UIC

NUCLEAR ENERGY UPDATE 2001

Alan Marks, MST Consultants Pty Ltd

Brighton, Victoria


Introduction

The Uranium Information Centre (UIC) makes an annual workshop presentation for the Physics Teachers Conference jointly organised by STAV and the Australian Institute of Physics (AIP).  In earlier years, UIC has chosen specific topics on nuclear energy matters.  This year it seems to be timely to review the whole field, to remind attendees that uranium is a major contributor to electricity production.  Currently, nuclear energy is the source for some sixteen percent of world electricity generation, and is indeed assisting in the reduction of greenhouse gas releases from energy sources.

Even those people unfamiliar with the technical and statistical details of nuclear energy will be aware of its political sensitivity.  The UIC’s principal role is in fact to provide factual, unbiased, information on every aspect of nuclear energy, to facilitate well-informed discussion of the pros and cons of the topic.

To this end, UIC has published a substantial body of material suitable for both the general public and the educational sector.  All of this, consisting of Educational Resource Papers, Nuclear Issues Briefing Papers, Mines Papers, and the comprehensive booklet “Nuclear Electricity”, is available in hard copy from our Melbourne Office, telephone (03)9629-7744, e-mail uic@mpx.com.au or may be freely downloaded from our Web site at www.uic.com.au.

Since this is a Physics Teachers Conference, it seems appropriate to include here as Attachment 1 UIC's paper "Some Physics of Uranium", and as Attachment 2 a brief technical review of Uranium Enrichment.  The graphics and pictures are not included here but may be found in the versions available on the Web site.

Much more detail on the following topics will be found in the Nuclear Issues Briefing Papers (NIBP) and references to these (eg. NIBP #9) will be given in the text.  References to “Nuclear Electricity” (6th Edition) are given as NE.  The presentation at the Conference will be more visual than this text permits.

Electricity Generation

About 440 nuclear power reactors are currently in operation in 31 countries.  In 1999, the total of nuclear electricity generation was 2,403 TWh, representing about 16 percent of the world’s electricity.  About 80 more power reactors are either under construction or planned.  (See NIBP #7)

A few countries are highly dependent on nuclear power.  These include Lithuania (over 80 percent of its electrical generating capacity relies on nuclear power), France (87 percent) and Belgium (about 60 percent).  Some other percentages are: Sweden (about 45 percent); Japan (about 36 percent); Germany (about 32 percent); UK (28 percent); USA (about 20 percent).

In most countries the reactors used for nuclear power generation are the light water moderated and cooled type, in either their pressurised or boiling variants.  Light water reactors supplied by the former Soviet Union and now in operation in Russia and some other former Soviet satellites are somewhat different from “western” designs, although the principles of operation are similar.  Canada uses a heavy water moderated type of its own design.  The RBMK type of reactor, also a former Soviet Union design and involved in the Chernobyl disaster in the Ukraine, still has some examples in operation but safety has been tightened up with the assistance of US and European experts.  (See NE, Chapter 3; NIBP #22)

The economics of nuclear electricity generation tend to differ from those of fossil-fired generation due to the high capital costs and low fuel costs for nuclear, compared with lower capital costs and higher fuel costs for coal, oil or gas-fired stations.  Nuclear economics strongly favour base-load operation, while fossil-fired stations are more amenable economically to intermittent and peak load production.  This is one reason why the percentages of nuclear electrical capacity (MWe) and nuclear electricity generation (MWh) often differ as they reflect the variations of electricity demand on a diurnal and/or seasonal basis from one country to another.  (See NIBP #8)

Nuclear Safety

Commercial nuclear power has now existed for over forty years, and during that time there has been a continuing increase in safety requirements.  It should be understood that all “western” style power reactors have inherent safety against “runaway” accidents.  This arises from the physics of water reactor cores and the existence of negative void and temperature coefficients that provide negative feedback in the event of a breakdown that might otherwise lead to an uncontrolled power increase.  In addition to this inherent safety, regulators require a number of independent layers of safety backup to meet and ameliorate all foreseeable malfunctions, whether mechanical or due to operator error.

Two examples of major reactor accidents may nevertheless be cited.  The first, that to the Three Mile Island plant in the USA in 1979 (see NIBP #48), in fact occurred following a shutdown of the reactor in TMI-2.  All power reactors that have been in operation for some time then contain a core that is highly radioactive and which will continue to generate significant thermal energy for a long period.  Due to previously unidentified deficiencies in the instrumentation of the Three Mile Island plant, operators responded as they had been trained to do and in accordance with the information available to them.  This resulted in a lack of cooling to the thermally hot core, which lost its water covering, and eventually caused melting of part of the fuel and release of some of its radioactive contents.

The outcome of the TMI-2 accident was a major economic loss – damage to the plant, costs of the clean-up, etc., but there was no harm sustained by the plant personnel or by the public.  Many lessons were learned, and subsequently implemented, about ways to improve safety, not least in terms of better communications between plant operators, regulators and the media in the event of incidents or accidents.  The containment around the TMI-2 reactor performed exactly as designed and there was no significant leakage of radioactive material from the containment to the outside world.

The Chernobyl accident in 1986 (see NIBP #22) was in quite a different category, in that the #4 reactor had been undergoing some tests at low power to attempt to determine the effects of loss of main electrical power supply.  The operators carrying out these tests had disabled many of the reactor’s safety systems (which would otherwise have inhibited the proposed tests), without either fully appreciating the serious risks involved or securing proper approvals from higher authority.  Details are given more fully in the reference, but suffice it to say that this worst-ever nuclear power accident occurred in a plant (RBMK) whose design had been recognised beforehand as having serious safety deficiencies and instabilities.  Furthermore, the culture existing in the Soviet Union at that time did not encourage responsible performance by plant operators and managers.  There are essentially no similarities between the Chernobyl circumstances and those prevailing in all other reactor designs.

Nuclear Power inputs – the Fuel Cycle

The uranium fuel cycle begins with the extraction of uranium in a mining operation (See NE Chapter 4).  Although uranium is a relatively common element in the earth’s crust, commercially exploitable deposits of uranium are less common.  Australia currently ranks first in terms of known low-cost resources of uranium.  See NE Table 7 for details of resources.

Several different mining techniques are used to extract uranium.  Conventional open-cut and underground mines are predominant, but certain types of uranium bearing minerals, in suitable host rocks, are amenable to “in-situ leaching” or solution mining.  The Beverley and Honeymoon mines in South Australia use the in-situ technique, which avoids the need to dig into the terrain or to handle large quantities of mined rock (see NIBP #40).

Conventional mining requires localised processing of the ore, since the grades normally encountered make it uneconomic to transport the ore over long distances.  The product of processing is yellowcake, a form of uranium oxide (see UIC’s Chemistry of Uranium paper).  In-situ mining involves a recirculating flow of liquid bearing a low concentration of uranium, which is then extracted and concentrated in nearby plant.

Most power reactors utilise fuel in which the uranium content has been “enriched” (see Attachment 2 to this document and NIBP #33), a process in which the isotopic content of uranium-235 has been increased from its natural value of about 0.7 percent to a value of 2 to 5 percent.  Prior to enrichment, the uranium is “converted” into the uranium hexafluoride form, enabling further purification and putting it into the appropriate feedstock for the enrichment process.  For the small percentage of reactors designed to use natural uranium, neither conversion nor enrichment is required, but some further purification is necessary before the final stage of fuel fabrication.  The fuel that is loaded into a power reactor is commonly in the form of uranium oxide, made into ceramic pellets, filling tubes of zirconium alloy.  The precise details of the pellets and the fuel tubes may vary according to the particular reactor design.

Fuel Use in Reactors

The tubes containing uranium pellets, as described above, are put together in bundles to form the fuel elements that are loaded into the reactor core.  The details of the chain reaction and the various physical processes that occur within the fuel once the reactor is operating are given in UIC’s Physics of Uranium paper, which is Attachment 1 to this document.

During reactor operation, the fuel elements are subjected to an intense flux of neutrons and gamma rays, but this flux varies with position across and along the reactor core.  The reactor designer will have tried to arrange for this variation to be as small as possible, so that the fuel is uniformly irradiated, but in practice there are significant differences across and along the elements.  To compensate for these differences, reactor operators shuffle the fuel elements every twelve or eighteen months, commonly between three or four zones across the core.  A proportion of new elements will be added on each of these occasions, when the reactor is of course in shutdown mode.  Elements that have been in the core for three or four years will be removed at this stage and sent to a storage pool.

The utilisation of the fuel is described in terms of “burn-up”, as MWd per tonne of uranium.  Note that this value is commonly some tens of thousands of MWd per tonne, and that the higher the burn-up that the operator can achieve, the lower will be the costs of operating the reactor.

The limitation on fuel residence time in the reactor core is set by several factors.  Firstly, as the chain reaction proceeds, fission products accumulate in the fuel, and these will absorb some neutrons unproductively and hence begin to “poison” the chain reaction.  Equally, uranium-235 is fissioned and its content reduced.  This gradually reduces the positive contribution to the chain reaction.  The reactor control systems are designed to compensate for these effects to a limited extent.

A second limitation concerns the mechanical characteristics of the fuel bundle and its various components.  Here the limit is set by mechanical changes occurring in the uranium oxide pellets as a result of the intense radiation to which they are subjected.  A major design criterion is that the strength and integrity of the pellets be retained, to minimise the risk of cracking and release of gaseous products, with the consequent requirement that the enclosing tubes must remain gas-tight as well.  Results of both experiment and experience enable limits to be set in terms of allowable burn-up for a given fuel design.

It is worth noting that the fuel element, on removal from the reactor core, still looks externally similar to its appearance before use, although it is of course highly radioactive.  The burn-up limitations are such that there is no visible change to the fuel tubes or other external components, and this may be contrasted with the use of fossil fuels where the end product is ash, soot and/or various gaseous emissions.

Outputs – Spent Fuel and Waste Products

When fuel has reached its allowable burn-up and been removed from the reactor core, it still contains some 96 percent of its original mass of uranium.  The remaining four percent comprises about one percent of plutonium, and three percent of fission products and actinides.  The plutonium arises naturally in the course of the chain reaction and has made a significant contribution to the energy produced by the fuel during burn-up.  The fission products are the fragments left behind after fission of uranium nuclei, while actinides are higher isotopes formed by successive non-fissile absorption of neutrons by uranium and progressively heavier nuclei.

The spent fuel is also highly radioactive and continues to generate a substantial amount of thermal energy.  It must therefore be kept in heavily shielded storage, with provision for heat removal for some years.

In some respects all of the non-uranium content of spent fuel may be regarded as waste, but to an extent this is a matter of definition.  The plutonium, for example, if extracted from the spent fuel, could itself be used in fresh fuel elements either alone or together with uranium and hence is a potential energy source.  Certain fission products, and certain actinides, could be utilised for other purposes if they were separated out, but generally speaking the demand for these items is not large enough to require all spent fuel to be used in this way.  The uranium itself still contains around one percent of uranium-235, and thus could be re-enriched for fresh fuel.

All of the above aspects are overridden by the broad question of what to do with spent fuel.  Some thirty years ago it was anticipated that the growth in nuclear power capacity would lead to a shortage of uranium – known resources were then much less than today.  One solution to this was the development of the fast breeder reactor (FBR), expected to generate more plutonium fuel than it consumed.  In order to provide fuel for the initial FBRs, plutonium had to be extracted from spent uranium fuel, and this could only be achieved by “reprocessing” the spent fuel.  Reprocessing enabled each component to be separated, the uranium to be available for recycling, the plutonium for fresh fuel, and the fission products and actinides to be utilised, further separated or simply disposed of in some other fashion.

Only two significant plants came into operation for commercial reprocessing, one each in Britain and France.  Although these have both operated successfully, the interest in FBRs has waned as it appeared to be difficult, if not impossible, to make them competitive with present generation reactors.  Hence the real value of plutonium has become small, despite the cost of its retrieval, and the cost of uranium has itself remained low as a result of additional resources being found and the demand for uranium remaining low.  A further factor has been the dismantling of nuclear weapons in the former Soviet Union and the movement of ex-military uranium into the fuel cycle, depressing the demand for fresh uranium and hence its price.

The interest in reprocessing of spent fuel, never wholehearted across the spectrum of countries using nuclear power and subject to heavy political pressure, has thus also waned over the past decade or so.  Were it not for the long-term commercial contracts between the two reprocessors and nuclear power operators in a small number of countries, it might be questionable as to whether any reprocessing would take place at all.

If spent fuel is not reprocessed, the only alternative for its owners, usually the power station operators, is to store it against a time when it may become possible to dispose of it.  A few countries, notably USA and Sweden, decided long ago that it would be their policy to do exactly that.  In both of these countries there has been a search for a suitable site for underground disposal.  The main difference between them is that Sweden, with only twelve reactors, was able to consolidate all of its operations so that spent fuel is sent to a single central store, where it will remain until technical and policy decisions about disposal can be reached.

The Waste Dilemma

As mentioned above, spent fuel has to be removed from the reactor and put into storage, and eventually either reprocessed or disposed of “as is”.

After reprocessing, there is still waste to handle, since the separated fission products and actinides are generally not needed and must be removed from the biosphere.  An advantage here is that the volume of material to be removed is only about four percent of unreprocessed spent fuel.

No country has as yet permitted the construction of a facility for permanent disposal of spent fuel or separated waste.  Very large sums of money have been spent on the search for suitable locations for deep underground disposal of such waste, for example in USA and UK.  Regrettably, most of this money has been lost when the locations were eventually unacceptable to the regulatory authorities.  The unacceptability largely arose from the original choice of location, apparently politically suitable, but then proving to be impossible to justify technically.

In France, for example, the legislature eventually decided that only underground “laboratories” could be set up in locations being tested for suitability.  If one or more of these laboratories showed that the location was technically acceptable for permanent disposal, then the legislature would have to consider the subject anew and be required to enact legislation to permit a disposal facility to be built and used.

There have been various private initiatives to identify disposal sites, targeting several islands in the Pacific Ocean, and in one case Australia.  The Pacific Ocean exercise seemed to be largely a political one, with small chance of it being accepted, either by the local authorities or international regulators.

The Australian initiative has been more technically based.  It starts from the recognition that there are very remote regions of Australia where it may be scientifically demonstrated that ground conditions should be stable for the very long term, and where there is essentially no movement of ground water or no water present at all.  At a deep underground location that had been approved by the Government, chambers would be constructed, and suitably encased spent fuel or other encapsulated waste would be brought in over a period of years.  Once the facility became full, it would be sealed off and all access removed (see NIBP #49).

Although the proponent for this scheme, Pangea Resources Australia, was engaged in a purely theoretical study of the concept, it instantly attracted intense political hostility from all sides.  It is difficult to judge at this stage whether the concept has any chance of progressing.

The waste dilemma is essentially that of NIMBY – Not In My Backyard!  It seems that those countries with major nuclear power programs are those that do not have geological structures meeting criteria such as those propounded by Pangea.  Australia is the only uranium supplier that does not have domestic nuclear power, and has very remote and uninhabited areas, plus known suitable geology.  It is believed that suitable geology exists also in Argentina, South Africa and China, but if other factors are taken into account, such as long term political stability, Australia seems to be the preferred location.

There could of course be significant benefits from the provision of a permanent disposal site, including increased international standing and substantial new “export” income.  The magnitude of the latter may be gauged from the projected price for fuel disposal, of over one million US dollars per tonne.  There are estimated to be upwards of 200,000 tonnes of spent fuel in storage around the world by 2010, hence a disposal industry could bring revenue of tens of billions of dollars annually even if only tackling a portion of the material.

Future Prospects

There are political moves in some countries to phase out their nuclear power stations.  Germany has been an example where a new left-wing Government came into office believing it could just close down its nuclear stations, despite their safe operation and the private capital invested in them.  In Sweden, a referendum in the late 1970s gave approval for twelve nuclear power units to be completed but to be shut down by 2010.  The contribution of nuclear power to electricity generation in these countries (Germany 32 percent, Sweden 45 percent) makes it clear that it would be socially and economically disastrous to shut these stations down over a short time period.

Nevertheless, the Swedish Government has succeeded in forcing the premature shutdown of one station and is trying hard to close a second.  Such actions fly directly in the face of international efforts to minimise the emission of greenhouse gases, since the only option for these countries would be to build new fossil-fired generating capacity to replace the closed nuclear plants.  Alternatively, there would be additional hypocrisy exhibited if replacement electricity supplies were drawn from other countries using nuclear power.  Thus France is already the largest exporter of electricity into other European countries.

It is clear that even these Governments have limited scope to close further nuclear stations, and that it is inevitable that nuclear generated electricity will be a fact of life for decades to come, if not longer.

In terms of greenhouse gas concerns, little positive action has been taken by any country so far to reduce emissions from fossil fuels.  Time has been on their side as a result of reductions in demand and the ability to build gas-fired stations on shorter time scales.  It will eventually be recognised that nuclear power is the only base load electricity supply not adding to greenhouse gases, and at that time we may see renewed interest in nuclear.

To this end, several designs for advanced reactors have been prepared (see NIBP #16).  Such reactors encompass a variety of reactor types, including pressurised and boiling light water, heavy water and high temperature reactors.  Essential features that prospective purchasers would require include inherent safety, simplified construction, better fuel efficiency and standardised designs.  All of these features should result in lower capital and operating costs, and attract easier approvals from regulatory authorities.  Some of these designs have already been built and are operating in Japan and under construction in Taiwan.  Korea and China are also likely to build these types.  There have been no new reactor orders in the USA or in most European countries for around twenty years, but perhaps we will eventually see one or more of these advanced designs ordered there.


ATTACHMENT 1 – SOME PHYSICS OF URANIUM

(With particular reference to nuclear reactors)


Neutrons

Neutrons in motion are the starting point for everything that happens in a nuclear reactor.

When a neutron passes near to a heavy nucleus, for example uranium-235 (U-235), the neutron may be captured by the nucleus and this may or may not be followed by fission.  Capture involves the addition of the neutron to the uranium nucleus to form a new compound nucleus. A simple example is:

U-238 + n  (  U-239

which represents formation of the nucleus U-239.  The new nucleus may decay into a different nuclide.  In this example, U-239 becomes Np-239 after emission of a beta particle (electron).  But in certain cases the initial capture is rapidly followed by the fission of the new nucleus.  Whether fission takes place, and indeed whether capture occurs at all, depends on the velocity of the passing neutron and on the particular heavy nucleus involved.

Nuclear fission

Fission may take place in any of the heavy nuclei after capture of a neutron.  However, low-energy (slow or thermal) neutrons are able to cause fission only in those isotopes of uranium and plutonium whose nuclei contain odd numbers of neutrons (eg. U-233, U-235 and Pu-239).  Thermal fission may also occur in some other transuranic elements whose nuclei contain odd numbers of neutrons.  For nuclei containing an even number of neutrons, fission can only occur if the incident neutrons have energy above about one million electron volts (MeV).

The probability that fission or any another neutron-induced reaction will occur is described by the cross-section for that reaction.  The cross-section may be imagined as an area surrounding the target nucleus and within which the incoming neutron must pass if the reaction is to take place.  The fission and other cross sections increase greatly as the neutron velocity reduces.  Hence in nuclei with an odd-number of neutrons, such as U-235, the fission cross-section becomes very large at thermal energies. 

A neutron is said to have thermal energy when it has slowed down to be in thermal equilibrium with the surroundings (when the kinetic energy of the neutrons is similar to that possessed by the surrounding atoms due to their random thermal motion).  Hence the main application of uranium fission is in thermal reactors fuelled by U-235 and incorporating a moderator such as water to slow the neutrons down.  The most common examples of this are Light Water Reactors(.

Other relatively common heavy nuclei that are fissile (implying thermal fission) are U-233, Pu-239 and Pu‑241.  Each of these is produced artificially in a nuclear reactor, from the fertile nuclei Th-232, U-238 and Pu-240 respectively.  U-235 is the only naturally occurring isotope which is thermally fissile, and it is present in natural uranium at a concentration of 0.7 percent.  U-238 is the only naturally occurring fertile isotope.

As implied previously, the fission cross-section is much reduced at high neutron energies (> 0.1 MeV) relative to its value at thermal energies.  It is nonetheless possible to use this so-called fast fission in a fast reactor whose design minimises the moderation of the high-energy neutrons produced in the fission process.

Nuclear fission - the process

Using U-235 in a thermal reactor as an example, when a neutron is captured the total energy is distributed amongst the 236 nucleons (protons & neutrons) now present in the compound nucleus.  This nucleus is relatively unstable, and it is likely to break into two fragments of around half the mass.  These fragments are nuclei found around the middle of the Periodic Table and the probabilistic nature of the break-up leads to several hundred possible combinations.  Creation of the fission fragments is followed almost instantaneously by emission of a number of neutrons (typically 2 or 3, average 2.5), that enable the chain reaction to be sustained.

About 85% of the energy released is initially the kinetic energy of the fission fragments.  However, in solid fuel they can only travel a microscopic distance, so their energy becomes converted into heat.  The balance of the energy comes from gamma rays emitted during or immediately following the fission process and from the kinetic energy of the neutrons.  Some of the latter are immediate (so-called prompt neutrons), but a small proportion (0.7% for U-235, 0.2% for Pu-239) is delayed, as these are associated with the radioactive decay of certain fission products.  The longest delayed neutron group has a half-life of about 56 seconds.

The delayed neutron release is the crucial factor enabling a chain reacting system (or reactor) to be controllable and to be able to be held precisely critical.  At criticality the chain reacting system is exactly in balance, such that the number of neutrons produced in fissions remains constant.  This number of neutrons may be completely accounted for by the sum of those causing further fissions, those otherwise absorbed, and those leaking out of the system.  Under these circumstances the power generated by the system remains constant.  To raise or lower the power, the balance must be changed (using the control system) so that the number of neutrons present (and hence the rate of power generation) is either reduced or increased.  The control system is used to restore the balance when the desired new power level is attained.

The number of neutrons and the specific fission products from any fission event are governed by statistical probability, in that the precise break up of a single nucleus cannot be predicted.  However, conservation laws require the total number of nucleons and the total energy to be conserved.  The fission reaction in U-235 produces fission products such as Ba, Kr, Sr, Cs, I and Xe with atomic masses distributed around 95 and 135.

Examples may be given of typical reaction products, such as:

U-235 + n  (  Ba-144 + Kr-90 + 2n + energy

U-235 + n  (  Ba-141 + Kr-92 + 3n + 170 MeV

U-235 + n  (  Zr-94 + La-139 + 3n + 197 MeV

In such an equation, the atomic number is conserved, eg. 235 + 1 = 141 + 92 + 3, but a small loss in atomic mass may be shown to be equivalent to the energy released.  Both the barium and krypton isotopes subsequently decay and form more stable isotopes of neodymium and yttrium, with the emission of several electrons from the nucleus (beta decays).  It is the beta decays, with some associated gamma rays, which make the fission products highly radioactive.  This radioactivity (by definition!) decreases with time.

The total energy released in fission varies with the precise break up, but averages about 200 MeV( for U-235 or 3.2 x 10-11 joule.  That from Pu-239 is about 210 MeV( per fission. (This contrasts with 4 eV or 6.5 x 10-19 J per molecule of carbon dioxide released in the combustion of carbon in fossil fuels.)

About 6% of the heat generated in the reactor core originates from radioactive decay of fission products and transuranic elements formed by neutron capture, mostly the former.  This must be allowed for when the reactor is shut down, since heat generation continues after fission stops.  It is this decay which makes spent fuel initially generate heat and hence need cooling.  Even after one year, typical spent fuel generates about 10 kW of decay heat per tonne, decreasing to about 1 kW/t after ten years.

Neutron Capture: Transuranic elements & activation products

Neutrons may be captured by non-fissile nuclei, and some energy is produced by this mechanism in the form of gamma rays as the compound nucleus de-excites.  The resultant new nucleus may become more stable by emitting alpha or beta particles.  Neutron capture by one of the uranium isotopes will form what are called transuranic elements, actinides beyond uranium in the periodic table.

Since U-238 is the major proportion of the fuel element material in a thermal reactor, capture of neutrons by U-238 and the creation of U-239 is an important process:

· U-239 quickly emits a beta particle to become neptunium-239

· Np-239 in turn emits a beta particle to become plutonium-239, which is relatively stable

· some Pu-239 nuclei may capture a neutron to become Pu-240, which is less stable

· by further neutron capture, Pu-240 nuclei may in turn form Pu-241

· Pu-241 also undergoes beta decay to americium-241 (the heart of household smoke detectors).

As already noted, Pu-239 is fissile in the same way as U-235, i.e. with thermal neutrons.  It is the other main source of energy in any nuclear reactor and typically contributes about one third of the energy output.  The masses of its fission products are distributed around 100 and 135 atomic mass units.

The main transuranic constituents of spent fuel are isotopes of plutonium, neptunium and americium.  These are alpha-emitters and have long half-lives, decaying on a similar time scale to the uranium isotopes.  They are the reason that spent fuel needs secure disposal beyond the few thousand years or so which might be necessary for the decay of fission products alone.

Apart from transuranic elements in the reactor fuel, activation products are formed wherever neutrons impact on any other material.  Activation products in a reactor (and particularly its steel components exposed to neutrons) range from tritium (hydrogen-3) and carbon-14 to cobalt-60, iron-55 and nickel-63.  The latter four radioisotopes create difficulties during eventual demolition of the reactor, and affect the extent to which materials can be recycled.

Fast Neutron Reactors

In an idealised Fast Neutron Reactor the fuel in the core is Pu-239 and the abundant neutrons designed to leak from the core would breed more Pu-239 in the fertile blanket of U-238 around the core.  A minor fraction of U-238 might be subject to fission, but most of the neutrons reaching the U-238 blanket will have lost some of their original energy and are therefore subject only to capture and the eventual generation of Pu‑239.  Cooling of the fast reactor core requires a heat transfer medium which has minimal moderation of the neutrons, and hence liquid metals are used, typically sodium or a mixture of sodium and potassium.

Such reactors are more efficient at converting fertile material than ordinary thermal reactors because of the arrangement of fissile and fertile materials, and there is some advantage from the fact that Pu-239 yields more neutrons per fission than U-235.  Although both yield more neutrons per fission when split by fast rather than slow neutrons, this is incidental since the fission cross sections are much smaller at high neutron energies.  Fast neutron reactors may be designed as breeders to yield more fissile material than they consume or to be plutonium burners to dispose of excess plutonium.  A plutonium burner would be designed without a breeding blanket, simply with a core optimised for plutonium fuel.

For instance, the Fast Breeder Reactor was originally conceived to extend the world's uranium resources, and could do this by a factor of about 60.  Although several countries ran extensive fast breeder reactor development programs, major technical and materials problems were encountered.  To the extent that these programs permitted, it was not established that any of the designs would have been commercially competitive with existing light water reactors.  An important aspect of fast reactor economics lies in the value of the plutonium fuel which is bred; unless this shows an advantage relative to contemporary costs for uranium, there would be little benefit from the use of this type of reactor.  This point has been driven home today by the continuing abundance of uranium in geological resources and its low price.  Nevertheless, there is international concern over the disposal of ex-military plutonium, and there are proposals to use fast reactors for this purpose.  In both respects the technology is important to long term considerations of world energy sustainability.

Control of Fission

Fission of U-235 nuclei typically releases 2 or 3 neutrons, with an average of about 2.5.  One of these neutrons is needed to sustain the chain reaction at a steady level of controlled criticality; on average, the other 1.5 leak from the core region or are absorbed in non-fission reactions.  Neutron-absorbing control rods are used to adjust the power output of a reactor.  These typically use boron and/or cadmium (both are strong neutron absorbers) and are inserted among the fuel assemblies.  When they are slightly withdrawn from their position at criticality, the number of neutrons available for ongoing fission exceeds unity (i.e. criticality is exceeded) and the power level increases.  When the power reaches the desired level, the control rods are returned to the critical position and the power stabilises.

The ability to control the chain reaction is entirely due to the presence of the small proportion of delayed neutrons arising from fission.  Without these, any change in the critical balance of the chain reaction would lead to a virtually instantaneous and uncontrollable rise or fall in the neutron population.  It is also relevant to note that safe design and operation of a reactor sets very strict limits on the extent to which departures from criticality are permitted.  These limits are built in to the overall design.

Neutrons released in fission are initially fast (velocity about 109 cm/sec, or energy above 1 MeV), but fission in U-235 is most readily caused by slow neutrons (velocity about 105 cm/sec, or energy about 0.02 eV).  A moderator material comprising light atoms thus surrounds the fuel rods in a reactor.  Without absorbing too many, it must slow down the neutrons in elastic collisions (compare it with collisions between billiard balls on an atomic scale).  In a reactor using natural (unenriched) uranium the only suitable moderators are graphite and heavy water (these have low levels of unwanted neutron absorption).  With enriched uranium (i.e. increased concentration of U-235 - see Attachment 2), ordinary (light) water may be used as moderator. Water is also commonly used as a coolant, to remove the heat and generate steam.

Other features may be used in different reactor types to control the chain reaction.  For instance, a small amount of boron may be added to the cooling water and its concentration reduced progressively as other neutron absorbers build up in the fuel elements.  In an emergency situation, provision may be made for rapidly adding an excessive quantity of boron to the water.

Commercial power reactors are usually designed to have negative temperature and void coefficients.  The significance of this is that if the temperature should rise beyond its normal operating level, or if boiling should occur beyond an acceptable level, the balance of the chain reaction is affected so as to reduce the rate of fission and hence reduce the temperature.  One mechanism involved is the Doppler effect, whereby U-238 absorbs more neutrons as the temperature rises, thereby pushing the neutron balance towards subcritical.  Another mechanism, in light water reactors, is that the formation of steam within the water moderator will reduce its density and hence its moderating effect, and this again will tilt the neutron balance towards subcritical.

While fuel is in use in the reactor, it is gradually accumulating fission products and transuranic elements that cause additional neutron absorption.  The control system has to be adjusted to compensate for the increased absorption.  When the fuel has been in the reactor for three years or so, this build-up in absorption, along with the metallurgical changes induced by the constant bombardment of the fuel materials, dictates that the fuel should be replaced.  This effectively limits the burn-up to about half of the fissile material, and the fuel assemblies must then be removed and replaced with fresh fuel.

In reactors used for naval propulsion, where frequent fuel changes are inconvenient, the fuel is enriched to higher levels initially and burnable poisons - neutron absorbers - are incorporated.  Hence as the fission products and transuranic elements accumulate, the "poison" is depleted and the two effects tend to cancel one another out.  As engineers explore ways to increase the burn-up of commercial reactor fuel, burnable poisons such as gadolinium may be used along with increasing enrichment towards 5% U-235 (as is already happening).

ATTACHMENT 2 - URANIUM ENRICHMENT

The most common types of commercial power reactor use water for both moderator and coolant.  Criticality may only be achieved with a water moderator if the fuel is enriched.  Enrichment increases the proportion of the fissile isotope U-235 about five- or six-fold from the 0.7% of U-235 found in natural uranium.  Enrichment is a physical process, usually relying on the small mass difference between atoms of the two isotopes U-238 and U-235.  The enrichment processes in commercial use today require the uranium to be in a gaseous form and hence use the compound uranium hexafluoride (UF6).  This becomes a gas at only 56oC under atmospheric pressure, but is readily contained in steel cylinders as a liquid or solid under pressure.

The two main enrichment (or isotope separation) processes are diffusion (gas diffusing under pressure through a membrane containing microscopic pores) and centrifugation.  In each case, a very small amount of isotope separation takes place in one pass through the process.  Hence repeated separations are undertaken in successive stages, arranged in a cascade.  The product from each stage becomes feed for the next stage above, and the depleted material is added to the feed for the next stage below.  The stages above the initial feed point thus become the enriching section and those below are the stripping section.  Each stage thus has a double feed (product from below and depleted from above).  Ultimately, the enriched product is about one sixth or one seventh the amount of depleted material, so that the product end of the cascade tends to have more stages.  The depleted material, drawn off at the bottom of the stripping section, is commonly called tails and the residual U-235 concentration in the tails is the tails assay.

The separating power of the cascade, or of each stage, is described in terms of flow capacity and enriching ability, using the separative work unit (SWU) to quantify it.  This is dimensionally a mass unit, though it indicates energy (for a particular plant, energy consumption may be described in kWh per SWU).  Since feed or product quantities are measured in tonnes or kilograms, SWUs are also described similarly.

For instance, to produce one kilogram of uranium enriched to 3.5% U235 requires 4.3 SWU if the plant is operated at a tails assay of 0.30%, or 4.8 SWU if the tails assay is 0.25% (thereby requiring only 7.0 kg instead of 7.8 kg of natural U feed).  Here, and in the following paragraph, kg SWU units are implied.

About 100,000 to 120,000 SWU is required to enrich the annual fuel loading for a typical 1,000 MWe light water reactor.  Enrichment costs are related to electrical energy used.  The gaseous diffusion process consumes up to 2,400 kWh (8,600 MJ) per SWU, while gas centrifuge plants require only about 50 kWh/SWU (180 MJ).  Despite this, competition between the commercial enrichment plants compels comparable prices to be charged, and the relative capital costs and ages of the enrichment plants may compensate the large difference in the electric power components.

The diffusion process relies on a difference in average velocity of the two types of UF6 molecules to drive the lighter ones more readily through holes in the membranes.  Each stage consists of a compressor, a diffuser and a heat exchanger to remove the heat of compression.  The enriched UF6 product is withdrawn from one end of the cascade and the depleted UF6 is removed at the other end.  The gas must be processed through some 1400 stages to obtain a product with a concentration of 3% to 4% U-235.  Diffusion plants typically have a small amount of separation through one stage (hence the large number of stages) but are capable of handling large volumes of gas.

Centrifuge enrichment relies on the simple mass difference of the molecules coupled with the square of the peripheral velocity in a rapidly rotating cylinder (the centrifuge rotor).  Countercurrent movement of gas within the rotor, proportional to its height, enhances this effect.  The gas is fed into a series of evacuated cylinders, each containing a rotor about one to two metres long and 15-20 cm diameter.  When the rotors are spun rapidly, the heavier molecules with U-238 increase in concentration towards the cylinder's outer edge, leaving a corresponding increase in concentration of molecules with U-235 near the centre.  The countercurrent flow enables enriched product to be drawn off axially.

To obtain efficient separation of the two isotopes, centrifuges rotate at very high speeds, typically 50,000 to 70,000 rpm, with the outer wall of the spinning cylinder moving at between 400 and 500 metres per second, to give a million times the acceleration of gravity.  There are considerable materials and engineering challenges in producing such equipment.

Although the volume capacity of a single centrifuge is much smaller than that of a single diffusion unit, its ability to separate isotopes is much greater.  Centrifuge stages normally consist of a large number of centrifuges in parallel.  Such stages are then arranged in cascade similarly to those for diffusion.  In the centrifuge process, the number of stages may only be 10 to 20, instead of the thousand or more required for diffusion.

Laser isotope separation processes have been a focus of interest for some time.  They promise lower energy inputs, lower capital costs and lower tails assays, hence significant economic advantages.  None of these processes is yet ready for commercial use, and the US AVLIS process, into which billions of dollars had been invested and which was thought to be in an advanced stage of development, was cancelled in 1999.

Laser processes utilise the very precise beam frequencies characteristic of lasers.  Such frequencies are equivalent to defined energies.  The interaction of the laser beam with gas or vapour enables it to exploit the excitation or ionisation of isotope-specific atoms in the vapour.  It may then be possible to separate molecules containing a desired isotope by utilising a second physical process applicable only to the excited or ionised molecule.  For instance a tuned laser of very specific energy might convert UF6 molecules containing U-235 atoms to solid UF5, by breaking the molecular bond holding the sixth fluorine atom.  This then enables the UF5 to be separated from the unaffected UF6 molecules containing U-238 atoms, hence achieving a separation of isotopes.

Laser separation processes may use either atomic or molecular gases or vapours.  AVLIS is an atomic process.  A molecular laser separation process, SILEX, utilising uranium in the form of UF6, was invented in Australia, and is currently under development in collaboration with a US licensee.
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( There are two main varieties, Pressurised Water Reactors and Boiling Water Reactors


( These are total available energy release figures, consisting of kinetic energy values (Ek) of the fission fragments plus neutron, gamma and delayed energy releases which add about 30 MeV.
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