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I. Introduction

The demand for energy, in increasingly greaterquantities, appears to be growing more clearly(and unfortunately dramatically) today, both fromindustrialized Countries and so-called emergingones. In fact, the former need energy not only toimprove their quality of life but also to meet theneeds of increasingly sophisticated and necessaryindustries and services (well-being, medicine,communications, transportation). However, energyis also needed by emerging Countries (third andfourth world), often highly populous, which arefollowing the path previously taken by today’s moredeveloped Countries. These Countries, for variousreasons, tend to exploit polluting forms of energyderived from fossil sources.
Apparently, today there is, and indeed it is growingin more advanced Countries, a greater sensitivitytowards the environment, and thus a tendencyto resort to clean and safe sources of energy.However, it is difficult to outright condemn poorerCountries that have fossil resources but cannotafford the costs associated with the developmentand adoption of sustainable sources. It is not tosay that these Countries are devoid of concern forthe environment, but the need to survive, even inconditions endangering public health, outweighsthe prudence required in the use of energy sourcesthat the West strongly criticizes today and wouldlike to abolish altogether.
While, to the chagrin of staunch environmentalists,so-called alternative sources of clean energy of-fered by nature (hydroelectric, wind, solar, marine,biomass, geothermal) seem to make a very modest

contribution, insufficient for the needs of both de-veloped and developing societies, nuclear energyremains on the table, both from fission reactors(existing), and the one pursued for a long time(although this delay has been caused by unjustifieddeviations), coming from fusion.
The environmental cost, as well as upstream anddownstream pollution and storage difficulties re-lated to various forms of alternative energy, shouldalso be taken into account. Furthermore, theseare linked to climatic conditions, which vary in dif-ferent regions of each Country, whereas a nuclearpower plant of any kind would produce a negligibleamount of waste, although they do present poten-tial hazards to be assessed.

II. Fission Energy

Fission energy is still viewed today as dangerous,both for the radioactivity that would accompany itin the event of natural disasters or human errors,and for the radioactive waste that would remainhazardous for very long periods. However, thereare now several generations of fission reactorsconsidered progressively safer, and perhapsthe disasters recorded so far (Three Mile Island,Chernobyl, Fukushima) have been overestimated.Someone has also been proposed to place fissionreactors underground, at depths of 200-300 me-ters.
The average person is not accustomed to “livingby statistics” and may not be aware, for example,that the COVID-19 vaccine, opposed by some,carries a significantly lower risk than being struckby lightning or dying from an anaphylactic shock
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caused by an insect bite.
The most educated individuals and the politicalclass of amodern Country, which, ideally, should beits emanation, should take on the responsibility of
properly informing the population. Not all decisionscan be left to the entire population because specificexpertise in every field is crucial.
It is a fact that there is widespread misinformationtoday, in Italy and in other Countries, the spreadof incomplete, incorrect, or deliberately biasedinformation, sometimes by ignorant individuals,often by incompetents, and other times for veryspecific vested interests. The results are alwaysdamaging.
For many years, we have known that splittingatoms (easier if they are heavy like uranium andplutonium) releases energy. Unfortunately, theuncontrolled version of this process has given usthe atomic bomb, while the controlled version hasprovided peaceful energy through appropriatereactors. This is fission.
Today, it seems that a fourth generation of fissionreactors, considered safe, is on the horizon. Wewill see. Meanwhile, even the less safe ones are asource of profit for Countries like France and [atleast until recently] Russia, which build and sellthem around the world. Does it make sense for aCountry like Italy not to want them on its soil, but topurchase fission energy from France, Switzerland,and Slovenia? Would a potential catastrophe justbeyond the Alps not spread radioactivity in Italyas well? Or would it stop at the Alps due to areferendum?

III. Fusion Energy

Fusion energy has been discussed for a long time,and at the moment, there is renewed emphasison it. What does it consist of? We know thateven by “fusing” atoms (easier if they are light likehydrogen and its isotopes, deuterium and tritium,or helium), energy is released. Again, we haveseen a military application of this in the so-calledhydrogen bomb or “H-bomb.” But once again, asevidence that the use of the results and productsof Science and Technology depends on responsiblehuman choices, nuclear fusion reactions also havea possible peaceful application. This is the paththat we would like to follow by achieving controlledthermonuclear fusion in a “fusion reactor.” This,given the absence of inconveniences from reac-

tion products, for example, by using appropriatemixtures of deuterium and helium-3, as well as- in principle - the wide availability of material touse as fuel, would represent the solution to allour problems: a virtually inexhaustible source ofsustainable energy. Not insignificant. It shouldbe noted that while deuterium can be easily ob-tained from water (through distillation), helium-3is less readily available (it can be obtained fromdeuterium-deuterium reactions or brought fromthe Moon, where it is abundant, although this isnot currently feasible).
In relation to fusion, it is rightly said to be energysimilar to that produced in the Sun. All stars are“kept alive” by thermonuclear reactions, the sameones that occur in the aforementioned fusion.Stars will “die,” cease to exist as such, when all theirfuel is exhausted, i.e., when there are no morelight elements to use for fusion. However, the timerequired for a star to burn all its fuel is typicallymeasured in billions of years, and it is estimatedthat our Sun still has 4 or 5 billion years to live.
Achieving fusion on Earth, however, presentsnon-trivial difficulties. The physical state in whichmatter appears in stars is that of plasma, i.e.,ionized gas: its atoms are divided into ions (posi-tively charged) and electrons (negatively charged).This gas, as one can imagine, tends to expand,to escape, which would prevent the collision ofparticles (more precisely, ions) that, by doingso, fuse to create heavier ions, while simultane-ously releasing fusion energy. In stars, whosemass is considerable, it is gravity that confinesthe gas, but on Earth, this is not the case. It isnot enough: the necessarily modest amount ofionized gas produced in the laboratory cannot beconfined by the gravitational attraction of the Earth.
In principle, there are fundamentally two possiblesolutions to achieve fusion reactions in a laboratoryand, hopefully, in a real reactor. One is based onthe fact that ionized gas particles are electricallycharged and therefore sensitive to the actions ofelectric, magnetic, and electromagnetic fields. Thisleads to the conception of, for example (but notonly), “toroidal” devices, shaped like a doughnut ora “torus,” as mathematicians say, in which chargedparticles are confined because they are forced toorbit around the lines of the magnetic field createdwithin the “torus.” However, the confined plasmamust have a sufficiently high density and temper-ature and remain confined for a sufficiently longtime for there to be a sufficiently high probabilityof fusion reactions taking place. Achieving theseconditions in the laboratory is not straightforward.
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For a long time, it was believed that building largermachines would produce the desired result, butunfortunately, this does not seem to be true, whilethe cost of building a toroidal machine increasesdrastically with its size.
A machine of a certain size, designed to conductfusion experiments was the JET (Joint EuropeanTorus), located at the Culham Centre for Fusion En-ergy in Culham, U.K. [4]; see Fig.s 1,2. JET has beenoperational for many years, from 1983 to the endof 2023. It has produced several experimental re-sults by numerous researchers from around theworld, but it should be clear that JET was never con-ceived as a prototype reactor, i.e., a device capa-ble of achieving ignition, thus initiating a thermonu-clear reaction, and sustaining such reaction, pro-ducing more energy than needed to start the pro-cess.

Figure 1: The JET machine (taken from https:

//en.wikipedia.org/wiki/Joint_

European_Torus, page last edited on 12
May 2024)

It is a fact that the currently partially constructed ITER
machine (in Cadarache, France) [3], Fig. 3, widely pub-
licized in the press, does not, and cannot, according to
the the current design, have the objective of achieving
ignition, let alone building a thermonuclear reactorwithin a couple of decades.
A second way to achieve fusion, distinct from mag-netic confinement, is through inertial confinement.In brief, this involves inducing fusion by extremecompression of a mixture of deuterium and tritiumusing various devices and processes, such as a high-power laser beam or high-energy particle beams.

Figure 2: The JET machine (taken from https:

//en.wikipedia.org/wiki/\Joint_

European_Torus, page last edited on 12
May 2024)

IV. What happens in the
Sun?

Nuclear fusion reactions responsible for the Sun’senergy production occur in its core, where tem-perature and density are higher. In the Sun’s core,hydrogen is converted into helium (via deuterium).As of today’s knowledge, the Sun’s core is predom-inantly composed of hydrogen. The temperatureis around 16 million degrees Celsius, the pressureis extremely high, around 500 billion atmospheres,and the material’s density is approximately 150,000
kg/m3. These conditions are exceptional on ahuman scale, that is, on Earth, but they are normalin a star.
At these temperatures, hydrogen atoms in theSun’s core cannot remain intact and split into pro-tons and electrons. The thermal energy is so highthat when protons randomly encounter each other,they overcome the electrical repulsion betweencharges of the same sign and merge to form ahelium nucleus. Approximately 594 million tonsof hydrogen fuse every second, releasing energyequivalent to 386 trillion trillion megajoules. Thisenergy is equivalent to the mass of 4 million tonsof hydrogen, while the remaining 590 million tonsare converted into helium. Consequently, our Sunloses 4 million tons every second, but its overallmass is so large that even after about 5 billion yearsof active life, it has only slightly reduced its mass.
In summary, fusion reactions involve the nuclei oflight elements like hydrogen fusing into heavier el-ement nuclei like helium at high temperatures andpressures, as mentioned above. It should be notedthat hydrogen exists in various forms (isotopes)in the Sun’s core, including regular hydrogen (H),
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Figure 3: Small-scale model of ITER (taken from https:

//en.wikipedia.org/wiki/ITER, page last
edited on 22 June 2024)

deuterium (D), and tritium (T). In the D-T thermonu-clear reaction, for example, between a deuteriumnucleus and a tritium nucleus, a helium nucleus(alpha particle) and a neutron are generated. Thetotal mass of the reaction products is less thanthe sum of the masses of the interacting particles,which is why energy is released, according to themass-energy equivalence principle.

V. But can fusion be
achieved on Earth?

Decades of experiments have alternately generatedthe illusion of imminent success and the discour-agement of not being able to achieve fusion in alaboratory on Earth. However, the latter is not theopinion of the international scientific community.
Agreeing with Niels Bohr, it is not easy to make pre-dictions, especially about the future, but there areserious indications of what may happen regardingfusion.The common press occasionally but recently quitefrequently reports apparent successful advances,i.e., that China has reached exceptional tempera-tures for extended periods (but with not very denseplasmas, and the journalist does not specify), orthat a machine (yet to be built) will bring “the Suninto our homes” within a few years, or that the pri-vate English company Tokamak Energy has reached100 million degrees in an experiment conducted

on a spherical tokamak (without specifying plasmadensity and confinement times). The outcome ofan experiment conducted at the National IgnitionFacility (NIF), Fig. 4, located at the Lawrence Liver-more National Laboratory in California, announcedin August 2021, seems instead to have received lit-tle publicity. In fact, here, using the inertial con-finement method, there has been substantial evi-dence that the aforementioned ignition has indeedbeen achieved. The result is exceptional becauseit demonstrates, at least, that indeed nuclear fusion
can be achieved in a laboratory on Earth.

Figure 4: The target assembly of the NIF device (taken
from https://en.wikipedia.org/wiki/

\National_Ignition_Facility, page last
edited on 8 June 2024)

What about fusion in magnetic confinementmachines? After the European JET initiative, theconstruction of a larger machine, ITER (Interna-tional Thermonuclear Experimental Reactor), wasscheduled in Cadarache, France, in 2007. Accordingto what is read on Wikipedia, ITER, also intended in
the original Latin sense of “path” or “journey,” is an in-
ternational project aimed at building an experimental
nuclear fusion reactor capable of producing a fusion
plasma with more power than is required to heat the
plasma itself.

From what has been subsequently declared by thedesigners themselves (the machine is still in theconstruction phase, but the design itself does notseem to have been completed), it does not appearthat ignition is among the achievable goals of ITER.
If this is the case, in the face of a constructionphase lasting at least three decades (the scheduledyear for the start of the first plasma experimentshas currently been pushed to December 2025), andan expenditure that has risen from 5-10 billion to60-65 billion Euros or more, we may end up witha machine that could provide less than JET! Thisis an even more serious problem if we consider
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that ITER was intended to be followed by a trueprototype of a thermonuclear reactor, namedDEMO (DEMOnstration Power Plant).
It is worth noting that if ITERwere to fail, the enormous
expense and time invested would likely lead almost
all Countries in the world to halt significant funding
for fusion research for who knows how long. Theeconomic damage would be enormous.
Over the years, while the USA have substantiallyreduced its funding for the ITER program, manyCountries, through political figures and membersof the scientific community, have openly supportedit.
In light of the previous criticisms, the strong sup-port for ITER seems somewhat inexplicable, unlessit is due to a limited or outdated scientific visionor economic interests, such as favoring the saleof fission reactors (delaying fusion), or benefitingindustries present in various Countries, but all ofthis has nothing to do with the realization of a truefusion reactor. The fact is that the validity of adifferent paradigm from that followed by ITER hasbeen consolidated by several parties, namely thatof compact machines, relatively small in size andwith high field strength, that is characterized by par-ticularly high magnetic confinement fields. Ignitor,Fig. 5, 6, is an example of such a machine, earlierbased on an Italo-Russian agreement, but also in-volving the USA, that was signed some time ago. Itcertainly does not aim to be a reactor, but one of itsobjectives is the concrete possibility of approaching
ignition. To confirm this, the machine should bebuilt, and its core is estimated to cost no more thanabout 78 million euros (to be compared with thetotal estimated cost of 65 billion euros or more forITER, which does not even have the goal of ignition).
Why does Ignitor cost so little? First of all, the sitesdesignated to host the machine are already avail-able (e.g., in Caorso, in Italy, while initially Troisk inRussia was considered), the design cost has alreadybeen almost entirely paid, and many people work-ing on it do so without pay, as they are researchersand University Professors who already receive abase salary. The 78 million euros, which were al-located to Ignitor (and after these years of waiting,they can be considered not more than 100 million),would be used for the construction of themachine’score, i.e., themachine itself, without considering theinfrastructure. Its various parts were intended tobe built by Italian industries, with a small part ofthe cost allocated to updates and design checks byqualified professionals (engineers) in Italy.
Ignitor is a scientific experiment, based on a ma-

Figure 5: The Ignitor design (see http://

personalpages.to.infn.it/~fre/

\RTIgnitor/about_ignitor.htm)

Figure 6: Ignitor (taken from https://

www.researchgate.net/figure/

Cross-sectional-view-of-the-Ignitor-machine_

fig1_242616001)

chine whose construction is possible, albeit withnumerous bureaucratic obstacles, and it was partof an agreement signed by Italy and Russia in2011 (with the approval of the USA), during thetime of Berlusconi’s and Putin’s governments. Theagreement envisioned the construction of variousparts of the machine by Italian industries, afterwhich these parts should have been shipped toRussia and assembled in Troisk, where a suitablesite existed to host and power the machine.
Unfortunately, the dramatic events related toRussia’s invasion of Ukraine have likely strainedrelations with Russia, even in the scientific field, andthis will likely last for an indefinite period. However,the urgent need to meet energy demands should
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push Italy to build and then eventually operateIgnitor in Italy. Moreover, the idea and project arethe work of Bruno Coppi, an Italian Professor at MITin Boston, and Italian industries have always beenplanned to build various parts of Ignitor. Therefore,with a more than suitable site like Caorso, there isno reason to delay. We do not need Russia to moveforward.
But why was such a modest amount as the onerequested by Ignitor - the 78 million euros, allo-cated during Minister Gelmini’s time as part of the“flagship projects” - mostly re-allocated elsewhereby Minister Fedeli, without even consulting theproject’s leader, Bruno Coppi? And why has ENI(the Italian multinational energy company) beenparticipating in the Commonwealth Fusion Systems(CFS) consortium since 2018, a kind of MIT spin-off,with at least already 50 million euros paid, to buildSPARC, a machine that is essentially an attempt tocopy Ignitor, without even consulting the origina-tor? All of this remains a mystery.
In addition to the scientific value of the experimentand its potential economic benefits, with the on-going energy crisis and over 40% of Italy’s energyneeds dependent on Russian gas, the diplomaticvalue of the aforementioned Italo-Russian agree-ment (concluded with the approval of the USA)should have been taken into greater account. Theagreement, which had already been signed butnever fully honored, could also have been inter-preted as a cooperative action in favor of nuclearpeace, as this had already begun with Coppi and hisRussian counterpart, Professor E. Velikhov. Unfor-tunately, this latter goal now seems to be obsolete.

VI. The idea of “hybrid reac-
tors”

There is a possibility that would allow the useof fission reactions with reactors having moreadvanced characteristics than those currently built.These are the so-called “hybrid reactors,” machinesin which the source of neutrons needed to producefission reactions is a fusion machine, without theneed for the latter to reach ignition. The mostdesirable fissile materials would be thorium andplutonium. This innovative solution would combinethe reliability of traditional fission reactors withsafety.
The remarkable fact is that, unlike fusion, the tech-
nology required to build a hybrid reactor already exists
today. Moreover, Italy would be in a pole positionin this field, since the aforementioned technology

follows that already developed to build experi-mental machines such as Alcator A (in operationfrom 1973 to 1979), Alcator C (from 1978 to 1987),and Alcator C-Mod (from 1991 to 2016), namedafter the Italian wording “Alto Campo Toro,” whichoperated at the Plasma Science and Fusion Centerat MIT in Boston, as well as FT (Frascati Tokamak)and FTU (Frascati Tokamak Upgrade), which startedoperating in 1977 and 1989, respectively, at ENEAin Frascati, and concerning the aforementionedIgnitor project. It is no coincidence that Russia hasalready decided to develop an experiment alongthese lines.

VII. But where are we really
at?

Unfortunately, for reasons sometimes known andsometimes not, it is a fact that we are surroundedby considerable misinformation.
What is comforting is the result of NIF, which atleast shows that nuclear fusion is feasible in a lab-oratory on Earth using inertial confinement. Lesspromising are the results obtained or expected sofar with magnetic confinement. In summary:
• ITER: Apart from the considerable cost andestimated completion time, it does not even planto achieve ignition, which does not provide muchhope that the subsequent DEMO might truly be areactor. The Russian invasion of Ukraine, with theconsequent sanctions imposed by the EU and theUSA, will probably cause further damage to ITER.
• DTT (Divertor Tokamak Test): It is supposed tobe realized at ENEA, in Frascati (Italy), along withENI and the CREATE Consortium, but there is stillnot enough justification for proceeding with it.Regarding DTT, it has been stated explicitly that,“at an estimated cost of approximately 600 millioneuros, ENEA and ENI will build it in Frascati overthe next seven years, with substantial nationalfunding (10% provided by the EU), a project aimedat creating a “divertor,” a device designed to expelthe energy - mostly heat - and the products ofnuclear fusion generated inside the tokamak. Itwould be a very flexible machine in operational sce-narios and represents a significant advancementin terms of performance compared to machinesconceived over 40 years ago. DTT’s purpose isto qualify the divertor prototypes for DEMO (thedemonstrative fusion machine that would followITER), but its operation will also allow the growth ofnew generations of scientists, capable of working
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on ITER and DEMO.” In reality, the cost has alreadyincreased to 650 million euros, but it is a commonopinion that after the project is completed, it willincrease to at least double that amount.
Unfortunately, these are just hypotheses. If ITER isnot completed according to the plan, the idea ofDEMO and, consequently, the DTT, which wouldserve it, would be of little use. Only the factthat “new generations of scientists” can grow, ashappened with JET, working on fusion scientific ex-periments remains. But at what cost to taxpayers?In reality, continuing down this path will leave Italywithout significant experiments for who knowshow many years, such as FT and FTU at ENEA inFrascati, which have operated for decades.
• SPARC, the machine of the aforementionedCommonwealth: it tries to reproduce (well?) themachine already designed for the Ignitor Program,but for themoment, only one of the numerous coilsnecessary to form a superconducting coil has beenbuilt. It is not even clear if there is enough of therequired materials worldwide, as they are very rareelements. While Ignitor would use superconductingMgB2 ceramics, it would be much more problem-atic to use ReBCO superconductors (barium andrare earth copper oxide). What is more realistic is tohope for the development of new superconductingmaterials that are more accessible, for which therehave been recent developments at Princeton.
• JET: The machine’s operations, permanentlyclosed at Culham at the end of 2023, has producedwidely publicized results. Unfortunately, theseare not as remarkable as claimed: far more than30-35 MW of power have been injected generatinga total fusion power (neutrons plus alpha particles)of 10 MW. Furthermore, it should be clarified thatonly one-third of this power can be considereddirectly “usable.” Anyone understands that to gainan advantage, the ratio between the useful powerobtained and the power supplied must be greaterthan 1.
The BBC has raised some doubts about the recenttouted success, and indeed, an informed sourcereportedly said that the ratio of energy input toenergy output in the JET facility has unfortunatelyremained unchanged compared to the past. Otherexperts have pointed out that the purpose of theJET experiment was actually to reproduce the result(i.e., gain) obtained 20 years ago but with higherpower injection, as well as to do it with a newinner wall made of beryllium and tungsten. Thiswas done in preparation for future experimentson ITER. From a technical point of view, this latter

point was interesting because it is known thatcarbon (graphite), used in the past on the JET’sinner wall, retains Tritium, and there are variousdifferences in the physics that occur in the twodifferent conditions mentioned.
• Ignitor: The reasons why work on its constructionis effectively hindered at various decision-makinglevels are not disclosed. Themachine has also beenimitated (at a much higher cost) by SPARC, nearBoston, not tomention the feasible development ofhybrid reactors, which are based on the same tech-nology and existing knowledge of physics.
Regarding Ignitor, L.J. Reinders writes in his recentbook “The Fairy Tale of Nuclear Fusion” [5, par. 6.5,page 165]: “Finally, we mention the joint Russian-Italian project on the IGNITOR reactor, which hasevolved out of Bruno Coppi’s activities at MIT (seeChap. 5). It is part of the line of research thatstarted with the Alcator machine at MIT in the1970s, and continued with Alcator C/C-Mod at MITand the FT/FTU experiments at Frascati. It is so far
the first and only experiment proposed and designed
to obtain physical conditions in magnetically confined
D-T plasmas that sustain the plasma under control-
lable conditions without the addition of extra heat,
i.e., to achieve ignition. It is a compact D-shapedfusion reactor with a total plasma volume of just10 m3. So far, only model calculations have beencarried out [1], and construction of the reactor itselfat the TRINITI site in Troisk (Russia) is long overdue.”
The observations made in the present article arenot meant to be entirely negative, hypercritical, oroverly pessimistic, but the fact remains that only se-rious scientific knowledge and accurate informationare the basis for solving and publicizing such impor-tant and no longer avoidable problems as those ofenergy. Disinformation can only harm by deludingtaxpayers and directing public and private fundingtoward less appropriate and promising paths. Thisis also because alternative solutions for obtaininggas energy do not seem to provide large quantitiesor to do so in the short term. On the one hand, itis estimated that increasing gas extraction in Italy,especially around the coasts, besides presentingwell-known environmental risks, would only pro-duce 10% more. On the other hand, as pointed outby Romano Prodi, the practical use of gas extractedelsewhere, far from Italy, requires three phases: (1)it must be transformed into liquid form for trans-port; (2) transportation must be done through spe-cial gas pipelines or methane carriers; (3) the liquidgasmust then be transformed back into gas (regasi-fication). At the moment, there are not enough fa-cilities or ships equipped for all of this in Italy, and itcertainly cannot be organized overnight. From the
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point of view of users, however, it should not be for-gotten that the cost of energy on bills is not deter-mined only by the cost of energy itself but also bysignificant tax contributions, partly justified for so-cial expenses.

VIII. Conclusions

It seems advisable not to risk losing, in Italy, theopportunity to play a central role on the interna-tional stage once again, as happened in the regret-table cases of Chemistry, during Giulio Natta’s time,and with computers, during Adriano Olivetti’s time.There are all the prerequisites for proceeding to-ward successful objectives. From an operationalpoint of view, a coordinated intervention that in-cludes the participation of five of the current min-istries would be advisable: theMinistry of EcologicalTransition, the Ministry of Economic Development,the Ministry of Economy and Finance, the Ministryof University and Research, and the Ministry of For-eign Affairs and International Cooperation, proba-bly by creating an ad hoc agency.
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