), ZETA
(Thonemann et al., 1958).

(Segantin et al., 2019). Since the energy sector contributes to
approximately 75%of theWorld greenhouse gas emissions (Ge et al.,
2020), the introduction of a high-energy density, low-carbon energy
source in the energy mix would be an additional tool to meet
the Climate Action goals (SDG 13) and to improve the access to
sustainable and modern energy (SDG 7) (UN, 2015). Nicholas et al.
(2021) showed indeed the important role that fusion energy can
have in the energy mix if commercial fusion becomes available
in the second half of the 21st century [i.e., according to the
timeline defined by the DEMO project (Romanelli et al., 2012)].
Nevertheless, commercial fusion reactors may enter the energy mix
sooner than expected thanks to private companies and start-ups.

The goal of this paper is to provide a comprehensive, up-to-
date review of fusion machine designs in light of the tremendous
acceleration that the nuclear fusion field has experienced in the
last decade. The attempts to develop nuclear fusion technologies is
a driving force for research and industries in several fields, from
structural materials to magnet technology, from energy production
to space propulsion. The entry of the private sector into commercial
fusion projects has greatly contributed to this acceleration, making
nuclear fusion a technology of interest even in the short-to-medium
term.

To date, available reviews on nuclear fusion reactors are
outdated (Ribe, 1975; Post, 1976; Dabiri, 1988), focus on specific
confinement approaches (Monsler et al., 1981; Ongena et al., 2016)
or specific reactor systems (Muroga et al., 2002; Ihli et al., 2008),

and are limited to specific regions (Andreani and Gasparotto, 2002;
Morley et al., 2006; Tanaka, 2006). Given this, there is a need for a
comprehensive framework of fusion reactors that takes into account
the recent developments in the field, many of which are privately-
funded, and on a global scale. This need has been acknowledged
also by the International Atomic Energy Agency (IAEA), which
has identified and mapped fusion devices worldwide (IAEA, 2021).
In light of this, the present paper aims to provide an updated
overview of recent fusion reactor projects on a global scale, with
a focus on recent developments in the field. Each of these projects
has advantages and different challenges to be overcome, related
to plasma confinement and stability, machine engineering, and
materials performances, to mention a few. An overview on nuclear
fusion fundamentals, plasma confinement approaches and on the
most relevant devices developed in the past is provided before
introducing the different projects. Many of these companies make
use of speculative or widely-extrapolative approaches to try to
simplify physics or engineering problems. These approaches are
described here for information and comparison, although it is
beyond the scope of this paper to examine all the claims in detail. For
specific discussions on advanced physics concepts and confinement
schemes the reader is referred through the text to well-established
works in literature.

The paper is structured as follows: Section 2 introduces the
main applications of fusion energy and the challenges that are
common among the different designs; Section 3 provides a review
of the approaches to exploit fusion energy and the designs of
fusion devices under development by private companies (or public-
private partnerships); Section 4 discusses extensively the main
achievements, the open issues and the technological maturity of the
design described in Section 3.

2 Nuclear fusion: applications and
challenges

2.1 Fundamentals of nuclear fusion

Nuclear fusion is a nuclear reaction in which two nuclei
overcome the repulsive electrostatic force that keeps them separated
and form one or more new nuclei and subatomic particles. This
reaction releases energy if the starting nuclei are relatively light
(up to 56Fe and 62Ni) and therefore have a high binding energy
per nucleon. The most studied nuclear fusion reactions for energy
applications are those employing as reactants1 a plasma of the
isotopes of hydrogen (deuterium and tritium), 3He or 11B:

D+D→ T+ p (4.03MeV) (1)

D+D→ 3
2He+ n (3.27MeV) (2)

D+T→ 4
2He+ n (17.6MeV) (3)

1 Strictly speaking, the nucleons appearing through Eqs 1–5 are reactants.
However, the fusion community often refers to those as fuel because they
fuel fusion reactors. This nomenclature is used also in this work.
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FIGURE 2
Experimental cross sections (σ) for the most relevant fusion reactions.
Most of the projects are based on D-T reactions, which show the
highest cross section at low energy. The x-axis shows the energy in
the laboratory frame. Libraries: ENDF/B-VIII.0 (D-D, D-T, D-3He,
3He-3He) (Brown et al., 2018) and EXFOR (p-11B) (Otuka et al., 2014).
The (p-11B) cross section is the result of the interpolation of the
experimental data in the EXFOR library.
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For these reactions to be sustained, the reactants must be in
the plasma state. The fusion cross section for the aforementioned
reactions is reported in Figure 2 as a function of the energy.2

The concept of plasma is fundamental in fusion engineering,
being the state of matter in which the reacting fuel is present inside a
fusion device. More precisely, the name of plasma is attributed to an
ionized gas, with a behavior dominated by long-range electric and
magnetic interaction (conversely, the most relevant interactions for
a normal gas are short-range collision). A plasma can be obtained
from a gas heating it up to temperatures in which the average kinetic
energy of particles is comparable with ionization energy, obtaining a
mixture of electrons and ions. Indeed kinetic thermodynamics states
a clear relation between the average kinetic energy of particlesEk and
the temperature of the system, in the form:

Ek = 3
2kBT (7)

where kB is the Boltzmann constant. Because of the proportionality
of E and T, in plasma physics it is customary to measure the
temperature using an energetic unit, the electron volt (i.e., the energy
gained by a particle with unitary charge accelerating through a
potential of 1 V). In the following, temperatures are always indicated
in eV or in its multiples. The state of plasma constitutes the largest
fraction of matter in the Universe. Stellar coronas, interplanetary

2 The process involves a nuclear fission reaction but it is usually considered
among fusion reactions.

plasma, the ionosphere, electric arcs are just some examples of
this abundance. Clearly, differences are present between all these
examples of plasma, exactly as solids differ from each other, still
being in the same state of aggregation. The two main parameters
for the classification of plasmas are the particle density, n, and the
plasma temperature, T. These parameters can vary on a surprisingly
large range, around 25 orders of magnitudes for particle density
and 7 for temperature. Plasmas of interest for fusion aims present
a particle density of around 1020 m−3 for magnetic confinement
or 1031m−3 for inertial confinement, with a similar temperature of
about 10 keV.

However, considering the most studied D-T reaction, a
particular condition must be reached for a steady state reactor:
the power heating of alpha particles must be large enough to
balance bremsstrahlung and thermal conduction losses, excluding
any external power contribution. This condition is called ignition
and its limits on p, T are set by the Lawson Criterion3 (Freidberg,
2007):

pτE ≥ KkT2

Kα⟨σv⟩ −KBT0.5 (8)

where Kα is a constant related to alpha power heating, KB
and Kk are constants related to Bremmstrahlung and conduction
losses, p is the plasma pressure, and τE is the energy confinement
time. The Lawson criterion sets quantitative requirements to the
plasma pressure and the energy confinement for a self-sustaining
plasma (i.e., the energy released by the fusion reactions maintains
the plasma hot enough for the reactions to keep occurring). The
right hand side of Eq. 8 is indeed related to self-heating from the
alpha particle produced by fusion reactions and plasma losses. An
extension to the Lawson criterion can be derived by working out
Eq. 8 and introducing the triple product nTτE. For instance, for D-T
fusion in the 10–20 keV range (Wesson and Campbell, 2011):

nTτE ≥ 3 ⋅ 1021keV sm−3 (9)

to achieve ignition which is the operating regime of interest for
fusion power plants. The triple product establishes therefore a
link between plasma conditions (n and T), confinement (τE), and
the capabilities of the plasma to be self-sustained, resulting in a
useful metric to analyse and compare designs exploiting different
confinement approaches (as shown in Section 3).

2.2 Energy production

Nuclear fusion technologies find their main applications in
energy production. The goal is to produce energy using the heat
generated by nuclear fusion reactions. So far nuclear fission has
been successfully used to produce energy without CO2 or other
pollutants emissions, but still faces issues such as the production
of high-level (nuclear) waste, the use of uranium that is not
renewable, and a negative perception/reputation with part of the

3 The reader should be aware that the Lawson Criterion here reported is derived
for D-T plasmas, and it can be formulated in different ways depending on the
applications (e.g., magnetic confinement fusion, inertial confinement fusion)
and on the reactants.
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FIGURE 2
Experimental cross sections (σ) for the most relevant fusion reactions.
Most of the projects are based on D-T reactions, which show the
highest cross section at low energy. The x-axis shows the energy in
the laboratory frame. Libraries: ENDF/B-VIII.0 (D-D, D-T, D-3He,
3He-3He) (Brown et al., 2018) and EXFOR (p-11B) (Otuka et al., 2014).
The (p-11B) cross section is the result of the interpolation of the
experimental data in the EXFOR library.
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For these reactions to be sustained, the reactants must be in
the plasma state. The fusion cross section for the aforementioned
reactions is reported in Figure 2 as a function of the energy.2

The concept of plasma is fundamental in fusion engineering,
being the state of matter in which the reacting fuel is present inside a
fusion device. More precisely, the name of plasma is attributed to an
ionized gas, with a behavior dominated by long-range electric and
magnetic interaction (conversely, the most relevant interactions for
a normal gas are short-range collision). A plasma can be obtained
from a gas heating it up to temperatures in which the average kinetic
energy of particles is comparable with ionization energy, obtaining a
mixture of electrons and ions. Indeed kinetic thermodynamics states
a clear relation between the average kinetic energy of particlesEk and
the temperature of the system, in the form:

Ek = 3
2kBT (7)

where kB is the Boltzmann constant. Because of the proportionality
of E and T, in plasma physics it is customary to measure the
temperature using an energetic unit, the electron volt (i.e., the energy
gained by a particle with unitary charge accelerating through a
potential of 1 V). In the following, temperatures are always indicated
in eV or in its multiples. The state of plasma constitutes the largest
fraction of matter in the Universe. Stellar coronas, interplanetary

2 The process involves a nuclear fission reaction but it is usually considered
among fusion reactions.

plasma, the ionosphere, electric arcs are just some examples of
this abundance. Clearly, differences are present between all these
examples of plasma, exactly as solids differ from each other, still
being in the same state of aggregation. The two main parameters
for the classification of plasmas are the particle density, n, and the
plasma temperature, T. These parameters can vary on a surprisingly
large range, around 25 orders of magnitudes for particle density
and 7 for temperature. Plasmas of interest for fusion aims present
a particle density of around 1020 m−3 for magnetic confinement
or 1031m−3 for inertial confinement, with a similar temperature of
about 10 keV.

However, considering the most studied D-T reaction, a
particular condition must be reached for a steady state reactor:
the power heating of alpha particles must be large enough to
balance bremsstrahlung and thermal conduction losses, excluding
any external power contribution. This condition is called ignition
and its limits on p, T are set by the Lawson Criterion3 (Freidberg,
2007):

pτE ≥ KkT2

Kα⟨σv⟩ −KBT0.5 (8)

where Kα is a constant related to alpha power heating, KB
and Kk are constants related to Bremmstrahlung and conduction
losses, p is the plasma pressure, and τE is the energy confinement
time. The Lawson criterion sets quantitative requirements to the
plasma pressure and the energy confinement for a self-sustaining
plasma (i.e., the energy released by the fusion reactions maintains
the plasma hot enough for the reactions to keep occurring). The
right hand side of Eq. 8 is indeed related to self-heating from the
alpha particle produced by fusion reactions and plasma losses. An
extension to the Lawson criterion can be derived by working out
Eq. 8 and introducing the triple product nTτE. For instance, for D-T
fusion in the 10–20 keV range (Wesson and Campbell, 2011):

nTτE ≥ 3 ⋅ 1021keV sm−3 (9)

to achieve ignition which is the operating regime of interest for
fusion power plants. The triple product establishes therefore a
link between plasma conditions (n and T), confinement (τE), and
the capabilities of the plasma to be self-sustained, resulting in a
useful metric to analyse and compare designs exploiting different
confinement approaches (as shown in Section 3).

2.2 Energy production

Nuclear fusion technologies find their main applications in
energy production. The goal is to produce energy using the heat
generated by nuclear fusion reactions. So far nuclear fission has
been successfully used to produce energy without CO2 or other
pollutants emissions, but still faces issues such as the production
of high-level (nuclear) waste, the use of uranium that is not
renewable, and a negative perception/reputation with part of the

3 The reader should be aware that the Lawson Criterion here reported is derived
for D-T plasmas, and it can be formulated in different ways depending on the
applications (e.g., magnetic confinement fusion, inertial confinement fusion)
and on the reactants.
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confinement. Ions must overcome coulomb repulsion by means of
their kinetic energy, to exploit the strong nuclear force that tends
to bring nucleons closer together. Unfortunately, the strong nuclear
force becomes dominant only on a very short range, introducing the
necessity of high particle energy (e.g., high plasma temperatures);
even by increasing the temperature to maximize the reaction cross
section (see Figure 2), the probability to obtain a fusion interaction
remains dramatically low. A large enough time must be given to
the system for interaction. This can be achieved by confining the
plasma by external means to slow down the spontaneous expansion
and cooling of the plasma itself. The confinement time τE, is
consequently introduced in the Lawson criterion (Eq. 8). While in
nature gravity represents the confinement force for fusing plasma
(e.g., in stars), such strategy cannot be exploited by fusion reactors
due to the enormous masses of the reacting systems that would be
required. Consequently the main approaches previously mentioned
(MCF, ICF, MTF) have been developed to substitute gravity.

Magnetic confinement relies on magnetic fields to confine
the plasma, starting from the consideration that the trajectory of
charged particles can be modified by the Lorentz force, while the
inertial confinement exploits the inertia principle to compress the
system thanks to an implosion of the fuel. Considering MCF, the
system should be confined in a stable condition in which the main
plasma parameters are the desired ones, but still allowing for efficient
helium ash removal from the core plasma to avoid excessive fuel
dilution (i.e., a pathway for particle exhaust must be present). Since
the plasma is a highly-conductive fluid, the magnetic field lines and
the plasma itself are tightly coupled and moves together (in the ideal
case), allowing to manipulate the plasma by acting on the magnetic
field, and vice versa. Unfortunately, small perturbations naturally
appear in the plasma column, and could evolve and diverge, quickly
destroying the plasma column itself and in the worst scenarios
leading to surface damages to the reactor walls. As far as the inertial
confinement approach is concerned, stability is mostly related to the
symmetry of the shock wave that triggers the implosion of the fuel.
Even small perturbations in the front of the shock wave can lead to
ineffective compression, with a consequent degradation of plasma
density and temperature. The physics of instabilities is beyond the
aim of the present paper, but dealing with them is one of the more
challenging issues in fusion research.

2.5.2 Fuel
Any device that exploits fusion reactions requires fuel (and

refueling). Fuel can be provided as a gas or as a solid pellet, usually
stored and processed in loco. For p-11B fusion, both the reactants
are abundant, but this is not the case for D-T or D-3He fusion.
Deuterium can be easily extracted from water, while tritium is a
radioactive isotopewith a half-life of 12.3 years (meaning that hardly
any T is available in nature), and 3He is an extremely rare element on
the Earth.

Current reserves of tritium are estimated as 30–40 kg
(Kovari et al., 2017; Pearson et al., 2018). As ameans of comparison,
a 3,000MWth fusion reactor would consume approximately 170 kg
of tritium per full power year. D-T fusion devices are therefore
being designed to produce (breed) tritium in the reactor itself by
exploiting the nuclear reactions between neutrons and lithium. The
component devoted to tritium breeding is the breeding blanket.
Each D-T fusion reaction produces a neutron, which travels almost

freely through the plasma until reaching the structure surrounding
the vacuum chamber, where the breeding blanket is located. Most of
the neutrons are slowed down in the blanket, releasing energy in the
form of heat and eventually being absorbed by the blanket materials.
Materials with a high content of lithium are used to breed tritium
according to the reactions in Eqs 10, 11:

6Li + n→ T+ 4He (4.8MeV) (10)

7Li + n→ T+ 4He+ n′ (–2.5MeV) (11)

where the former reaction is exothermic, whereas the latter reaction
requires a neutron of energy greater than 2.5 MeV to occur. Available
reserves of lithium are enough to sustain fusion energy development
at any reasonable rate for the next decades (Meschini, 2021). A
D-T fusion device that produces more tritium than the amount it
burns is said to achieve tritium self-sufficiency. The figure of merit
used to assess tritium self-sufficiency is the tritium breeding ratio
(TBR), i.e., the ratio between tritium produced and tritium burnt
in the system. TBR > 1.0 is required for tritium self-sufficiency
and to build up a tritium inventory to start-up new D-T fusion
reactors. Since each fusion reaction produces one neutron, TBR> 1.0 requires additional neutrons to be produced in the blanket.
To do so, neutron multipliers [i.e., materials that can increase the
neutron flux by the (n, 2n) reaction, usually Be or Pb in solid or
liquid phase (Sorbom et al., 2015; Martelli et al., 2018)] are included
in the design of the breeding blankets. The reader should be aware
that current estimation of TBR by means of neutronic codes can be
affected by errors as high as 5%–15% due to modeling assumptions,
calculation methods and uncertainties in the nuclear data (Youssef
and Abdou, 1986; Sawan and Abdou, 2006). For instance, analysis
on the neutron multiplication cross sections of lead showed a
discrepancy of ∼5− 10% for the widely employed nuclear data
libraries FENDL-2.0, JEFF-2.2 and JENDL-3.2 (Sharma et al., 2001).
Also, the uncertainties on the TBR for the DEMO (Demonstration
power plant) design have been recently quantified in the range
3%–4% because of the uncertainties on the input nuclear data
(Park et al., 2021). Therefore, the TBR and tritium self-sufficiency
are still topics affected by huge uncertainties, and a strong effort is
needed in the fusion community to reduce these uncertainties. It is
worth mentioning that ITER endorsed the FENDL data library for
fusion reactor design studies (Pashchenko et al., 1996).

3He is instead produced by D-D reactions or by tritium decay. In
principle, a D-3He fusion device does not require a breeding blanket
because it relies on an open fuel cycle, removing the complexity
of a breeding blanket from the reactor design but introducing the
need of an external source of 3He. A large source of 3He is found in
Moon regolith (Kulcinski and Schmitt, 1988). Many analyses have
been carried out on the feasibility of 3He mining from the Moon
(Sviatoslavsky, 1988; Crabb and Jacobs, 1992), but only conceptual
designs and missions have been produced so far because of the high
financial risk of the projects and lack of validated technologies.

Boron is much more common than T or 3He on the Earth.
The main reserves are in Chile, China, Russia, and in the US. No
supply issues are foreseen in the next future at the current rate of
consumption (U.S. Geological Survey, 2023).

2.5.3 Magnet technology
In the majority of confinement approaches being currently

pursued (MCF and MTF), the success of the project relies on
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energia di soglia

Problema del trizio e di come produrlo
<latexit sha1_base64="sld1a1BxICYqhnEtOKcgT19ax0w="></latexit>

T ! 3
He+ e

� + ⌫̄ + 18.6 keV

emivita: 12.33 anni

moltiplicatori di neutroni
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n+ 9Be ! 8Be+ 2n
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Isotopi conosciuti 
dell’elio (He) 

Stesse proprietà chimiche 
Diverse proprietà fisiche

legato legato
non 

legato 
non 

legato 
legato 

con alone
legato 

con alone

sistema Borromeico Nucleo più 
esotico sulla Terra

806 ms 108 ms
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0,000134 % 
He naturale

99,999866 % 
He naturale
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