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Abstract 

In 1789 a German chemist, Martin Heinrich Klaproth, announced the discovery of a new 
element: uranium; few years later, the head of father of the modern chemistry, Antoine 
Lavoisier, was swept away by guillotine: a new era was destined to be opened, either 
where energy would have been produced in large scale by nuclear processes delivering 
hundreds of times the energy of chemical processes or where a mass of people, 
revolutionary or not, would have been melted down into a couple of seconds. 
After a quite long time, on the 2nd December 1942, the first nuclear reactor has been put 
into operation by Enrico Fermi in Chicago; few years later, came also the dark side 
utilization of fissile materials in Hiroshima and Nagasaki. Since those moments, three 
power plants generations succeeded, until the current one which is the generation IV of 
nuclear reactors. The latter has the goal of generating electricity in a safe manner, for the 
core is designed to provide an effective passive cooling of the decay heat. Amid 
generation IV of nuclear power plants, the Gas Turbine – Modular Helium Reactor, 
designed by General Atomics, is the only core with an energy conversion efficiency of 
50%; the above consideration, coupled to construction and operation costs lower than 
ordinary Light Water Reactors, renders the Gas Turbine – Modular Helium reactor rather 
unequaled. 
In the present studies we investigated the possibility to operate the GT-MHR with two 
types of fuels: LWRs waste and thorium; since thorium is made of only fertile 232Th, we 
tried to mix it with pure 233U, 235U or 239Pu; ex post facto, only uranium isotopes allow 
the reactor operation, that induced us to examine the possibility to use a mixture of 
uranium, enriched 20% in 235U, and thorium. We performed all calculations by the 
MCNP and MCB codes, which allowed to model the reactor in a very detailed three-
dimensional geometry and to describe the nuclides transmutation in a continuous energy 
approach; finally, we completed our studies by verifying the influence of the major 
nuclear data libraries, JEFF, JENDL and ENDF/B, on the obtained results. 
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In the field of scientific research, a positivistic mentality took hold which not only 
abandoned the Christian vision of the world, but more especially rejected every appeal to 
a metaphysical or moral vision. It follows that certain scientists, lacking any ethical point 
of reference, are in danger of putting at the center of their concerns something other than 
the human person and the entirety of the person's life. Further still, some of these, sensing 
the opportunities of technological progress, seem to succumb not only to a market-based 
logic, but also to the temptation of a quasi-divine power over nature and even over the 
human being. As a result of the crisis of rationalism, what has appeared finally is 
nihilism. As a philosophy of nothingness, it has a certain attraction for people of our time. 
Its adherents claim that the search is an end in itself, without any hope or possibility of 
ever attaining the goal of truth. In the nihilist interpretation, life is no more than an 
occasion for sensations and experiences in which the ephemeral has pride of place. 
Nihilism is at the root of the widespread mentality which claims that a definitive 
commitment should no longer be made, because everything is fleeting and provisional. 
The nihilist interpretation is at once the denial of all foundations and the negation of all 
objective truth. Quite apart from the fact that it conflicts with the demands and the 
content of the word of God, nihilism is a denial of the humanity and of the very identity 
of the human being. It should never be forgotten that the neglect of being inevitably leads 
to losing touch with objective truth and therefore with the very ground of human dignity. 
This in turn makes it possible to erase from the countenance of man and woman the 
marks of their likeness to God, and thus to lead them little by little either to a destructive 
will to power or to a solitude without hope. Once the truth is denied to human beings, it is 
pure illusion to try to set them free. Truth and freedom either go together hand in hand or 
together they perish in misery. This nihilism has been justified in a sense by the terrible 
experience of evil which has marked our age. Such a dramatic experience has ensured the 
collapse of rationalist optimism, which viewed history as the triumphant progress of 
reason, the source of all happiness and freedom; and now, at the end of this century, one 
of our greatest threats is the temptation to despair. Eclecticism is an error of method, but 
lying hidden within it can also be the claims of historicism. To understand a doctrine 
from the past correctly, it is necessary to set it within its proper historical and cultural 
context. The fundamental claim of historicism, however, is that the truth of a philosophy 
is determined on the basis of its appropriateness to a certain period and a certain 
historical purpose. At least implicitly, therefore, the enduring validity of truth is denied. 
What was true in one period, historicists claim, may not be true in another. Thus for them 
the history of thought becomes little more than an archeological resource useful for 
illustrating positions once held, but for the most part outmoded and meaningless now. On 
the contrary, it should not be forgotten that, even if a formulation is bound in some way 
by time and culture, the truth or the error which it expresses can invariably be identified 
and evaluated as such despite the distance of space and time. Another threat to be 
reckoned with is scientism. This is the philosophical notion which refuses to admit the 
validity of forms of knowledge other than those of the positive sciences; and it relegates 
religious, theological, ethical and aesthetic knowledge to the realm of mere fantasy. In the 
past, the same idea emerged in positivism and neo-positivism, which considered 
metaphysical statements to be meaningless. Critical epistemology has discredited such a 
claim, but now we see it revived in the new guise of scientism, which dismisses values as 
mere products of the emotions and rejects the notion of being in order to clear the way for 
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pure and simple facticity. Science would thus be poised to dominate all aspects of human 
life through technological progress. The undeniable triumphs of scientific research and 
contemporary technology have helped to propagate a scientistic outlook, which now 
seems boundless, given its inroads into different cultures and the radical changes it has 
brought. Regrettably, it must be noted, scientism consigns all that has to do with the 
question of the meaning of life to the realm of the irrational or imaginary. No less 
disappointing is the way in which it approaches the other great problems of philosophy 
which, if they are not ignored, are subjected to analyses based on superficial analogies, 
lacking all rational foundation. This leads to the impoverishment of human thought, 
which no longer addresses the ultimate problems which the human being, as the animal 

rationale, has pondered constantly from the beginning of time. And since it leaves no 
space for the critique offered by ethical judgement, the scientistic mentality has 
succeeded in leading many to think that if something is technically possible it is therefore 
morally admissible. No less dangerous is pragmatism, an attitude of mind which, in 
making its choices, precludes theoretical considerations or judgements based on ethical 
principles. The practical consequences of this mode of thinking are significant. In 
particular there is growing support for a concept of democracy which is not grounded 
upon any reference to unchanging values: whether or not a line of action is admissible is 
decided by the vote of a parliamentary majority. The consequences of this are clear: in 
practice, the great moral decisions of humanity are subordinated to decisions taken one 
after another by institutional agencies. Moreover, anthropology itself is severely 
compromised by a one-dimensional vision of the human being, a vision which excludes 
the great ethical dilemmas and the existential analyses of the meaning of suffering and 
sacrifice, of life and death…Philosophical thought is often the only ground for 
understanding and dialogue with those who do not share our faith...I cannot fail to 
address a word to scientists, whose research offers an ever greater knowledge of the 
universe as a whole and of the incredibly rich array of its component parts, animate and 
inanimate, with their complex atomic and molecular structures. So far has science come, 
especially in this century, that its achievements never cease to amaze us. In expressing 
my admiration and in offering encouragement to these brave pioneers of scientific 
research, to whom humanity owes so much of its current development, I would urge them 
to continue their efforts without ever abandoning the sapiential horizon within which 
scientific and technological achievements are wedded to the philosophical and ethical 
values which are the distinctive and indelible mark of the human person. Scientists are 
well aware that “the search for truth, even when it concerns a finite reality of the world or 
of man, is never-ending, but always points beyond to something higher than the 
immediate object of study, to the questions which give access to Mystery”. 

Fides et Ratio, MCMXCVIII 

AD IMPERITVRAM MEMORIAM IOANNEM PAVLVM II PONTIFICEM MAXIMVM 
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Being a lover of freedom, when the revolution came in Germany, I looked to the 
universities to defend it, knowing that they had always boasted of their devotion to the 
cause of truth; but, no, the universities immediately were silenced. Then I looked to the 
great editors of the newspapers whose flaming editorials in days gone by had proclaimed 
their love of freedom; but they, like the universities, were silenced in a few short weeks... 
Only the Church stood squarely across the path of Hitler's campaign for suppressing 
truth. I never had any special interest in the Church before, but now I feel a great 
affection and admiration because the Church alone has had the courage and persistence to 
stand for intellectual truth and moral freedom. I am forced thus to confess that what I 
once despised I now praise unreservedly. 

Albert Einstein – Time magazine, p. 38, 23rd December 1940. 

The Catholic Church under Pius XII was instrumental in saving 860,000 Jews from Nazi 
death camps. 

Pinchas E. Lapide, Israeli Consul – Three Popes and the Jews, p. 214, New York 
Hawthorn, 1967. 
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1. Introduction 
 
The Gas Turbine – Modular Helium Reactor (GT-MHR) is a generation IV type core, designed 
by General Atomics (GA), that offers valuable benefits compared to ordinary nuclear power 
plants: the 850 oC outlet coolant temperature allows an energy conversion efficiency of 50%, 
the fuel and the moderator are arranged in order to grant a passive mechanism of the decay heat 
in case of loss of coolant accident, the fuel can reach a very high burnup and it is confined into 
TRISO particles. TRISO particles represent a quite safe fuel technology because of their 
extraordinary resistance both during the operation, they can stand a fuel temperature of 1600 
oC, and during the final waste disposal, they can remain intact for hundreds thousands years 
even if permanently flooded with groundwater.  
In the present studies, we focused on the burnup performances of the GT-MHR; more precisely 
we focused on advanced in-core fuel cycles within the deep burn concept. The deep burn is a 
fuel refueling and shuffling schedule that sets the depletion rate of the initial fissile inventory 
to over 50%. The two-pass deep burn reprocesses the irradiated fuel; whereas, the one-pass 
deep burn destines the irradiated fuel to the permanent storage in the geological repository. 
Within the deep burn concept, we tested both plutonium and thorium based fuels; the first fuel 
consists of Light Water Reactors waste, whereas the latter one has been investigated into four 
different alternatives: 239Pu-Th, 233U-Th, 235U-Th and U-Th.  
Concerning the plutonium based fuel, the utilization of the LWRs waste in a two-pass deep 
burn permits a high destruction rate of plutonium but it has the drawback of curium 
accumulation, due to the very low fission probability of its isotopes at the thermal energies.
Notwithstanding, minor actinides are composed mainly by isotopes which decay within 
hundreds of years, but 243Am and 245Cm, and therefore they do not contribute to the 
radiotoxicity of the spent fuel in the long term. When the GT-MHR is fuelled with the 
plutonium based fuel, the safety of the reactor is guaranteed by the large and negative 
moderator coefficient of reactivity, for the delayed neutron fraction is quite little. The large 
moderator coefficient of temperature, driven by the shift of the neutron spectrum at the thermal 
energy, enhances the core safety but it also requires the startup control rods to be filled by a 
very strong absorber in order to manage the huge excess of reactivity of the cold core. Also the 
fuel reactivity coefficient of temperature is negative, because of the Doppler broadening of the 
wide resolved resonance of 240Pu at 1 eV, but it is about 8 times smaller than the moderator 
one. The utilization of 167Er as burnable poison flattens the keff curve without any penalty in the 
moderator reactivity temperature coefficient. 
Concerning the thorium based fuel, the well thermalized spectum of the reactor prevents the 
utilization of any plutonium-thorium fuel due to the high capture to fission ratio of 239Pu (about 
0.6); consequently, the thorium fuel cycle must take advantage of the 0.2 capture to fission 
ratio, in the thermal energy range, of either 233U or 235U. Since 233U does not exist in nature, we 
examined a deep burn implemented on a mixture of uranium, enriched 20% in 235U, and 
thorium; in this case, the reprocessing of the irradiated fuel is strongly recommended since the 
latter results very rich both in fissile and fertile nuclides. 
All criticality simulations have been performed in a very detailed 3D model of the core based 
on the Monte Carlo code MCNP, whereas the depletion calculations have been carried out by 
the continuous energy burnup code MCB. Finally, we verified the accuracy of our results by 
comparing the predictions obtained by the three major nuclear data libraries: JEFF, JENDL and 
ENDF/B. 
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2. High Temperature Reactors 

The most common type of nuclear reactors are LWRs, where light water simultaneously acts as 
coolant and moderator; an alternative to LWRs are HTGRs where neutrons are moderated by 
graphite and carbon dioxide or helium remove the fission and decay heats. The major benefit 
of HTGRs, compared to LWRs, is the higher temperature outlet of the coolant, about 850 oC, 
which allows an energy conversion efficiency of 50%. The development of HTGRs started and 
evolved parallelly into two branches: power and research reactors. The first power HTGR, the 
Peach Bottom I, in Pennsylvania, has been finished to construct in 1966 by Philadelphia 
Electric; it had a power of 115 MWth and an outlet temperature of 1000 oC. A decade after, GA 
put into operation the Fort St Vrain reactor, in Colorado, which had a much lager power, 842 
MWth; in 1986, Hochtemperatur Kernkraftwerk GmbH (HKG) launched the Thorium High 
Temperature Reactor (THTR), in the Federal Republic of Germany, which utilized for the first 
time graphite pebbles. At the same time, two research HTGRs have been built in Europe: the 
British Dragon, in 1966, and the German AVR, in 1967, with a thermal power of 20 and 46 
MWth respectively. At the beginning of the new millennium, the investigation on the HTGRs 
started in Asia by the Japanese HTTR-2000 and the Chinese HTR-10, which became operative 
in year 2000 and 2003, respectively, with a power of 30 and 10 MWth. Table I briefly 
summarizes the history and technical data of the major HTGRs.  

3. The Gas - Turbine Modular Helium Reactor 
 
In year 2002, GA submitted to the US Nuclear Regulatory Commission its last design of 
HTGR: the Gas Turbine – Modular Helium Reactor (GT-MHR) [1-13], illustrated in fig. 1, 
which has a power of 2400 MWth and it is structured into 4 HTGRs modules of 600 MWth. GA 
planned to finish the core design at the end of 2008; the major benefits of the current design 
are: 
 
� Cost lower than an ordinary LWRs. 
� Clear passive safety mechanism. 
� High conversion energy efficiency (about 50%), which also reduces the thermal impact on 

the natural environment. 
� Well-developed nuclear technology both for the core and the fuel structure. 
� Improvement of the barriers protecting the environment from dispersion of residual waste. 
� High burnup, up to 700000 MWd/t, with better than 90% destruction of selected actinides 

(including 239Pu).   
� Great flexibility in the choice of the fuel type: fertile and non-fertile cores (e.g. Th, U or 

Pu). 
 
The GT-MHR has been modeled in the numerical calculations as a cylinder, with a radius of 4 
m and a height of 10 m, filled by hexagonal blocks of graphite and fuel. The fuel is disposed 
along three concentric rings each of 36 hexagonal blocks and it covers just 7.93 m of the height 
of a hexagonal block; the remaining 2.07 m, 1.035 m at top and at bottom, are filled with 
graphite, which acts as blanket. The side of the hexagonal blocks is 20.8 cm. In each fuel block 
there are 108 cooling helium channels, 144 Driver Fuel (DF) pins and 72 Transmutation Fuel 
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(TF) pins; therefore, the ratio between DF pins and TF ones, as well as their volume ratio, is 
2:1 (we remand to section 4 for the explanation between DF and TF). The cooling channels 
have a radius of 0.797 cm, whereas the driver and transmutation pins have a radius of 0.622 
cm. A further cooling channel, with an external radius of 0.635 cm, surrounds each driver and 
transmutation pin. Helium enters the cooling channels from the bottom of the reactor at 490 oC, 
with a pressure of 7 MPa, and it exits at the top with a temperature of 850 oC. Figure 2 shows 
the numerical model of the GT-MHR and Table II and III report the core geometry and 
material data, respectively. 
 
 
 
 
 
Table I: Technical data of the power (normal text) and research (italics text) High 

Temperature Gas Reactors.  

Peach 

Bottom 

I 

Fort St 

Vrain 
THTR Dragon AVR HTTR HTR-10

Operation 1966-
1974 

1966-
1989 

1986-
1989 

1966-
1975 

1967-
1988 

2000 2003 

Power 

[MWth] 

115 842 750 20 46 30 10 

Coolant - 

Pressure 

[MPa] 

2.5 4.8 4 2 1.1 4 3 

Coolant - 
Inlet/Outlet

Temp. 

[
o
C] 

344/750 406/785 250/750 350/750 270/950 395/950 300/900 

Fuel – 

Type 

UThC2 
PyC 

coated 
particles 

UThC2 
TRISO 

UThO2 

BISO 
UThC2 

PyC 
coated 

particles 

UO2 
BISO 

UO2 
TRISO 

UO2 
TRISO 

Fuel - 

Peak 

Temp. 

[
o
C] 

1000 1260 1350 1000 1350 1250  

Fuel – 

Form 

Graphite 
compacts 

in 
hollow 

rods 

Graphite 
compacts 

in 
hexagona
l blocks 

Graphite 
pebbles 

Graphite 
hexagona
l blocks 

Graphite 
pebbles 

Graphite 
compacts 

in 
hexagona
l blocks 

Graphite 
pebbles 
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Figure 1: The Gas Turbine – Modular Helium Reactor (www.gt-mhr.gat.com). 
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One of the key benefits of the GT-MHR, is the utilization of fuel in the form of actinide oxide 
confined into TRISO particles. A TRISO particle consists of a kernel, which contains the fuel 
oxide, plus three surrounding concentric spherical layers: 
 
� Porous carbon layer, which provides the volume for the expansion of fission gases and 

attenuates fission recoils. 
� Pyrocarbon inner layer, which sets the substrate for the SiC layer. 
� SiC layer, which retains the gas and metal fission products and provides the mechanical 

resistance. 
� Pyrocarbon outer layer, which sets a bonding surface for compacting and acts as fission 

products barrier in particles with defective SiC. 
 
The ratio between the width of the cladding and the radius of the fuel is above 1.5 for TRISO 
particles and only 0.14 for ordinary LWRs fuel pins. The inner pyrocarbon layer usually is the 
first layer of a TRISO particle that fails, since it is subjected to counteracting mechanical 
stresses: swelling, due to the pressure of fission products gases, and shrinkage, due to the 
neutron irradiation.  This phenomenon may be mitigated by a new type of TRISO particles 
which introduces two more layers: a porous pyrocarbon layer, after the porous graphite layer, 
and a pyrocarbon-SiC layer, before the SiC layer. In the new type of TRISO particles the 
density change between the different layers is more gradual so that mechanical stresses 
attenuate; moreover, in order to allocate more volume for the gaseous fission products, the 
density of the porous carbon layer is lower. The new type of TRISO particles reduce the 
gaseous fission products release (release/build) by a factor 10-15 comparing to the ordinary 
TRISO particles at parity of irradiation conditions [14]. Irradiation conditions are very 
important for the measure of the release, e.g. just a change of 50oC in the temperature affects 
the value by a factor 10 [15]. Let us remind also that the manufacture process, in which  
Germany has a long time experience [16], is extremely important for the functioning of TRISO 
particles. In fact, during the manufacture, in the case of large mechanical tolerances, the failure 
may generate, by the isostatic sphere pressure of particles touching each other, when the radius 
of the kernel is larger than designed and the thicknesses of the layers smaller [15].   
TRISO particles have proven to retain fission products up to 1600 oC [16-20]. After this 
threshold, several factors can degrade their integrity:  manufacture defects, internal pressure of 
the gas fission products, failure of the Pyrocarbon layer due to neutron-induced embrittlement, 
Amoeba effect (the migration of the kernel into the surrounding layers), failure of SiC due to 
chemical interaction with fission products and dissociation of SiC, which occurs at 2000 oC. 
During manufacture, a more isotropic and porous pyrocarbon layer can improve by a factor 
1000 the gas release under irradiation [21-22]. Recent studies have suggested that replacing 
SiC with ZrC improves the performance of TRISO fuel, since ZrC TRISO particles show no 
failure up to 1800 oC [23-25].  However, we have not considered ZrC coatings in our models. 
In the case of an accident, TRISO particles can stay intact for 3 hours at 1500 oC [26]. During 
this interval of time the reactor will most probably be depressurized (10 bar/min) [27] and air 
may penetrate the vessel. When the air enters the reactor, TRISO particles loose integrity 
because of the gasification of the fuel graphite matrix by the oxidation of the pyrocarbon [26-
28]. In this scenario, the DB-MHR exhibits a passive security mechanism because heat 
conduction (in graphite), thermal radiation and natural convection (from graphite to air), 
coupled to a low power density (2.1 MW/m3), can keep the temperature excursion of fuel lower  
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Figure 2: The computational model of the GT-MHR. 
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than 1600 oC [27,29]. In fact, the nuclear-grade graphite H451 is not subjected to the red glow, 
which occurs when the heat removed by air convention is smaller than heat produced by 
exothermic reaction of graphite with oxygen [30]. 
In a repository environment, spent TRISO particles should maintain their integrity for millions 
of years, even if they would permanently be flooded with groundwater [31-32]. By contrast, 
the Nuclear America Society (NAS) estimated that, in the Yucca Mountain repository of the, 
Zircaloy cladding of ordinary spent fuel would retain the radiotoxic nuclides for only a few 
thousand years at best [33].  

 
Table II: Geometry data of the GT-MHR.   

CORE 
radius [cm] 400 
height [cm] 1000 

CONTROL RODS 
startup (inner ring) 12 
operational (outer moderator reflector ring) 36 
shutdown (central ring/outer ring) 6/12 
internal radius (startup/operational/shutdown) [cm] 0/2.64/0 
external radius [cm] 4.13 
hole radius [cm] 5.05 
distance from the center of the hexagonal block [cm] 9.75614 
insertion at bol (startup/operational/shutdown) [cm] 0/793/0 

HEXAGONAL FUEL BLOCK 

Number 36x3 
width [cm] 35.99688 
height [cm] 793 
interstitial gap [cm] 0.1 
cp,fp1,fp2 pins (with control rod/without control rod) 70/62 
bp pins (with control rod/without control rod) 6/6 
coolant channels (with control rod/without control rod) 108/95 

FUEL PINS 

radius [cm] 0.6223 
height [cm] 793 
distance between pins [cm] 3.25628 
hole radius (fuel/coolant channel) [cm] 0.635/0.795 

TRISO PARTICLES 

kernel radius (DF/TF/BP/CR) [µm] 150/100/150/300 
width porous carbon layer (DF/TF/BP/CR) [µm] 150/150/25/25 
width inner pyrocarbon layer (DF/TF/BP/CR) [µm] 35 
width SiC layer (DF/TF) [µm] 35 
width outer pyrocarbon layer (DF/TF) [µm] 40 
body centered square lattice side (DF/TF) [cm] 0.1588276/0.1588276 
body centered square lattice side (BP/CR) [cm] 0.105885  /0.1588276 
packing fraction (DF/TF/BP/CR) [%] 14.41/32.92/1.94/9.76 
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Table III: Atomic composition of the materials in the GT-MHR.   
Neptunium and Plutonium Fuel 

NpPuO1.7 ρρρρ=10.2 [g/cm3] T=1500 K 
237Np 1.91 
238Pu 0.56 
239Pu 21.11 
240Pu 8.5 
241Pu 3.09 
242Pu 1.87 
16O 62.96 

Americium and Curium Fuel 

AmCmO1.7 ρρρρ=10.2 [g/cm3] T=1500 K 
241Am 30.35 

242mAm 0.11 
243Am 5.45 
244Cm 1.06 
245Cm 0.07 

16O 62.96 
TRISO Porous Carbon Layer 

C ρρρρ=1 [g/cm3] T=1200 K TS(αααα,ββββ)=1200 K 
C 100 

TRISO Pyrocarbon Carbon Layer 

C ρρρρ=1.85 [g/cm3] T=1200 K TS(αααα,ββββ)=1200 K 
C 100 

TRISO Silicon Carbide Layer 

SiC ρρρρ=3.2 [g/cm3] T=1200 K  
Si 50 
C 50 

Graphite  

C ρρρρ=1.74 [g/cm3] T=1200 K TS(αααα,ββββ)=800/1200 K 
C 100 

Burnable Poison 

Er2O3 ρρρρ=4.8633 [g/cm3] T=1200 
166Er 23.78 
167Er 16.22 
16O 60 

Control Rods 

B4C ρρρρ=2.52 [g/cm3] T=1200 
10B 72 
11B 8 
C 20 
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4. The Deep Burn Concept  

The deep burn is an in-core refueling and shuffling schedule that sets the transmutation rate of 
the initial fissile inventory to a value larger than 50%; the deep burn can be implemented into a 
one-pass or two-pass in-core fuel cycles. In the first case the irradiated fuel is stored for the 
final disposal in the geological repository, whereas in the latter one it is reprocessed for the 
plutonium and minor actinides extraction. 
In these studies, we assumed that the final products of the LWRs spent fuel reprocessing are 
NpPuO1.7 and AmCmO1.7; the first material constitutes the Driver Fuel (DF). The DF is the 
primary nuclear fuel for the GT-MHR and it sustains the fission chain reaction, mainly by 
239Pu. Spent DF is mixed after discharge from the reactor core with the AmCmO1.7, which was 
set-aside after UREX, to build fresh Transmutation Fuel (TF). After irradiation, spent TF is 
sent into the repository. 239Pu plays a key role in the operation of the DB-MHR, because it is 
the most abundant fissile isotope in LWRs spent fuel after UREX, and therefore it provides 
most of the reactivity of the DF. 239Pu exhibits a particularly undesirable neutronic behavior in 
the neutron energy range of 0.25-1 eV, where resonances of fission and capture cross sections 
of 239Pu set a positive temperature reactivity feedback, since the capture to fission cross section 
ratio, so called alpha parameter, decreases with the increase of temperature. Also production of 
xenon contributes in the positive reactivity feedback because of the low 239Pu Doppler 
coefficient. Usually, the undesired behavior of 239Pu in the neutron energy range above 0.25 eV 
is mitigated by adding 167Er as burnable poison. Nevertheless, in graphite moderated reactors, 
167Er might be replaced by 241Am, 237Np and 240Pu, which are abundant in the TF. These 
actinide isotopes have resonances in the right energy range to compensate for the increased 
reactivity of 239Pu; they need to be transmuted and are also fertile.  Therefore in the GT-MHR, 
they can replace the parasitic rare earth burnable poisons to great advantage.  The graphite–
moderated GT-MHR is well suited to use some of the MA in this way, because graphite 
exhibits a gradual slowing down of the fission neutrons (compared to water for instance): in 
fact, the neutron average energy lost per collision is 14.6% for graphite and 60.1% for water. 
Therefore, graphite allows the effective use of the resonance absorption for 241Am, 237Np and 
240Pu to counteract the reactivity feedback of 239Pu, since the neutron samples the energy space 
with much smaller steps.  

5. The GT-MHR Fuelled with LWRs Waste

Before fueling the GT-MHR, LWRs waste is reprocessed by uranium and fission products 
extraction. The final products of the LWRs spent fuel reprocessing are NpPuO1.7 and 
AmCmO1.7; the first material constitutes the Driver Fuel (DF). The DF is the primary nuclear 
fuel for the GT-MHR and it sustains the fission chain reaction, mainly by 239Pu. Spent DF is 
mixed after discharge from the reactor core with the AmCmO1.7, which was set-aside after 
UREX, to build fresh Transmutation Fuel (TF). After irradiation, spent TF is sent into the 
repository. 239Pu plays a key role in the operation of the GT-MHR, because it is the most 
abundant fissile isotope in LWR spent fuel, and therefore provides most of the reactivity of the 
DF. 239Pu exhibits a particularly undesirable neutronic behavior in the neutron energy range of 
0.25-1 eV, where resonances of fission and capture cross sections of 239Pu set a positive 
temperature reactivity feedback, since the capture to fission cross section ratio, so called alpha 
parameter, decreases with the increase of temperature. Usually, the undesired behavior of 239Pu 
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in the neutron energy range above 0.25 eV is mitigated by adding 167Er or 151Eu as burnable 
poison [3]. Nevertheless, in graphite moderated reactors, 167Er might be replaced by 241Am, 
237Np and 240Pu, which are abundant in the TF. These actinide isotopes have resonances in the 
right energy range to compensate for the increased reactivity of 239Pu; they need to be 
transmuted and are also fertile.  Therefore in the DB-MHR, they can replace the parasitic rare 
earth burnable poisons to great advantage.   
Both the driver and transmutation pins consist of a graphite matrix (fuel compact) filled with 
TRISO particles. We set the packing ratio (the fraction of the TRISO particles volume over the 
total volume of the fuel pin) to 14.41% for DF and to 32.92% for TF. Whereas the packing 
ratio of the fuel central sphere (kernel) (the fraction of the fuel volume over the total volume of 
the fuel pin) of TRISO particles is 0.7% both for driver and transmutation fuel; therefore, the 
volume ratio between DF and TF is 2:1, since the number of DF pins is twice as that one of TF.  
Since the mean free path of neutrons, in the resonance region 0.2-0.4 eV (Fig. 2), is 10-100 µm 
[3], GA fixed a radius of 150 µm for the DF and of 100 µm for the TF. In order to enhance the 
resonance capture, and therefore the transmutation of the non-fissile actinides, the radius of a 
TF particle is smaller than that one of a DF particle. The greater radius of DF decreases the 
effective capture-to-fission ratio for 239Pu  (averaged on the whole kernel), therefore improving 
the fission performance of the DF and reducing the buildup of higher actinides. The initial 
composition of the DF is showed in table 3, where the relative abundance of the Actinides 
reflects the inventory of LWRs spent fuel. 
At the startup of operations (first year), the fresh DF is loaded into the inner ring of 36 
hexagonal fuel blocks (white ring on fig. 2). Each block is loaded with 10 kg of DF, in the 
form of NpPuO1.7; therefore, the total initial mass of DF is 360 kg. As a consequence of the 
isotopic ratios in LWRs spent fuel, the set-aside amount of AmCmO1.7 after UREX is 40 kg; 
table 4 reports the isotopic composition of the set-aside AmCmO1.7.  
During the first year, the reactor operates just by the inner ring (white ring on fig. 2). After the 
first year, the DF is shuffled into the central ring (green ring on fig. 2) and fresh DF is loaded 
again into the inner one. During the second year the reactor operates with the two inner rings 
loaded with DF. After the second year, the DF from central ring is moved into the outer ring 
(blue ring on fig. 2) and the fuel from inner ring takes its place; fresh DF is loaded into the 
inner ring. Finally, during the third year, the DF fills all the three rings. Each year consists of 
330 days of full power operation (600 MW) and 35 days of outage at 0 power, in order to allow 
the necessary time for refueling and shuffling. At the end of the third year, the spent DF from 
the outer ring is reprocessed (Pu and MA extraction) and mixed with the set-aside AmCmO1.7 
from LWRs waste to build the fresh TF. At the beginning of the fourth year, both fresh Driver 
and Transmutation Fuel fill the inner ring, with the ratio of 2 DF pins for each TF pin; the DF, 
irradiated in the inner ring during the previous year, fills now the central ring; the DF, 
previously irradiated in the central ring, moves into the outer ring. Therefore, during the fourth 
year, the DF is present in all the three rings and the TF just in the inner one. The remaining two 
years follow the radial shuffling policy of second and third year for both for DF and TF, with 
the constraint of loading the inner ring with fresh DF and TF.  
After the initial 6 years, DF and TF fill all the three rings and the shuffling/refueling scheme is 
continued, with DF irradiated for three years and reprocessed to produce fresh TF, which ends 
its life after three years of irradiation. In the present work we limited our studies to the first 12 
years since at the 12th year fuel composition reaches the equilibrium. 
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5.1.   keff  Evolution
 
During approach to equilibrium, the reactor satisfies the constraints for keff for most of the time 
and the equilibrium operation has sufficient reactivity margins (Fig. 3). The 5th and 6th year 
show a slight reactivity deficit at the end of the refueling cycle. This can be easily overcome 
with modifications of the fuel feed or altered refueling strategy.   
The sharp decrease of the initial keff, during the first 6 years is due to the net increase of the 
total amount of capturing isotopes (e.g. fission products, 240Pu, 242Pu and 241Am), since the total 
amount of irradiated fuel accumulates in the core. At beginning of the fourth year, the initial 
keff drops further because TF starts to fuel the reactor. 
During the first three years, the loading and shuffling policy explains the increase of the keff 
final values. The reactor operates at a constant power, 600 MW; therefore, the power density 
and flux intensity are very high during the first two years (during the first year all power is  
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Figure 3: Values of keff at beginning (left columns) and at the end (right columns) of each year. 

All values have a RSD smaller than 0.04%. 

 
generated only in one ring, and during the second year in two rings, which leads to high 
fluxes). The flux decreases year by year as more rings are fuelled and generate power, 
therefore decreasing the fuel pin power density.  As a consequence of the higher flux, during 
the first three years we can observe a higher consumption of 239Pu in the DF. This effect 
decreases when DF fills all the three rings. Between the fourth to the sixth year, the initial and 
final values for keff reach a minimum.  The depression in keff is due to the fact that the TF fed to 
the reactor during these years is very poor in fissile material (239Pu) because the original DF 
feed was overtransmuted due to the higher flux in the first years of operation. 
After the 6th year, the values of keff increase towards the final equilibrium conditions, reached 
around the 12th year, when fuel reached its equilibrium composition. In addition, the difference 
between the initial and final values of keff becomes smaller, since 237Np, 238Pu, 240Pu, 241Am 
and 242Cm (abundant in the TF), contribute to the breeding of fissile isotopes. 
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5.2 Actinides Transmutation 

During equilibrium operation, the yearly balance mass involves: the mass of fresh DF in the 
inner ring at the beginning of the year, the set-aside Am-Cm from LWRs waste, the mass of 
fresh TF in the inner ring at the beginning of the year, the mass of spent DF in the outer ring at 
the end of the year (after three years of irradiation), the mass of spent TF in the outer ring at the 
end of the year (after three years of irradiation) and the mass of fission products extracted from 
processing of spent DF and TF. If we focus our attention to the 12th year, when fuel 
composition has reached the equilibrium in all the three rings, 74% of 239Pu and 41% of all Pu 
in the input feed (fresh DF) have been destroyed (fissioned) in the DF irradiation. In the 
subsequent irradiation of the TF (produced from spent DF) destruction levels are pushed to 
94% for 239Pu and 61% for all Pu isotopes. These results are in line with expectations: Chudin  
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Figure 4:  Mass of the Actinides in the fresh DF in the inner ring at the beginning of the 12

th

year (left columns), in the spent DF in the outer ring at the end of the 11
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 year (right columns). 
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Figure 5:  Mass of the Actinides in the fresh TF in the inner ring at the beginning of the 12

th

year (left columns) and residual mass in the spent TF in the outer ring at the end of 

the 12
th

 year (right columns). 

 
 
 

 
[34] calculated, from the experimental data of the DRAGON project, a value of 90% for the 
transmuted 239Pu; in addition, Baxter and Rodriguez estimated a value of 57% for the destroyed 
Pu [3]. Results compare very favorably also with the performance of pure Pu fueled LWRs, 
which can transmute 93% of 239Pu in 4 years [35].  
Figure 4 illustrates the destruction of the Pu isotopes at equilibrium. The 3 columns for each 
isotope describe respectively the amount of the isotopes in fresh DF (input to the reactor), in 
the spent DF or equivalently in the fresh TF, and in the spent TF, the final residual waste 
discharged from the reactor. The effective destruction performance at equilibrium is therefore 
proportional to the ratio of the third to the first column for each isotope. The behavior of 241Pu 
in fig. 16 is anomalous, since it accumulates in DF whereas it is burned in TF. In fact, 241Pu of 
fresh TF is three year old and it starts decaying since it has a half life of 14.3 y. We can note in 
fig.16 that 238Pu and 242Pu accumulate instead of decreasing; in fact, these are low cross section 
isotopes produced according to the schemes shown in fig. 15. However 241Pu and 238Pu are 
“short lived” (T1/2 = 14.3 and 87.7 years, respectively) from the perspective of long term 
performance of the geological repository. 
Fig. 5 describes the mass balance of TF and shows that the concentration of Cm increases. In 
fact, fresh TF contains 2.7 kg of Cm, whereas the spent TF contains 13.5 kg. 244Cm 
accumulates due to double absorption of neutrons into 242Pu. None of the Cm isotopes has 
long-half life and therefore they do not pose risk to the geological repository performance 
especially if they are immobilized in the TRISO-particle fuel. However, Cm may pose 
problems with reprocessing of spent Driver Fuel and the manufacturing of TF. 
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The values of the middle columns in fig. 4 correspond to the left columns of fig.5, since the 
spent DF in the outer ring at the end of the 11th year is processed to build fresh TF in the inner 
ring at the beginning of the 12th year.   

5.3. Neutron Flux and Spectrum 

We investigated both the radial and the axial profile of the neutron flux in the DB-MHR core 
and in the fuel pins. We performed the calculations at the beginning of the 12th year and after 
330 days of full power operation. In order to evaluate the radial flux profile in the core, we 
selected 11 hexagonal blocks, for the 12th block is cut by the edge of the reactor, disposed 
along the radial direction from the center of the reactor, which corresponds to the vertical 
direction of fig. 1. At the same time, we divided each hexagonal block into 10 axial sub-blocks 
equally spaced along the z axis in order to estimate the axial flux at different heights. It is 
important to highlight that the axial division into 10 sub-blocks reflects the real reactor, since 
all the hexagonal blocks are manufactured with this structure. Nevertheless, since the flux is 
symmetric along the z axis, we limited our studies only to the upper 5 axial sub-blocks. In this 
set of simulations we did not consider the flux in the two axial reflectors. Fig. 6 shows the 
radial profile of flux in the reactor sampled in the radial hexagonal blocks; each curve 
represents one of the 5 upper axial sub-blocks at the beginning of the 12th year. The neutron 
flux drops after the 8th block due to the increase of leakage in the outer blocks; the same effect 
plays a visible role in the last two axial sub-blocks, where, in addition, the flux becomes more 
flattened because neutrons with a higher energy escape the more.  
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Figure 6: Neutron flux profile at the beginning of the 12

th
 year. Neutron flux has been 

averaged in 10 axial sub-blocks and 11 radial hexagonal blocks from the center of 

the reactor. Curves refer to the upper 5 axial sub-blocks. The 5
th

 radial hexagonal 

block corresponds to the inner ring, the 6
th

 and 7
th

 to the central one. Ticks on the 

curves represent the standard deviation. 
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We can observe in fig. 6 that the peak of the neutron flux emerges in the 4th block, which 
consists of pure graphite and it is adjacent to the fuel block of the inner ring. This behavior is 
explained by the graphite moderation of neutrons coming from the inner fuel ring, which 
contains fresh fuel, and the circular shape of fuel, which reduces the leakage since half of the 
fission neutrons propagate towards the center of the reactor. Moreover, fuel blocks disposed in 
an annular shape flatten the flux in the center of the reactor. 
The flux at the end of the 12th year is a little higher (about 6%) than that one at the beginning of 
the year since the reactor operates at constant power and fuel depletes. Nevertheless, even if 
flux is a little higher, the values of flux in the 11th block, which is located close to the boundary 
of the reactor, remain unchanged at the end of the 12th year, since a higher flux increases 
neutron leakage. Let us note that the difference between the flux at the beginning of the year 
and that one at the end is not bound to the statistical error, since the relative standard deviation 
of flux is only 0.8%.  
We calculated the neutron spectrum averaged over the whole reactor, including the two axial 
reflectors, over three hexagonal blocks located in different fuel rings and over the DF and TF 
kernels for each of the three fuel rings. All neutron spectra have been calculated using the 
energy binning corresponding to the 69 energetic groups of the WIMS cross section library for 
thermal reactors; these groups are composed of 14 fast groups, 13 resonance groups, and 42 
thermal groups [36-37]. Fig. 7, which shows the neutron spectrum at the beginning of the 12th 
year, clearly indicates the reactor operates in a thermal spectrum with a spectral peak located at 
the energy of 0.2 eV, which is in a very good agreement with the value calculated by Nakata et 
al. [38]. The neutron spectra of DF and TF kernels, as showed in figure 8, exhibit a pattern, 
reminding a fast spectrum. In fact, kernels as a bulk see mostly fast fission neutrons leaving; 
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Figure 7: Neutron spectrum at the beginning of the 12

th
 year averaged in the whole reactor. 
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Figure 8: Neutron spectrum at the beginning of the 12

th
 year in the kernel of the fuel pin 

located at the center of a hexagonal block of the inner, central and outer rings (left, 

center and right plots, respectively). 
 

 
 
 
whereas, all thermalised neutrons entering back are immediately absorbed.  We can note some 
fine differences on those neutron spectra.  The central ring has hardest spectrum among the 
three fuel rings, since is not moderated by any adjacent block of graphite. Moreover, the inner 
ring has a harder spectrum than the outer one, because it is loaded with fresh fuel. In fact, 
239Pu, abundant in the fresh fuel, depresses significantly the low energy part of the spectrum on 
fig. 8 in the energy range 0.25-0.3 eV due to its wide low lying resolved fission and capture 
microscopic cross sections resonance of 3255 and 2186 b at 0.295 and 0.292 eV, respectively. 
During full power operation, the relative abundance of 239Pu, both in DF and TF, decreases but 
abundance of 240Pu increases. Consequently, the dip corresponding to 239Pu resonance becomes 
more shallow while passing from the inner ring, the central one, to the outer one (Fig. 8).  By 
contrast, resonance capture of 240Pu responsible for the second dip has a somewhat opposite 
behavior due to the increased amount of 240Pu in irradiated fuel: the dip corresponding to 240Pu 
becomes deeper while passing from the inner ring, the central one, to the outer one (Fig. 8). 
The same phenomena can be observed by analyzing the spectra at the beginning of the 12th 
year and after 330 days of full power operation; in fact, the dip of 239Pu decreases and that one 
of 240Pu increases; it is worth to note that at the end of the 12th year the 239Pu dip in TF has 
almost disappeared because of 239Pu depletion. 
The spectrum averaged in the whole reactor at the end of the 12th year had as expected no 
significant differences with the corresponding one at the beginning of the year; in fact, the 
moderation of graphite attenuates the differences of the spectra in the kernels.  
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5.4. Reactivity Temperature Coefficients 
 
We calculated the temperature coefficient (CT) for a temperature excursion affecting only the 
cross sections either of the fuel or of the moderator. Again, we focused our studies at the 
beginning of the 12th year. Since the operational temperature of the GT-MHR fuel is about 
1400 K and the coolant temperature is in the range of 760 -1100 K, we assumed the reference 
temperatures of 1500 K for fuel and of 1200 K for graphite. Then, we varied separately the 
temperature of the fuel and the moderator from 1200K, through 1500K up to 1800 K. With this 
set of temperatures, we estimated the reactivity changes corresponding to the temperature 
variation, by the formula:  
 
 
 

∆ρ=ρ(Τ)−ρreference 

 

 
 
where ρ�(T) is the reactivity of the reactor for different fuel or moderator temperatures. ρreference 
is the reactivity of the reactor for which both fuel and moderator are at the reference 
temperatures. Then, we calculated the temperature coefficient (CT) by the formula: 
 
 
 

reference

T
T-T

ρ
C

∆
=  

 
 
 
where Treference is 1500 K for the CT of the fuel and 1200 K for the CT of the moderator. Table 
IV summarizes the results for the fuel temperature changes and table V for the moderator ones; 
we utilized an increase of 400 K in the calculation of the CT because, in the numerical 
simulations, the temperature of the scattering function S(α,β) of graphite has proved to be 
much more important than the temperature of the graphite cross section. The GT-MHR 
exhibits negative reactivity temperature coefficients both for fuel and moderator cross section 
variations. The reactivity changes corresponding to the 300 K temperature raise or drop are of 
the level of 420 pcm for the fuel and 4000 - 9000 pcm for the moderator. Consequently, the 
temperature coefficients for moderator are 7 times larger than those for the fuel. This huge 
difference may be explained by figure 9; it shows that the peak of neutron spectrum, for a fuel 
temperature of 1800 K and a moderator one of 1500 K, shifts from 0.2 eV (at the reference 
temperatures, fig. 7) to 0.3 eV, exactly where 239Pu exhibits a peak in the capture to fission 
ratio (Fig. 10). 
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Table IV: keff , reactivity (ρ), differential reactivity (∆ρ) and temperature coefficient (CT) for 

different  temperatures of the cross sections of the fuel at the beginning of the 12
th

year. Maximal standard deviation of keff lower than 0.00023. 
Fuel Temperature [K] 1200 1500 1800 

keff 1.06511 1.06040 1.05550 
ρρρρ    0.06113 0.05696 0.05258 

∆ρ∆ρ∆ρ∆ρ    0.00417 0 -0.00438 
CT [pcm/K] -1.39 0 -1.46 

 
 
 
 

Table V: keff , reactivity (ρ), differential reactivity (∆ρ) and coefficient of temperature (CT) for 

different temperatures of the cross sections of the moderator at the beginning of the 

12
th

 year. Maximal standard deviation of keff lower than 0.00022.

Moderator Temperature [K] 1200 1500 1800 

keff 1.06040 1.01883 0.96468 
ρρρρ    0.05696 0.01848 -0.03661 

∆ρ∆ρ∆ρ∆ρ    0 -0.03848 -0.09357 
CT [pcm/K] 0 -9.62 -11.7 
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Figure 9: Neutron spectrum at the beginning of the 12

th
 year averaged in the whole reactor for 

fuel at 1800 K and graphite at 1500 K (with S(α,β) at 1600 K). 
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Figure 10: Capture to fission ratio of fissile Actinides. 

 
Therefore, the shift of the spectrum generates a very strong feedback and it affects mainly the 
moderator CT; in fact, the moderator CT is mainly driven by the spectrum shift, whereas that 
one of fuel does by the broadening of capture resonances. 
Temperature dependent changes of density driven by the thermal volume expansion contribute 
also to the CT. We simulated two different scenarios: increase of the fuel temperature (up to 
1800 K) with a constant moderator temperature at the reference value of 1200 K; whereas, in 
the second scenario we increased also the temperature of moderator to the value of 1500 K. In 
order to take into account the volume expansion of the fuel, the radius of the kernel of the 
TRISO particles at 1800 K (r1800) has been increased according to the following formula [39]: 

 
r1800=r293⋅(a0+a1T+a2T

2+a3T
3)  T=1800 K 

 
The ai are constants [39] and r293 is the radius at the temperature of 293 K, which has been 
calculated by: 
  

r293= rreference⋅(a0+a1T+a2T
2+a3T

3)-1  T=1500 K 
 
where rreference is the radius of the kernel during normal operation (150 µm for DF and 100 ˇ m 
for TF at 1500 K). Then, we preserved the mass of fuel by decreasing its density according to 
the new volume. In the second simulation we also modified the temperature of moderator, the 
H451 graphite. In the long run, the volume of graphite increase according to irradiation 
temperature and irradiation time exposure. Irradiated graphite may tend to swell or shrink 
depending on the irradiation dose and the operational temperature [40]. However, in our model 
we neglected the irradiation effects on graphite volume, since we considered only the major 
fast contributes due to a temperature change: thermal expansion. We assumed the linear 
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expansion coefficients of graphite (αC) and silicon carbide (αSiC) equal to 4.55⋅10-6 [41] and 
4⋅10-6 K-1 [42], respectively. Consequently, the density d1500 of all graphite zones at 
temperature of 1500 K and that one of silicon carbide in the layer of the TRISO particles have 
been recalculated according to the following formula: 
 

d1500=dreference⋅(1+α∆T)-3  ∆T=300 K 
 
where α is the linear coefficient either of graphite or silicon carbide and dreference is the density 
during normal operation. In order to take into account the thermal expansion of graphite and 
silicon carbide, we increased all the geometric data regarding graphite and silicon carbide by 
the following equation: 
 

x1500=xreference⋅(1+α∆T)   ∆T=300 K 
 

where x1500 and xreference respectively are the geometric data at the temperature of 1500 K and at 
1200 K. 
The temperature coefficients weakly depend on variation of the density and volume of 
materials comparing to the change of cross sections temperature. In fact, the value of CT 
reported in the first column of table VI, which includes also the variation of density and 
volume, differs just 15% from the result calculated in the third column of tables IV, which 
includes only cross-sections variation. Moreover, table VI shows that the addition of the 
variation of volume and density keeps unchanged the large difference (about an order of 
magnitude) between the moderator CT and the fuel one. 
 
 
 
Table VI:  keff, reactivity (ρ�, differential reactivity (∆ρ � and temperature coefficient (TC) at the 

beginning of the 12
th

 year for different temperatures of fuel and moderator. Maximal 

standard deviation of keff lower than 0.00024.  
 1800 fuel – 1200 moderator 1800 K fuel -1500 K moderator 

keff 1.05474 1.01387 
ρρρρ    0.05190 0.01368 

∆ρ∆ρ∆ρ∆ρ    -0.00506 -0.04328 
CT [pcm/K] -1.69 -10.82 

 
 
 
  
Table VII, showing the capture to fission ratio of 239Pu at increased temperatures, demonstrates 
how strongly related are the changes in the average capture to fission ratio of 239Pu with the 
changes in the keff; in fact, a larger average capture to fission ratio of 239Pu, due to an increase 
of temperature, results in a lower value of keff.  



Advanced In–Core Fuel Cycles for the Gas Turbine – Modular Helium Reactor 

 

 
                                 Page 21 of 60   

( )kk effp β−= 1

Table VII: Capture to fission ratio of 
239

Pu at the beginning of the 12
th

 for different 

temperatures of fuel and moderator. 
 Fuel 1800 K - Moderator 1200 K Fuel 1800 K - Moderator 1500 K 

Inner ring DF 0.609 0.616 
Central ring DF 0.621 0.625 
Outer ring DF 0.612 0.620 
Inner ring TF 0.615 0.621 

Central ring TF 0.624 0.628 
Outer ring TF 0.615 0.623 

5.5. Delayed Neutrons  

Finally, we evaluated the βeff of the reactor by applying a different MCNP treatment of the 
delayed neutrons and the JEFF-2.2 neutron data library, as reported in table VIII. If one 
assumes as total keff (k) that obtained with the totnu card and as prompt keff (kp) that obtained 
with the totnu no card, both calculated with the 85c data set (which contains delayed and 
prompt neutron spectra data), which contains also data for the delayed neutrons, the following 
formulas: 
 
 

                                                                          
 

 
provides a βeff of 280 pcm.  In spite the value of βeff is small, the safety of the reactor is granted 
by the large moderator CT, which gives a feedback of 280 pcm for a temperature raise of 26 K. 
Let us conclude that the use of the 15c data set  (which contains only prompt neutron spectrum 
data), which neglects information about delayed neutrons, generates a value of keff 600 pcm 
lower than that one obtained by the 85c data set. 
 
 
 
Table VIII: keff for different MCNP treatment of delayed neutrons and different JEFF-2.2 

neutron data libraries. The maximal standard deviation, with 68% confidence, of keff is 

lower than 14 pcm.

 JEFF-2.2 libraries at 1500 K 

MCNP cards 15c 85c 

totnu      ; phys:n jjj -1 1.03884 1.04498 
totnu no ; phys:n jjj 0 1.03548 1.04206 
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5.6. Managing the Excess of Reactivity 

We equipped the GT-MHR with the operational, startup and shutdown control rods, as shown 
in figure 11, and with burnable poison, as shown in figure 12 (see Table II and III for the 
geometry and material data). Figure 13 plots the evolution of keff for three different cases: 
empty burnable poison holes and burnable poison holes filled with two years irradiated TF or 
erbium pins. We can note that the employment of erbium flattens the curve of the keff time 
evolution since the initial excess of reactivity is limited to only 3940 pcm and at the same time, 
the life of the fuel is shorted only by 70 days, compared to the case of empty burnable poison 
holes. The curve referring to the TF pins collocates inbetween the other two ones and it 
exhibits an initial excess of reactivity of 5180 pcm with a penalty in the fuel life of 40 days, 
compared to the case of empty burnable holes. In all the curves it is clearly visible the 
poisoning of the short life fission products that diminishes the initial excess of reactivity of 
1000 pcm already after 10 days. The results we obtained with the introduction of the control 
rods and the burnable poison well match the results obtained by other independent researches; 
in fact, Plukiene and Ridikas [9] pointed out that, when the excess of reactivity is managed by 
erbium, the keff curve, associated to a homogeneous core description, increases; whereas, the 
keff curve, associated to a double heterogeneous core description, decreases, due to the spatial 
self shielding. Moreover, with the homogenization of the triple heterogeneity of the core, the 
initial keff value may be underestimated of 14000 pcm and the erbium mass  transmutes faster 
[43]. 
 

 
Figure 11: Disposition of the control rods. The inner ring of fuel (white) contains 12 startup 

control rods, the central (green) and outer ring (blue) respectively do 6 and 12 

shutdown control rods, the outer graphite reflector ring does 36 operational control 

rods. 
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Figure 12: Detail of the fuel blocks in the inner, central and outer rings. The DF pins are in 

blue, light-green and green in the inner, central and outer rings; the TF pins are in 

yellow, gray and pink in the inner, central and outer rings; the burnable poison pins, 

located at the cornels of the hexagons, are in light-blue, orange and gray in the inner, 

central and outer rings; the control rods holes correspond to the big white circles and 

the coolant channels do to the small ones. 
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Figure 13: Evolution of keff for the burnable poison holes filled by: vacuum, erbium and TF. 

The standard deviation is given, with 95% confidence, on the horizontal ticks. 
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Figure 14: Evolution of erbium mass. 

 
The transmutation of the erbium isotopes, shown in figure 14, confirms that the only nuclide 
relevant, from a neutronic point of view, is 167Er, which produces the accumulation of 168Er by 
neutron capture. The initial mass of 167Er passes, during 450 days of operation, from 6.44 to 
1.74 kg; therefore, the reactor burns most of the burnable poison, about 73%. Other studies 
suggest that an initial mass of 167Er equal to 11.4 kg, of course with a corresponding increase of 
the fuel inventory, would allow an operation of 800 days without refueling [43].  
 
Table IX: keff and temperature coefficient (CT) for a raise of 300 K in the temperatures of the 

cross sections of the fuel and the burnable poison at the equilibrium of the fuel 

composition when the burnable poison holes are filled with: vacuum, erbium and TF. 

The maximal standard deviation, with 68% confidence, of keff is lower than 42 pcm. 
 Vacuum Erbium TF 

keff (operational T) 1.05989 1.03941 1.05178 
keff (increased T) 1.05449 1.03404 1.04847 

CT [pcm/K] -1.6105 -1.6661 -1.0020 
 
Table X: keff and temperature coefficient (CT) for a raise of 400 K in the temperatures of the 

cross sections of the graphite at the equilibrium of the fuel composition when the 

burnable poison holes are filled with: vacuum, erbium and TF. The maximal standard 

deviation, with 68% confidence, of keff is lower than 45 pcm. 
 Vacuum Erbium TF 

keff (operational T) 1.05989 1.03941 1.05178 
keff (increased T) 1.02058 0.99905 1.01416 

CT [pcm/K] -9.0852 -9.7171 -8.8183 
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We compared the fuel and moderator coefficients of temperature (CT) for a cross section 
temperature raise of 300 K in three scenarios: when the burnable poison holes are left empty or 
filled with erbium or TF. In the case of the fuel CT, we increased the temperature of the fuel 
and eventually also that one of erbium or TF. In the case of the moderator CT, we increased the 
graphite temperature in all regions of the reactor with the exception of the pure graphite 
hexagonal blocks; therefore, we used graphite cross section at 1500 K with the scattering 
function S(α,β) evaluated at 1600 K.  Tables IX and X report the results for the fuel and the 
moderator CT, respectively; the moderator CT is six times larger than the fuel one. In the 
present studies, we obtained a moderator CT of about 9 pcm.  
Since the utilization of 167Er reduces the initial reactivity excess and it also grants an operation 
longer than one year, we assumed for the control rods calculations that the burnable poison 
holes are filled with erbium pins.  
We analyzed the variation of keff due to the progressive insertion of the control rods and we 
plotted the results in figure 15. We can note that the operational, startup and shutdown control 
rods generate a very similar variation in the criticality of the reactor; each group of rods has a 
worth of about 5100-5500 pcm while they are fully inserted. The similarity of the reactivity 
worth, amid the different type of control rods, is explained by their disposition in the core; in 
fact, in spite the number of the operational control rods is twice as much as that one of the 
shutdown control rods (the GT-MHR is equipped with 36 operational control rods and 18 
shutdown ones), the first ones are located in a region with a much lower neutron flux. The 
same criterion applies between the startup and the shutdown control rods (the GT-MHR is 
equipped with 12 startup control rods and 18 shutdown ones) since the first ones lye in the fuel 
ring with the highest flux. The slope of the curves changes after an insertion of 400 cm, from 
about 100 pcm to 1000 pcm per 80 cm; therefore, most of the reactivity feedback occurs when 
the insertion covers more than 50% of the rod length. Studies on the worth of six control rods 
for a pebble bed reactor indicated a value of 3500 pcm [44]. 
Even if a quite large negative moderator CT is a benefit from the safety point of view, because 
it provides a strong passive reactivity feedback, it may arise some problem in the design of the 
control rods. In fact, the startup control rods must properly manage the excess of reactivity of 
the cold core, a configuration where all materials are at the room temperature of 300 K 
(including the scattering function S(α,β) of graphite). Unfortunately, the present design of the 
startup control rods cannot manage an excess of reactivity of 8641 pcm, which corresponds to 
a cold core. Since we used a low TRISO packing fraction, just 9.76%, we tested a higher 
packing fraction, about 39.09%, but we obtained a startup worth of only 6200 pcm, which still 
does not allow the reactor to reach criticality from the cold state. At the light of the above 
consideration, we retain boron a material unsuitable for the startup control rods and we suggest 
the use of a stronger absorber, e.g. europium. In fact, the reactivity worth of the startup control 
rods containing natural europium instead of enriched boron is 10970 pcm, enough to 
compensate the change in the keff during the startup operation. 
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Figure 15: Variation of keff due to the progressive insertion of the control rods. 
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The introduction of the control rods alters not only the reactivity of the reactor but also the 
neutron flux profile; therefore, we investigated the latter both radially and axially. We averaged 
the neutron flux in 11 radial hexagons, numbered according to the labels of figure 1, and in 10 
equi-volume sub-blocks along the z-axes at different heights of the core. Because of the 
symmetry, we plotted in figure 16, for each hexagon block, only the 5 upper axial sub-blocks, 
for we kept the operational control rods inserted and all the other types of rods withdrawn. We 
can note that the control rods depress the flux in the 8th hexagonal block, where they are 
located, and also twist the radial profile in the different fuel rings, compared to the 
configuration of extracted control rods (Fig. 16 versus Fig. 6). Moreover, the depression of the 
flux in the central and outer rings, due to the presence of the operational control rods, is 
counterbalanced by an increase in the inner ring because in both cases, with the rods inserted or 
withdrawn, the flux is normalized to the total power of the reactor. Consequently, the peak 
factor (intended as the maximum flux amid the fuel rings in the inner axial sub-block, at 35.15 
cm, divided the average) reaches a value of 2.1. Figure 16 reports, by a black circle, also the 
flux in the outer ring in the inner axial sub-block at 35.15 cm; we can note that the outer ring 
experiences a lower flux, comparing to the central ring because of a more depleted fuel and an 
outer geometry location.  
In order to investigate the effect of the partial insertion of the operational control rods on the 
axial neutron flux profile averaged in the fuel pins, we focused on three DF pins, each located 
in a different fuel ring and close to the center of the hexagonal block. We divided each of the 
three DF fuel pin into 10 equi-volume regions and we selected the set of insertions 
corresponding to: 0, 25, 50, 75 and 100% of the control rod length. When the rods are 
withdrawn, the neutron flux profile hexibits a cosine shape (Fig. 17); the inner ring, due to the 
loading of fresh fuel and the geometry location which enhance moderation, has a higher flux 
than the other two rings, whose curves cross each other. The insertion of 50% of the control 
rods (Fig. 18) alters the symmetry of the neutron flux and the peaking factor (defined as the 
maximum flux amid the axial regions in the same ring divided the average) increases from 
1.17, when the rods are withdrawn, to 1.8-2. As shown in figure 19, the peaking factor 
decreases when the control rods are full inserted, compared to the configuration where the rods 
are 50% inserted; in fact, the value range from 1.19 to 1.22. Figure 20 proves that even a 
relatively small insertion of the control rods, 25% of the rod length, is enough to perturb the 
axial neutron flux shape; however, the peaking factor remains limited to 1.48-1.54. A different 
scenario occurs while the rods are inserted up to 75% of their length, illustrated in figure 21, 
for the variation of the flux becomes much larger and it generates a peaking factor of 1.94-
2.89.  
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Figure 17: Neutron flux axial profile averaged in a DF pin at the center of the hexagonal 

block with all control rods withdrawn. The standard deviation is indicated by the 

small horizontal ticks and it is given with 95% confidence. 
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Figure 18: Neutron flux axial profile averaged in a DF pin at the center of the hexagonal 

block with all control rods 50% withdrawn. The standard deviation is indicated by 

the small horizontal ticks and it is given with 95% confidence. 
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Figure 19: Neutron flux axial profile averaged in a DF pin at the center of the hexagonal 

block with all control rods inserted. The standard deviation is indicated by the small 

horizontal ticks and it is given with 95% confidence. 
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Figure 20: Neutron flux axial profile averaged in a DF pin at the center of the hexagonal 

block with all control rods 75% withdrawn. The standard deviation is indicated by 

the small horizontal ticks and it is given with 95% confidence. 
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Figure 21: Neutron flux axial profile averaged in a DF pin at the center of the hexagonal 

block with all control rods 25% withdrawn. The standard deviation is indicated by 

the small horizontal ticks and it is given with 95% confidence. 
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The control rods produce a different axial neutron flux shape according to the insertion length. 
When the rods are fully extracted or inserted the flux axial profile resembles a cosine shape. 
When the rods are 50% inserted the flux axial profile reminds a sine shape�but asymmetric 
because the neutron leakage effect is visible only in the side which is not covered by the 
control rods. When the insertion corresponds to 25% or 75% of the rod length the sinusoidal 
shape is lost and the curves assume a shape convex or concave, respectively; also in these two 
cases we can note that the diminishing of the flux, at the edge of the core along the z axis, due 
neutron leakage, is present only in the side not covered by the control rods.  
The comparison of the spectra in the erbium and boron kernels, illustrated in figure 22, reveals 
that the neutron flux in the control rods is over one order of magnitude lower than in the 
burnable poison, especially at the thermal energy, where the difference reaches a factor of 16. 
This phenomenon is due to two major factors: the 2.6 times larger width of the control rod 
comparing to the burnable poison pin, which enhances the flux depression inside the control 
rod, and the position of the burnable poison pins, for they are inserted close to the fuel pins 
where neutron flux is higher; by contrast, the controls rods are located in the outside reflector, 
where the flux is lower. Of course, in both spectra the dips of the resonances of 239Pu and 240Pu 
are absent; while, they were clearly visible in the fuel spectra (Fig. 8). The wide unresolved 
resonances of 167Er, at 0.46 and 0.58 eV, of 10274 and 6478 barn, generate in that energy range 
a quite large depression of the spectrum. Other independent studies did not accurately describe 
the spectrum depression, due to the low energy wide unresolved resonances, in the erbium 
because of coarse neutron energy groups which caused a quite spiky profile [43]. After 450 full 
power operation (fpo) days, 73% of 167Er is transmuted and therefore the spectrum of the 
burnable poison visibly increases in the thermal neutron energy range; moreover, the effect of 
the 167Er resonances disappears.  
 

5.7. Variation of the Kernel Radius 

In order to analyze the effects of the kernel size on the keff value, we gradually changed, the 
radius of the DF kernel keeping constant its packing ratio. We used the set of values: 100, 150, 
200, and 250 µm as radii of the DF kernel; whereas, we kept constant the radius and packing 
ratio of the TF kernel at their nominal values. All calculations were performed at the beginning 
of the 12th year. A greater radius of the kernel of TRISO particles induces a better 
thermalization of neutrons in the fuel volume, a decrease in the capture to fission ratio and an 
increase of the keff value (Fig. 23).
The optimization of the erbium BISO particles kernel radius must take into account at least two 
key parameters: the reactivity excess and the leftover mass. Figure 24 indicates that the 
feedback due to a variation of 25 µm in the radius of the burnable poison kernel is 700-1000 
pcm.  
The variation of the radius of the operational control rods BISO kernel, showed in figure 25, 
indicates that after the threshold of 200 µm the reactivity worth of the control rods increases 
little with the increase of the kernel radius; whereas, up to 200 µm, an increase of 25 µm in the 
kernel lowers the keff of 200 pcm.  
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5.8. Nuclear Data Comparative Studies 

The first version of the Japanese Evaluated Nuclear Data Library (JENDL) was released in 
1977 and it was mainly addressed needs of Fast Breeder Reactors (FBRs); it contained only 
transport cross sections for 72 isotopes. Data for fission products have been added in 1985 
(JENDL-2) and the total number of isotopes increased up to 181. Further fission products 
brought the number of nuclides to 324 in 1990 (JENDL-3.1). Latest version of the library is 
JENDL-3.3, which has been released in 2002 and it contains transport data for 337 isotopes 
and also improved data for medium-heavy and actinides nuclides13).  
The first version of the Joint Evaluated File (JEF) has been completed in 1985 mostly by 
merging the United Kingdom nuclear libraries and the CEA ones; at that time, the radioactive 
decay data contained about 700 fission products. The second version of the European nuclear 
data library came in 1990. JEF-2.2 has been released in 1993: it contains radioactive decay data 
for 2345 nuclides, including 860 fission products and transport data for 313 nuclides14). In 
2002, the Nuclear Energy Agency (NEA) released the Joint Evaluated Fission and Fusion 
nuclear data library (JEFF) version 3.0, which contains 340 isotopes with neutron transport 
data. 
During the 1960's  the first Evaluated Nuclear Data File version B (ENDF/B) has been 
completed in the USA; in the 1990's, further improvements produced the version 6.8, which is 
also the latest release15). 
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All our numerical simulations have been performed by JENDL-3.2, JEF-2.2 and ENDF/B-6.8. 
Table 1 shows the number of isotopes with available transport data between different libraries: 
it reports that all the three libraries contain almost the same number of isotopes.The Japanese 
library contains the highest number of nuclides with angle dependent neutron spectrum data, 
about 60; whereas the American and European ones respectively have 53 and 9. Table 2, which 
reports a comparison of missing data for heavy nuclides (above Th) between the three different 
nuclear data libraries, shows that some of the Pu isotopes are missing or are not reprocessable 
with NJOY99 (reference) in the Japanese library, even if all of them are of minor importance. 
To take advantage of all 3 nuclear data libraries and all available isotope data we combined 
those libraries into of three enlarged libraries, ordered in priority of selecting data : 
 

� JEF+JENDL+ENDF+DCL+EAF 
� JENDL+ENDF+JEF+DCL+EAF 
� ENDF+JENDL+JEF+DCL+EAF 
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Figure 26: Monthly evolution of keff. Ticks on the curves represent the standard deviation. All 

values have a standard deviation lower than 45 pcm.

 
 

In each of the enlarged library, the isotope data list is searched in order of appearance, if data is 
not found in the first library list, the second is checked etc. The standard MCNP data (the Data 
Library Collection, DCL-200) and activation data library (the European Activation File, EAF-
99) have been appended to all the three enlarged libraries. All libraries have temperature 
dependent cross sections for temperatures of 300K, 600K, 900K, 1200K, 1500K and 1800K. 
In a fuel cycle without erbium as burnable poison, the isotopic composition reaches its 
equilibrium after 12 years of operation. During the approach to equilibrium the calculations 
have been performed by using only the enlarged library built on the JEF data. Thereafter, we 
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focused on the accuracy and precision studies only since the beginning of the 12th year, at 
which we separately used all the three libraries. 
Fig. 26 plots the monthly evolution of keff from the beginning of the 12th year up to 330 full 
power operation days; it can be noted that the difference between libraries diverges with the 
increase of time. The values obtained by JENDL are in between ENDF/B (bottom curve) and 
JEF (top curve) results. The statistical errors, corresponding to a standard deviation, indicated 
by the vertical bars, do not overlap with the neighbouring curves. Figure 27, presents the 
monthly evolution of the of 239Pu mass in the reactor. The results indicate that there are no 
significant discrepancies between libraries for this isotope of Pu., ENDFB results slightly 
diverges for the final months of the cycle but differenciea are small. It is however very 
difficult, if not impossible, to estimate error propagations for mass evolution calculations. 
These results are consistent with Fig. 28, on which ENDFB-calculated neutron flux exhibits 
higher values than other libraries.  The higher flux results in  higher burnup.of Pu. JEF and 
JENDL data libraries produce different keff (Fig. 26) but almost same flux (Fig. 27) and 239Pu 
burnup (Fig. 28); because of that, we retain that the two libraries mainly distinguish on the 
values of fission products data. 
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Figure 28: Monthly evolution of neutron flux. 

Table XI summarizes the inventory of major actinides in the driver and transmutation fuel at 
the beginning of the 12th year and after 11 months. The maximal difference, reported in the 6th 
column, has been calculated as the difference between the maximum value between the three 
libraries and the minimum one divided by the average of the three libraries. We can note in 
table 3 how the difference between libraries in the burnup and buildup masses never exceeds 
3.5%, with the exception of 242mAm, 242Cm and 245Cm. Nevertheless, 242mAm and 242Cm still 
remain below 6%; by contrast 245Cm exhibits a 21% difference. This anomalous result for 
245Cm has its origin in the ENDF/B library, which is missing the its fission cross section.  
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Table XI: Summary burnup and buildup results obtained by the use of JENDL, JEF and 

ENDF/B data libraries. Total refers to all actinides. 
Actinide Beginning 

of the 12
th

year [kg] 

After 330 

days – 

JENDL-3.2 

[kg] 

After 330 

days – JEF-

2.2 [kg] 

After 330 

days – 

ENDF/B-

6.8 [kg] 

Max. 

Difference 

[%] 

237Np 68.46 58.59 58.41 57.84 1.29 
238Pu 67.50 85.00 85.68 85.90 1.05 
239Pu 471.9 298.5 298.1 288.7 3.32 
240Pu 341.9 293.8 294.3 290.3 1.37 
241Pu 242.0 251.3 249.7 251.7 0.80 
242Pu 123.8 136.2 135.9 135.9 0.22 

241Am 77.63 60.61 59.17 58.61 3.36 
242mAm 2.769 3.478 3.390 3.304 5.13 
243Am 40.41 47.00 47.10 48.57 3.30 
242Cm 7.351 11.34 11.79 12.03 5.89 
244Cm 18.20 26.40 26.52 27.34 3.51 
245Cm 1.993 3.306 3.199 3.934 21.12 
Total 14647 12773 12752 12661 0.88 

6. The GT-MHR Fuelled with Thorium 
 
Figure 29 compares the capture cross section of 232Th with the fission one of the common 
fissile isotopes both in the thermal neutron energy range and in the fast one. At first glance, 
Figure 29 suggests some very important remark on the possibility to operate the GT-MHR with 
a thorium fuel: the capture cross section of 232Th in the thermal range is about 10 times smaller 
than the fission cross section of uranium fissile isotopes and 100 times than that one of 
plutonium nuclides. This difference means that, in order to set the capture rate of the 232Th 
equal to the fission rate of a fissile isotope, one must set a much larger mass of thorium when 
the triggering isotope consists of plutonium rather than uranium.  
Figure 30 plots the capture to fission ratio, well known in literature also as the alpha factor, of 
the fissile isotopes available as candidates for the triggering isotope; we can note that the 
neutron economy in the thermal range is much more efficient for uranium than plutonium. The 
above consideration signifies that, in order to have a self-sustaining fission chain in a thorium 
fuel in the thermal neutron energy range, is more difficult to manage plutonium than uranium 
isotopes. In fact, even if one would succeed in setting the capturing rate of 232Th equal to the 
fission rate of plutonium (therefore in compensating, partially, the burnup of plutonium with 
the buildup of 233U), the capture rate of plutonium would deplete the fissile material anyhow. 
By contrast, this behavior is much mitigated when the triggering isotope is uranium due to its 
smaller capture to fission ratio. 
All the considerations we stated so far do not apply when the reactor operates in a fast energy 
spectrum; in fact, the capture cross section of 232Th becomes closer to the fission cross section 
of the fissile isotopes (Fig. 29). In addition, in the fast energy range the difference between the 
neutronic efficiency of 239Pu and that one of 235U might attenuate since the first nuclide, 
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compared to the second one, has a higher fission cross section but also a lower capture to 
fission ration above 200 keV. 
As we already discussed previously, the low capture cross section of 232Th in the thermal 
range, compared to the fission cross section of the triggering isotope, forces to manufacture a  
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Figure 29: Capture cross section of 

232
Th compared to the fission cross sections of the 

common fissile isotopes in the thermal energy (left) and in the fast one (right). 
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fuel with a mass of thorium 25-30 times higher than that one of the triggering isotope. In fact, 
it is necessary to compensate the absorption of the triggering isotope with the capture of fertile 
thorium in order to set a dynamic self-sustaining reaction chain. However, at the same time, the 
total mass of the triggering isotope must be great enough to set the criticality condition of the 
reactor; that arises the need of a huge mass of 232Th to operate the reactor. This necessity has 
driven us to evaluate not only the General Atomics TRISO particles but also the Japan Atomic 
Energy Research Institute (JAERI) ones [45] because the latter ones have a much larger radius 
of the kernel and can allocate more fuel. 
The modification of the structure of a TRISO particle alters its resistance under irradiation; 
Golubev [46] has shown that the logarithm failure probability of TRISO particles almost 
linearly increases with a larger radius of the kernel and diminishes with a smaller porous 
graphite buffer layer width. Nevertheless, geometry is not the only factor affecting the 
resistance of TRISO particles; for instance, the fission product palladium, produced as fission 
product, has revealed to be a strong chemical attacker of the silicon carbide layer.  In order to 
diminish the damage induced by the palladium, we replaced the silicon carbide with zirconium 
carbide, since the latter has shown a higher resistance [23-25].  
 
6.1. Performance of Different Types of TRISO Particles 
 
The first trial to operate the GT-MHR on a thorium fuel has been equipping it with the General 
Atomics TRISO particles with a packing fraction of 37.5%. We used three different 
enrichments, ranging from 3 to 4.4 %, of the triggering isotope in the thorium according to the 
fuel rings. A heterogeneous different enrichment is important to flatten the neutron flux 
between the three rings and therefore to obtain similar transmutation rates. Otherwise, with a 
homogeneous enrichment, the inner ring would tend to have a very high value of flux, due both 
to the moderation of the adjacent graphite and the circular shape, and it would too rapidly 
deplete the triggering isotope. Figure 31 shows that the reactor cannot operate longer than 3 
months even with a quite high initial value of keff (over 1.3); whereas, the operation with 
uranium isotopes is restricted to only one month.  
The modest results obtained with the General Atomic TRISO particles induced us in evaluate 
the possibility to equip the GT-MHR with the JAERI TRISO particles with the same packing 
fraction. This choice comes from the possibility to allocate more mass of fuel in the JAERI 
TRISO kernels because they have a radius twice as much larger than that one of the GA 
TRISO particles. A larger mass of fuel may allow both a larger absolute quantity of the 
triggering nuclide, which is important to set the criticality condition, and at the same time a 
mass of thorium 25-30 times higher than that one of the triggering isotope, which is important 
to properly balance the reactions rates. The simultaneous satisfaction of these two conditions is 
important to establish a dynamic self-sustained fission chain during the operation of the 
reactor. Also in this case we used three different enrichments, corresponding to the three fuel 
rings and they are about 10% higher than those ones used for the Genaral Atomic TRISO 
particles. Figure 32 demonstrates that the uranium isotopes allow the reactor to work at least 
for 330 full power operation days. Let us remark that the average flux in the fuel for JAERI 
TRISO particles is 1.35-2.49 times lower than for General Atomic TRISO particles, since in 
both cases the reactor is normalized to produce 600 MWth and the total quantity of fissile 
isotopes allocated by the JAERI TRISO kernels is 5 times greater.  
Figure 32 shows that the JAERI TRISO particles do not prolong the life of the 239Pu-Th fuel 
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since it remains limited to only 2 months. In fact, 239Pu has an average total microscopic cross 
section 2-2.8 times greater than that one of the uranium isotopes and its burnup results faster. 
The quite flat flux amid the different rings leaves the relative mass of the triggering isotope 
between the rings almost unchanged during the 330 days of operation, as Figure 33 confirms. 
Figures 34 and 35, which describe the evolution of 233Pa and 233U respectively, show no  
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Figure 31: Evolution of keff in the GT-MHR equipped with General Atomics TRISO particles. 
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Figure 33: Evolution of the triggering nuclides, 

239
Pu (left columns), 

233
U (central columns) 

and 
235

U (right columns), in the GT-MHR fuelled with JAERI particles. 
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Figure 35: Evolution of 

233
U with different triggering nuclides, 
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Pu (left columns) and 

235
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(right columns), in the GT-MHR fuelled with JAERI particles. 
 
significant differences between the uranium nuclides and the plutonium one. After 6 months 
the protoactinium reaches its asymptotic level of 20 kg; the decay of protoactinium generates a 
buildup of 12 kg per month of 233U that partially compensates the 24 kg depletion of the 
triggering isotope. 
The faster decrease of keff in the case of 239Pu-Th, comparing to that one of uranium-thorium, is 
due to a worse neutron economy. In fact, in the case the GT-MHR operates with 239Pu-Th, 38% 
of absorbed neutrons are captured; by contrast this percentage drops to 18% and 11% in the 
case of 235U-Th and 233U-Th respectively. The production of palladium is 6-12 times higher if 
the fuel contains plutonium rather than uranium; that may arise some complication for the 
integrity of TRISO particles during irradiation since this fission product is very mobile and 
might attack the zirconium carbide layer, even if zirconium carbide has revealed to resist more 
than silicon carbide to the chemical attack of palladium.  
Let us observe that in the case the reactor operates with 233U-Th, in a hypothetical equilibrium 
state where the reaction chain would be dynamically self-sustaining, the concentration of both 
233Pa and 233U would be constant. In this scenario, the perfect ratio between the mass of 233U 
and thorium could be calculated according to the following formula: 
 
                                                                                                                         
 
 
 
By substituting the numerical data in the above equation, we obtain that a perfect ideal ratio 
between 232Th and 233U would be about 42.5, which corresponds to an enrichment of 233U in 
the thorium equal to 2.35%. Unfortunately, the initial excess of reactivity, corresponding to a 
homogeneous enrichment of 2.35%, is only 3700 pcm, which reduces almost to zero already 
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after 10 days due to the poisoning of the short-life fission products. Nevertheless, since the 
reactor can easily operate for longer than 330 days with about 3% of 233U in the thorium (Fig. 
32), we believe that a small quantity of burnable poison, if designed properly, might help in 
developing an in-core fuel management strategy based both on 235U and 233U. 
As final study, we compared the radiotoxicity of the spent fuel, with the three different 
triggering isotopes and we normalized the values to the radiotoxicity of natural uranium. 
Figure 36 shows that for the first 100 years all the three curves are very close; afterwards, the 
radiotoxicity in the case of uranium isotopes drops. Nevertheless, after 500 years, the 
radiotoxicity in the case of uranium nuclides starts to increase; the curve in the case of 233U-Th 
crosses that one of the case of plutonium-thorium at 10000 years so that after 100000 years the 
radiotoxicity of 233U-Th fuel is still 600 times larger than that one of natural uranium. Whereas, 
the radiotoxicity of 235U-Th remains limited to 400 times the value of natural uranium already 
after 250 years. 
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Figure 36: Radiotoxicity of the spentthorium  fuelnormalized to that of natural uranium. 

6.2. Uranium-Thorium Mixture 
 
We tested the GT-MHR performance on a fuel composed by 40% thorium and 60% uranium 
enriched 20% in 235U. At the beginning of life, we loaded all three rings with fresh fuel in order 
to quickly reach the equilibrium of the fuel composition; therefore, all the fuel holes of all the 
hexagonal blocks have been filled with fresh DF pins. Moreover, we increased the thorium 
percentage in the fuel of the inner ring from 40% to 50% to flat the radial neutron flux profile 
in the core since the inner ring tends to have the highest value of flux amid the three rings. 
After the first operation period, which consisted of 810 days of irradiation and 35 days of 
natural decay, we shuffled the DF from the central ring into the inner one and we filled the 
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central ring with fresh DF; we have repeated these two operations after all the following 
irradiation periods. After the second operation period, which consisted of 450 days of 
irradiation and 35 days of natural decay, we shuffled the DF from the inner ring into the outer 
one; we have repeated this operation after all the following irradiation periods. After the third 
operation period, which consisted of 480 days of irradiation and 35 days of natural decay, we 
moved half of the DF pins into the central ring as TF pins; we have repeated this operation 
after all the following irradiation periods. In the next operation periods, we followed for the TF 
the same shuffling policy than for DF. The fourth irradiation period lasted 390 days and all the 
next ones 300 days. After a total of 9 operation periods the fuel reaches the isotopic 
composition equilibrium.  
The DF in the inner and outer rings favorites the 233U production, while in the central one it 
does the 239Pu. We address this behavior to the neutron spectra in the kernel of TRISO particles 
of different rings (the inner and outer rings are more moderated than the central one). In the 
case of the TF in the inner and outer rings, we can note that there is no accumulation of 239Pu 
(with the outer ring even depleting 239Pu) and the production of 233U is reduced; we address 
this behavior to the isotopic composition of the fuel (TF is richer in 239Pu and 233U than DF and 
that enhances their absorption rate). As a consequence of these quite complicated effects, the 
irradiation of DF in the central ring produces a mass of 239Pu 1.67 times greater than that one of 
233U; by contrast, the irradiated TF in the outer ring depletes 239Pu and accumulates a small 
quantity of 233U. 
Of course, the mass of 233U and 239Pu increase during the 35 days of natural decay because of 
the β decay of 233Pa and 239Np; nevertheless, the increase is quite small since the mass of the 
latter nuclides is two orders of magnitude lower than that one of their daughter isotopes. 
Moreover, in the shuffling involving the central ring, the mass of fuel changes because of the 
different total number of control rods in the central ring comparing to the other rings; this 
difference traduces into a larger volume of fuel in the central ring. 
During the 810 days of full power operation of the first period, the fresh fuel depletes 510 kg of 
235U, which is very close to the mass of fresh DF loaded in the central ring at the equilibrium. 
Figure 37 and 38 show the keff curves during the 9 irradiation periods. As a consequence of 
loading fresh fuel into all the three rings, the excess of reactivity is pretty high at the beginning 
of life, 13700 pcm, and it needs to be managed by the startup and operational control rods; of 
course, this initial excess of reactivity allows a quite long uninterrupted period of irradiation 
(810 days).  
After 10 days of operation, the poisoning of the short life fission products generates a 1000-
1500 pcm decrease of the initial keff; thereafter, the inclination of the curves (about 200-400 
pcm/month) is quite constant so that the curves resemble right lines. 
The quite long irradiation of the first period, 810 days, has the effect of lowering the initial keff 
at the second and fifth periods. In fact, at the beginning of the second period, the keff is lower 
than that one at the beginning of the third period because the inner ring, which exhibits the 
highest neutron flux, loads a rather depleted fuel (600.1 kg of 235U), coming from a previous 
irradiation of 810 days, compared to the fuel loaded at the beginning of the third period (658.1 
kg), coming from a previous irradiation of 450 days. Similarly, at the beginning of the fifth 
period, the 810 days irradiated, and depleted, fuel reaches the inner ring in the form of PDF 
producing the lowest value of keff in all the periods (1.0444). After the 5th period, the initial 
value of keff starts increasing because the fuel comes from previous periods with a shorter 
irradiation time; in fact, after the 6th period the 810 days irradiated fuel is out of the reactor. 
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Figure 37: keff evolution during the first five irradiation periods. The standard deviation, 

indicated by the small horizontal ticks, is given with a 95% confidence. 

1

1.01

1.02

1.03

1.04

1.05

1.06

k
e
ff

0 50 100 150 200 250 300
1

1.01

1.02

1.03

1.04

1.05

1.06

k
e
ff

days

Figure 38: keff evolution during the last four irradiation periods. The standard deviation, 

indicated by the small horizontal ticks, is given with a 95% confidence. 
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The conversion ratio (CR) of the fuel, defined as the production rate of fissile isotopes from the 
fertile nuclides divided by the depletion rate of the fissile isotopes, can be approximated by the 
following formula (where the neutron flux has been omitted since it contributes both to the 
numerator and to the denominator): 
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where, for instance, 
232Thσγ represents the one-group averaged capture cross section of 232Th 

and 232Th does its atomic density; whereas, σa does the absorption cross section. Since the 
relative abundance of 232Th, 238U and 235U in the fuel is 13.96%, 16.68% and 3.50%, 
respectively, the CR in the DF of the inner ring is 0.7, a value higher than that one of ordinary 
LWRs but below the value of 0.8 that a HTGR may reach [47]. Of course, the CR depends on 
the fuel type and ring. 
The capture and (n,α) cross sections of graphite are 1.98·10-4 b and 1.07·10-4 b, two order of 
magnitudes lower than the fission cross section of 235U, and several thousands lower than the 
graphite scattering cross section at the thermal energy, which is constant and equal to 5 b. 
Figure 39 and 40 illustrate the transmutation of the fissile isotopes of DF and TF. We can note 
that the accumulation of 239Pu in the fresh DF (central ring) is faster and larger than that one of 
233U, as already discussed in the previous section. After 300 days of irradiation, the total 
quantity of 239Pu in the central ring is 1.66 times that one of 233U; at the same time the mass of 
233U, 235U and 239Pu of DF change of +96.76%, -11.32%, and +61.18% in the inner ring (the 
minus sign stands for burn up and the plus one for build up); whereas, in the outer ring the 
previous percentages reduce to +29.31%, -8.67% and +12.98%. Let us remind that the “fresh” 
TF consists of three years irradiated DF coming from the outer ring; therefore, only the white 
segments of the most right group of columns of figure 39 contribute in the most left group of 
columns of figure 40; that explains why the mass of 235U, divided by 10, is comparable with 
the mass of other fissile isotopes in figure 40 whereas it is double in figure 39. In the TF the 
breeding of 233U is mitigated, comparing to DF, and the concentration of 239Pu is almost 
constant, as we already noted and discussed in paragraph VI.C. During the irradiation of 300 
days, the mass of 233U, 235U and 239Pu, in the PDF of the inner/central/outer rings, transmutes of 
+16.59/+23.99/+7.83 %, -11.18/-7.1/-8.55 % and +1.73/+25.65/-3.36 %, respectively.  
The consumption of only 36.1 kg of 235U DF allows an irradiation longer than 300 days 
because of the simultaneous breeding of fissile nuclides. During the irradiation of the DF, the 
transmutation of the most abundant isotopes, 232Th, 235U, 238U, is 3.99%, 26.24% and 4.66%, 
respectively; during the following irradiation of the PDF, the previous percentages increase to 
4.2%, 26.96% and 4.89%. After a total irradiation period of five years, distributed over DF and 
PDF, only 46.16% of 235U transmutes Since the spent PDF is still rich in fissile nuclides, 24.6 
kg of 233U, 137.9 kg of 235U and 19.3 kg of 239Pu, we would suggest the reprocessing of the 
waste; anyhow, with or without reprocessing, each year the geological repository receives 
236.7 kg of fission products.   
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6.3. Nuclear Data Comparative Studies 
 
We can note in almost all the keff pictures (Fig. 41-43) some common features:  
 

� the curves referring to JENDL-3.2 superimpose with those ones referring to JEF-2.2; 
� ENDF/B-6.8 always produces the lowest curve of keff; 
 

For the case of 239Pu-Th, the highest keff is produced by JENDL-3.3 (Fig. 41); for the case of 
233U-Th, it does by JEFF-3 (Fig. 43); for the case of 235U-Th, it does by JENDL-3.2/JEF-2.2 
(Fig. 43). In addition, JEFF-3 generates a value of keff higher than JENDL-3.3 both for 233U-Th 
(Fig. 42) and 235U-Th (Fig. 43).  
In agreement with our previous studies, the neutron flux maximal difference, defined as the 
difference between the maximum value of neutron flux and the minimum one divided by the 
average of the five values, keeps always lower than 9.4%; without the data of ENDF/B, the 
maximal difference would be lower than 8%. Moreover, we can note that the values of 
JENDL-3.2 are very close to those ones of JEF-2.2; whereas, JEFF-3 and JENDL-3.3 generally 
exhibit a flux respectively higher and lower than the two previous libraries; finally, ENDF/B-
6.8 shows the highest estimation of the neutron flux. 
 
 
 
 

0 1 2 3 4 5 6 7 8 9 10 11 12
0.9

0.95

1

1.05

1.1

1.15

1.2

Month

K
e
ff

JENDL−3.3
JENDL−3.2
JEFF−3
JEF−2.2
ENDF/B−6.8

Figure 41: keff evolution for 
239

Pu-Th; the standard deviation is lower than 143 pcm. 
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7. Conclusions 

The results of these studies confirm the viability of the deep burn concept for an effective 
destruction of LWRs wastes. keff evolution with 1 year refueling intervals should guarantee 
reactor operation with sufficient reactivity margins; some temporary slight shortage of 
reactivity that can easily be overcome with external means (e.g. slight modification of feed fuel 
- TF or DF). The equilibrium destruction rates for 239Pu, overall Pu and all Actinides are 
respectively: 94%, 61% and 53%; moreover, the residual waste contains Pu in isotopic 
composition that does not raise proliferation concerns. Am and Np content is significantly 
reduced by more than 50%. This performance depends on the chosen refueling intervals, and 
can be significantly improved, if desired. The buildup of 238Pu and 244Cm has been observed, 
that requires further studies to investigate if it is necessary an intermediate storage of the spent 
TF. Notwithstanding, the previous isotopes are short-lived and therefore they do not contribute 
to degradation of repository performance for they are effectively immobilized within the 
TRISO-particles residual waste. 
The disposition of fuel hexagonal blocks into three concentric rings and a corresponding radial 
shuffling strategy maintain a reasonably flat average neutron flux profile; in fact, the difference 
of the average flux amid the three rings of fuel is about 25%. The axial profile, however, 
exhibits larger variation than the radial one (up to 50% difference between central and 
peripheral regions); therefore, the axial shuffling in the simulation model is necessary and may 
better optimize the fuel utilization. The peak of the radial neutron flux does not lies in the inner 
ring, which contains fresh fuel, but rather in the adjacent, toward the center of the reactor, 
graphite block. Leakage depresses the average neutron flux in the hexagonal blocks along the 
radial direction only in the last three blocks. The neutron flux level increases only of 6% during 
330 full power operation days at the composition equilibrium year. The spectral peak of 
neutron flux is at 0.2 eV ensures that the GT-MHR operates in the thermal region; moreover, 
the neutron spectrum in the fuel exhibits two dips in the thermal region due to resonance 
captures of 239Pu and 240Pu; furthermore, the depth of the dips varies according to both the 
location of fuel pin (different rings experienced a different level of fluence due to the radial 
shuffling) and the irradiation time during operation.  
The temperature reactivity coefficients for fuel and moderator are both negative; the 
temperature coefficient of moderator is very large (about 4000-9000 pcm) and it is one order of 
magnitude higher than the fuel temperature coefficient. The temperature reactivity coefficients 
of the GT-MHR ensure a safe operation of this reactor through the negative temperature 
reactivity feedback. This effect is mainly due to the spectral shift of the neutron flux towards a 
favorable cross section region, with a peak in the capture to fission ratio of 239Pu.  Simulations 
show that this process is driven by temperature dependence of the S(α,β) data. The 
introduction of the volume thermal expansion contributes only to about 15% of the reactivity 
changes.   
The utilization of burnable poison reduces the initial reactivity excess down to 4000 pcm and at 
the same time it also grants an operation longer than one year; during 450 full power operation 
days, the reactor burns most of 167Er, about 73%. The feedback due to a variation of 25 µm in 
the radius of the burnable poison kernel is 700-1000 pcm.  
Each group of rods has a worth of about 5100-5500 pcm while they are fully inserted; the 
worth of the rods changes after an insertion of 400 cm, from about 100 pcm to 1000 pcm per 
80 cm. Of course, the rods depress the flux in the 8th hexagonal block, where they are located; 
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the variation of the flux becomes quite large when they are inserted up to 75% of their length 
and that generates a peaking factor of 1.94-2.89. The startup control rods must contain 
europium instead of boron to manage the excess of criticality of the cold core. The variation of 
the radius of the operational control rods TRISO kernel indicates that, after the threshold of 
200 µm, the reactivity worth of the control rods increases little with the increase of the kernel 
radius; whereas, up to 200 µm, an increase of 25 µm in the kernel lowers the keff of 200 pcm.  
After 450 full power operation days the spectrum averaged in the burnable poison kernels, 
about one order of magnitude larger than that one averaged in the control rods kernels, visibly 
increases in the thermal neutron energy range and the depression due to the 167Er low energy 
wide unresolved resonances disappears.  
The βeff of the core is small, only 280 pcm; nevertheless, the safety of the reactor is granted by 
the large moderator CT, which is six times larger than the fuel one and equal to 9 pcm. 
We experienced a serious difficulty to operate the GT-MHR with a thorium fuel built with 
small particles (150 µm kernel radius); whereas, large particles (300 µm kernel radius) gave 
much better results because they can allocate a larger mass of fuel. The necessity to set a large 
mass of fuel arises from two constraints. First, the very little capture cross section of thorium, 
compared to the fission one of the common fissile isotopes (e.g. 239Pu, 233U and 235U) in the 
neutron energy range where the reactor operates (about 0.15 eV), induces to set a mass of 
thorium 25-30 times larger than that one of the triggering isotope. Second, the mass of the 
triggering isotope must be enough to set the criticality of the reactor during burnup. 
A heterogeneous enrichment between the fuel rings helps in setting a flatter radial profile of the 
neutron flux, so that the life of the fuel is prolonged; we adopted a percentage of the triggering 
isotope in the thorium of 3.3-4.6%. In the case of large particles, the reactor can operate for 
longer than 1 year only with the fissile uranium isotopes (233U and 235U), since the 239Pu-Th 
fuel reaches the subcritical condition already after 2 months. This behavior derives from the 
higher capture to fission ratio of 239Pu compared to the fissile uranium isotopes in the thermal 
range of neutron energy. 
The plutonium-thorium fueled core operates at a double concentration of 135Xe and generates 
higher quantity of palladium, a very aggressive fission product that may compromise the 
integrity of TRISO particles. Nevertheless, the impact of 135Xe concentration on the reactor 
criticality is limited. The effect of the graphite moderation is stronger for plutonium-thorium 
fuel than for uranium-thorium since the first produces a faster spectrum. The spectra of 
uranium isotopes is well thermalized both in the whole reactor, with a peak at 0.15 eV and in 
the fuel, with a peak at 0.2 eV.  
Amid 239Pu-Th, 233U-Th and 235U-Th, the last fuel grants the lowest radio-toxicity of the spent 
fuel and after two centuries it is always less than 400 times that one of natural uranium. 
Finally, the neutron economy of 239Pu is too poor to allow the reactor to work on a mixture of 
thorium and LWRs waste or military plutonium; moreover, the keff curve of 235U is more flatten 
than that one of 233U and therefore it allows a smaller initial excess of reactivity, which can be 
managed by the present design of the control rods only for 330 irradiation days. 
The Gas Turbine – Modular Helium reactor has the capability to operate with a uranium-
thorium fuel, provided that the pins are fuelled with JAERI TRISO particles, and the 
application of a Deep Burn strategy set the equilibrium of the fuel composition after 3575 days 
and 9 operation periods. Nevertheless, after a total irradiation period of five years, distributed 
over DF and PDF, only 46.16% of 235U transmutes, for the fertile isotopes contribute in the 
generation of fissile nuclides with a conversion ratio of 0.63. We suggest the reprocessing of 
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the irradiated PDF, for it contains many fissile and fertile nuclides: 24.6 kg of 233U, 137.9 kg of 
235U, 19.3 kg of 239Pu, 941 kg of 238U and 775 kg of 232Th. The flux radial-peaking factor is 
grater in the axial central region of the core, in the axial sub-block at 35.15 cm, and equal to 
1.32; whereas, the flux axial-peaking factor is greater in the inner ring and equal to 1.13. The 
neutron spectrum is thermalized and exhibits a peak at 0.15 eV; whereas, the spectrum 
averaged inside the TRISO particles kernels is fast with a peak at 1 MeV. Due to neutron 
spectrum effects in different rings and fuel compositions, the DF in the inner and outer rings 
favorites the 233U production, while in the central one it does the 239Pu one; at the same time, 
the PDF inhibits 239Pu accumulation and reduces the build up of 233U. The startup and 
operational control rods can manage the initial excess of reactivity of all periods with 
exception of the first one. 
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THTR  Thorium High Temperature Reactor 
TRISO  Triple Isotropic Coating Particles
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